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Abstract:

Pancreatic cancer (PDAC) lacks reliable diagnostic biomarkers and the search for new biomarkers
represents an important challenge. Previous results looking at a small cohort of patients showed an
increase in a-1-acid glycoprotein (AGP) fucosylation in advanced PDAC using N-glycan sequencing.
Here, we have analysed AGP glycoforms in a larger cohort using several analytical techniques
including mass spectrometry (MS), capillary zone electrophoresis (CZE) and enzyme-linked lectin
assays (ELLASs) for determining AGP glycoforms which could be PDAC associated. AGP from 31
serum samples, including healthy controls (HC), chronic pancreatitis (ChrP) and PDAC patients, was
purified by immunoaffinity chromatography. Stable isotope labelling of AGP released N-glycans and
their analysis by zwitterionic hydrophilic interaction capillary liquid chromatography electrospray MS
(MZIC-HILIC-ESI-MS) showed an increase in AGP fucosylated glycoforms in PDAC compared to
ChrP and HC. By CZE-UV analysis, relative concentrations of some of the AGP isoforms were found
significantly different comparing PDAC and HC. Finally, ELLAS using Aleuria aurantia lectin
displayed a significant increase in AGP fucosylation, before and after AGP neuraminidase treatment,
in advanced PDAC compared to ChrP and HC, respectively. Altogether, these results indicate that a1-
3 fucosylated glycoforms of AGP are increased in PDAC and could be potentially regarded as a

PDAC biomarker.

Biological significance:

This work consists of a multidisciplinary approach that provides information on a-1-acid glycoprotein
(AGP) glycosylation changes in disease state. The study has been performed using mass spectrometry,
capillary zone electrophoresis and enzyme-linked lectin (ELLA) assay using Aleuria aurantia lectin.
An increase of fucosylated AGP in pancreatic cancer patients’ sera is described. ELLA would allow
investigating in larger cohorts of patients the usefulness of a1-3 fucosylated AGP as a pancreatic

cancer biomarker.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer death in Europe and
United States [1]. Its low survival rate (7% in 5 years) is due to the intrinsic aggressiveness of this
tumour and also to a late diagnosis, usually when metastasis has occurred [1, 2].

The only available biomarker for PDAC is CA19-9, but this marker is currently only used for
monitoring disease progression because of its false positive rate [3]. Thus, it is important to search for
new biomarkers able to differentiate PDAC from other benign diseases such as chronic pancreatitis
(ChrP) which can also present high CA19-9 levels [4, 5].

Glycosylation is a post-translational modification present in very many proteins, and alterations in
protein glycosylation are a key feature of malignant transformation and tumour progression [6, 7].
Those glycan alterations that are cancer associated usually affect the terminal structures of membrane-
associated or secreted glycoproteins [8]. In this regard, glycomics and glycoproteomics have emerged
as important tools in new biomarkers discovery [9, 10]. Previously, our group performed N-glycan
sequencing of major serum acute phase proteins, including AGP, in a small cohort of serum samples
from healthy controls and PDAC patients [11]. a-1-Acid glycoprotein (AGP), or orosomucoid, is a 41-
43 kDa glycoprotein with 5 complex-type N-linked glycans resulting in a carbohydrate content of 45%
of its molecular mass [12]. N-glycan analysis showed different bi-, tri- and tetraantennary sialylated
structures, including several sialofucosylated ones [11, 13, 14]. Interestingly, a minor biantennary,
disialylated, core fucosylated glycan of AGP was found specifically increased in advanced PDAC
[11].

Recently, we have also analysed the relative levels of AGP-released glycan species of eight
pathological samples (two ChrP and six PDAC) vs. a control pool. This was done by stable isotope
labelling of the released glycans, separation of the various glycan species by zwitterionic hydrophilic
interaction capillary liquid chromatography (UZIC-HILIC) and quantitation by electrospray mass
spectrometry (ESI-MS). These previously obtained preliminary results showed an increase of several
AGP fucosylated glycans in PDAC at advanced stages [15].

In the present work we have analysed the AGP glycosylation from serum samples in a larger cohort of

individuals (N=31) using different complementary analytical approaches to explore the potential value
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of AGP glycoforms as PDAC biomarker. This study is further aimed at establishing an enzyme linked
lectin assay (ELLA) as a quantitative method that could be easily transferred into clinics.

Within this paper, we have performed a relative quantification of the released AGP N-glycans using
stable isotope labelling and subsequent pZIC-HILIC-MS. Further, AGP isoforms of the intact
glycoprotein were analysed by capillary zone electrophoresis with UV detection (CZE-UV) and the
different peaks, related with different carbohydrate moieties attached, were quantified and compared
among groups. Finally, ELLASs using two different lectins specifically recognizing fucose were
developed for determining differences in AGP glycoforms among groups of disease. These methods
showed specific differences in AGP glycosylation comparing PDAC patients’ serum with that of
healthy controls and ChrP patients. In particular, significant increases in the a1-3 fucosylation levels

were found in the AGP from PDAC patients.

2. Materials and Methods

2.1 Serum samples

Serum samples were obtained from the Hospital Dr. Josep Trueta (Girona, Spain) following the
standard operating procedures of its Ethics Committee. Samples corresponded to six healthy controls
(two females and four males; age range 57-66), six chronic pancreatitis patients (three females and
three males; age range 49-65), and nineteen pancreatic cancer patients (eight females and eleven
males; age range 45-73; out of the cancer patients six were non-advanced stages, stage 1B (T2NOMO),
stage I1A (T3NOMO) and stage 11B (T1-2-3N1MO0), and thirteen advanced stages, stage 111 (T4ANxMO)
and stage IV (T3NxM1) (Table 1). Patients were diagnosed by biopsy or image examination by the

Digestive and Pathology Units.

2.2 Immunoaffinity column preparation

The immunoaffinity chromatography (IAC) column was made as previously described [16]. Briefly,
Protein-Pak epoxy-silica of 40 pum particle size and 500 A pore diameter (Millipore, Waters
Chromatography Division, Milford, MA) was converted into diol-silica and oxidized to aldehyde-

silica. The antibody goat anti-human AGP (Immune Systems Ltd, Paignton, Devon, UK) was
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transferred to coupling buffer (0.1 M sodium phosphate pH 5.7) and concentrated using centrifugal
filter devices (Centricon 50, Amicon, Beverly, MA). The coupling was made by mixing the
concentrated antibody and sodium cyanoborohydride with the supporting material for 65 h at 4 °C.
The unbound aldehyde groups were reduced with sodium borohydride. The antibody-derivatized
Protein-Pak material in phosphate buffered saline (PBS) was packed into the column by the slurry
method. A 3 cm PEEK-lined stainless steel tubing of 4.6 mm 1.D. provided with 1/4 to 1/16 reduction
end fittings and with 2 um pore diameter frits were used as the immunoaffinity column hardware

(Grace Davison Discover Sciences, Deerfield, IL).

2.3 AGP immunopurification from serum samples

To purify AGP from sera, a previously developed method [16] with slight modifications was applied
as follows. 100 L of each serum sample were incubated for 30 minutes with 1% (v/v) of protease
Inhibitor Cocktail (Sigma-Aldrich, Saint Louis, MO). Then 99 uL of water were added and the sera
were pre-cleaned using a 0.22 um Spin-X Centrifuge Tube Filter (Costar, Corning, NY) according to
manufacturer’s protocols.

The immunopurification with the column described above was performed in an Akta-FPLC system
(GE Healthcare, Buckinghamshire, United Kingdom). PBS was used as mobile phase at 0.5 mL/min
flow rate, and 0.1 M glycine/HCI pH 2.2 was used as desorption buffer. The sample (200 pL) was
injected and elution with desorption buffer was carried out for 3 min at 0.5 mL/min (after this time, the
absorbance signal returned to the baseline level). The eluted sample (about 1.4 mL) was collected and
neutralised by the addition of 0.1 M Na,HPO,. This neutralised fraction was re-injected in the IAC
column in order to properly purify AGP [17]. Three further desorption steps were performed but only
the two firsts elution fractions were collected and neutralised. Afterwards, each sample was
concentrated and desalted using a Microcon YM-3 Centrifugal Filter Device (Millipore, Billerica,
MA) in order to avoid any undesired interference of salt ions in the following procedures. A blank

cycle was performed prior to each serum sample immunopurification run.
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2.4 Protein quantification and purity determination

Protein concentration in each sample was determined by a NanoDrop spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE) and using the extinction coefficient E* = 8.93 at 278 nm.

AGP purity after isolation from serum was confirmed for each sample by loading an aliquot of 100 ng

of protein under reducing conditions on a 10% SDS-PAGE with detection by silver-staining.

2.5 N-glycan analysis by zwitterionic hydrophilic interaction capillary liquid chromatography
electrospray mass spectrometry (UZIC-HILIC- ESI- MS)

Relative quantitation of AGP glycosylation variants by stable isotope coded labelling of AGP released
N-glycans was carried out using **C¢/**Cg aniline and uZIC-HILIC-ESI-MS as previously described
[18]. Briefly, purified AGP was reduced and subjected to enzymatic digestion by PNGase F. The
released N-glycans were purified by solid phase extraction using Hypercarb cartridges (Thermo Fisher
Scientific, Waltham, MA). The dried glycans were differently labelled with 0.35 M aniline and
precipitated. For their chromatographic separation, a 1200 series capillary liquid chromatography
system (Agilent Technologies, Waldbronn, Germany) was employed, using a capillary column (150
mm x 0.33 mm) filled with 5 pum particles with surface-immobilized zwitterionic sulfobetaine moieties
(SeQuant, Umea, Sweden). This HPLC system was coupled to a 6220 oa-TOF LC/MS mass

spectrometer (Agilent Technologies) [15].

2.6 Capillary zone electrophoresis

Capillary zone electrophoresis with UV-Vis detection (CZE-UV) was performed by an Agilent 7100
CE instrument (Waldbronn, Germany) using a detection wavelength of 214nm. Agilent ChemStation
software was used to control the instrument and to acquire and process data. The uncoated fused silica
capillaries used (78.5 cm total length, 70 cm effective length, 50 um i.d., 375 um o.d.) were supplied
by CM Scientific Limited (Silsden, United Kingdom). Separation was performed employing a method
previously developed [16, 19]. Shortly, purified AGP of each sample diluted all at the same
concentration were injected at the anodic end of the capillary for 30 s at 35 mbar. The background

electrolyte consisted on 10 mM tricine, 10 mM NaCl, 10 mM sodium acetate, 7 M urea and 3.9 mM
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putrescine, pH 4.5. Separation voltage and temperature were 25 kV and 35° C, respectively. Peaks
were aligned and assigned by using the effective electrophoretic mobility (L) as migration parameter
for each peak and by comparison with the aligned AGP profile of the standard (G9885, Sigma-
Aldrich) solution analysed on the same day. Each peak was quantified as the percentage of its
corrected area (Acorr), Which is calculated by multiplying the area counts by the migration velocity.
The data is given as the percentage of corrected area (Ao Of a given peak in relation to the sum of

Ao OF all peaks of the sample).

2.7 Enzymatic removal of sialic acid from purified AGP
One microgram of purified AGP at 0.2 mg/mL of each sample was digested overnight at 37°C with
0.025 mg/mL of Arthrobacter ureafaciens neuraminidase (Roche Diagnostics, Mannheim, Germany)

in 50 mM sodium phosphate pH 5.

2.8 Enzyme-linked lectin assay (ELLA) of purified AGP with Aleuria aurantia lectin (AAL) and
Pholiota squarrosa lectin (PhoSL)

General fucosylation levels of purified AGP before and after treatment with neuraminidase were
guantified by direct ELLA using biotinylated AAL (Vector Laboratories, Burlingame, CA). Core
fucosylation levels were specifically determined using biotinylated PhoSL (kindly provided by Dr.
Yuka Kobayashi from J-Oil mills, Inc., Yokohama, Japan). The procedure was optimized and
performed as follows. All incubation steps, except the initial plate coating step with purified AGP,
were performed at room temperature. Plate coating was performed with pure AGP samples diluted in
coating buffer (0.05 M sodium carbonate, pH 9.6) and incubated for 1 h at 37°C in 96-well plates
(Thermo Fisher Scientific). The amounts of purified AGP used were established for each assay
considering the LOQ, and the dynamic range (between 1.1 ng/uL and 9.4 ng/uL for AAL assay and
between 0.6 ng/pL and 15 ng/pL for PhoSL assay). Thus, the fucosylation analyses prior and after
neuraminidase treatment were carried out with 2 ng/uL and 1 ng/uL AGP, respectively; and 8 ng/uL
and 4 ng/pL AGP were used for core fucosylation determination. After washing the plate three times

with washing buffer (0.9% NaCl solution, 0.05% Tween 20), wells were blocked for 1 h with 2%
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polyvinylpirrolidone (PVP) (Sigma-Aldrich) in phosphate buffered saline (PBS). Wells were then
washed and incubated for 2 h with either biotin labelled AAL at 4 pg/mL or biotin labelled PhoSL at
1ug/mL in lectin buffer (150 mM NaCl, 0.1 M Tris-HCI, pH 7.5, 1 mM CaCl,, 1 mM MgCl,, 1 mM
MnCl,). Plates were washed and incubated for 1 h with streptavidin-horseradish peroxidase-
conjugated (GE Healthcare Bio-Sciences, Uppsala, Sweden) diluted 1/5000 in PBS, 0.1% Tween20,
1% BSA for the AAL assay and with the streptavidin-horseradish peroxidase conjugated from the
Vectastain ABC kit (Vector Laboratories) diluted according to manufacturer’s instructions for the
PhoSL assay. Plates were washed and colorimetric detection was performed using 100 pL/well of BM
blue Peroxidase substrate soluble (Roche Diagnostics, Mannheim, Germany). Absorbance was read at
450 nm with a reference of 690 nm in an automated microplate reader (BIO-TEK, Winooski, VVT) after
stopping the reaction with 100 pL/well of 1 M H,SO,. In order to quantify the different glycan levels,
a calibration curve of standard AGP was used. For each plate, duplicates of each sample were
performed. The assays were conducted by triplicate, giving a total of 6 data points per sample. Only
data with @ CVinyaassay <10% and a CVineerassay <20% were considered for calculation of the mean values

for each sample.

2.9 Statistical analysis

Mean or median comparisons of the variables were performed using the SPSS statistical software for
Windows (version 19; SPSS Inc., Chicago, IL). The variables of each group (HC, ChrP and PDAC)
were tested for normality and homoscedasticity using the Shapiro-Wilk and Levene’s tests. When
these criteria were accomplished (capillary zone electrophoresis data) intergroup differences were
analyzed by means of ANOVA with Tukey post-test. Contrary, for non-normally distributed groups
(data from lectin assays) Kruskal-Wallis test was performed. For all the analyses, p<0.05 was

considered statistically significant.
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3. Results

3.1 AGP immunopurification

AGP from serum samples was purified using an immunoaffinity column [16, 20] in order to assure
that the glycans analysed by the following approaches belonged only to AGP and could not come from
other serum proteins. Silver staining of a SDS-PAGE of the purified AGP fractions collected from the

immunoaffinity column confirmed AGP purity (Fig. 1).

3.2 N-glycan analysis by pZIC-HILIC-ESI-MS

Glycan analysis by mass spectrometry is a technique widely used to determine glycan structures. In
this study, we applied our described methodology involving isotope-coded labelling for improved
guantification. Technically, this approach ionizes two differently labelled samples at the same time
and compares intensity differences in the obtained profile. In this way we could monitor changes in
the glycosylation pattern of AGP in control vs. patient samples by direct comparison. The levels of N-
glycan structures released from AGP isolated from 6 ChrP and 12 PDAC samples, comprising 6 non-
advanced and 6 advanced PDAC, were determined in comparison to a pool of control (Fig. 2A). The
pool of control was prepared by mixing the same amount of AGP purified from four healthy control
(HC; n=4, HC1, HC3; HC5 and HC6, Table 1) sera, followed by the subsequent release of the N-
glycans with PNGase F and labelling. HILIC-HPLC combined with ESI-MS provided information
regarding the monosaccharide composition of each glycan species considered. Several bi-, tri- and
tetraantennary sialylated and sialofucosylated N-glycans were identified; their occurrence in AGP had
been previously described by other authors [12,15, 21-23]. Bi-, tri- and tetraantennary glycans with
one sialic acid, however, were not detected using this approach. Among the structures identified
(Table 2), the following sialofucosylated structures were found: a biantennary, disialylated structure
with one fucose (2Ant2Neu5AclFuc), a triantennary, disialylated structure with one fucose
(BAnt2Neu5AclFuc), a triantennary, trisialylated structure with one fucose (3Ant3Neu5Ac1Fuc) and
two fucoses (3Ant3Neu5Ac2Fuc), a tetraantennary trisialylated structure with one fucose
(4Ant3Neu5Ac1Fuc) and two fucoses (4Ant3Neu5Ac2Fuc) and a tetraantennary tetrasialylated

structure with one fucose (4Ant4Neu5Acl1Fuc), two fucoses (4Ant4Neu5Ac2Fuc) and three fucoses
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(4Ant4Neu5Ac3Fuc). The absolute levels of the biantennary structure (2Ant2Neu5AclFuc) were
found being very low, accounting for less than the 0.7% of all N-glycan structures. This is of interest,
as this structure is considered — as will be discussed later — being the only one with core o.1-6-
fucosylation according to the literature [11]. The rest of sialofucosylated structures, which is
considered containing exclusively external (i.e. antenna-linked) a1-3-fucoses, because only type Il
structures (GalB1-4GIcNACc) has been described in AGP [11], accounted for 19-68% of N-glycan
structures, with different percentages depending on the samples. Di- and tri-fucosylated structures on
AGP had not been described before by this technology. However, they had been previously reported
by other authors using different methodologies [11, 21]. They accounted for 2-31% of N-glycan
structures also depending on the samples.

Using the pZIC-HILIC-ESI-MS approach, differences between PDAC and ChrP samples were found
in the relative levels of the nine sialofucosylated glycan structures (Fig. 2B). ChrP samples showed
lower levels of all sialofucosylated structures when compared to healthy control (with the exception of
one sample, ChrP1). In contrast, PDAC samples contained higher levels of the sialofucosylated
glycans than the control pool, with the exception of one non-advanced PDAC (PDAC2) (Fig. 2B). The
profile of the nine sialofucosylated glycans was different among the PDAC samples, and these
structures were higher abundant in most of the advanced cancers than in the control pool. Four and
five of the sialofucosylated structures of PDAC5 and PDAC13, respectively, were equally or less
abundant than in the control pool while the rest of the structures showed higher levels than in the
control pool. For each sample the ratio sum of fucosylated/sum of non-fucosylated structures was
calculated and an increasing trend in this ratio was observed in PDAC samples (Fig. 3).

In contrast, no differences among groups could be detected when comparing the content of sialic acids

and the extent of branching of N-glycan structures (data not shown).

3.3 Capillary electrophoresis analysis of AGP
Capillary zone electrophoresis with UV detection was able to separate purified AGP from each of the
31 serum samples (6 HC, 6 ChrP, 19 PDAC) into 12 peaks corresponding to isoforms. This is shown

in Fig. 4A for a typical sample of PDAC. Migration in CZE is related to the charge to size ratio of the
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molecules and, therefore, differences in AGP glycosylation between AGP isoforms which contribute
to changes in size and/or charge can modify the AGP electropherogram [17]. From the twelve peaks
obtained, peak 1 was omitted in the analysis because of its weak signal which made it undetectable in
some of the samples. The corrected area percentage values of the eleven analysed peaks were
calculated for each of the serum samples and statistically different profiles between HC and PDAC
sera were found (Table 3 and Fig. 4B). In particular, a decrease in the peak areas of isoforms with
lower charge/size ratio (the earlier migrating peaks 4, 5 and 6) concomitant to an increase of the areas
for AGP isoforms with higher charge/size ratio (peaks 8, 9 and 10) were observed when comparing the
PDAC samples with HC.

ChrP samples showed an intermediate percentage of peak areas, non-significantly different from
PDAC or HC peak areas. Interestingly, the peak area distribution of ChrP1 sample was more similar to
some PDAC samples than to any ChrP sample (data not shown), a similar behaviour already detected

when the N-glycans from ChrP1 were analysed by pZIC-HILIC-ESI-MS.

3.4 Fucosylation levels of AGP using AAL and PhoSL lectins

Fucosylation levels of AGP were analysed with an enzyme-linked lectin assay (ELLA) using Aleuria
aurantia lectin (AAL) which recognizes fucoses a1-2, a1-3 or a1-6-linked [7] and with Pholiota
squarrosa lectin (PhoSL) which recognizes only a.1-6-linked fucose [24]. Both assays were optimized
with standard AGP previously purified by immunoaffinity chromatography, and the amount of
AGP/well for each assay was established according to the sensitivity (based on LOQ and LOD) and
dynamic range of the corresponding AAL and PhoSL ELLAs.

General fucosylation levels of the different AGP samples were determined using AAL. In this case, 2
ng/uL of purified AGP/well from the cohort of 6 HC, 6 ChrP and 19 PDAC patients’ sera were used.
The ratio of fucosylated AGP was calculated dividing the value of fucosylated AGP -obtained from
the ELLA- by the amount of AGP loaded in the ELLA (Fig. 5A and Table 4). As shown in Fig. 5A,
the group of advanced PDAC showed significantly higher AGP fucosylated ratio than the ChrP
patients. The lower reactivity of the ChrP group to this lectin may indicate either a lower AGP

fucosylation level or a higher masking effect on the fucose by the presence of other monosaccharides
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(such as sialic acid attached nearby an external fucose). To better elucidate this issue, we investigated
whether or not the removal of sialic acid affects AAL recognition. For that, all AGP samples were
treated with neuraminidase, and ELLA with AAL was performed using 1 ng/uL of digested AGP/well.
Doing so, higher fucosylation levels were obtained with neuraminidase treated AGP samples
(calculated according to a calibration curve with non-treated standard AGP). Statistical analysis of
fucosylation levels measured with AAL after neuraminidase digestion showed again a fucosylation
increase in PDAC samples compared with HC and ChrP samples. This increase was more pronounced
with AGP from advanced PDAC patients leading to fucosylation levels significantly different from
those observed in HC (Fig. 5B and Table 4). Thus, sialic acid hinders the recognition by AAL, being
the ratio of fucosylated AGP detected with AAL after sialic acid digestion higher than before the
removal of the sialic acid.

Interestingly, the samples that showed higher fucosylation ratios in the ELLA with intact AGP were
the same that showed higher fucosylation ratios in the ELLA with AGP after neuraminidase digestion,
and vice versa. This could indicate homogeneous sialylation levels among samples, which agrees with
our previous results obtained by pZIC-HILIC-ESI-MS that did not show significant differences in the
sialic acid content of the AGP N-glycan structures among groups. Interestingly, the extreme value in
the ChrP group of the AGP neuraminidase digested samples corresponded to ChrP1, the same sample
that showed higher fucosylation levels by pZIC-HILIC-ESI-MS and a more different profile among
the ChrP samples when analysed by CZE-UV. Also, the samples PDAC2 and PDAC13, which showed
low levels of fucosylated structure by pZIC-HILIC-ESI-MS, were the PDAC samples with a lower
AAL signal after sialic acid digestion.

The measure of core fucosylation (a1-6-linked fucose) levels of AGP N-glycans that are contained in
the minor biantenary disialylated structure was addressed by an ELLA with PhoSL. For that, 4 ng/uLL
and 8 ng/pL of purified AGP /well were used. No differences in AGP core fucosylation levels among
the three different groups were detected (data not shown). Thus, the increased fucosylation levels of

AGP associated to PDAC is attributed to a1-3-linked fucoses.
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4. Discussion

Fucosylation is one of the most important oligosaccharide modifications involved in cancer and
inflammation [25]. Different studies link the presence of fucosylated epitopes on specific
glycoproteins with cancer. In particular, Breborowicz and collaborators [26] demonstrated that
fucosylated alpha-fetoprotein is more specific as a hepatocellular carcinoma (HCC) biomarker than
alpha-fetoprotein (AFP) and nowadays fucosylated AFP (AFP-L3) is used for HCC risk assessment
[27]. Likewise, other authors reported that high levels of fucosylated haptoglobin were produced in the
advanced stages of several types of cancer such as ovarian, lung, breast and also pancreatic cancer [28,
29]. In PDAC, Shimomura and co-workers described recently a lectin assay using PhoSL to analyse
al1-6-fucosylated haptoglobin in serum. They concluded that the increase in the fucosylation levels of
haptoglobin in PDAC was more related to fucose linked a1-3 than a1-6 [30]. Remarkably, these
results are in agreement with the ones we describe here for AGP, suggesting an increase in a1-3
fucosylated acute phase proteins in PDAC.

AGP is a highly glycosylated protein with 5 N-glycosylation sites. It is known to contain bi-, tri-, and
tetraantennary structures. Biantennary structures can contain one or two sialic acids and the
disialylated biantennary structure can contain a fucose. Regarding the fucosylated structure
2Ant2NeuSAclFuc, our group previously showed that the fucose of this minor structure was a.1-6-
linked (core fucose), while the rest of tri- and tetraantennary fucosylated structures contained only
external fucoses a1-3-linked [11]. Both N-glycan sequencing [11] and mass spectrometry [15] showed
that this fucosylated biantennary structure represents a low proportion among all AGP glycan
structures. AGP triantennary structures can be di- or trisialylated and one or two external fucose linked
al-3 can be present. For tetraantennary glycans, AGP show many different structures with 2, 3 or 4
sialic acids. The trisialylated tetraantenary structures can present one or two external fucoses and the
tetrasialylated forms can present 1, 2 or 3 external fucoses linked a1-3[11]. Our previous studies using
a smaller cohort of patients indicated that an increase in monofucosylated glycans could be associated
to PDAC [11, 15]. Here, using a larger cohort of patients and extending the analysis to di- and tri-
fucosylated glycans, we have shown an increase in most of the fucosylated structures of AGP released
N-glycans in PDAC compared to ChrP and HC using pZIC-HILIC-ESI-MS. These results have been
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confirmed using an AAL lectin assay that recognizes fucosylated structures including a1-3 and a1-6
linked ones. Advanced PDAC showed a significant increase in AGP fucosylation compared with HC
detected by AAL after sialic acid removal. The same outcome was found for PDAC vs. ChrP patients
when no removal of sialic acids was performed. In addition, it must be pointed out that, although not
being statistically significant, AGP from non-advanced PDAC sera also showed an increase tendency
in fucosylation compared to non-malignant situations. No differences between PDAC, ChrP and HC
could be detected using the specific core fucose recognizing lectin PhoSL. Both methods, MS and
ELLA, have provided complementary information on AGP glycans. While MS identified and
guantified the fucosylated glycans of AGP by the type of branching and the content of sialic acid,
ELLAs with different binding specificity quantified the AGP fucosylated glycans distinguishing
between fucose linkage positions. Altogether both methods have converged in that structures
containing a.1-3 linked fucose were found increased in PDAC. Thus, a quantitative ELLA based on
AAL is a potential tool to detect fucosylated AGP. This methodology could be used to validate the
usefulness of fucosylated AGP as a PDAC biomarker in a larger cohort.

CZE-UV analysis of AGP isoforms showed a general increase of peaks with larger charge/size ratio
for cancer samples compared to chronic pancreatitis and controls. The same trend had been found in
the CZE-UV analysis of AGP samples from serum of bladder cancer patients compared to controls
[31]. The CZE-MS analysis of glycans and of the intact AGP for the same samples showed an
increased expression of AGP isoforms with fucosylated tri- and tetraantennary glycans, and a decrease
on tri- and tetraantennary non-fucosylated AGP isoforms in bladder cancer patients when compared to
healthy controls [32]. Though it is not clear whether different fucosylation of the AGP isoforms or
rather different degrees of sialylation are the cause of the shift observed in the quantitative isoform
pattern by CZE-UV (Fig. 4 B), this shift can be seen as an additional diagnostic tool distinguishing the
PDAC group from ChrP and HC groups.

AGP, as well as alpha-fetoprotein and haptoglobin mentioned above, are acute phase proteins.
Aberrantly glycosylated acute phase proteins may modulate macrophage activity in tumour
microenvironment by interacting with its receptors and contribute to tumour cell survival, growth and
metastasis [33]. Several studies propose AGP glycoforms for diagnosis and management of cancer.
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Hashimoto and collaborators [34] showed by cross-affinity immunoelectrophoresis (CAIE) using AAL
and concanavalin A that cancer patients who had fucosylated tri- and tetraantennary AGP for long
periods after surgery had poor prognosis. Also, Mackiewicz and Mackiewicz [35] described a decrease
in concanavalin-A reactivity of serum AGP from cancers originated in the liver, pancreas or bile duct.
By contrast, these changes were not detected in metastatic liver tumours. AGP has also been analysed
as a biomarker for breast cancer but the studies reveal that, although increased levels of AGP can be
detected in plasma of patients with breast cancer, the concentration is unrelated to disease progression.
However, monosaccharide composition and oligosaccharide profiles of the AGP glycosylation were
found to differ between normal, non-invasive and invasive groups of breast cancer patients [36].
Likewise, Croce and collaborators reported a correlation between AGP and sLe* expression in
colorectal cancer tissues [37]. Also, specific changes in both expression and glycosylation of genetic
variants of AGP in human malignant mesothelioma have been found [38]. Most of the methods
reported in the aforementioned studies allow only a semi-quantification of the different AGP
glycoforms. Here, we have used quantitative methods to analyse the N-glycans of purified AGP and
have described fucosylation changes therein by mass spectrometry and ELLA. In order to avoid
potential unspecific binding of other major serum fucosylated proteins that could produce unspecific
signal in sandwich assays, here we have used immunoaffinity purified AGP for the accurate

guantification of fucosylated AGP in the ELLA with AAL.

The mechanisms of post-translational modifications of AGP during diseases are still unknown. During
last phase of acute inflammation, high levels of AGP are found in plasma but its glycan branching
degree corresponded to that observed in non-inflamed status. Hence, different pathways regulating the
expression of the protein on one hand and the modification of the oligosaccharide structures attached
on the other hand may probably exist [21]. Fucosylation involves the action of fucosyltransferases,
GDP-fucose synthetic enzymes, and GDP-fucose transporter [39]. The reason for the increased
fucosylation of AGP in serum of patients with pancreatic cancer could be explained by different
mechanisms, which are not exclusive one from the others. Although AGP is produced mainly by the
liver, there are studies reporting AGP expression in other tissues as well [21, 37]. Also, there is the

possibility of PDAC cells secreting factors that could induce the production of fucosylated AGP by the
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liver. This hypothesis has already been described by Okuyama and collaborators for another acute-
phase protein, haptoglobin. They detected haptoglobin mRNA in a pancreatic adenocarcinoma cell
line (PSN-1) and also described an increased production of fucosylated haptoglobin by hepatic cells
(Hep3B) after stimulation with PSN-1 conditioned medium [40]. Moreover, inflammatory cytokines,
such as interleukin-1p, have been reported to increase the secretion levels of AGP by HuH-7
hepatocyte cell line; and also to alter AGP sugar chains expression resulting in higher binding
affinities to AAL, Sambucus sieboldiana agglutinin and concanavalin-A lectins [41]. In addition, the
stimulation of HuH-7 cells with interleukin-1f induces an enhanced expression of the
fucosyltransferase gene 6 (FUT6), which could explain the increase in a1-3 fucosylated structures
[42]. In this regard, we have also described higher expression levels of FUT3 and FUT6 in PDAC
tissues compared to normal tissues, which may account for the increase of a.1-3 fucosylated structures
in PDAC [43]. Discovering the mechanisms that produce these changes in AGP fucosylation in PDAC

could help to develop novel targeted cancer therapies.

5. Conclusions

We have identified increased fucosylation levels of serum AGP in pancreatic cancer compared to
healthy controls and chronic pancreatitis patients. N-glycan analysis showed an increase of the AGP
sialofucosylated glycan structures in PDAC samples. We could be able to distinguish between HC and
PDAC patient groups by capillary zone electrophoresis of AGP isoforms or by ELLA with AAL of
neuraminidase digested AGP. We could also differentiate ChrP and PDAC patients by ELLA with
AAL of purified AGP. These results suggest that AGP fucosylation levels could be useful as a PDAC
marker, what should be confirmed in a larger cohort study in combination with the measure of other
potential biomarkers. The different approaches used in this work show the suitability and
complementarity of these techniques for the discovery of new potential biomarkers based on altered

glycosylation of serum proteins.
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TABLE 1: Clinical and pathological characteristics of the patients

Category Cases (S_It_:ﬁ; system) Gender Age Age Average SD Range

HC1** male 59

HC2 female 63

Healthy control ~ HC3** male 62
(mc) rea e e 60.67 3.61 57-66

HC5** male 66

HC6** female 57

ChrP1 male 59

Chrp2* female 62

Chronic ChrP3 male 62
pancreatitis (ChrP) ChrP4 female 49 >9-0 >4 49-65

ChrP5* male 65

ChrP6 female 60

PDAC1 IB (T2ZNOMO) male 63

PDAC2* IIA (T3NOMO) female 62

Non-advanced  PDAC3* 1B (T3N1MO) male 57
PDAC PDAC4 1A (T3NOMO) male 61 >9-67 388 >3-63

PDAC5 IIB (T3N1MO) male 62

PDAC6 IIB (T3N1MO) female 53

PDAC7 1l (TANXMO) male 58

PDAC8 11 (T4ANXxMO) female 59

PDAC9 Il (TANXMO) male 52

PDAC10 I (TANXxMO) female 69

PDAC11* 11 (TAN1MO) male 67

PDAC12* 11l (T4ANOMO) male 55
Advanced PDAC ~ PDAC13 11 (TANOMO) male 66 60.46 8.01 45-73

PDAC14 IV (TXxNxM1) male 52

PDAC15 IV (T3N1M1) female 67

PDAC16 IV (TxNxM1) female 61

PDAC17 IV (T3N1M1) female 45

PDAC18* IV (T3N1M1) male 73

PDAC19* IV (T3N1M1) female 62

* samples of the previous study [15].
** samples that constitute the pool of HC for the N-glycan analysis by pZIC-HILIC-ESI-MS.
HC, healthy control; ChrP, chronic pancreatitis; PDAC pancreatic ductal adenocarcinoma.
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TABLE 2: Relative molar ratios of AGP N-glycan structures determined by pZIC-HILIC-ESI-MS for each individual patient and the mean and SD for each group of patients.

Chronic Pancreatitis

Pancreatic Adenocarcinoma

Non-advanced Advanced
Mean PDAC PDAC PDAC PDAC PDAC PDAC Mean PDAC PDAC PDAC PDAC PDAC PDAC Mean
ChrP1 ChrP2 ChrP3 ChrP4 ChrP5 ChrP6 (iSD) 1 2 3 4 5 6 (iSD) 11 12 13 17 18 19 (i’SD)
2Ant2Neu5Ac 1.34 0.95 0.66 0.79 0.73 0.68 (+(:;8266) 1.69 0.92 0.45 0.93 1.58 1.00 (+10.1406) 1.24 0.76 1.38 1.09 0.52 0.68 (+0693i)
3 xU. TU. TU.
5 0.73 0.88 0.76
G | 3Ant2Neu5A 0.89 0.67 0.63 0.77 0.62 0.78 0.87 0.92 0.36 0.67 1.37 1.12 0.82 0.54 1.29 0.94 0.39 0.59
i (£0.11) (£0.35) (£0.32)
(%]
) i 0.89
Ev 3Ant3Neu5Ac 1.01 0.73 0.63 0.72 0.69 0.90 (+(:)7185) 0.92 0.87 0.37 0.79 1.59 1.23 (+009461) 0.93 0.62 1.33 1.02 0.52 0.91 (+0 29)
g +0. +0. +0.
>
) i 0.79
§ 4Ant3Neu5Ac 1.10 0.65 0.79 0.79 0.62 0.82 (+(:)7197) 0.70 1.09 0.34 0.51 1.06 1.25 (+008326) 0.83 0.41 1.33 1.03 0.40 0.73 (+0 36)
=] IuU. V. V.
L
[ =
S 0.77 0.76 0.81
Z | 4Ant4Neu5A 1.16 0.57 0.72 0.75 0.68 0.77 : 0.71 1.13 0.26 0.46 1.01 1.01 0.92 0.49 1.35 1.10 0.38 0.66
nt4Neu5Ac (£0.20) (+0.35) (+0.37)
1.02 1.33 1.50
2Ant2Neu5Acl1Fuc 2.33 0.53 0.78 0.60 1.03 0.85 3.09 0.81 0.61 1.31 1.12 1.05 2.14 1.93 1.16 1.07 0.98 1.74
usActiu (£0.67) (£0.89) (£0.49)
0.83 1.28 1.30
3Ant2Neu5Acl1Fuc 1.40 0.80 0.68 0.55 0.68 0.85 1.70 0.75 1.12 1.36 1.26 1.47 1.15 1.33 0.85 1.44 1.32 1.69
HeACt (£0.30) (£0.32) (£0.28)
) ) 1.27
3Ant3Neu5Acl1Fuc 1.83 0.75 0.62 0.56 0.64 0.86 0.87 1.89 0.63 1.19 2.11 1.33 1.46 143 1.33 1.26 0.96 1.28 1.14 1.66
" (£0.48) (£0.53) (£0.23)
(9]
s 0.73 1.79 1.68
>
+ | 3Ant3Neu5Ac2F 1.80 0.54 0.59 0.50 0.31 0.64 2.95 0.52 2.02 2.82 1.08 1.35 1.92 1.76 0.49 1.20 2.31 2.41
g | PAmTetbResTe (£0.54) (£0.98) (£0.72)
7 0.95 1.44 1.45
T | 4Ant3Neu5AclF 2.06 0.85 0.79 0.55 0.58 0.86 1.94 0.74 1.19 2.11 0.91 1.77 1.33 1.59 0.92 1.81 1.20 1.84
g nisfleusfciuc (£0.56) (£0.57) (£0.36)
= ) 2. 2.
2| aAnt3NeuSAc2Fuc | 230 046 077 045 052 o067 °%® | 340 o067 233 520 109 209 4 | 164 303 o051 170 272 272 05
g (£0.71) (£1.65) (£0.95)
[
) 1.1 1.35
AAntdNeuSAclFuc | 200 079 081 063 073 088 2% | 162 o085 097 152 097 123 9 | 153 134 108 133 099 182
(£0.51) (£0.32) (£0.30)
0.93 1.90 1.81
4AntaNeuSAC2F 222 077 071 056 048 0.82 205 066 397 259 082 129 156 264 075 143 198 247
nideusAcstuc (£0.65) (£1.25) (£0.70)
i ) 1.81
4Ant4Neu5Ac3Fuc 1.74 0.44 0.51 0.53 0.32 0.71 0.7 1.99 0.05 1.83 3.42 0.52 1.02 1.47 1.48 3.06 0.33 1.27 2.08 2.62
(£0.52) (£1.21) (£0.99)
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TABLE 3: Capillary zone electrophoresis. Mean values of the percentage of the peak corrected area for each group of

patients.
Mean (+SD) p-value (ANOVA)
peak HC ChrP PDAC HCvs ChrP HCvs PDAC ChrP vs PDAC
p2 0.99 (+0.33) 0.72 (+0.35) 0.75 (+0.23) 0.229 0.194 0.966
p3 2.66 (£0.92) 1.85 (+0.93) 1.75 (+0.72) 0.208 0.056 0.959
pa 6.54 (+1.86) 4.79 (+1.81) 4.38 (+1.57) 0.186 0.027* 0.857
p5 13.42 (£2.77) 10.62 (+2.59) 9.75 (2.81) 0.204 0.022* 0.781
Capillary p6 21.42 (£2.41) 19.00 (+2.18) 17.83 (+3.00) 0.301 0.026* 0.644
Electrophoresis p7 23.98 (£1.74) 24.35 (+0.79) 23.66 (+1.38) 0.885 0.868 0.528
(CE-UV) p8 18.07 (+3.36) 21.02 (+2.70) 21.88 (+2.72) 0.189 0.021* 0.798
p9 9.1 (+2.57) 12.01 (£2.92) 13.51 (+3.59) 0.296 0.022* 0.606
p10 2.93 (+1.20) 4.33 (+1.37) 5.11 (+2.09) 0.401 0.045* 0.643
pll 0.84 (+0.43) 1.05 (+0.35) 1.25 (+0.51) 0.727 0.166 0.628
pl2 0.36 (-) 0.38 (+0.04) 0.45 (+0.13) - - -

*statistically significant (p<0.05)

TABLE 4: Aleuria aurantia lectin assays. Mean values of the ratios of fucosylated AGP/total AGP before and after

neuraminidase digestion.

Mean (+SD) p-value (Kruskal-Wallis)
Non-
Non- Advanced HC vs HC vs non- HC vs c::)PnYS ChrPvs advanced
HC ChrP advanced PDAC Chrp advanced advanced advanced advanced PDACvs
PDAC PDAC PDAC PDAC PDAC advanced
PDAC
Lectin AGP 0.87(+0.25) 0.68(+0.20) 1.09 (+0.65) 1.45(+0.74) | 0.273 0.715 0.154 0.522 0.025* 0.303
Assay -
neuraminidase-
+ +. + + *
(AAL) digested AGP 4.31(+1.92) 4.68(+4.05) 5.99(+3.74) 8.31(+3.84) | 0.423 0.670 0.028 0.286 0.096 0.213

*statistically significant (p<0.05)
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Figure Captions

Figure 1. Purity profiles of serum AGP isolated by immunoaffinity chromatography. Silver staining of

10% SDS-PAGE showing twelve representative samples.

Figure 2. pZIC-HILIC-ESI-MS analysis of aniline-labelled N-glycans released from AGP. (A)
Extracted ion chromatograms of N-glycan species 4Ant4Neu5Ac2Fuc released from control AGP
(dotted line) and PDAC (i) or ChrP (ii) samples (solid line). (B) Experimental molar ratios determined
for the sialofucosylated N-glycans of AGP. A molar ratio value of 1 is obtained when the glycan in the
pathological sample have the same peak area as the glycan detected in the pool of healthy control

samples.

Figure 3. Ratio of fucosylated/non-fucosylated AGP glycan structures. This was determined by
dividing the molar ratios obtained by N-glycan pZIC-HILIC-ESI-MS analysis of fucosylated
structures by the corresponding values of non-fucosylated structures. N-glycans with the same number
of antennae are considered together and the averages of each group of samples are depicted as
histograms with + standard error (SE). HC does not present SE since it corresponds to a pool of

samples and is analysed by pZIC-HILIC-ESI-MS as a single one.

Figure 4. AGP analysis by capillary electrophoresis. (A) Example of capillary electrophoresis profile
of purified serum AGP. Each identified peak is labelled according to its migration time from p1 (the
first to migrate) to p12 (the last one to elute). (B) Statistical comparison of percentage of corrected
area of each peak of serum AGP from different samples grouped in HC, ChrP and PDAC analysed by
CE-UV. ANOVA test with Tukey post-test was used (p<0.05 was considered statistically significant,

labelled as *).

Figure 5. ELLA analysis of purified AGP using Aleuria aurantia lectin (AAL). Boxplots describe the

median and the samples distribution within a group. (A) Ratio of fucosylated AGP/total AGP analysed
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by ELLA. (B) Ratio of fucosylated AGP/total AGP by direct ELLA after neuraminidase treatment for
removal of sialic acids. Non-parametric Kruskal-Wallis test was used for statistical analysis (p<0.05

was considered statistically significant, labelled as *). Outlier data are indicated as o and extreme

values as +.
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Fig. 2

Intensity (counts)

w

Relative molar ratio (against control pool)

x10°
1.44

1.3

1.2

1.17

HC vs ChrP

4Ant4NeuSAc2Fuc-{“C JAN
(pool of healthy controls)

L]
"

13

19

22 23 24 25 26 27 28 29

Time (min)

20 21

4Ant4Neu5Ac2Fuc-
[“C,JAN
(ChrP8)

oF

HC vs PDAC
x10*
1.44
1.3 P4 4Ant4NeuSAc2Fuc-
[*C/AN
1.2 (PDAC19)
1.14
1.0
:@ 0.94
c
3 0.8
R
3., 0.7 4
‘B 4Ant4Neu5Ac2Fuc-
5 .+ | ¥ [oc AN
c 054 F (pool of healthy controls)

22 23 24 25 26 27 28 29

Time (min)

19 20 21

@ 2Ant2NeuSAc1Fuc B 3Ant2NeuSAciFuc @ 3Ant3NeuSAciFuc
@ 3Ant3NeuSAc2Fuc E4Ant3NeuSAclFuc E4Ant3NeuSAc2Fuc

@ 4AntdNeuSAclFuc @4AntdNeuSAc2Fuc D4AntdNeuSAc3Fuc

Pool of
healthy
controls

N 3 >
N P A

O
\g
I'd

o

()

L
& L

/S 2

\d \d
&

P

Pancreatitis

Non-advanced PDAC

Advanced PDAC

Page 26 of 31



Beiantennary structuras
.'IH“--"'
Ctetraantennary structures

40V ..i--nu--..__.l- [ .i--nu--__.. jo oney

ChrP

Fig. 3

Page 27 of 31



A, (mAU)
w

’ pS

* i p10

34 |

i B | L p11
p

14 p3 | | | |

p1 P2 ,A‘J WAV vV v \J J pi2
0

L] 1) Al L T L | )
00 10x10" 20x10° 30x10" 40x10" SOx10" sox10* 70x10"

peff (m's V1)

L L

Porcentage of corrected area

» " v » v »” o R I TR
Peak

Fig. 4

Page 28 of 31



Fig. 5
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Graphical abstract
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Highlights

¢ Analysis of serum alpha-1 acid glycoprotein (AGP) glycosylation in pancreatic disease.

o Complementary analytical techniques, MS, CE and lectin assays to determine AGP

glycoforms.

o AGP fucosylation increase in pancreatic cancer versus pancreatitis and healthy controls.
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