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Pancreatic ductal adenocarcinoma (PDAC) is the most frequent pancreatic cancer type and

is characterized by a dismal prognosis due to late diagnosis, local tumor invasion, frequent

distant metastases and poor sensitivity to current therapy. In this context, circulating tu-

mor cells and circulating tumor DNA constitute easily accessible blood-borne tumor bio-

markers that may prove their clinical interest for screening, early diagnosis and

metastatic risk assessment of PDAC. Moreover these markers represent a tool to assess

PDAC mutational landscape. In this review, together with key biological findings, we sum-

marize the clinical results obtained using “liquid biopsies” at the different stages of the dis-

ease, for early and metastatic diagnosis as well as monitoring during therapy.
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1. Introduction modification (MLL, ARID1A), whichmay be associated to a bet-
Pancreatic ductal adenocarcinoma (PDAC) is a rare tumor that

displays a very aggressive behavior. Its annualworldwide inci-

dence is around 1 to 10 cases per 100,000. Pancreatic cancer

accounts for only 3% of all cancers, but is responsible of 7%

of cancer deaths (Jemal et al., 2011). The American Cancer So-

ciety estimates that in 2015 about 49,000 new cases of pancre-

atic cancer will be diagnosed in the US, causing 40,000 deaths.

PDAC is by far the most common type, representing around

80% of all pancreatic cancers (Siegel et al., 2015). PDAC origi-

nates from the epithelial cells of the pancreatic duct as well

as from the gland-like structures and occurs in the head of

the pancreas in approximately 60e70% of cases (Modolell

et al., 1999).

Currently, surgery plays a crucial role in the treatment of

localized PDAC. Unfortunately, due to the paucity of symp-

toms, the diagnosis is often delayed and only 10e20% of tu-

mors are amenable to resection at initial diagnosis (Poruk

et al., 2013). Another critical point is represented by the com-

plex anatomical relationships that pancreas displays with

other organs andmajor vessels, whichmay contribute to early

dissemination of tumor cells in distant organs. However, pa-

tients who underwent a surgical resection have a 20e25% 5-

year survival rate (Vincent et al., 2011).

In this context, early diagnosis of PDAC can have a dra-

matic impact on survival. However, screening methods

currently used have not shown to be effective. Among proteo-

mic serummarkers, CEA and CA19.9 are used tomonitor early

recurrences in patients affected by PDAC, but their low sensi-

tivity and specificity prevent any use as a screening tool in

healthy people (Goonetilleke and Siriwardena, 2007). In addi-

tion, imaging techniques fail to detect early lesions or to

distinguish between benign and malignant lesions (Capurso

et al., 2015). Besides these screening issues, cytological anal-

ysis of pancreatic punctures has a high false negative rate

and requires repeated sampling. At metastatic stage, discor-

dant data on predictive value of CA19.9 have been reported,

serum tumor marker changes during therapy being margin-

ally associated with survival (Hess et al., 2008; Ishii et al.,

1997).

In this context, new effective and reliable biomarkers are

necessary not only to improve the early detection and diag-

nosis of PDAC but also to monitor treatment response and

guide therapeutic choices. Circulating tumor cell (CTC) and

circulating tumor DNA (ctDNA) could fulfill this need. This re-

view summarizes how non-invasive “liquid biopsy” ap-

proaches could improve PDAC diagnosis, monitoring and

treatment decisions.
2. Mutational landscape of PDAC

Themost common genetic alterations in pancreatic adenocar-

cinoma are activatingmutations of KRAS and inactivatingmu-

tations of CDKN2A, TP53, SMAD4 and BRCA2 (Biankin et al.,

2012). A recent study identified other frequent somatic alter-

ations in genes implicated in chromatin regulation or
ter prognosis (Sausen et al., 2015).

KRAS mutations are detected in around 90% of PDAC. This

detection rate is much higher than in any other tumor type

(Almoguera et al., 1988). KRAS activating point mutations

impair proliferation, differentiation and cell metabolism.

Several studies have detected KRAS mutations in premalig-

nant pancreatic lesions. More than 90% of pancreatic intraepi-

thelial neoplasms (PanINs) harbor KRAS mutations and the

mutation rate is directly correlated to the PanIN grade

(Kanda et al., 2012). Other mutations, such as CDKN2A, TP53

and SMAD4, occur with increasing frequency in high grade

intraepithelial neoplasms (Hustinx et al., 2005). These obser-

vations suggest that KRAS mutation is an early oncogenic

event, while subsequent mutations that contribute to tumor

progression might display more intra- and inter-patient

heterogeneity.

KRAS mutations are located in recurrent hotspots (e.g.,

codon 12 and 13) and involve single nucleotide variations.

These ubiquitous and recurrent mutations are therefore ideal

targets to detect and quantify the presence of tumor DNA in a

sample (Croce, 2008; Sinn et al., 2014). KRAS mutation detec-

tion has thus been investigated in pancreatic juice and stool.

Mutation detection was successful in 60e80% of pancreatic

juice samples from PDAC patients, but collecting such sample

requires uneasy endoscopic procedures (Van Laethem et al.,

1998; Watanabe et al., 1999; Wilentz et al., 1998). In the stool,

KRAS mutations were detected in only 20e55% of PDAC pa-

tients; this low sensitivity prevents the use as a screening or

diagnostic test in clinics (Caldas et al., 1994; Wenger et al.,

1999). Blood-based “liquid biopsies” can outperform these

deceiving results, and may prove to be clinically relevant.
3. ctDNA release and detection

3.1. ctDNA biology

In 1948, two French biochemists reported that circulating

nucleic acids are physiologically present in the serum

(Mandel and Metais, 1948). cfDNA primarily originates from

apoptotic and necrotic cells (Jahr et al., 2001), but the exact

biological mechanisms underlying the release of these

70e200 base pair-long DNA fragments remain to be fully eluci-

dated. A recent study showed that in healthy people most of

cfDNA derive from bone-marrow and other organs such as

liver (Sun et al., 2015). cfDNA has a short half-life ranging

from 15min to few hours and is cleared away by liver and kid-

ney (Fleischhacker and Schmidt, 2007).

Tumor cells also release fragments of DNA as a result of

their high turnover (circulating tumor DNA, ctDNA) and, in

cancer patients, ctDNA represents a variable fraction of

cfDNA. ctDNA is distinguished from normal cfDNA by the

presence of cancer-related mutations, as ctDNA fragments

released by the tumor harbor the same genetic alterations.

Indeed, several reports showed high concordance between

ctDNA mutations, when detectable, and matched tumor mu-

tations (Douillard et al., 2014; Kinugasa et al., 2015; Lebofsky

et al., 2015). It is noteworthy that the ctDNA fraction is

http://dx.doi.org/10.1016/j.molonc.2016.01.006
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Figure 1 e Different ctDNA detection techniques and their

sensitivity. Techniques are ranked according to their usual sensitivity

towards minor allele detection. The optimal technique would allow

the detection of a single mutated DNA molecule whatever the normal

DNA background. Digital PCR (dPCR), and its variants, droplet-

dPCR and BEAMing (“Beads, Emulsion, Amplification, Magnetic”),

can be considered as the current standard for hotspot mutation

detection (typically, KRAS mutations) in ctDNA, with 0.01%e0.1%

sensitivity. Pyrophosphorolysis-activated polymerization (PAP)-PCR

and bidirectional-PAP (biPAP)-PCR techniques have similar

theoretical 0.01%e0.1% sensitivity (although not tested on KRAS ).

Modified next generation sequencing procedures (CAPP-Seq, Safe-

Seq, etc, called “E-NGS” here) exhibited at least 0.1% sensitivity.
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extremely variable, and can represent from 0.01% to more

than 50% of the cfDNA (Diehl et al., 2008). Several studies

have positively correlated ctDNA levels to the tumor burden

(Allen et al., 2004; Fleischhacker and Schmidt, 2007; Madic

et al., 2012; Schwarzenbach et al., 2008). A recent study

analyzed the level of ctDNA in a large cohort of patients

affected by tumors of different histologies and stages. The

percentage of detectable ctDNAwas related to the stage, being

lower in localized than in metastatic disease (49e78% vs.

86e100%) (Bettegowda et al., 2014). ctDNA is also believed to

be released from all the tumor deposits in a given patient

and is less impacted by intratumor heterogeneity than a single

specimen of tumor tissue (Diaz and Bardelli, 2014). Therefore,

“liquid biopsies”, sampling of which can be repeated and is

minimally invasive, hold the promise to detect and monitor

the whole cancer mutational landscape in a given PDAC

patient.

3.2. ctDNA detection

As mentioned above, the quantity of ctDNA detectable in the

blood is mainly influenced by the tumor burden. However, it

also depends on the tumor type and other potential mecha-

nisms such as the activity of plasma nucleases which degrade

DNA fragments (Barra et al., 2015; El Messaoudi et al., 2013).

Although rarely observed in PDAC, response to systemic ther-

apy has been associated with low or undetectable ctDNA

levels in several cancer types, suggesting that ctDNA is more

likely detected at the time of tumor progression. Besides this

biological variability, which remains to be fully explained, un-

derstanding the technical aspects of ctDNAdetection is neces-

sary to fully understand the clinical value of each ctDNA-

related report.

First, pre-analytical conditions appear critical. The volume

of blood directly impacts the total amount of cfDNA (and

therefore of ctDNA) and limited blood volume (<5e10 ml of

blood) lower the sensitivity of the whole procedure, whatever

the technique used. It is also critical to avoid contamination

by normal blood cells DNA in the sampling tube as it dilutes

the ctDNA fraction and ultimately impacts the sensitivity of

ctDNA detection. Plasma (supernatant obtained in the

absence of blood clotting) is therefore most suited for ctDNA

detection than serum, in which some DNA is released by clot-

ted normal blood cells. The time elapsed between the blood

draw and plasma isolation by centrifugation is also critical

when standard tubes are used. Ideally tubes must be pro-

cessed within less than 1 h. To be able to store tubes for

several days before processing and shipped them to a central

laboratory, several companies have developed tubes that

contain fixatives.

Following DNA extraction, the detection of ctDNA consists

of another pre-analytical step that is not fully standardized

yet. Recent techniques and approaches allow for the detec-

tion and quantification of a minority of mutated alleles in a

background of normal DNA. ctDNA detection can be

addressed both by targeting known mutations (previously

characterized on tumor tissue or highly recurrent mutation

such as KRAS) or by looking for de novo genetic alterations

investigating multiple genes of interest. For the first aim,

recent PCR-based approaches have reached high levels of
sensibility, ranging from 0.1 to 0.01% (i.e., making it possible

to detect up to 1 mutated allele out of 100,000 normal alleles,

Figure 1). Among PCR-based techniques, digital PCR (dPCR,

which include droplet dPCR and its technical variant “BEAM-

ing”) appears as the most promising approach for detection

of highly recurrent hotspot mutations, with high sensitivity

and specificity. Using this approach, Bettegowda and col-

leagues reported a sensitivity of 87.2% and a specificity of

99.2% to detect KRAS mutation in colorectal cancer

(Bettegowda et al., 2014). In our hands, >95% sensitivity and

99% specificity was reached for KRAS mutation detection by

droplet-dPCR (ddPCR) in more than 120 metastatic colorectal

cancer patients entering a first line trial and who were not

pre-exposed to anti-EGFR drugs (unpublished data). Because

of the very high incidence of KRAS mutations, most ctDNA

studies conducted in PDAC patients used these PCR-based

methods.

In contrast to these approaches targeting hotspot muta-

tions, next generation sequencing (NGS) enables to study

several genes and therefore to identify ctDNA tumor-

derived genetic lesions without knowing a priori the genotype

of the tumor. It generates extensive information about the

mutation landscape and can reveal new emergent mutations,

which could be involved in drug resistance and/or the disease

progression. Zill and colleagues analyzed a cohort of 26 pa-

tients with PDAC or biliary cancer. They showed that NGS

of a gene panel on cfDNA can identify 90% of tumor tissue

mutations across the five more frequent identified mutated

genes (KRAS, TP53, APC, FBXW7 and SMAD4) with an excellent

specificity (Zill et al., 2015). NGS-based approaches are how-

ever restricted by an overall lower sensitivity than dPCR

(0.1% at best, 1% usually), while modified ultrasensitive NGS

approaches (e.g., SafeSeq (Kinde et al., 2011)) are currently

too complex for clinical laboratories.

http://dx.doi.org/10.1016/j.molonc.2016.01.006
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4. CTC release and detection

4.1. CTC biology

The existence of circulating tumor cells (CTCs) has been

shown for the first time in 1869 (Ashworth, 1869). These tumor

cells released by the tumor masses (primary tumor or metas-

tases) circulate in the bloodstream. CTCs can be passively

shed from the tumor, or can be the result of an active intrava-

sation process during which tumor cells invade the tissue

stroma and blood vessels, and enter the bloodstream. CTCs

have been broadly studied as prognostic factor in breast, pros-

tate and colorectal cancer but their role in pancreatic cancer

has not extensively been explored yet (Bidard et al., 2014;

Cohen et al., 2008; de Bono et al., 2008). Early CTCs detection

could identify patients with increased risk of metastasis, giv-

ing the chance to customize adjuvant therapy for patients

with operable or locally advance PDAC. Moreover the charac-

terization of CTCs could help to decipher the metastatic pro-

cess and identify new treatment targets.

Importantly, among carcinomas, PDAC cells are most

prone to epithelialemesenchymal transition (EMT), a mecha-

nism by which carcinoma cells undergo reprogramming, lose

or reduce their epithelial phenotype while expressing mesen-

chymal markers (see below). The mechanism by which

cancer cells undergo EMT is not fully understood. High prolif-

eration and hypoxic stimuli might lead to a loss of cancer cell

polarity, which is one of the first steps toward EMT. The

acquisition of a mesenchymal phenotype is associated with

increased cellular invasion and mobility, and eventually in-

creases cancer cell stemness (Labelle et al., 2011; Thiery,

2002; Yu et al., 2013). As EMT strongly modifies the expres-

sion pattern of membrane proteins, it strongly influences

CTC detection in PDAC.
4.2. CTC detection

CTCs are extremely rare and lost in a large number of normal

blood cells, with a ratio of about 1 CTC per 106e108 leukocytes,

making their detection challenging. CTC detection techniques

are usually made of two steps: CTC enrichment followed by

CTC detection.

CTC enrichment can be performed with different

techniques:

- Antibody-based enrichment uses antibodies directed

against cell surface markers. Positive immunoselection

relies on antibodies directed against cancer cell surfaces

markers. Most CTC detection techniques rely on Epithelial

Cell Adhesion Molecule (EpCAM) positive immunoselec-

tion. Negative selections deplete leukocytes from the

blood sample and usually use CD45-binding antibodies.

- Physical/biological assays isolate CTCs on the basis of cell

size or bioelectric features. Most CTCs exhibit a larger size

and different density, electromagnetic charge and

motility than normal blood cells. This allows their separa-

tion by dedicated devices (filters, dielectrophoresis .),

sometimes integrated in microfluidic chips (Autebert

et al., 2015; Bobek et al., 2014).
The second step, CTC detection, can be achieved by prote-

omic, transcriptomic or genomic approaches. Immunocytos-

taining can detect proteins associated with a pancreatic or

epithelial origin. Combined with a morphological examina-

tion of the stained cells, cytological approaches are the gold

standard for CTC detection. Among them, the CellSearch�

technique combines an immunomagnetic EpCAM-based

enrichment followed by immunocytofluorescence detection.

This method identifies and enumerates CTCs according to

the expression of epithelial cytokeratins, negative CD45 stain-

ing and the presence of a nucleus. The United State Food and

Drug Administration cleared this technique for the manage-

ment of metastatic breast, colorectal and prostate cancers. It

was also used to detect CTCs in other tumor types, such as

PDAC (Table 1), although in PDAC the level of EpCAM expres-

sion might be lowered by EMT. Interestingly, another report

using this technology found a very high CTC detection rate

in patients with gastro-intestinal neuro-endocrine tumors,

including some pancreatic neuro-endocrine tumors (not dis-

cussed in this review) (Khan et al., 2011).

Transcriptomic approaches are based on the detection of

mRNA associated with a pancreatic or epithelial origin (e.g.,

EpCAM, CK19, CEA .). In the absence of morphological con-

trol, some concerns were raised about the specificity of these

approaches, especially when investigating EMT-relatedmRNA

(which can be found in normal blood cells). Despite interesting

preliminary results in PDAC (see below) (Hoffmann et al., 2007;

Sergeant et al., 2011; Soeth et al., 2005), their development has

been mostly discontinued. The third detection approach con-

sists in retrieving cancer-specific mutations, typically KRAS

mutations, in the DNA of enriched cells. This demonstrates

that isolated CTCs are clonally related to the primary tumor

with a theoretical 100% specificity. However, these

mutation-based approaches require time-consuming single-

cell analysis, which currently prevents any use in clinics.

Overall, these studies showed that CTCs can be isolated in

localized and metastatic PDAC with various techniques.

Detection rates ranged from 10% to 80%, depending on the

technique and disease stage (Allard et al., 2004; Bidard et al.,

2013; Kurihara et al., 2008; Mataki et al., 2004).
5. Clinical applications

5.1. Early detection and differential diagnosis

Beyond imaging, there is no standardized PDAC screening

tool, even for patients with high risk (e.g., Peutz-Jeghers syn-

drome). PDACmust be distinguished from other preneoplastic

conditions that can eventually lead to PDAC (e.g., intraductal

papillary mucinous neoplasms) and from other benign

pancreatic masses. On imaging, benign lesions could be how-

ever easily mistaken for tumor and vice versa, while pancre-

atic punctures are invasive and hard to perform. In that

context, any non-invasive screening or diagnostic tool might

become extremely useful.

Very few data are available on the incidence of CTC in early

PDAC. In a recent study, CTC was evaluated as prediagnostic

biomarker. Using a microfluidic technology, they tested 11

http://dx.doi.org/10.1016/j.molonc.2016.01.006
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patients with PDAC, at all stages, 21 patients with benign

pancreatic cystic lesions and 19 negative controls. They iden-

tified 73%, 33% and 0 patients positive for CTCs (threshold � 3

CTCs) in the three groups respectively (Rhim et al., 2014). The

pancreatic origin of isolated CTC was demonstrated by Pdx-1

staining, a pancreas specific transcription factor. However,

no correlationwas found between CTC count and cyst size, tu-

mor stage, CEA or CA19.9. As a conclusion, CTC might be pre-

sent in the bloodstream of patients with non-invasive

pancreatic lesions and limits the use of CTC count as an aid

for differential diagnosis. Using the CellSearch� system,

Mudan and colleges detected 4 CTCs in a patient with a

pancreatic mass which turned out to be a pancreatic cancer

(Mudan et al., 2010). However, using the same technique,

only 5% of 79 cytologically-proven locally-advanced non-

metastatic PDAC patients had one or more CTC detected at

the time of treatment initiation (Bidard et al., 2013), high-

lighting amajor lack of sensitivity of this technique. In that re-

gard, a preliminary study on nine operable patients showed a

better sensitivity of filter-based assay, with one or more CTC

detected in six patients (66%), although the specificity was

limited (Bobek et al., 2014). Such difference between

CellSearch� and filter-based techniques was also seen in

non-operable PDAC patients (93% detection rate vs. 40% for

CellSearch�), supporting the importance of EpCAMdownregu-

lation by the EMT process (Khoja et al., 2012). In light of these

results, the use of CTC detection as a screening tool appears of

limited interest with EpCAM-based detection techniques,

while filter-based techniques deserve more investigation.

In contrast, the very high frequency of KRAS mutations

in PDAC could theoretically facilitate setting up a ctDNA-

based screening. Bettegowda and colleagues used dPCR to

detect ctDNA in 640 plasma samples of patients with

different type and stage of cancers, including 155 PDAC.

ctDNA detection rate in patients without distant metastases

was 48% and the fraction of patients with detectable ctDNA

increased according to the clinical stage (Bettegowda et al.,

2014). This data were confirmed by another study with the

same technical approach in 51 patients with resectable

PDAC (detection rate 43% (22/51) with a

specificity > 99.9%) (Sausen et al., 2015). Uemura et al.,

detected KRAS mutations in plasma samples of 35% of pa-

tients before surgery, using the limited in sensitivity PCR-

RFLP approach (polymerase chain reaction combined to re-

striction fragment length polymorphism) (Uemura et al.,

2004). In our hands, an attempt of studying ctDNA kinetics

before and after pancreatectomy did not retrieve any KRAS

mutation in the plasma of 7 Ukrainian patients with oper-

able PDAC, despite the use of KRAS-targeted ddPCR (Dronov,

Khomenko, & Bidard, unpublished data). Taken together,

these reports suggest that KRAS-oriented ctDNA detection

is feasible in some but not all patients with localized

PDAC at the time of diagnosis.

The question of whether KRAS mutations are present in

preneoplastic conditions and other differential diagnoses

and whether these mutations can be detected in the periph-

eral blood is currently unclear. In 1998, using a technique of

limited sensitivity, a first study in four patients with chronic

pancreatitis and detectable KRAS mutations reported that all

these patients were later diagnosed with PDAC (Mulcahy
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et al., 1998). These findings were not confirmed in a larger

study by Maire et al., which reported detectable KRAS muta-

tions in cell-free DNA of 4 out of 31 patients with chronic

pancreatitis (Maire et al., 2002). None of the four patients

was diagnosed with PDAC after a mean follow-up of 36

months. Some studies focusing on KRAS mutation detection

have used patients with benign pathology as negative con-

trols. In three cohorts of limited size, KRAS mutation was

not detected in the cfDNA of patients with benign pancreatic

disease (D€abritz et al., 2009; Dianxu et al., 2002; Yamada

et al., 1998). In two other cohorts, KRASmutations were found

at a lower frequency than in PDAC patients: Kinugasa et al.,

found KRAS mutation in the serum of 1/20 healthy patients

and in 4/20 patients with chronic pancreatitis (Kinugasa

et al., 2015); Castells et al., detected in 2/37 patients with

chronic pancreatitis (Castells et al., 1999). Further comparison

of these cohorts is difficult due to inconsistent designs of the

studies and ctDNA detection methods. In summary, the spec-

ificity of KRAS mutation detection in plasma appears limited,

while current ctDNA detection techniques did not demon-

strate a better sensitivity than CTC in the context of early

PDAC diagnosis or screening.

5.2. Operable PDAC and post-surgery follow-up

Surgical resection is hindered by the close anatomical rela-

tionships that pancreas displays with major vessels and other

organs. As a consequence, less than 20% of patients are

amenable to surgery at presentation.Whatever the procedure,

pancreatectomy is uneasy and associatedwith a perioperative

mortality of 2e5% that is directly correlated to the surgeon’s

experience (Mamidanna et al., 2015). Even if macroscopically

complete, PDAC resection is often incomplete, with micro-

scopically positive margins (R1) (Konstantinidis et al., 2013).

While neoadjuvant and adjuvant studies are currently testing

new chemotherapy regimens such as FOLFIRINOX or gemcita-

bine plus nab-paclitaxel, the current management of operable

PDAC consists in curative surgical resection followed by adju-

vant gemcitabine for 6 months (Maeda et al., 2008;

Neoptolemos et al., 2010; Oettle et al., 2013). Adjuvant chemo-

radiotherapy is not a standard (Neoptolemos et al., 2004), but

is discussed in some patients with positive margins. In that

clinical setting, the identification of patients with increased

risk of recurrence might prove useful to customize pre- and

post-surgical treatments and follow-ups.

Uemura et al., using mutation-specific mismatch ligation

assay, examined KRAS status in plasma of 28 patients before

and after surgery. Nine patients had positive pre-surgery

liquid biopsy. After curative excision, 4 of 9 subjects were still

positive for KRAS mutations. No patient had a metastatic

relapse in the 8 months of follow-up (Uemura et al., 2004). In

contrast, using an allele-specific PCR method, Yamada et al.,

found that patients with persistently detectable KRAS ctDNA

mutations after resection were likely to have a poorer prog-

nosis. They also showed, in this cohort of 21 patients, a corre-

lation between ctDNA detection and tumor size (Yamada

et al., 1998). In a recent work, Sausen et al., used ddPCR to

analyze 51 plasma samples and showed that patients with

PDAC and detectable ctDNA after surgery were more likely

to relapse. Disease relapses were detected about 6 months
earlier by ctDNA than by standard imaging (Sausen et al.,

2015). This early detection ofmetastatic disease could theoret-

ically lead to an earlier start of first line therapy. However, the

real clinical benefit of such strategy is unclear because of the

limited efficacy of current chemotherapy regimens.

Concerning CTCs, results are controversial. Mataki et al.,

using RT-PCR based assay to analyze CEA mRNA levels,

showed that increasing levels of CEA mRNA are early indexes

of recurrence. In fact, they detected increased levels of CEA

mRNA in 30% (6/20) of patients undergoing curative surgery.

Five of these 6 patients developed metastasis compared to 2/

12 with negative CEA mRNA (Mataki et al., 2004).

On the other hand, Hoffmann et al., and Sergeant et al.,

who used RT-qPCR assay to detect CK19 and EpCAM mRNA

before and after surgery, did not find any prognostic impact

in two cohorts (N ¼ 37 and 48 patients) (Hoffmann et al.,

2007; Sergeant et al., 2011). Using the CellSearch� system, Bis-

solati et al., did not find any prognostic impact of CTC detec-

tion in the peripheral blood of 20 operable patients. CTC

detection in the portal vein, during surgery, was marginally

associated with the occurrence of later liver metastases

(Bissolati et al., 2015).

5.3. Locally advanced PDAC

Locally advanced PDAC (LAPDAC) are unresectable PDAC that

have spread locally and are not amenable to surgical resection

although no overt distant metastasis can be detected by imag-

ing (CT-scan, mostly). LAPDAC represent about 20e30% of all

PDAC cases at diagnosis, and are treated with chemotherapy,

using the same regimens than in metastatic disease. In the

LAP07 phase III trial, chemoradiotherapy did not demonstrate

a significant benefit in patients without tumor progression af-

ter four months of induction chemotherapy (Hammel P. et al.,

2013). Thirty percent of LAPDAC-related deaths are attribut-

able to a locally destructive tumor progression, while the

growth of distant metastases account for the rest (70%)

(Iacobuzio-Donahue et al., 2009). Therefore, two key questions

are of utmost interest in LAPDAC:

(1) Is it possible to distinguish LAPDAC that have already

released distant micrometastases from those in which tu-

mor cells are still confined to the pancreatic mass? In the

former scenario, systemic therapy should remain the

cornerstone of the treatment while radiation therapy

might play a role in the treatment of the latter LAPDAC

cases. For this clinical issue, ctDNA has probably no role

to play, as there is no way to track the origin of circulating

mutated DNA fragments back to the organ that released

them. In contrast, the detection of CTC is very likely to

be associated with an ongoing dissemination process and

to the onset of distant metastasis. We reported the only

large CTC study in that precise setting using the

CellSearch� technique to detect CTC at inclusion and after

2 months of gemcitabine in LAPDAC patients enrolled in

the LAP07 trial. The overall detection ratewas low, 11%, us-

ing �1/7.5 ml of blood threshold in 79 patients. CTC posi-

tivity was correlated with poor tumor differentiation and

demonstrated an independent prognostic impact on over-

all survival. No relationship was observed between CTC
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changes during therapy and the LAPDAC response to ther-

apy (Bidard et al., 2013). This first result can be considered

as a proof of principle but should be confirmed by further

studies. Moreover, in the next trials, it might be interesting

to use other CTC detection techniques, in order to increase

the CTC detection rate. Indeed, five out of seven LAPDAC

patients were found to be CTC-positive with a filter-

based technique (Kulemann et al., 2015).

(2) While several chemotherapy regimens are used to reduce

the primary tumor size and eventually allow surgery of

the primary tumor, is it possible to predict the sensitivity

of the tumor to any of the current chemotherapies? In

that regard, liquid biopsy approaches may allow an early

assessment of the therapy efficacy. In a small study, Olsen

et al., showed that the persistence of KRAS ctDNA after

treatment was associated with a worse prognosis.

Conversely, patients with undetectable KRAS mutations

after gefitinib and chemoradiotherapy had a better overall

survival (Olsen et al., 2009). A recent study presented at

ASCO 2015 used a quantitative PCR-NGS mutation enrich-

ment assay to detect KRAS mutations in a mixed cohort of

182 patients with LAPDAC or metastatic disease. The re-

sults showed that patients with high KRAS ctDNA levels

at diagnosis had a worse prognosis. ctDNA levels were

monitored during therapy: patients with persistent low

levels of KRAS ctDNA had a longer survival (Johansen

et al., 2015).
5.4. Metastatic disease

Patients with metastatic PDAC have a very limited life expec-

tancy, despite some incremental progresses obtained with

FOLFIRINOX and the gemcitabine nabepaclitaxel combination

(Conroy et al., 2011; Von Hoff et al., 2013). In that setting and in

the absence of any predictive marker of chemotherapy effi-

cacy, studies focused on the detection rate and the prognostic

value of CTC and ctDNA at baseline and during therapy.

Z’graggen et al., detected tumor cells by immunocytostain-

ing both in blood (CTCs) and bone marrow (disseminated tu-

mor cells) of 105 PDAC patients. CTC-positivity was more

frequent among patients with metastatic PDAC (12/31, 39%)

than in patients with LAPDAC (12/42, 28%) or with resectable

PDAC (3/32, 9%). However, CTC detection was only marginally

associated with disease progression in this first report

(Z’graggen et al., 2001). De Albuquerque et al., evaluated the

expression of KRT19, MUC1, EPCAM, CEACAM5 and BIRC5 in

CTCs by immunomagnetic separation followed by RT-qPCR

assay. Before starting the treatment, 47% of pancreatic pa-

tients showed at least one detectable tumor-associated tran-

script, these patients experiencing significantly shorter

progression-free survival (de Albuquerque et al., 2012). Kuri-

hara et al., used the CellSearch� to detect CTCs in 26 patients

with PDAC, 24 of which had a metastatic disease. Eleven pa-

tients (42%) had a CTC count �1/7.5 ml of blood. The median

overall survival of CTC-positive patients was significantly

shorter (110 vs. 376 days. p ¼ 0.001) (Kurihara et al., 2008).

Changes of CTC during therapy to distinguish good vs. poor

responders to therapy (and eventually guide therapeutic deci-

sions) have been less investigated. Preclinical data reported by
Torphy et al., in patient-derived xenografts highlighted the

correlation between CTC count (detected by microfluidic

chip) and tumor burden variations (Torphy et al., 2014). Ren

et al., evaluated changes in CTC count (immunostaining) dur-

ing chemotherapy in 41 patients with LAPDAC or metastatic

PDAC. Blood samples were collected before and after seven

days on 5FU chemotherapy regimen. They reported a reduc-

tion in the number of CTC-positive patients during therapy

(12 vs. 33) together with an increase of apoptotic CTCs

(detected by a TUNEL assay). However, the clinical conse-

quences of these changes were not investigated (Ren et al.,

2011).

As previously mentioned, Bettegowda et al., detected

ctDNA by dPCR in >75% of 34 patients with metastatic PDAC

(Bettegowda et al., 2014). Similar detection rates were previ-

ously reported in a smaller study (81% of 21 patients)

(Mulcahy et al., 1998). Chen et al., studied the prognostic value

of KRAS mutations detected by direct sequencing in plasma

samples. With this technique of very limited sensitivity, only

33% (30/91) of metastatic patients harbored KRAS ctDNA, but

these patients had a significantly worse survival (Chen et al.,

2010). In the recent study of Kinugasa et al., median overall

survival was also significantly shorter in patients harboring

KRAS mutations in plasma (176 vs. 489 days. p ¼ 0.003), while

the mutational status in the tumor did not demonstrate any

prognostic impact (Kinugasa et al., 2015). A similar prognostic

impact of high ctDNA yield was reported in 14 metastatic

PDAC patients, of which 10 had a KRAS mutation detected in

plasma (Tjensvoll et al., 2015). Interestingly, Zill et al., showed

that NGS-based analysis of cfDNA allows for a thorough anal-

ysis of themutational landscape ofmetastatic PDAC (Zill et al.,

2015). An interesting two-step approach for NGS-based muta-

tional screening has been also reported by Takai et al.,: a first

screen based on ddPCR allowed selecting the 48 PDAC patients

who had �1% mutant allele frequencies of KRAS in plasma

cfDNA, out of 259 patients (18%). KRAS mutations were found

in 40 other patients (15%) at <1% allele frequency, which was

deemed insufficient for NGS for further analysis of ctDNA by

NGS (i.e. below NGS standard sensitivity). The 48 selected

plasma samples were then subjected to standard targeted

NGS focusing on potentially actionable mutations, which

were found in 14 patients (Takai et al., 2015). This large study

is a very good example of the potential and pitfalls of ctDNA-

based targetable mutation discovery in metastatic PDAC: (i)

ctDNA is present, detected in a third of metastatic patients,

but at a lower than expected allelic frequencywhen compared

with other tumor types (e.g., breast or lung cancers); (ii) tar-

geted NGS is technically feasible and can lead to valuable

result as long the ctDNA allelic frequency is over 1%; (iii) at

the bottom line, this heroic, labor-intensive work retrieved a

mutation of potential interest in only 5% of metastatic PDAC

patients.

Finally, in a recent face-to-face study, Earl et al., examined

both KRAS mutation by dPCR and CTCs by CellSearch� in a

cohort of 45 patients with PDAC (14 with localized disease,

13 with LAPDAC and 18 with metastatic disease). They

detected KRAS mutation in 8 patients (4 with metastatic dis-

ease) and �1CTC/7.5 ml of blood in seven patients (all but

one withmetastatic disease). Overall survival was statistically

and significantly poorer in CTC-positive or KRAS mutated
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patients, with no overt superiority of one technique over the

other (Earl et al., 2015).
6. Biological findings

When isolated with sensitive techniques, CTC represent tu-

mor material that can be obtained from PDAC patients

more easily than by tumor biopsy or puncture. Performing

genomic, transcriptomic and proteomic profiling, on either

single CTC or a population of CTCs, hold the promise for deci-

phering biological mechanisms involved in PDAC growth and

metastasis.

The existence of EMT features in PDAChas been repeatedly

reported (Hanahan and Weinberg, 2011; Yu et al., 2013) and is

thought to contribute to the aggressiveness of this cancer

type. EMT is thought to be inducible by the tumor microenvi-

ronment (e.g., following the release of growth factors) and

hypoxia, leading to an increased spread of individual cancer

cells. In that regards, it is interesting to note that, using an

antigen-independent filter-based detection technique, CTC

aggregates, also called clusters, were found at a lower fre-

quency in PDAC patients than in other epithelial tumors

(Cho et al., 2012). Epithelial cells that have undergone EMT

may express mesenchymal markers while reducing the level

of expression of epithelial markers such as EpCAM (Thiery,

2002). The exact way epithelial cells turn into migratory

mesenchymal cells is not yet known, but this process gener-

ates CTCs that can give rise tometastasis. The reverse process

(mesenchymal to epithelial transition MET), which would

happen once the cells find a suitable site to generate metas-

tasis, is even less clear (Figure 2). When investigating EMT

on CTC, it is critical to separate CTC from leukocytes as

normal blood cells are of mesenchymal origin, and to use an

antigen-free enrichment method. Another approach is to
Figure 2 e EMT and MET process in the development of PDAC

metastasis. Cancer cells undergoing epithelialemesenchymal

transition (EMT) acquire extra motility, invasive features and are

more resistant to apoptosis. These cells can intravasate, circulate in

the blood (as CTC) and eventually extravasate in distant organs,

leading to the later development of distant metastases. The reverse

process (mesenchymaleepithelial transition, MET) is thought to

happen during the invasion of the distant site, eventually induced by

the new microenvironment of disseminated tumor cells.
combine several capture antigens, e.g., EpCAM and MUC1

(Thege et al., 2014). Using an epitope-independent microflui-

dic technique followed by RNA sequencing of the isolated

CTCs, Haber and colleagues found that CTC frommicemodels

and PDAC patients overexpress Wnt2 and the Wnt signaling

pathways (Yu et al., 2012). This original observation was

confirmed by functional studies, which demonstrated the

role of Wnt2 in resistance to anchorage-independent survival

and in the enhancement ofmetastatic propensity in vivo. With

a similar approach, the same group reported more recently

that pancreatic CTC expression profiles clustered separately

from those ofmatched primary tumors. CTCs display less pro-

liferation markers, increased ALDH1 gene expression, consid-

ered as a stemnessmarker, and the co-expression of epithelial

and mesenchymal genes (Ting et al., 2014).
7. Conclusion

In the context of PDAC, a life-threatening cancer with limited

treatment options, that is hardly accessible to tissue biopsy,

liquid biopsy is of critical interest to improve early diagnosis,

disease monitoring and treatment options. As reviewed

here, CTC and ctDNA hold the promise of providing different

and complementary data, although current levels of evidence

supporting their use in clinics remain currently low, because

of the cohort limited sizes and lack of technical

standardization.

The major role played by EMT in PDAC growth and meta-

static process certainly limited the accuracy of many

EpCAM-based CTC detection techniques, which have been

mostly used over the past decade. Further improvements are

eagerly awaited from CTC detection techniques that can

detect both standard epithelial CTC and post-EMT CTC; these

cells may deliver critical biological and therapeutic informa-

tion on the biological processes underlying (or predicting)

PDAC chemoresistance, spread and metastasis.

While the high prevalence of KRAS mutations in PDAC is a

theoretically favorable setting to implement ctDNA detection

and quantification, reports showed lower than expected

ctDNA detection rates (50e75% of metastatic patients), when

compared to other cancer types, such as metastatic breast or

lung cancer (>70e80%, usually). Biological processes behind

ctDNA release and degradation in blood are currently poorly

understood and further implementation in PDAC would

benefit from biological studies on ctDNA biology. Notwith-

standing these potential biological issues, ctDNA hold the

promise of providing a non-invasive, dynamic overview of

the mutational landscape of PDAC, including potentially

targetable mutations.
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