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Introduction: Pancreatic ductal adenocarcinoma (PDAC) is usually diagnosed in an advanced stage, with
minimal likelihood of long-term survival. Only a small subset of patients are diagnosed with early (T1)
disease. Early detection is challenging due to the late onset of symptoms and limited visibility of sub-
centimeter cancers on imaging. A novel approach is to support the clinical diagnosis with molecular
markers. MicroRNA derived from extracellular vehicles (EVs) in blood has shown promise as a potential
biomarker for pancreatic neoplasia, but microRNA derived from pancreatic juice (PJ) may be a more
sensitive biomarker, given that is in close contact with ductal cells from which PDAC arises. This study
aims to evaluate and compare the performance of PJ- and serum-derived EV-miRNA for the detection of
PDAC.
Methods: PJ was collected from the duodenum during EUS after secretin stimulation from 54 patients
with PDAC and 118 non-malignant controls. Serum was available for a subset of these individuals. MiR-
16, miR-21, miR-25, miR-155 and miR-210 derived from EVs isolated from PJ and serumwere analyzed by
qPCR, and serum CA19-9 levels were determined by electrochemiluminescence immunoassay. For sta-
tistical analysis, either a Mann-Whitney U test or a Wilcoxon Signed Rank test was performed. ROC
curves and AUC were used to assess the sensitivity and specificity of miR expression for PDAC detection.
Results: Expression of EV-miR-21, EV-miR-25 and EV-miR-16 were increased in cases vs controls in PJ,
while only EV-miR-210 was increased in serum. The potential to detect PC was good for a combination of
PJ EV-miR-21, EV-miR-25, EV-miR-16 and serum miR-210, CA-19-9, with an area under the curve of 0.91,
a specificity of 84.2% and a sensitivity of 81.5%.
Conclusion: Detection of miRNA from EVs in PJ is feasible. A combined panel of PJ EV-miR-21, EV-miR-25,
EV-miR-16, and serum EV-miR-210 and CA19-9 distinguishes cases with PDAC from controls undergoing
surveillance with a specificity of 81.5% and sensitivity of 84.2%.
© 2022 The Authors. Published by Elsevier B.V. on behalf of IAP and EPC. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Background

Pancreatic ductal adenocarcinoma (PDAC) has an overall 5-year
survival rate of less than 10% [1]. While the 5-year survival rate may
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improve to more than 30% for individuals diagnosed at an operable
stage [2], the majority of patients are still diagnosed with inoper-
able advanced disease due to the late onset of symptoms [1,3e5].
Additionally, in surveillance programs for individuals with an
increased risk of developing PDAC, current imaging modalities
(endoscopic ultrasound [EUS] and magnetic resonance imaging
[MRI]) struggle to detect sub-centimeter cancer masses, evenwhen
both modalities are performed concurrently [6]. Conversely, the
false-positive rate of worrisome features is high [7e9], resulting in
resection of lesions that on histological examination appear to be
benign [10,11]. Thus, a novel sensitive tool that diagnoses PDAC
with a high specificity at an early stage is urgently needed.

Molecular markers are promising diagnostic tools for precision
diagnosis. Serum levels of carbohydrate antigen 19-9 (CA19-9) are
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currently used in clinical practice, but only for the detection of
disease recurrence with a sensitivity of 70e90% [12e16]. Unfortu-
nately, this marker is not likely to be positive until PDAC reaches an
advanced stage [17]. Furthermore, the false-positive rate of CA19-9
is relatively high at a specificity value of 0.75 [12e16], and its use in
a surveillance setting is disputed as elevated levels (above the
clinically used cut-off of 37kU/L) are also found in patients with no
or low-grade dysplasia [18]. Also, pancreatic tumors are highly
heterogeneous from a biomolecular point of view, both within a
tumor and between individuals [19]. Consequently, it is ikely that
the diagnostic performance of a single biomarker will not be suf-
ficient, but that a robust panel of biomarkers is required to accu-
rately detect PDAC at an early stage.

Currently, evidence shows that serum levels of cell-free micro-
RNA (miRNA) can differentiate between patients with PDAC and
healthy controls [20e22]. Expression of several of thesemiRNAs are
altered upon proliferation, angiogenesis, epithelial to mesenchymal
transition, and metastasis of several human malignancies,
including PDAC [23e33]. However, none of these serum miRNAs
have made it to clinical practice yet and it is possible that other
biomaterial sources may be more relevant for biomarker detection.
Pancreatic juice (PJ), which can be safely collected from the
duodenal lumen during EUS using secretin stimulation, conceivably
contains markers that are more pancreas-specific as compared to
blood. Being in direct contact with the potential tumor cells, which
originate from the ductal cells that constitute the epithelial lining of
the pancreatic ductal system, PJ is expected to contain information
from all tumor clones present. On the other hand, PJ harbors high
concentrations of digestive enzymes and represents an abrasive
environment which may result in the degradation of promising
PDAC biomarkers. Interestingly, a recent study showed that
compared to total cell-free miRNAs in PJ, the diagnostic perfor-
mance improved when miRNA was isolated from EVs present in PJ
[34], suggesting that biomarkers in PJ may be protected in EVs.

EVs are a group of cellular particles which can be classified
based on size and biogenesis. These include exosomes (<150 nm)
which are released from cells through multivesicular bodies in the
endosomal pathway, microvesicles (200e500 nm) that arise
through budding of the plasma membrane, and apoptotic bodies
(various sizes). On top of these major classes, many specialized EV
subtypes have been described [35]. Cancer cells in particular,
release EVs to create a pre-metastatic niche [36]. Their vesicular
contents, which include proteins, DNA, RNA, and miRNAs, are cell-
specific and expected to represent a signature of cellular pathology.
A previous study showed that the levels of EV-derived miR-21 and
miR-155 in PJ discriminated PDAC cases from controls with an ac-
curacy of 83% and 89% respectively [34]. However, limitations
included the low number of subjects involved (27 PDAC cases vs 8
controls). Furthermore, while alterations in miRNA levels from EVs
(EV-miRNA) present in serum has been reported for PDAC cases
[27,37,38], Thus, our study aimed to evaluate the diagnostic per-
formance of PJ and serum-derived EV-miRNA for the detection of
PDAC in a larger cohort of patients and controls. Based on literature,
we selected the most promising miRNAs for PDAC detection (EV-
miR-16, EV-miR-21, EV-miR-25, EV-miR-155, and EV-miR-210) for
analysis [39]. We compared the expression of these EV-miRNAs and
their diagnostic performance between PJ and serum and contrasted
this against the currently available serum biomarker CA19-9.

2. Material and methods

2.1. Selection of subjects

This study was executed at the Erasmus University Medical
Center. PJ and serumwere collected between August 2018 and May
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2020 from patients who participate in either of the following
prospective study cohorts: 1) Patients with suspected (sporadic)
PDAC (KRASPanc study, MEC-2018-038); 2) high-risk individuals
under surveillance for a hereditary predisposition or familiarly
history of PDAC (CAPS study, MEC-2012-448, www.caps-registry.
com); 3) individuals under surveillance for neoplastic pancreatic
cysts (PACYFIC study, MEC-2014-021, www.pacyfic.net). The Eras-
mus Medical Center ethical review board approved the studies, and
the included individuals gave written informed consent before
enrolment. The study was carried out according to the ethical
principles for medical research involving human subjects from the
World Medical Association Declaration of Helsinki.

All inclusion criteria of the prospective cohort studies can be
found in Supplemental Table 1. Samples were excluded if diagnostic
work-up eventually revealed other pancreatic diseases (e.g.,
pancreatitis). For endpoint analysis, this cohort was divided into a
case group (patients with pathologically proven high-grade
dysplasia [HGD] or PDAC) and controls (individuals without HGD
or PDAC). For subgroup analysis, the control group was subdivided
into individuals with high-risk morphology who presented with
worrisome features or indications for surgery (as described by the
EU evidence-based guidelines [9]) and those with low-risk
morphology and no indications for surgery [9].

2.2. Pancreatic juice and serum collection

PJ was collected from the duodenum as described before [40]. In
short, PJ collection was performed during endoscopic ultrasound
(EUS) after visualization of the ampullary orifice and aspiration of
duodenal fluid (to reduce duodenal contamination). Next, a wash-
out of PJ was stimulated by intravenous administration of human
synthetic secretin (ChriRhoStim, Burtonsville, MD, 16 mg/patient).
While keeping the endoscopic tip close to the ampullary orifice, PJ
was collected for up to 8 min starting immediately after injection
with the endoscope (Pentax Medical, Tokyo, Japan), and assembled
in a mucus extractor (Pennine Healthcare, Derby, United Kingdom,
15 mL) attached to the proximal end of the endoscopic channel. PJ
was aliquoted to avoid freeze-thaw cycles, snap-frozen within
10 min after collection, and stored at �80 �C until further use.

All serum samples were collected within a 3-week window of PJ
collection. CA19-9 concentrations were determined by electro-
chemiluminescence immunoassay (Elecsys CA19-9, Roche Di-
agnostics, Basel, Switzerland, 11776193122) according to protocol.

2.3. Pancreatic juice quality

As a measure of PJ quality, we assessed the concentration of
PLA2G1B (pancreas standard marker, MyBiosource, San Diego, USA,
MBS703283) by enzyme linked immunosorbent assay (ELISA). Pre-
coated, pre-blocked plates were used according to the manufac-
turer's protocol. Briefly, plates were blocked with ELISA diluent for
1 h at room temperature. PJ (75 mL per well) was incubated at 4 �C
overnight, after which biotin-conjugated detection antibody was
added at room temperature for 1 h. Following incubation of avidin-
HRP for 30 min at room temperature, TMB substrate was added.
Reactions were stopped by addition of sulfuric acid and absorbance
was read at 450 nm (Tecan Infinite200 pro plate reader, Tecan,
M€annedorf, Switzerland). Cases and controls were equally distrib-
uted among batches. In addition, we measured the total protein
concentration in PJ and EV isolates by Lowry protein assay (Bio-Rad,
Hercules, CA, USA) [41].

2.4. EV isolation and analysis

Prior to EV isolation, PJ was centrifuged for 10 min at 4000 RPM
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4 �C to remove debris. Then, 100 mL of total exosome isolation re-
agent (Thermo Fisher Scientific, Waltham, MA, #4478359) was
added to 200 mL of supernatant and kept on a rollerbank at 4 �C
overnight. After this, samples were centrifuged for 1h at 14000
RPM and the pellet was resuspended in 400 mL of PBS (passed
through a 0.2 mM filter).

Serum were centrifuged for 30 min at 2000g at 4 �C to remove
debris, followed by addition of 40 mL of total exosome isolation
reagent (for serum; Thermo Fisher Scientific, Waltham, MA,
#4478360) to 200 mL of supernatant and incubated for 30 min at
4 �C. Then, samples were centrifuged again at 10 000 g for 10min at
room temperature. Supernatant was discarded and EVs were
resuspended in 200 mL of filtered PBS.

Concentrated EVs were stored at �80 �C until further analysis.
The size and concentration of particles were confirmed by Nano-
Sight NS300 (NTA 3.4 Build 3.4.003 software). For nanoparticle
tracking analysis, all samples were diluted 1:1000 in filtered PBS.
Quality of EVs was confirmed by electron microscopy and Western
blot (data not shown).

2.5. EVs miRNA analysis

MiRNA was isolated from 200 mL of concentrated EVs with
QIAzol Lysis Reagent (Qiagen, Hilden, Germany, #79306) and
miRNeasy Mini kit (Qiagen, Hilden, Germany, #217004) according
to manufacturer's recommendations. MiRNA-specific cDNA was
prepared using the Taqman microRNA Reverse Transcription Kit
(Thermo Fisher Scientific, Waltham, MA, #217004; miR-16, miR-21,
miR-205, miR-155), as described before [42,43]. Every cDNA reac-
tion consisted of 0.4 ml deoxynucleotide (dNTP) mix, 1.35 ml Mul-
tiscribe RT enzyme (500U/mL), 2.0 ml 10x RT Buffer, 0.25 ml RNase
inhibitor, 1.0 ml of each RT primer, and 5 ml of diluted template RNA.
The total reaction volume was adjusted to 20 ml with nuclease-free
water. Each qPCR reaction consisted of 6 ml TaqMan Universal PCR
Master Mix (Thermo Fisher Scientific, Waltham, MA, #4324018),
0.5 ml microRNA-specific PCR primer and 5.0 ml of the previously 1:5
diluted cDNA. The final volume of every PCR reaction was adjusted
to 12 ml with nuclease-free water. All qPCR reactions were per-
formed according to the manufacturer's instructions and carried
out in duplicate. MiRNA expression changes were calculated rela-
tive to plate average using the 2�DDCt method [44] and presented as
log2 fold change. When expression of miRNA was not detected
(only for miR-25 in 6.9% of samples), CT input value of 45 was
imputed for quantification.

2.6. Statistical analysis

ShapiroeWilk's test was used to determine data distribution.
For normally distributed data, an unpaired Student's t-test was
performed to compare two groups. For nonparametric data, a
Mann-Whitney U (2 groups) test or a Kruskal-Wallis test (>2
groups) was performed. Spearman's rank correlation coefficient
was used to investigate correlations between biomarkers and
continuous variables. A c2 test or Fisher's exact probability test was
used to evaluate the association between categorical variables.
Receiver operating characteristic (ROC) curves and their area under
the curve (AUC) were used to assess the diagnostic performance of
the biomarkers. The first optimal cut-off values in ROC curves were
set to the value that maximizes the Youden index. The Youden in-
dex was defined as sensitivity þ specificity �1. For each biomarker,
a second cut-off point on the ROC curve was chosen with a speci-
ficity of 100%, aiming for high specificity to minimize harm due to
unnecessary biopsy or surgery in the surveillance population. For
Ca19-9, the clinically used cut-off of 37kU/L was used. Multiple
logistic regression models were created to test the performance
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and interaction between a combination of biomarkers. Confidence
intervals for sensitivity, specificity, and accuracy are "exact"
Clopper-Pearson confidence intervals. All tests were two-sided, and
the significance level was set at p < 0.05. Excel, Graphpad Prism 5
(GraphPad Software Inc.), IBM SPSS Statistics (for Windows,
Version 25.0. Armonk, NY: IBM Corp.) software were used for the
analyses.

3. Results

3.1. Patient characteristics

In total, 54 cases and 118 controls were recruited for PJ collec-
tion. A summary of subject characteristics is provided in Table 1.
Controls tended to be younger (62.1 vs 67.5, p¼ 0.001) with a lower
proportion of males (63% vs 34%, p ¼ 0.001) and higher BMI
(25.7 kg/m2 vs 23.7 kg/m2, p ¼ 0.001). Cases more often suffered
from diabetes mellitus (38.9% vs 13.4%, p ¼ 0.001).

Serum samples were available for 46 cases and 58 controls.
Characteristics of this subpopulation are summarized in Table 2.
Again, controls were younger (60 vs 68, p ¼ 0.001), with a lower
proportion of males (25.9% vs 63.0%, p < 0.001), a lower frequency
of diabetes mellitus (15.5% vs 41.3%, p ¼ 0.004) and a higher BMI
(25.7 kg/m2 vs 23.2 kg/m2, p ¼ 0.003).

3.2. Quality of pancreatic juice

As a measure of PJ quality, pancreas-specific PLA2G1B and total
protein concentrationwere determined. Bothwere similar between
controls and cases, indicating a comparable pancreatic component
in PJ as a result of collection (P ¼ 0.24 for total protein and P ¼ 0.19
for PLA2G1B; Fig. 1).

3.3. EV-miRNA expression

Nanoparticle tracking analysis revealed abundant small vesicles
in PJ with a mode size of 116 nm and an overall concentration of
8.4211 particles/mL (range 1.8511 to 4.2812, data not shown). No
differences in EV concentration between cases and controls were
seen (data not shown).

EV-miR-16, EV-miR-21, EV-miR-155, and EV-miR-210 were
detectable in all subjects for both PJ and serum, while EV-miR-25
was detectable in 161/172 (93.6%) PJ samples and all serum sam-
ples. When comparing cases with controls, EV-miR-21 (P ¼ 0.002),
EV-miR-25 (P ¼ 0.005), EV-miR-210 (P ¼ 0.02), and EV-miR-16
(P ¼ 0.004) were significantly overexpressed in PJ, while no dif-
ference was found for EV-miR-155 (P¼ 0.11; Fig. 2 a-e). In serum, as
expected, the CA19-9 level was higher in cases than controls
(P < 0.001), yet only EV-miR-210 was significantly increased (Fig. 2
f-k). Expression levels of individual EV-miRNAs were highly
correlated with each other in both PJ and serum, but no correlation
was found between PJ and serum (Supplementary Tables 2 and 3).

After correction for age, gender, BMI and diabetes mellitus, EV-
miR-21, EV-miR-25, and EV-miR-16 in PJ and EV-miR-210 in serum
remained significantly overexpressed in cases compared to controls
in PJ (Table 3). Thus, these EV-miRNAs are associated with PDAC
independently of these clinical characteristics.

In subgroup analysis, expression of EV-miR-21 (P ¼ 0.07) and
EV-miR-210 (P ¼ 0.04) in PJ tend to be higher in high-risk controls
harboring worrisome features, as compared to low-risk controls,
while no difference was found between high-risk controls and
PDAC (Fig. 3). CA19-9 was increased in PDAC compared to both
control groups, no difference was observed between high-risk and
low-risk controls (Fig. 3).



Table 1
Clinical characteristics at time of pancreatic juice collection.

Cases (N ¼ 54) Controls (N ¼ 118) P-value

Age in years, median (IQR) 67.5 (10.3) 62.1 (6.0) 0.001
Male gender, n (%) 34 (63.0) 41 (34.7) 0.001
BMI in kg/m2, median (IQR) 23.7 (3.7) 25.7 (5.1) 0.001
Familial/genetic predisposition, n (%) 0 (0.0) 66 (55.9) <0.001
Member of FPC family . 32 (27.1) .
CDKN2A p16 . 24 (20.3) .
BRCA2 þ � 2 blood relatives with PDAC . 5 (4.2) .
BRCA1 þ � 2 blood relatives with PDAC . 1 (0.8) .
PALB2 þ � 2 blood relatives with PDAC . 1 (0.8)
BRCA2 þ CDKN2A p16 . 1 (0.8) .
STK11/LKB1 . 2 (1.7) .

Diabetes mellitus, n (%) 21 (38.9) 16 (13.6) 0.001
Indication EUS, n (%) <0.001
Suspected PDAC 35 (64.8) 4 (3.4) .
Fiducial placement 18 (33.3) 0 (0.0) .
Surveillance 1 (1.9) 114 (96.6) .

CBD stent in situ, n (%) <0.001
CBD stent in situ 9 (16.7) 0 (0.0) .
No CBD stent and CBD dilation 14 (25.9) 3 (2.5) .
No CBD stent and no CBD dilation 31 (57.4) 115 (97.5) .

Relative or absolute indications for surgery [1], n (%) 54 (100.0) 26 (22.0) <0.001
Enhancing mural nodule or hypodense lesion 54 (100.0) 4 (3.4)
Caliber change 41 (75.9) 0 (0.0)
Diffuse PD dilation > 5 mm 0 (0.0) 14 (11.9)
CA19.9 � 37 kU/L 34 (63.0) 7 (5.9)
Cyst size >40 mm 0 (0.0) 2 (1.7)
New-onset diabetes1 9 (16.6) 2 (1.7)
Recent acute pancreatitis2 2 (3.7)c 6 (5.1)
Lymphadenopathy 23 (42.6) 0 (0.0)

Working diagnosis, n (%) <0.001
No abnormalities . 41 (34.7) .
Unspecified cyst . 9 (7.6) .
SB-IPMN 1 (1.9) 50 (42.4) .
MD-IPMN or MT-IPMN . 14 (11.9) .
MCN . 1 (0.8)
NET . 1 (0.8) .
Indeterminate lesion, not suspect for malignancy . 2 (1.7) .
Resectable PDAC 10 (18.5) 0 (0.0) .
Locally advanced PDAC 43 (79.6) 0 (0.0) .
Distal metastases (on imaging), n (%) 8 (14.8) 0 (0.0) <0.001

ano germline mutation known and not fitting criteria of FPC family.
b � 2 first-degree relatives or 3 relatives (either first or second degree) or � 2 s-degree relatives of which � 1 with age <50 years at time of diagnosis.
C 3 extra post-ERCP pancreatitis.
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3.4. Diagnostic performance of analyzed miRNAs

ROC-curves were constructed for independently associated EV-
miRNAs in PJ (EV-miR-21, EV-miR-25, and EV-miR-16) and serum
(EV-miR-210) to compare their diagnostic value for PDAC detection.
AUC values for individual overexpressed EV-miRNAs in PJ ranged
from 0.61 to 0.64. For serum, EV-miR-210 achieved an AUC of 0.62
for PDAC prediction, while for CA19-9 an AUC of 0.85 was reached
(Table 4). Performance of individual EV-miRNAs was poor, but after
combining PJ EV-miR-21, EV-miR-25, and EV-miR-16 with serum
EV-miR-210 with CA19-9, the sensitivity and specificity reached
84.2% and 81.5% (AUC ¼ 0.91) respectively, compared to 85.7% and
73.3% for CA19-9 alone (Fig. 4).

4. Discussion

In the present study, we extracted EVs from serum and PJ, and
investigated EV-miRNA expression of 54 malignant cases and 118
non-malignant controls. Five EV-miRNAs were selected based on
their promise inferred from literature (see Supplementary Table 4):
EV-miR-21, EV-miR-25, EV-miR-210, EV-miR-155, EV-miR-16. Of
these, EV-miR-21, EV-miR-25, EV-miR-16 were overexpressed in PJ
from cases compared to controls independently from other clinical
characteristics. For serum, EV-miR-210 was the only miRNA to be
629
overexpressed in cases compared to controls. A combined panel of
PJ EV-miR-21, EV-miR-25, EV-miR-16, and serum EV-miR-210 and
CA19-9 was able to distinguish cases from controls undergoing
surveillance with a specificity of 81.5% and sensitivity of 84.2% (AUC
0.91). This model performed better than serum CA19-9 alone.

MiRNAs are short non-coding RNAs composed of 18e25 nucle-
otides, which are functional regulators of gene expression. In PDAC
cells, miRNA-21 regulates gene expression of MMP2, MMP9, and
VEGF to enhance cellular proliferation and invasion [45], and its
expression in PDAC tumor-associated fibroblasts is linked with
decreased overall survival [46]. MiR-25 expression promotes cell
proliferation by targeting the regulator of actin cytoskeleton dy-
namics ABI2 in PDAC [47]. Zhang et al. found that cigarette smoke-
induced maturation of miR-25-3p promotes the development and
progression of pancreatic cancer [48]. MiR-210 is a hypoxia marker
in PDAC [49] and has been shown to mediate epithelial-
mesenchymal transition induced by HIF-1a under hypoxic condi-
tions by inhibition of HOXA9 in PDAC cell lines [50]. Luciferase
reporter assays suggested that miR-16 post-transcriptionally reg-
ulates Bcl-2 expression in PDAC cells by targeting sites of the 30

untranslated region of this gene [51]. Thus, the overexpressed
miRNAs are clearly involved in pathogenesis and progression of
PDAC, explaining why these molecules have been targeted for
investigation as potential biomarkers.



Table 2
Clinical characteristics (serum).

Cases (N ¼ 46) Controls (N ¼ 58) P-value

Age in years, median (IQR) 68 (10.5) 60 (7.3) 0.001
Male gender, n (%) 29 (63.0) 15 (25.9) <0.001
BMI in kg/m2, median (IQR) 23.2 (3.2) 25.7 (5.2) 0.003
Familial/genetic predisposition, n (%) 0 (0.0) 29 (50.0) <0.001
Member of FPC family . 13 (22.4)
CDKN2A p16 . 10 (17.2)
BRCA2 þ � 2 blood relatives with PDAC . 3 (5.2)
BRCA1 þ � 2 blood relatives with PDAC . 0 (0.0)
PALB2 þ � 2 blood relatives with PDAC . 1 (1.7)
BRCA2 þ CDKN2A p16 . 1 (1.7)
STK11 . 1 (1.7)

Diabetes mellitus, n (%) 19 (41.3) 9 (15.5) 0.004
Indication EUS, n (%) <0.001
Suspected PDAC 28 (60.9) 3 (5.2)
Fiducial placement 18 (39.1) 0 (0.0)
Surveillance 0 (0.0) 55 (94.8)

CBD stent in situ, n (%) <0.001
CBD stent in situ 8 (17.4) 0 (0.0)
No CBD stent and CBD dilation 10 (21.7) 0 (0.0)
No CBD stent and no CBD dilation 28 (60.9) 58 (100.0)

Relative or absolute indications for surgery [1], n (%) 46 (100.0) 11 (19.0) <0.001
Enhancing mural nodule or hypodense lesion 46 (100.0) 0 (0.0)
Caliber change 35 (76.1) 0 (0.0)
Diffuse PD dilation > 5 mm 0 (0.0) 7 (12.1)
CA19.9 � 37 kU/L 27 (58.7) 4 (6.9)
Cyst size >40 mm 0 (0.0) 2 (3.4)
New-onset diabetes1 7 (15.2) 1 (1.7)
Recent acute pancreatitis2 2 (4.3) 4 (6.9)
Lymphadenopathy 21 (45.7) 0 (0.0)

Working diagnosis, n (%) <0.001
No abnormalities . 18 (31.0)
Unspecified cyst . 10 (17.2)
SB-IPMN . 23 (39.7)
MD-IPMN

MT-IPMN
. 2 (3.4)

5 (8.6)
MCN . 0 (0.0)
NET . 0 (0.0)
Indeterminate, not suspect for malignancy . 0 (0.0
Resectable PDAC 11 (23.9) .
Locally advanced PDAC 35 (76.1) .
Distal metastases (on imaging), n (%) 6 (13.0) 0 (0.0) <0.001

Time in days between serum and PJ sample collection, median (IQR) 0 (0.0) 0 (9.3) 0.003

c Received previous chemotherapy.
dOne can have developeTad multiple worrisome features.
eDevelopment of diabetes mellitus in two years before biomaterial collection.
fAcute pancreatitis in 2 years before biomaterial collection (not related to performed ERCP).

Fig. 1. No difference was found between controls and cases in concentration of total
protein (A) and phospholipase A2 group IB (PLA2G1B; as a measure of pancreatic
origin) (B), indicating similar composition of PJ.
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miRNAs can either be isolated from whole biofluid, or from EVs
obtained from these biofluids. Thus far, most studies have concen-
trated on total miRNA [20,52e54] or EV-miRNA [37,55e57] in blood,
but some also investigated total [58] or cellular miRNA [59] in PJ
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(Supplementary Table 4). To the best of our knowledge, only one
study investigated EV-miRNA in PJ before [34]. Nakamura et al.
demonstrated overexpression of EV-miR-21 and EV-miR-155 in
PDAC cases (N ¼ 27) compared to chronic pancreatitis controls
(N¼ 8) [34] although, the low number of subjects involved (27 PDAC
cases vs 8 controls).While we obtained similar results for EV-miR-21,
no difference in expression was found for EV-miR-155 in our larger
cohort, likely due to the different expressions in control groups
(individuals with cystic lesions and without abnormalities in our
study). Technical differences may also account for different study
results, including 1) the method of PJ collection (endoscopic retro-
grade pancreatography with direct cannulation of the pancreatic
duct vs less invasive duodenal collections during EUS after secretin
stimulation in our study), 2) the method of EV extraction (ultra-
centrifugation vs more clinically applicable method with Invitrogen
kit in our study), and 3) normalization method for RNA expression
(miR-16 vs PJ volume in our study). The expression profile of miRNAs
in EVs is not the same as the corresponding cell-free total miRNAs,
indicating that miRNAs have a strict sorting mechanism [60]. When
side by side comparison of EV-miRNA with miRNA from the whole
biofluid was performed, EV-miRNA was superior as a biomarker of



Fig. 2. Relative expression of EV-miR-21, EV-miR-155, EV-miR-210, EV-miR-25 and EV-miR-16 in pancreatic juice (PJ, a-e) and serum (fej) of patients with pancreatic cancer (cases)
and controls. k) Level of serum CA19.9 is increased in individuals with pancreatic cancer (cases).

Table 3
Binary logistic regression Crude OR and adjusted OR for controls and cases.

Parameter Crude OR (95% CI) P-value Adjusted OR (95% CI)* (age, gender, BMI, diabetes) P-value

Pancreatic juice
Age 1.070 0.001 1.064 0.028
Gender 3.193 0.001 3.523 0.009
BMI 0.827 0.002 0.778 <0001
Diabetes mellitus 0.246 <0001 0.332 0.52
PJ_miR-21 1.173 0.001 1.152 0.03
PJ_miR-25 1.095 0.005 1.117 0.016
PJ_miR-210 1.224 0.006 1.183 0.094
PJ_miR-16 1.141 0.001 1.146 0.017
Serum
Age 1.080 0.01 1.070 0.042
Gender 4.890 <0001 7.071 0.003
BMI 0.814 0.0083 0.757 0.006
Diabetes mellitus 0.261 0.0043 0.464 0.323
Serum_miR-210 1.317 0.0359 1.571 0.033

* Ors (95% CIs) and p-value determined by multivariate logistic regression analysis, adjusted for age, gender, BMI and diabetes.
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PDAC in both serum [55] and PJ [34], and as such EV-miRNAsmay be
more useful and stable as biomarkers for PDAC detection compared
to total miRNA in body fluids, including PJ. However, EV-miRNA in PJ
is clearly under-investigated in this respect.
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Here, we found that EV-miRNA expression patterns do not
correlate between serum and PJ. Thus, PJ may contain biomarkers
that are not present in serum and vice versa. For instance, EV-miR-
210 was overexpressed in serum of cases, but not in PJ after



Fig. 3. Relative expression of EV-miR-21, EV-miR-155, EV-miR-210, EV-miR-25 and EV-miR-16 in pancreatic juice (PJ, a-e) and serum (fej) of individuals with pancreatic ductal
adenocarcinoma (PDAC), low-risk controls (LR) and high-risk controls (HR). k) Level of serum CA19.9 is increased in individuals with PDAC.
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adjusting for clinical parameters. Aberrant high expression of miR-
210 has been detected in many tumors [61] making it in theory a
less specific PDAC biomarker when detected in blood. EVs in PJ are
larger in size when compared to serum-derived EVs (unpublished
data) and as size is linked to biogenesis this might also explain the
different molecular cargo of these EVs. Thus, differences may be
related to different subtypes of EVs present in these bodily fluids, or
the fact that most EVs in serum are not pancreas derived. Selection
of candidate miRNAs for our study were based on available data
which predominantly exists for blood. It has been estimated that
each exosome can accommodate 70e25,000 small RNA or protein
molecules [62]. Taking into account our findings on different
expression of EV-miRNAs in blood and PJ, a more systematic
approach is needed to determine miRNA composition of EVs in PJ
and identify good candidate miRNAs for PDAC diagnosis in PJ.
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The ideal biomarker (or panel) should be able to discriminate
PDAC patients not only from heathy controls, but more importantly
also from other non-malignant pancreatic and other organs dis-
eases. We have recently shown that not all individuals with a solid
lesion on imaging (38%) and undergo surgery for a suspicious lesion
(35%) had malignancy or high-grade dysplasia in the resected
specimen [6]. To prevent unnecessary surgeries, it is important to
test a potential biomarker on a relevant control group with non-
malignant pancreatic masses. For this reason, we included in-
dividuals undergoing surveillance for familial or genetic predis-
position to pancreatic cancer and for neoplastic pancreatic cysts.
59% of controls had non-malignant pancreatic abnormalities on
imaging. This is also in agreement with the current consensus
[63,64] that surveillance for PDAC should not be aimed at the
general population but at individuals at increased risk of



Table 4
Diagnostic performance of analyzed miRNAs.

Individual performance
N controls/
cases

Cut-off 1 (SP ¼ 100%) Cut-off 2 (the highest Youden
Index)

ROC-AUC (95% CI) SE, % (95% CI) SP, % (95% CI) SE, % (95% CI) SP,% (95% CI)

PJ_miR-21 118/54 0.64 (0.55e0.73)
PJ_miR-25 118/54 0.63 (0.54e0.73)
PJ_miR-16 118/54 0.64 (0.55e0.73)
Serum_miR-210 58/49 0.62 (0.51e0.74)
Serum_CA19.9 45/49 0.85 (0.77e0.93) 59.2 (44.2

e73.0)
100.0 (92.1
e100)

85.7 (72.8
e94.1)

73.3 (58.1
e85.4)

Logistic regression models

PJ_miR-21þmiR-25þmiR-16þSerum_CA19.9 45/49 0.89 (0.82e0.95) 63.3 (48.3
e76.6)

100.0 (92.1
e100)

75.5 (61.1
e86.7)

86.7 (73.2
e95.0)

PJ_miR-21þmiR-25þmiR-16þSerum_CA19.9þSerum_miR-
210

27/38 0.91 (0.84e0.98) 63.2 (46.0
e78.2)

100 (87.2e100) 84.2 (68.6
e94.0)

81.5 (61.9
e93.7)

Fig. 4. Diagnostic performance of CA19.9 level and the combined (logistic) model (PJ: EV-miR-21, EV-miR-25, EV-miR-16 and serum: EV-miR-210 and CA19.9).
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developing PDAC. In a subgroup analysis stratifying low-risk and
high-risk controls (based on the presence of indications for surgery
[9]), a gradual increase in the expression of EV-miR-21, EV-miR-25
and EV-miR-16 was seen from low-risk controls to high-risk con-
trols and PDAC in PJ, but not in serum. Although high-risk controls
were not statistically different from either low-risk controls or
PDAC, low-risk controls were significantly different from PDAC. Our
data, is in line with studies on total miRNA in PJ, demonstrate a
decrease in expression levels from PDAC to chronic pancreatitis to
non-pancreatic disease controls, with differences between PDAC
and chronic pancreatitis patients not being significant [58]. Most
published studies (Supplementary Table 4) include heathy controls
and chronic pancreatitis patients, with some adding other cancers
or non-healthy controls without pancreatic disease. High diag-
nostic values have been reported for heathy subjects vs PDAC, but at
the same time increased miRNA levels were seen in cases with
IPMN [20] or chronic pancreatitis [52]. Indeed, including only
healthy individuals in a control group may lead to an over-
estimation of diagnostic performance of candidate biomarkers. For
instance, it has been reported that the diagnostic performance of
serum Ca19.9 for discriminating PDAC is higher when including
healthy controls compared to benign pancreatic disease cases [65].
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A drawback of our approach is that high-risk controls may theo-
retically harbor as yet undetected cancer, thus resulting in an
underestimated performance of candidate biomarkers. However,
the probability of this being the case is low, with a follow-up of a
minimum of one year for all controls in our cohort. As there is
clinical need in distinguishing malignant and non-malignant ab-
normalities of the pancreas, this should be reflected in design of
studies aiming to estimate diagnostic values of candidate bio-
markers for detection of PDAC.
5. Conclusions

A combined panel of PJ EV-miR-21, EV-miR-25, EV-miR-16, and
serum EV-miR-210 and CA19-9 distinguishes cases with PDAC from
controls undergoing surveillance with a good performance (speci-
ficity 81.5% and sensitivity 84.2%).

Eventually, we aim to detect high-grade dysplasia, but a larger
cohort would be needed to address this. In addition, the panel of PJ-
derived EV-miR-21, EV-miR-25, EV-miR-16 and serummiR-210 and
CA19-9 only modestly increased the diagnostic performance of
CA19-9 alone. Overlap between the samples does not allow to
discriminate patients who do not have PDAC with high specificity.
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Thus, the panel is not ready yet to be implemented in the clinical
practice. Nevertheless, our study demonstrates differences be-
tween PJ and serum in terms of EV-miRNA expression for the first
time to our best knowledge. An independent confirmation of our
findings would be our recommended the next step.
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