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a b s t r a c t

Background: Surveillance of individuals at risk of developing pancreatic ductal adenocarcinoma (PDAC)
has the potential to improve survival, yet early detection based on solely imaging modalities is chal-
lenging. We aimed to identify changes in serum glycosylation levels over time to earlier detect PDAC in
high-risk individuals.
Methods: Individuals with a hereditary predisposition to develop PDAC were followed in two surveil-
lance programs. Those, of which at least two consecutive serum samples were available, were included.
Mass spectrometry analysis was performed to determine the total N-glycome for each consecutive
sample. Potentially discriminating N-glycans were selected based on our previous cross-sectional anal-
ysis and relative abundances were calculated for each glycosylation feature.
Results: 165 individuals (“FPC-cohort” N ¼ 119; Leiden cohort N ¼ 46) were included. In total, 97 (59%)
individuals had a genetic predisposition (77 CDKN2A, 15 BRCA1/2, 5 STK11) and 68 (41%) a family history
of PDAC without a known genetic predisposition (>10-fold increased risk of developing PDAC). From
each individual, a median number of 3 serum samples (IQR 3) was collected.
Ten individuals (6%) developed PDAC during 35 months of follow-up; nine (90%) of these patients carried
a CDKN2A germline mutation. In PDAC cases, compared to all controls, glycosylation characteristics were
increased (fucosylation, tri- and tetra-antennary structures, specific sialic linkage types), others
decreased (complex-type diantennary and bisected glycans). The largest change over time was observed
for tri-antennary fucosylated glycans, which were able to differentiate cases from controls with a
specificity of 92%, sensitivity of 49% and accuracy of 90%.
Conclusion: Serum N-glycan monitoring may support early detection in a pancreas surveillance program.
© 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. Introduction

The majority of patients with pancreatic ductal adenocarcinoma
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(PDAC) are diagnosed at an incurable stage. Due to the lack of early
recognizable symptoms, only 20% of patients are eligible for sur-
gery at presentation [1]. Surveillance of patients at risk of devel-
oping PDAC may offer opportunities for early detection and
improved survival [2].

So far, diagnosis of PDAC has been challenging in surveillance
programs for individuals with an hereditary risk of developing
PDAC that combine magnetic resonance imaging (MRI)/magnetic
resonance cholangiopancreatography (MRCP) and endoscopic
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Abbreviations

AUC ¼ Area under the curve
CA19-9 ¼ Carbohydrate-antigen 19-9
CI ¼ Confidence interval
EUS ¼ Endoscopic ultrasound
EMC ¼ Erasmus Medical Center
FDR ¼ First-degree relative
FNA ¼ Fine-needle aspiration
FNB ¼ Fine-needle biopsy
FPC ¼ Familial pancreatic cancer
FTICR ¼ Fourier transform ion cyclotron resonance
IQR ¼ interquartile range
LUMC ¼ Leiden University Medical Center
MALDI ¼ Matrix-assisted laser desorption/ionization
MS ¼ Mass spectrometry
MRI ¼ Magnetic resonance imaging
MRCP ¼ Magnetic resonance cholangiopancreatography
PanIN ¼ Pancreatic intraepithelial neoplasia
IPMN ¼ Intraductal papillary mucinous neoplasm
PDAC ¼ Pancreatic ductal adenocarcinoma
SDR ¼ Second-degree relative
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ultrasound (EUS) [3,4]. As a result, resection of abnormalities,
which are e upon histological assessment e proven benign, has
caused unnecessary harm due to overtreatment [5]. Novel molec-
ular biomarkers are urgently needed to increase our diagnostic
capabilities, resulting in more appropriate risk stratification, earlier
recognition of malignant progression and personalized clinical
management (i.e. intensified/reduced follow-up or surgery).
Currently, for diagnosis of PDAC, fine-needle aspiration (FNA) or
biopsy (FNB) is used. Although their diagnostic accuracy is rela-
tively high [6], they rely on the ability to visualize the lesion and
accurate sampling of smaller lesions (<10 mm) is challenging [7]. A
biomarker that shows relative changes over time is specifically
beneficial in high-risk individuals undergoing surveillance.

For PDAC, carbohydrate-antigen (CA) 19e9 is a commonly used
serum biomarker. Structurally, CA19-9 is sialylated Lewis A antigen
that is present on various proteins. Protein glycosylation is a post-
translational modification that alters its functional properties.
However, its use in clinical practice has been limited thus far to
prediction of treatment response and detection of disease recur-
rence [8]. As a result of its imperfect diagnostic performance [9],
implementation of CA19-9 in a surveillance program should be
done with caution, as it may increase harm (due to unnecessary
imaging and surgery), patient anxiety and health care costs.

As mass spectrometry (MS)-based protein glycosylation studies
have demonstrated that specific glycosylation levels in total serum
N-glycome profiles have potential in PDAC detection [8,10e13], our
group set up a pipeline for the development of a glycan panel for
surveillance purposes (Fig. 1). As a first step, we performed a cross-
sectional analysis, comparing sporadic PDAC cases with healthy
controls and identified 51 glycosylation traits (combinations of
glycan structures according to biosynthetic pathways) that were
differentially expressed between these groups. Of these, a pre-
liminary panel of three glycosylation traits (CA2, A3F0L, CFa) was
able to differentiate sporadic PDAC cases with an AUC of 0.81e0.88
(cross-sectionally) [14].

Our next step is validation of glycosylation traits in a longitu-
dinal study to identify markers that are able to earlier detect
asymptomatic PDAC in high-risk individuals undergoing surveil-
lance. For this purpose, we performed N-glycome analysis on
498
consecutive serum samples from high-risk individuals undergoing
surveillance, and compared PDAC cases with controls.
2. Material and methods

2.1. Study design and pancreatic surveillance programs

From our previously identified 51 promising N-glycan markers
[14], we evaluated the 13 (25%) best-performing glycosylation
markers in serum that was consecutively collected in the course of
two Dutch pancreatic surveillance programs (Fig. 1 in blue).
Selected participants had at least two blood samples collected at
different time points between 2007 and 2018.

The first cohort (FPC-cohort) concerns a collaboration between
the University Medical Center Utrecht and the Erasmus MC Uni-
versity Medical Center Rotterdam (EMC), a Dutch branch of the
international CAncer of the Pancreas Surveillance (CAPS) con-
sortium [4]. This study was set up in 2007 and includes individuals
with an estimated 10% or greater lifetime risk of PDAC. It encom-
passes germline mutation carriers of a known PDAC susceptibility
gene (e.g., CDKN2A, LKB1/STK11, BRCA1/2), as well as familial
pancreatic cancer (FPC) kindreds without a known gene mutation.
The latter group was included after genetic testing and detailed
evaluation of family history by a clinical geneticist. Individuals in
this group have �2 blood relatives (who are first-degree relatives
[FDR] to each other or FDR and/or second-degree relatives [SDR]
with �1 under 50 years of age) or � 3 blood relatives (who are FDR
or SDR to each other) with PDAC. At inclusion, all individuals were
50e75 years of age or 10 years younger than the youngest age at
which a blood relative developed PDAC. Individuals included in the
FPC-cohort undergo surveillance with both EUS andMRI/MRCP and
glucose testing [4]. Additionally, serum samples were stored in the
biobank at each follow-up.

The second surveillance cohort is followed by the Leiden Uni-
versity Medical Center (LUMC) from the year 2000 onwards. The
vast majority of this population comprises carriers with a proven
germline CDKN2A (p16-Leiden) mutation, who are at an estimated
15e20% lifetime risk of PDAC [15]. In addition to CDKN2A, 1 high-
risk individual was included with 3 family members with PDAC
(1 FDR and 2 SDR). Starting at the age of 45 years, participants were
offered annual MRI/MRCP [2]. Since 2012, blood samples were
collected at regular screening intervals.

The institutional ethical review boards of participating centers
(2007_024, Amsterdam University Medical Center; MEC-2021-448
EMC; MEC P00.107 LUMC) have approved the study, and the
included individuals gave written informed consent before enrol-
ment. The study was carried out according to the ethical principles
for medical research involving human subjects from the World
Medical Association Declaration of Helsinki and Taipei.
2.2. Serum sample collection and plate design

Serum samples were collected consecutively and processed
according to a standardized protocol [16]. Within 4 h after veni-
puncture, each blood sample was centrifuged for 10 min at 1000�g
and collected serum was stored in 1.5 mL aliquots at �80 �C until
further analysis. Before measurements were performed (i.e., serum
N-glycome analysis), each sample was further aliquoted into 60 mL
tubes, with one aliquot of each sample relocated into a 96-well
plate format. For technical quality control of the spectra, each
plate contained a minimum of six in-house standards and two
blanks.



Fig. 1. Pipeline showing the development of a glycan-based biomarker panel for surveillance purposes. First, MS-based total N-glycome analysis provides relative abundances
of single N-glycans from all serum proteins. Three commonly occurring N-glycan structures are distinguished, namely high-mannose, hybrid and complex-type. From this data,
glycosylation traits are calculated that reflect biosynthetic pathways. The abundance of these glycosylation traits was previously described in a cross-sectional cohort.1 Blue boxes
indicate the current longitudinal analysis. In order to implement glycosylation-based biomarkers in clinical practice (for repetitive monitoring in a surveillance cohort), one or
multiple protein-glycosylation trait combinations (glycoproteoform) need to be selected. PDAC ¼ pancreatic ductal adenocarcinoma; HC ¼ healthy control.
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2.3. Serum sample preparation and mass spectrometry analysis of
glycans

Six microliter of serum was subjected to analysis according to a
previously reported protocol [16]. The procedure consisted of
various steps that were carried out in a standardized manner on a
Hamilton liquid handling platform. The first step (global release of
N-glycans) was performed manually using the enzyme PNGase F
(Roche Diagnostics, Mannheim, Germany). All sialic acid residues
were chemically derivatized into stable end-products using an in-
house developed ethylesterification protocol [16]. Thus intro-
duced mass differences allow differentiation between a2,3- and
a2,6-linked species. Next, the glycans were purified using cotton-
based hydrophilic interaction liquid chromatography (HILIC)
micro-tips and eluted and premixed with sDHB Matrix-assisted
laser desorption/ionization (MALDI) matrix (5 mg/mL in 99% ACN
with 1 mM NaOH). The glycans were spotted onto a MALDI target
plate (800/384 MTP AnchorChip, Bruker Daltonics, Bremen, Ger-
many) and measured on a Bruker 15T solariX XR Fourier transform
ion cyclotron resonance (FTICR) mass spectrometer. The system
was controlled by ftmsControl version 2.1.0 and spectra in an m/z-
range from 1011.86 to 5000.00 were recorded with 1 M data points
(i.e., transient length of 2.307 s). DataAnalysis Software 4.2 (Bruker
Daltonics, Bremen, Germany) was used for the visualization and
data analysis of all MALDI-FTICR spectra. The relative abundances
of different N-glycans were determined from MS-data using in-
house developed MassyTools (version 0.1.8.1) software [16], and
subsequently combined in glycosylation traits on the basis of
common structural features (Fig. 1; Supplemental Table S1).
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2.4. Data processing and analysis

Clinical characteristics were described as medians with inter-
quartile range (IQR) or percentages. Statistical significance was
assessed with Mann-Whitney U test for continuous data and
Fisher's exact or c2 test for categorical variables.

Candidate glycosylation traits were selected based on published
data from our group comparing protein glycosylation in sporadic
PDAC cases and healthy controls [14]. The mean abundance values
(relative to total abundance per sample) of selected glycosylation
traits were plotted over time per investigated group (cases vs
controls) with 95% confidence interval (CI). The median glycosyla-
tion levels per investigated group at both baseline (t0) and last
follow-up (before PDAC development) were assessed and a ratio
was calculated by dividingmedian levels of cases by that of controls
at both timepoints. Subsequently, change of glycosylation over time
was quantified by calculating the difference between the most
recent (before PDAC development for cases) and first measurement
normalized by time between samples (in months). Subsequently,
this metric was compared between cases and controls (Mann-
Whitney U) for the 13 glycosylation traits (p-values not shown). P-
values < 0.004 were considered significant (Bonferroni correction
for multiple testing). To calculate the diagnostic performance of
difference over time, ROC curves were generated (and area under
the curves (AUCs) calculated) for those glycosylation traits that
showed a different change over time (Mann-Whitney U; p < 0.05).
To estimate sensitivity and specificity, two locations on the curve
were selected aiming: 1) high sensitivity (minimum specificity
�40%); and 2) high specificity (minimum sensitivity �40%). CIs for
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sensitivity, specificity and accuracy are based on the cumulative
probabilities of the binomial distribution (“exact” Clopper-Pearson
CIs).

Additionally, as changes in glycosylation levels may also reflect
the presence of other malignancies, we visualized and compared
glycosylation traits over time of cases developing PDAC, controls
with another malignancy, and controls who underwent pancreatic
surgery for benign disease.

Data was analyzed with Statistical Package for the Social Sci-
ences (SPSS Inc, Chicago, IL). Data were visualized using R (version
4.0.2; package “Tidyverse”) and GraphPad (GraphPad Prism version
9, La Jolla, CA).
3. Results

3.1. Comparison of cohorts

In total,165 patientsmet the inclusion criteria, 119 from the FPC-
cohort and 46 from the Leiden cohort. Patient characteristics did
not differ regarding age (FPC-cohort median 52 years [IQR 14];
Leiden cohort 53 [IQR 14]; p ¼ 0.84), gender (FPC-cohort 39% male,
Leiden cohort 44%; p¼ 0.60) and BMI (25 kg/m2 [IQR 5.7]; 26 kg/m2

[IQR 4.8]; p ¼ 0.35; Table 1). Due to differences in inclusion criteria,
the Leiden cohort predominantly consisted of CDKN2A mutation
carriers (97.8%), while the FPC-cohort was more heterogeneous,
containing both mutations carriers (CDKN2A 26.9%, BRCA2 11.8%,
BRCA1 0.8%, STK11 4.2%) and mutation-negative FPC kindreds
(56.3%; Table 1). 52.1% of the members of the FPC-cohort had 3 or
more family members with PDAC, this number was lower in the
Leiden cohort (26.1%; p ¼ 0.001).

At baseline, the majority of patients in both cohorts had no
abnormalities on imaging (FPC-cohort n ¼ 70 [58.8%]; Leiden
cohort n ¼ 39 [84.8%]). 7 participants (5.9%) of the FPC-cohort had
Table 1
Clinical characteristics.

CAPS c

Baseline information
Age in years, median (IQR) 52 (14
Male sex, n (%) 46 (38
BMI in kg/m2, median (IQR) 25.3 (5
Gene mutation, n (%) 52 (34
CDKN2A p16 32 (26
BRCA2 þ � 2 blood relatives with PDAC 14 (11
BRCA1 þ � 2 blood relatives with PDAC 1 (0.8)
STK11 5 (4.2)

Total number of any degree blood relatives with PDAC, n (%)
0 13 (10
1 9 (7.6)
2 35 (29
3 or more 62 (52

Diabetes mellitus, n (%) 3 (2.5)
Working diagnosis at baseline, n (%)
No abnormalities 70 (58
Unspecified cyst 18 (15
SB-IPMN 20 (16
MD-IPMN 1 (0.8)
pNET 1 (0.8)
Duodenum NET 1 (0.8)
Chronic pancreatitis 1 (0.8)
Indeterminate, not suspect for malignancy 7 (5.9)
Suspicion of malignancy 0 (0.0)

Follow-up information
Number of follow-up visits per individual, median (IQR) 4 (5)
Follow-up duration in months, median (IQR) 35 (61
Individuals who developed PDAC, n (%) 3 (2.5)

IQR ¼ interquartile range, IPMN ¼ Intraductal papillary mucinous neoplasm, SB-IPMN ¼
docrine tumor, PDAC ¼ pancreatic ductal adenocarcinoma.
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an indeterminate lesion, for which the follow-up interval was
shortened to 3 months, but none of these lesions developed to
PDAC. Participants were followed for a median of 35 months (IQR
61) in the FPC-cohort and 42 months (IQR 37; p ¼ 0.23) in the
Leiden cohort. During surveillance, more samples were collected in
the FPC-cohort (median 4 [IQR 5]) than in the Leiden cohort (me-
dian 2 [IQR 0]; Table 1).
3.2. Surveillance outcomes

During follow-up, 10 participants (6.1%) developed PDAC. Nine
(90%) cases were CDKN2A mutation carriers and one was a STK11
gene mutation carrier (Table 2). At baseline, only 1 case (P4 from
the Leiden cohort) had a feature suspected for malignancy. All 10
cases underwent surgery within 4 months after diagnosis. Four
individuals had stage 1 disease (AJCC 8th edition), while the
remainder had stage 2 or higher. One of the cases with stage 1 (P1)
had a concomitant primary cancer in the cervix (T2bN1Mx). Two
cases were interval cancers, detected because of jaundice. The
others were detected at time of surveillance. For the majority of
cases (8/10), the last serum collection had been performed less than
six months before diagnosis (Table 2).

Of 155 controls, eight underwent surgery for falsely suspected
PDAC (‘Benign surgery controls’; n ¼ 8; 5.2%; Table 2). Of these, five
individuals had precursor lesions (Pancreatic intraepithelial
neoplasia [PanIN] or intraductal papillary mucinous neoplasm
[IPMN]) or a pancreatic neuro-endocrine tumor (NET). Benign sur-
gery controls were analyzed as a separate group, as changed glyco-
sylation traits may already be visible in precursor lesions. For 6/8
benign surgery controls, the last collection was performed less than
six months before diagnosis. During the study period, 9 controls
developed a malignancy other than PDAC (3 melanoma; 3 breast
cancer; 1 esophageal cancer; 1 lymphoma; 1 duodenal NET; Table 2).
ohort n ¼ 119 Leiden cohort n ¼ 46 p-value

) 53 (14) 0.84
.7) 20 (43.5) 0.60
.7) 26.2 (4.8) 0.35
.7) 45 (97.8) <0.0001
.9) 45 (97.8)
.8) 0 (0.0)

0 (0.0)
0 (0.0)

0.001
.9) 12 (26.1)

12 (26.1)
.4) 10 (21.7)
.1) 12 (26.1)

0 (0.0) NA
<0.0001

.8) 39 (84.8)

.1) 2 (4.3)

.8) 4 (8.7)
0 (0.0)
0 (0.0)
0 (0.0)
0 (0.0)
0 (0.0)
1 (2.1)

2 (0.3) <0.0001
) 42 (37) 0.23

7 (15.2) 0.005

side-branch IPMN, MD-IPMN ¼ main-duct IPMN, (p)NET ¼ (pancreatic) neuroen-



Table 2
Details of individuals who underwent surgery and developed other (non-pancreatic) malignancies.

Patient Cohort Pathological outcome TNM stage AJCC 8th
edition

Gender/Age at
diagnosis,
years

Risk
category

Nr. of samples analyzed
before esection/total

Time between last
blood sample and
diagnosis (months)

Time between baseline
and diagnosis/surgery
(months)

PDAC cases
P1 FPC PDAC þ Cervixca T1aN0M0 F/54 STK11 3/4b 6 25/29
P2 Leiden PDAC T1aN0M0 M/50 CDKN2A 2/2 16 27/31
P3 Leiden PDAC T1aN0M0 F/62 CDKN2A 2/2 1 36/39
P4 Leiden PDAC T1bN0M0 M/64 CDKN2A 2/2 0 3/6
P5 FPC PDAC T1cN1M0 M/50 CDKN2A 4/4 2 24/25
P6 FPC PDAC T2N1M0 M/55 CDKN2A 4/4 12 41/44
P7 Leiden PDAC T2N2M0 F/69 CDKN2A 2/2 1 41/42
P8 Leiden PDAC T3N0M0 M/66 CDKN2A 2/2 1 8/8
P9 Leiden PDAC T3N0M0 M/70 CDKN2A 2/2 1 51/54
P10 Leiden PDAC T3N1M0 F/67 CDKN2A 2/2 0 23/24
Benign surgery controls
B1 FPC PanIN2 þ pNET

<2 cm
T1N0M0 F/49 CDKN2A 5/10 2 49/50

B2 FPC PanIN2 NA M/47 FPC 4/11 4 0/17
B3 FPC PanIN1 NA M/46 FPC 2/11 2 0/5
B4 FPC MD-PMN, IGD NA F/47 BRCA2 3/6 18 0/28
B5 FPC MT-IPMN, LGD NA F/64 FPC 2/4 3 0/5
B6 Leiden No precursor NA M/58 CDKN2A 2/2 14 23/26
B7 Leiden No precursor NA M/55 CDKN2A 2/2 0 23/26
B8 FPC No precursor NA M/50 BRCA2 2/3 2 14/16
Other malignancy controls
M1 FPC Melanoma T1aN0M0 F/50 CDKN2A 1/11 6 6/6
M2 Leiden Melanoma T1aN0M0 F/47 CDKN2A 1/3 11 11/11
M3 Leiden Melanoma T1bN0M0 F/58 CDKN2A 2/2 3 55/55
M4 FPC Breast cancer T1N0M0 F/54 FPC 5/9 10 58/59
M5 FPC Breast cancer TxN0M0 F/59 FPC 7/7 0 83/87
M6 FPC Breast cancer TxNx F/70 FPC 2/4 0 12/NA
M7 FPC Esophageal cancer TxN0M0 F/57 CDKN2A 2/2 6 18/22
M8 FPC Lymphoma NA F/50 FPC 2/3 2 27/NA
M9 FPC Duodenal NET <2 cm T2N0M0 M/51 CDKN2A 1/2 9 0/9

PDAC ¼ pancreatic ductal adenocarcinoma, MD-IPMN ¼ main-duct intraductal papillary mucinous neoplasm, MT-IPMN ¼ mixed-type intraductal papillary mucinous
neoplasm, IGD ¼ intermediate grade dysplasia, LGD ¼ low-grade dysplasia, (p)NET ¼ (pancreatic) neuroendocrine tumor, FPC ¼mutation-negative familial pancreatic cancer
kindred.
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3.3. Comparison of glycosylation traits between cases and controls

Selection of candidate glycosylation traits was based on pub-
lished data from our group comparing protein glycosylation in
sporadic PDAC cases and healthy controls [14]. In the current study,
we evaluated 13 (1st quartile with lowest p-value) of the 51
glycosylation traits that differed between PDAC cases and controls
(�0.05). Notably, all selected glycosylation traits consisted of
‘complex-type’ glycans (Fig. 1).

To evaluate the natural course of these glycosylation traits per
investigated group, their mean relative abundancewas plotted over
time for cases (n ¼ 10) and controls (N ¼ 155; Fig. 2). In the case
group, values of three glycosylation traits decreased over time (CA2,
CB0, A3F0L; Fig. 2A, C, I; Supplemental Figs. S1A and C;
Supplemental Fig. S2C), whereas ten increased (CA4, CFa, A3F, A3Fa,
A2LF, A3LF, A3FE, A4FE, A2F0E, A3F0E; Fig. 2B, D-H, J-M;
Supplemental Fig. S1B, D-F; Supplemental Figs. S2A and B, D-G;
Table 3). These decreases and increases were in agreement with
down- and upregulation, respectively, as previously objectified in
cross-sectional analysis (sporadic PDAC vs healthy controls; Table 3)
[14]. The majority of PDAC cases already showed differences in
glycosylation traits 3e50 months prior to PDAC development (t0;
Table 3) as compared to controls. The glycosylation levels of two
glycosylation traits were higher at the last measurement before
PDAC diagnosis (p � 0.004; A2LF, A3Fa; data not shown). With
regard to change over time, the difference between first and last
measurement was calculated and normalized by the time in
months. After correction formultiple testing, one glycosylation trait
501
(A3F) showed a different change over time for cases, as compared to
controls (p � 0.004; data not shown).

As the majority of the cases harbored a CDKN2A germline mu-
tation (9/10), we also visualized the course of glycosylation traits
for all cases and controls with a CDKN2A germline mutation
(Supplemental Fig. S3). This cohort showed a similar course as that
of the total cohort.

3.4. Resected controls and other malignancies

To evaluate if changes in glycosylation levels (over time) are due
to cancer (or malignant development) in general rather than PDAC
specifically, the mean relative abundance was plotted over time for
three subgroups (Fig. 3): 1. cases (n ¼ 10); 2. pathology-proven
benign surgery controls (n ¼ 8); 3. other malignancy controls
(n ¼ 9; Table 2). Due to the limited sample size, we did not perform
a statistical analysis, yet graphs indicate a difference between PDAC
cases and benign surgery controls, as well as the other malignancy
controls for six glycosylation traits (CFa, A3F, A3Fa, A2LF, A3LF,
A4FE; Fig. 3DeH, K).

3.5. Diagnostic performance of change over time

For glycosylation traits that showed a significant difference
between cases and controls over time, ROC curves were generated
(Fig. 4A). Overall, A3F performed best (AUC 0.77; 95% CI 0.62e0.92).
Per glycosylation trait, two cut-offs were selected, the first aiming
at high sensitivity (with specificity �40%), the second aiming at



Fig. 2. Graphs showing the relative abundance over time for 13 candidate markers. The black lines indicate the mean per group (cases ¼ pink, controls ¼ blue) with 95%
confidence interval (CI). Arrows indicate whether the glycosylation trait was up- or downregulated in PDAC cases in previous cross-sectional analysis14).
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Table 3
Overview of odds-ratio (OR) at previous cross-sectional analysis14 as well as the median glycosylation trait level for cases and controls at baseline and at most recent sample.
Grey rows indicate a lower value when developing PDAC in cross sectional analysis14. Arrows in the glycosylation in last sample column indicate whether the glycosylation
value increased or decreased compared to baseline.

Cross-sectional analysis14 Glycosylation at baseline Glycosylation in last sample

OR14

(95% CI)
P-value14 Cases

Median (IQR)
Controls
Median (IQR)

Ratio
Cases/controls

Cases
Median (IQR)

Controls
Median (IQR)

Ratio
Cases/controls

Complex type glycans
CA2 0.35 (0.25e0.50) 1.052E-08 0.632 (0.094) 0.633 (0.056) 0.998 0.630 (0.050) Y 0.631 (0.057) Y 0.998
CA4 6.19 (3.57e10.75) 9.209E-11 0.052 (0.031) 0.043 (0.013) 1.209 0.049 (0.015) Y 0.045 (0.015) [ 1.089
CB0 0.39 (0.27e0.54) 5.12E-08 0.565 (0.062) 0.579 (0.057) 0.976 0.571 (0.038) [ 0.582 (0.055) [ 0.981
CFa 13.27 (5.68e30.98) 2.306E-09 0.013 (0.008) 0.011 (0.005) 1.182 0.019 (0.019) [ 0.011 (0.006) ¼ 1.727
Fucosylation (F)
A3F 2.34 (1.70e3.23) 2.066E-07 0.363 (0.208) 0.282 (0.158) 1.287 0.460 (0.327) [ 0.281 (0.154) Y 1.637
A3Fa 5.35 (3.01e9.52) 1.115E-08 0.011 (0.007) 0.006 (0.005) 1.833 0.015 (0.021) [ 0.006 (0.005) ¼ 2.500
A2LF 2.67 (1.88e3.78) 3.854E-08 0.389 (0.140) 0.337 (0.088) 1.154 0.457 (0.203) [ 0.332 (0.083) Y 1.377
A3LF 2.68 (1.91e3.75) 9.323E-09 0.425 (0.265) 0.324 (0.199) 1.312 0.565 (0.421) [ 0.333 (0.191) [ 1.697
А2,3-linked sialylation (L)
A3F0L 0.34 (0.23e0.49) 8.342E-09 0.246 (0.041) 0.260 (0.035) 0.946 0.221 (0.098) Y 0.260 (0.032) ¼ 0.850
А2,6-linked sialylation (E)
A3FE 2.44 (1.73e3.43) 3.184E-07 0.601 (0.015) 0.595 (0.019) 1.010 0.610 (0.024) [ 0.598 (0.018) [ 1.020
A4FE 3.5 (2.32e5.30) 2.622E-09 0.157 (0.075) 0.133 (0.073) 1.180 0.201 (0.126) [ 0.132 (0.070) Y 1.523
A2F0E 3.99 (2.55e6.24) 1.203E-09 0.869 (0.024) 0.858 (0.021) 1.013 0.872 (0.032) [ 0.859 (0.021) [ 1.015
A3F0E 2.63 (1.88e3.69) 2.019E-08 0.686 (0.018) 0.672 (0.027) 1.021 0.707 (0.065) [ 0.674 (0.027) [ 1.051

OR ¼ odds ratio; 95% CI ¼ 95% confidence interval; IQR ¼ interquartile range.

I.J.M. Levink, D.C.F. Klatte, R.G. Hanna-Sawires et al. Pancreatology 22 (2022) 497e506
high specificity (sensitivity �40%; Fig. 4B). When aiming high
sensitivity, A3F had a sensitivity 90.0% (95% CI 55.5e99.8%) and
specificity of 49.0 (95% CI 42.8e59.1%); when aiming high speci-
ficity, the sensitivity was 40.0% (95% CI 12.2e73.8%) and specificity
96.1 (95% CI 91.8e96.6%).

4. Discussion

After our explorative study among symptomatic PDAC patients,
we now evaluated the longitudinal performance of glycosylation
traits in a PDAC surveillance cohort consisting of hereditarily pre-
disposed high-risk individuals. Our results demonstrate that a
change of distinct serum glycosylation traits is related to the
development of PDAC in carriers of a CDKN2A germline mutation
(as 9/10 cases were). Of the 13 investigated glycosylation traits, A3F
showed significant deviations during the course of PDAC develop-
ment (after correction for multiple testing). Interestingly,
biomarker differences seem to have been present at baseline and
increasingly changed during the course of PDAC development. This
may indicate a long window of opportunity to capture malignant
progression. This finding is consistent with previous data showing
that development of PDAC takes multiple years [17] and potentially
makes these biomarkers useful for surveillance purposes.Imaging-
based surveillance programs have not yet convincingly shown
improved survival in individuals undergoing pancreas surveillance
for hereditary risk [18]. Diagnosis of PDAC in surveillance programs
for high-risk individuals rely on imaging and FNA/FNB (in case of
suspected PDAC). However, both modalities have a limited
discriminative performance for small lesions and the use of FNA/
FNB is limited due to potential adverse events in case of repetitive
sampling [19,20]. Due to high rates of false positive findings (and
therefore potential harm), repetitive CA19-9 monitoring in in-
dividuals at risk of developing PDAC is not recommended by
guidelines [3]. Thus, there is an urgent need for more sensitive and
specific biomarkers to complement imaging in surveillance pro-
grams [21].

Implementation of a (panel of) biomarkers in a surveillance
program could guide risk stratification and select individuals who
should undergo intensified surveillance (in case of a test with high
sensitivity), yet could also support in decision-making for surgery
or additional diagnostic procedures (in case of a test with high
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specificity). For this reason, we selected two cut-offs for each
glycosylation trait aiming at high sensitivity or high specificity. The
performance of changes of glycosylation traits over time was
promising (accuracy 87.9e92.7%). For surveillance purposes, a
potent biomarker is expected to vary over time, yet, in current
literature, data on longitudinal sampling of biomarkers is lacking.
This well-defined surveillance cohort offers the unique opportunity
to perform this longitudinal analysis as it has a relatively high
incidence of PDAC and surveillance was performed in a standard-
ized fashion [22]. At the same time, due to the time-consuming set-
up of a surveillance study (median follow-up 35 months) and the
relatively low prevalence of PDAC, the absolute number of cases in
this cohort was limited and only a first indication of potential dif-
ferences over time can be extracted. For this reason, we have
decided to show our data in a descriptive fashionwithout extensive
statistical analysis. Additionally, as studies have previously shown
distinct molecular and transcriptomic subtypes, protein glycosyla-
tion may also be heterogeneous between patients. Therefore, it is
likely that a panel of biomarkers that complements each other is
required [23]. Unfortunately, the low number of cases in this study
did not allow analysis of combined biomarkers. Furthermore, we
were not able to correct for clinical variables, as these may also
influence glycosylation level. One example is the presence of dia-
betes mellitus, Dotz et al. (2018) [24] has previously shown that
alpha-2,6-linked sialylation is increased (odds-ratio 1.4; p ¼ 5.48E-
07) in plasma samples of patients with diabetes mellitus. Another
example is the presence of a germlinemutation. Themajority of the
cases (9/10) were CDKN2A germline mutation carriers. Therefore,
we cannot formally exclude the possibility that the results of this
study show the differences between a subgroup of high-risk
CDKN2A mutation carriers and controls, rather than PDAC cases
and controls, per se. However, a similar course of markers is
observed when only CDKN2A mutation carriers are considered
(Supplemental Fig. S3). External validation in other cohorts with
more variety in high-risk cases would allow assessment of gener-
alizability of these markers beyond this subgroup. Lastly, another
limitation is that the sample collection of one cohort was less
standardized, leading to a lower number of consecutive samples
per individual. Thus, external validation with a larger cohort
(preferably including more longitudinal data points) is required to
evaluate if these biomarkers really enable both risk stratification



Fig. 3. Graphs showing the relative abundance over time for 13 glycosylation traits, comparing three groups: 1. Patients with PDAC (pink); 2. Patients who underwent
pancreatic resection, which appeared to be no/low-grade dysplasia (‘benign surgery controls’; green); 3. Patients who develop other types of malignancies during the course
of surveillance (blue). The black lines indicate the mean per group, the colored area indicates the 95% confidence interval (CI) per group. Arrows indicate whether the glycosylation
trait was up- or downregulated in previous cross-sectional analysis [14]).
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Fig. 4. Diagnostic performance of change over time (between baseline and most recent measurement) for the differentiation between cases and controls. Only those
glycosylation traits that were significantly different change (cases vs controls; p<0.05) were shown. A. ROC-curves B. Table showing the sensitivity, specificity and accuracy of
individual glycosylation traits. Two cut-offs were selected aiming at: 1. high sensitivity (specificity �40%); 2. high specificity (sensitivity �40%). AUC ¼ area under the curve;
CI ¼ confidence interval.
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and early detection of PDAC (independent of clinical characteristics
and how they perform when combined in a panel) [25].

Technical advances in high-throughput protein analysis have
enabled identification of several post-translational changes,
including glycosylation [26]. These protein alterations are of in-
terest, as such modifications are be expected to be more disease-
specific than solely a protein concentration. In our previous case-
control study [14], we have identified a PDAC signature that is
able to differentiate PDAC from controls. This current study shows
that a change of A3F is indicative for PDAC development in a high-
risk population. However, at this point, our markers did not
outperform the accuracy commonly reported for CA19-9 [9,27]. In
order to be successfully implemented in surveillance programs,
sensitivity and specificity need improvement. Moreover, future in-
depth glycoproteomic analyses are needed to give more detailed
information on the protein origin and further specify a PDAC
signature [28e31]. It is foreseen that the determination of these
glycosylation changes in a protein-specific manner (i.e. glyco-
proteomics) will further increase the diagnostic potential (Fig. 1)
[32]. In conclusion, this longitudinal study evaluated the relative
abundance of 13 candidate glycosylation markers in consecutively
collected serum samples. Our findings demonstrate the potential of
specific glycosylation traits that change in the course of PDAC
development. Future serum glycoproteomic analyses, which reveal
glycoproteins driving these changes, are necessary and may result
in more specific disease markers. Additionally, evaluating these
markers in larger prospective studies is warranted to replicate
these findings, assess heterogeneity between PDAC cases (e.g., he-
reditary vs sporadic) and allow correction for clinical variables to
evaluate whether these markers are independently associated with
PDAC development.
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