


Drug Administration (FDA) agency approved PSA as a diag-
nostic PCa biomarker [2]; in 2012 the US Preventative Services
Task Force (USPSTF) advised not to use PSA as a diagnostic
PCa biomarker due to PCa over-diagnosis [9]; and in 2017 the
USPSTF recommended selective use of PSA tests for men aged
from 55 to 70 years [10, 11] to deal with a high incidence of
aggressive PCa appearing since 2012 [12]. In order to decrease
the incidence of PCa in the “normal” group, the cut-off value
was changed to 2.5 or 3 ng/mL in the past, but this caused an
increase of false positive cases and/or an increasing number of
unnecessary biopsies [13].

Due to high false negative and false positive cases depending
on the PSA cut off value it is essential to identify new PCa bio-
markers offering much higher accuracy. This is why new bio-
markers are under development and some of them have been
approved by the regulators [2, 5, 14, 15]. It is obvious that for
accurate cancer diagnostics multiple biomarkers of different ori-
gins need to be combined, such as proteins and cell-free DNA
[16]. Glycans proved to have the potential to become robust diag-
nostic and prognostic PCabiomarkers [3, 4, 17].Numerous studies
focused on identification of changes in the glycosylation profile of
PSA applicable as robust diagnostic and prognostic PCa bio-
markers detected in blood/serum or urine [4, 18, 19], but there is
still a need to find other glycan-based biomarkers. It can be antic-
ipated that a panel of glycan-based biomarkers can provide more
robust PCa diagnostics compared to PSA glycoprofiling itself.

There is only one study focused on the analysis of serum N-
glycome of PCa patients by using a fully quantitative high-
throughput instrumental-based approach with AUC well below
0.8 [20]. The other study combined several types of biomarkers
detected both in serum and tissues of PCa patients using multi-
omics approach with AUC up to 0.91 [17]. Lectin microarray
was applied for glycoprofiling of two proteins isolated from PCa
tissues, but not in serum and without any clinical validation [21].
Furthermore, lectin microarray was applied for the analysis of
serum glycome of serum samples from patients with colorectal
patients [22] and breast cancer patients [23], but in both cases,
discrimination power of lectin microarrays was not examined in
a form of AUC curves. In this paper, a simple method for
glycoprofiling of whole serumwithout any treatment using lectin
microarrays is introduced for the first time with the aim to iden-
tify promising glycan biomarkers, protein carriers for these gly-
cans, for more accurate future PCa diagnostics.

Material and methods

Materials

Human serum samples

Serum samples of 22 individuals (all males; 5 healthy with no
comorbidities diagnosed at that time, 4 with no malignancy

confirmed by a biopsy - diagnosed as benign prostate hyper-
plasia (BPH) with high grade PIN in 2 cases; 13 PCa patients
diagnosed with prostate adenocarcinoma) were collected by a
private urological ambulance in Trencin, Slovak Republic.
Ethics Committee approved the use of the samples and all
participants signed an informed consent document prior to
sample collection. The procedure was done in accordance
with the ethical guidelines of the last revision of the Helsinki
Declaration. Untreated serum samples were taken during the
morning fasted state into a gel and clot activator tube
(Vacutest Kima, Piove di Sacco, IT). After 30 min, the tubes
were centrifuged at 25 °C for 10 min at 2,500 g. The sera were
transferred into sterile plastic vials and were stored in the form
of aliquots at -80 °C until use.

Chemicals

All common chemicals (e.g. buffer components, bovine serum
albumin BSA, etc.) were purchased from Sigma Aldrich (USA).
All solutions were freshly prepared prior to experiments in 0.055
µS deionizedwater (DW) and filtered using 0.2 µm sterile filters.
Biotin conjugation kits for biotinylation of unconjugated lectins
were purchased fromAbcam (UK). Lectins RPL-Fuc1 andRPL-
Sia2 were obtained from GlycoSelect (Ireland). P-selectin, L-
selectin, and E-selectin (only P-selectin was able to bind suffi-
ciently to the samples used in the study) were used in a form of
chimera proteins fused to IgG1 tail and obtained from Prof.
Borsig with details provided in Ref. [24]. All the other lectins
used in this study were purchased in their biotinylated form from
Vector Labs (USA). A conjugate streptavidin-CF647 was pro-
vided from Biotium (USA).

Methods

Lectin microarrays

Lectin microarray experiments were performed with PBS
(0.01 M, pH 7.4) as a printing buffer. For blocking purposes,
3% BSA was used, as we observed lower background fluores-
cence intensity compared to Carbo-free blocking solution
(Vector Labs, U.S.) for some of the lectins used in the study.
Each sample with 50x dilution was spotted in triplicates in two
different wells (i.e. 6 spots in total for every sample) using
SpotBot3 Microarray Protein edition (Arrayit, USA) on
epoxide-coated slides Nexterion E (Schott, Germany) using a
previously optimized protocol (i.e. sample dilutions 2-128xwere
tested during optimisation experiment and dilution of 50x was
selected based on signal to background ratio). Shortly, after spot-
ting and blocking the slides (1 h, RT, and shaking), biotinylated
lectins (c = 5 µg/mL in PBS)were added and incubated at RT for
1 h. After a washing step, the slides were gently washed three
times with PBS, and then a streptavidin-CF647 conjugate (c =
0.1 µg/mL in PBS) was added for 15 min. After a washing step
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and an additional wash with DW, fluorescence was read at
635 nm using an InnoScan microarray reader (Arrayit, USA).
A signal evaluated and ascribed to individual samples using
Mapix software was an average value of six independent spots
after background fluorescence subtraction.

Data evaluation

Receiver operating characteristic curves (ROC) and area under
the curve parameter (AUC), sensitivity, specificity, and accura-
cy for individual lectins as well as for their binary combinations
were constructed in R software (version 3.4.4) [25] using addi-
tional software packages such as MASS [26], ROCR [27] and
pROC [28] using a bootstrap method described elsewhere [29].
All confidence intervals (CIs) for AUC values presented are
95% two-sided bootstrap intervals [30] (Table S1 and
Table S2).

Results

Lectin microarray was prepared using 17 lectins of bacterial,
fungi, plant, and human origin (see Table 1). A typical output
from lectin microarray is shown in Fig. 1a, with an intensity of
the spot proportional to the binding of lectins to spotted serum
samples. Lectins applied in this study were selected in a way
to cover cancer-associated changes in the glycan structures:

α2,3-sialylation; fucosylation; the presence of Lewis antigens;
and N- and O-glycan branching; LacdiNAc (Table 1) [3, 4,
31–35].

Control (healthy + BPH) group vs. PCa patients (C vs.
PCa)

Single lectins

There are only two lectins able to discriminate the control
group from PCa patients with AUC well above the value of
0.74 (AUC value of PHI i.e. Prostate Health Index, a gold
standard for second opinion testing just prior a prostate biop-
sy) [18]), which are Aleuria aurantia lectin AAL (0.92) and P-
selectin (0.84) (Fig. 1b). AAL recognizes fucose containing
glycans, while P-selectin binds to sLex and negatively charged
glycans (i.e. containing sialic acid and/or sulfo-groups)
(Table S1).

It is quite interesting to compare the performance of AAL,
a plant lectin, to another fucose binding lectin of bacterial
origin used in this work such as RPL-Fuc1 (isolated from
Aspergillus fumigatus), which shows a much lower AUC of
0.59 (Fig. 1b). RPL-Fuc1 exhibits affinity mainly towards
antennary fucose and with a minor affinity for core fucose
and towards all Lewis epitopes with preference to bind shorter
non-branched glycan structures [38]. RPL-Fuc1 recognizes
both O- and N-glycans [38]. AAL binds preferentially to core

Table 1 Lectin specificity, taken from Vector Laboratories leaflet and from Refs. [24, 36–40]

Lectin abbreviation Source Glycan specificity

AAL Aleuria aurantia mushrooms Fucα6GlcNAc (core Fuc), Fucα3(Galβ4)GlcNAc (Lex)

RPL-Fuc1 Aspergillus fumigatus Fucα3GlcNAc, Fucα4GlcNAc, Lea, Leb, Lex, Ley

PHA-E (erythroagglutinin) Phaseolus vulgaris seeds N-glycans with outer Gal and bisecting GlcNAc

PHA-L (leucoagglutinin) Phaseolus vulgaris seeds tri/tetra-antennary N-glycans

ConA Canavalia ensiformis bean seeds αMan, αGlc; high-Man; Manα6(Manα3)Man; Manα6Man; Manα3Man

NPL Narcissus pseudonarcissus bulbs αMan; high-Man; Manα6Man

GNL Galanthus nivalis bulbs αMan; high-Man; Manα3Man

HHL Hippeastrum hybrid bulbs αMan; high-Man; Manα3Man or Manα6Man

DBL Dolichos biflorus seeds αGalNAc; terminal GalNAc; GalNAcα3GalNAc

DSL Datura stramonium seeds (GlcNAcβ4)n; tri/tetra-antennary N-glycans

GSL-II Griffonia simplicifolia seeds α or βGlcNAc; agalactosylated tri/tetra antennary glycans; core 3 O-glycans

WGA Triticum vulgaris (GlcNAcβ4)n, Neu5Ac; poly(N-acetyllactosamine)

RCA-I Ricinus communis seeds Gal; Galβ4GlcNAc

MAA-II Maackia amurensis seeds Neu5Acα3Galβ4GalNAc; 3-O-Suα3Galβ4GalNAc; sT antigen

P-selectin human sLex (Neu5Acα3Galβ4(Fucα3)GlcNAc);
sLea (Neu5Acα3Galβ4(Fucα4)GlcNAc);
sulfo groups

RPL-Sia2 Streptococcus gordonii M99 Neu5Acα3 on O-glycans; Neu5Acα3Galβ3GalNAc
(O-glycans) > Neu5Acα2-3Galβ4Glc (N-glycans)

SNA-I Sambucus nigra bark Neu5Acα6Galβ4GalNAc; 6-O-Suα3Galβ4GalNAc; sTn antigen
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fucose linked via (α-1,6) bond or to fucose linked via (α-1,3)
bond to N-acetyllactosamine related structures and recognizes
both O- and N-glycans [41] (Table S1).

While P-selectin offered a good clinical performance
(AUC = 0.84), other sialic acid binding lectins including
SNA-I, MAA-II and RPL-Sia2 showed poor clinical perfor-
mance with AUC in the range from 0.54 to 0.66 (Fig. 1b).

Other lectins recognizing other types of glycans offered
only a moderate performance with AUCwell below or around
value of 0.74 (i.e. 0.49–0.77) (Fig. 1b).

Combination of two lectins

Five binary lectin combinations increased value of AUC
above 0.95: AAL + Selectin-P (1.00), AAL + SNA-I (0.97),
AAL +GSL-II (0.97), AAL + RPL-Fuc1 (0.96) and AAL +
NPL (0.95) (Fig. 1e, Table S1). Thus forN-glycans, especially

the presence of core fucose combined with Manα6Man gly-
cans, antennary fucose, Neu5Acα6-bound or shorter
branched glycans is a good predictor. For O-glycans especial-
ly fucose/Lewis antigens combined with sialic acid, sulfo-
groups or core 3 structures are good predictors.

Healthy vs. PCond (BPH + PCa) group (H vs. PCond)

In order to discriminate H vs. PCond, a wider variability of
lectins can render reliable solutions either as single lectins or
as a binary combination of lectins.

Single lectins

There are several lectins NPL (0.92), AAL (0.86), P-selectin
(0.85), PHA-L (0.84), and DBL (0.82) able to discriminate
healthy people from those having prostate disease either

Fig. 1 a A typical output (scan read at 635 nm) from lectin microarray
experiment of triplicates for 22 samples used in this study; b Clinical
performance of single lectins to discriminate C vs. PCa and H. vs.
PCond; c and d Typical glycan structures recognised by lectins applied
in lectin microarray experiment; and e A “heat map” of binary lectin
combinations to discriminate C vs. PCa and H. vs. PCond. All results

shownwere obtained bymeasurement of serum samples of 22 individuals
(5 from healthy individuals, 4 from benign prostate hyperplasia (BPH)
patients, and 13 from PCa patients). In Fig. 1b there are no SD values
shown due to clarity of presentation, but the reader is advised to see
Table S1 and Table S2 for SD of AUC values
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BPH or PCa (PCond) with AUC significantly higher than
the value of 0.74 (Fig. 1b).

NPL lectin recognizes high mannose containing glycans
(Manα6Man), while other mannose binding lectins showed
the much lower performance to discriminate H vs. PCondwith
AUC values of 0.67 (ConA, Manα6(Manα3)Man), 0.54
(GNL, Manα3Man) and 0.49 (HHL, Manα3Man or
Manα6Man) (Fig. 1b, Table S2). This means that especially
high mannose glycans containing Manα6Man structures pro-
vide better discrimination power for H vs. PCond.

AAL lectin can discriminate H. vs. PCond with much
higher AUC (0.86) compared to RPL-Fuc1 (0.59) (Fig. 1b,
Table S2), suggesting that core Fuc (N-glycans) and some
Lewis antigens (O-glycans) are very good discriminants.

P-selectin provided much better discrimination power
(0.85), compared to other sialic acid binding lectins MAA-II
(0.65), SNA-I (0.64) and RPL-Sia2 (0.61) (Fig. 1b, Table S2).
Thus, it seems that good discriminants are branched O-gly-
cans such sLex, sLea or sulfo-containing glycans.

PHA-L recognizing tri/tetra-antennary N-glycans provided
better AUC (0.84) compared to PHA-E (0.65) (Fig. 1b,
Table S2), recognizingN-glycans with outer Gal and bisecting
GlcNAc.

DBL recognising terminal GalNAc showed much better
discrimination performance (AUC = 0.82), when compared
to GlcNAc recognizing lectins – WGA ((GlcNAcβ4)n) with
AUC = 0.74, DSL (GlcNAcβ4)n) with AUC = 0.66; and
GSL-II (α or βGlcNAc) with AUC = 0.57 (Fig. 1b,
Table S2). This really suggests that especially O-glycans can
be good discriminants over N-glycans.

Combination of two lectins

Mainly binary combination of lectins from the group of strong
performers (NPL, AAL, P-selectin, PHA-L and DBL) provid-
ed AUC above 0.95 (i.e. 7 different combinations) (Table S2).
There are 5 binary lectin combinations when the lectin from
the group of strong biomarkers can provide good discrimina-
tion with lectins outside the group of strong performers (PHA-
L + GSL-II; P-selectin + RCA; NPL + SNA-I; NPL +WGA
and NPL + RPL-Sia2). Surprisingly there is one binary lectin
combination based on lectins outside strong performers
(RCA-I +WGA), also offering a good discrimination perfor-
mance. The best lectin performer is NPL (7 different binary
combinations), followed by P-selectin (5 combinations),
PHA-L (3 combinations); AAL, and DBL (2 combinations).
The ideal discrimination power with AUC = 1 was achieved
by these combinations: P-selectin + PHA-L, P-selectin +
RCA-I, P-selectin + DBL, NPL + PHA-L and NPL +WGA.
So we can conclude that especially O-glycans having Lewis
antigens, poly(N-acetyllactosamine), sialic acids and/or sulfo
groups or short O-glycans (like Tn antigen) have a good dis-
crimination potential. When N-glycans are considered, the

following glycan types have a good discrimination perfor-
mance: negatively charged, Lewis antigen containing, tri-/tet-
ra antennary N-glycans with Manα6Man residues.

Discussion

Human serum contains 35–50 g/L of albumin (which is not
glycosylated, but might be glycated), followed by immuno-
globulins with the level of 20–25 g/L. The globulin fraction
consists of 16–20 g/L of IgG, 3–4 g/L of IgA, and 1 g/L of
IgM, the level of IgD and IgE are significantly lower.
Immunoglobulins together with transferrin and α-2-
macroglobulin represent 75% of all serum glycoproteins
[42]. The other glycoproteins with significant abundance
are: α-1-antitrypsin, α-1-acid glycoprotein, haptoglobin, ce-
ruloplasmin, etc. [42], and such proteins could be potential
carriers of N-glycans and/or of O-glycans in serum. Besides
immunoglobulins, other glycoproteins such as α-1-acid gly-
coprotein were suggested as a carrier of altered N-glycans
associated with PCa within serum N-glycome [43]. AUC
values might be misleadingly high in case two cohorts are
imbalanced. Still, the information yielded by these analyses
can be very useful, like in the case of P-selectin (AUC above
0.8 in both cases). Here, a discussion about sensitivity and
specificity is of great importance. In the case of C vs. PCa
analysis, sensitivity (true positive rate) of 92% was achieved,
while specificity (true negative rate) was only moderate
(78%). In case BPH patients were moved to a PCa patient
cohort (PCond, i.e. analysis H vs. PCond), sensitivity fell
down to 82%, but specificity increased to 100%. This kind
of results suggest a strong predictive value of glycan isoforms
recognized by P-selectin as cancer markers, since a higher
positive predictive value could be achieved while BPH (i.e.
non-cancerous samples) were categorized as a control group.

Changes in N-glycans

The following N-glycans showed a good discrimination pow-
er: core fucose combined with mannose-containing glycans,
antennary fucose, α6Neu5Ac or shorter branched glycans for
discrimination C vs. PCa (see Section above); or negatively
charged, Lewis antigen containing, tri-/tetra antennary N-gly-
cans with mannose-containing glycan residues for discrimina-
tion of H vs. PCond (see Section above).

Since IgGs are glycoproteins containing N-glycans in the
Fc domain and also in the Fab domain (25% of IgGs under
physiological conditions contain N-glycans in the Fab do-
main) [44], most likely some changes associated with serum
N-glycome can be attributed to changes in the IgG glycome.
N-glycans in the Fc domain of IgG are of a complex
biantennary type with quite a low level of sialic acid and
bisecting GlcNAc, while having a high level of core fucose
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[44]. IgG´s Fab N-glycans are rich in bisecting GlcNAc, ga-
lactose, sialic acid, mannose with a low level of core-fucose
[44]. When these two sites are compared, N-glycans of Fab
fragment are more accessible for binding with lectins com-
pared to N-glycans of Fc fragment [44].

The fact that changes in the N-glycome found out in our
study might be associated with changes in the N-glycome of
IgG´s can be underlined by the following facts: there is an
increasing proportion of N-glycans present in Fab fragment
and increased level of sialic acid, bisecting GlcNAc and fu-
cose associated with several cancer types [44, 45].

IgA1s contain 2 N-glycans in the Fc region and in IgA2s
there are 5 N-glycans with 2 N-glycans in the Fab fragment
and 3N-glycans in the Fc region [46].N-glycans present in the
IgA1 Fc region are much richer from a compositional point of
view when compared to IgG, which consist of biantennary
and triantennary structures (Asn263) with triantennary or even
tetraantennary glycans present at the tailpiece site of IgA1.
Additionally, IgA1 N-glycans quite frequently contain sialic
acid [46].

IgMs contain 5 N-glycosylation sites with 3 of them com-
posed of biantennary complex N-glycans and 2 N-glycans
with oligomannose structures [46].

The only report showing the potential of N-glycans of im-
munoglobulins (i.e. IgG) for PCa diagnostics was based on
MALDI-TOF and lectin-based methods for the glycoprofiling
of IgG isolated from human serum [47]. The part of the study
dealing with MS-based assays identified that a biantennary N-
glycan of IgG isolated from serum of PCa patients lacked
terminal Gal. Furthermore, BPH patients and healthy individ-
uals had higher amounts of Gal or sialic acid attached to gly-
can on IgG. Three lectins were applied in the study i.e. AAL,
SNA and WGA and two of them offered high AUC value of
0.84 (WGA) or even 0.95 (SNA) [47]. There are other reports
showing changed IgG glycosylation associated with ovarian
cancer, lung, and gastric cancer [48, 49], but without provid-
ing AUC values. Changes in the glycosylation of IgG (in-
creased core-fucosylation and decreased galactosylation)
could be applied for diagnostics of breast cancer with
AUC = 0.94 [50]. Moreover, such glycan changes in the Fc
fragment of IgG supress cell mediated cytotoxicity allowing
tumour cells to spread out in the body [50]. Diagnostics of
colorectal cancer could be achieved from IgG glycome
(AUC= 0.76) [51] or from serum N-glycome (AUC = 0.77–
0.81) [42, 52]. Association of changes in the IgG glycosyla-
tion with the progression of other non-cancerous diseases
was recently briefly summarised [53].

Changes in O-glycans

For O-glycans especially fucose/Lewis antigens combined
with poly(N-acetyllactosamine), sialic acid, sulfo- groups,

short O-glycans (like Tn antigen), and/or core 3 structures
are good predictors.

Information regarding O-glycan composition of immuno-
globulins is quite scarce. IgG3 hinge region contains 3 O-
glycans with the detailed glycan composition not known due
to several challenges associated with such analysis [54]. IgA1
is heavily O-glycosylated in the hinge region with up to 6 O-
glycosylation sites [55]. O-glycans of IgA1 contain GalNAc,
terminal Gal and either or both GalNAc or Gal saccharides
can be modified by sialic acid [46].

Conclusions

Several glycans recognised by five binary combinations of
lectins provide very good discrimination power to distinguish
C vs. PCa with AUC above 0.95 and five binary combinations
of lectins were able to discriminate H. vs. PCond with AUC =
1.00. It is worth comparing the clinical performance of the
approach applied in this study with a typical clinical perfor-
mance of PSA test with AUC of 0.68 [56] and of PHI test with
AUC of 0.74 [18]. A clinical performance of serum glycome
analysis by lectins is better compared to PSA glycoprofiling
using lectins offering AUC values from 0.63 to 0.85 [4], de-
pending on lectin applied. From the lectin binding preference,
it was possible to identify the followingN-glycans with a good
discrimination power: core fucose combined with
Manα6Man glycans, antennary fucose, α6Neu5Ac, shorter
branched glycans (C vs. PCa) or negatively charged, Lewis
antigen containing, tri-/tetra antennary N-glycans with
Manα6Man residues (H vs. PCond). From O-glycans espe-
cially fucose/Lewis antigens combined with poly(N-
acetyllactosamine), sialic acid, sulfo- groups, short O-glycans
(like Tn antigen), and/or core 3 structures are prospective PCa
biomarkers. From the literature survey, we concluded that
especially immunoglobulins are the most likely carriers of
these glycan biomarkers. Our work shows that while there
are several studies focusing on serum N-glycome or IgG N-
glycome in connection with PCa or other cancer diseases, a
systematic effort needs to be devoted to examine N- and/orO-
glycome of IgA1/IgA2 as potential cancer biomarkers. The
main reason behind that is the fact that IgAs are more complex
glycoproteins compared to IgGs with a possibility to display
additional new cancer-related glycoforms with a significant
discrimination power. At the same time, it is worth mention-
ing that lectins able to discriminate healthy individuals (BPH
and/or H) from PCa patients found in the current study can be
then applied for selective enrichment of glycoproteins from
serum samples with subsequent identification of such glyco-
proteins by peptide mass fingerprinting. This can lead to
the identification of potential new glycan-based biomarkers,
which could be selectively glycoprofiled in a sandwich con-
figuration using antibodies and lectins [3, 4, 57].
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Glycoprofiling of specific glycoproteins using antibodies (to
selectively fish out the glycoprotein of interest from serum
sample) and lectins in a sandwich configuration will allow
tracing the origin of changed glycans from many different
glycoproteins to tissues the glycoproteins are released from
or to identify if changed glycans are produced by other than
cancerous conditions (autoimmune and inflammatory dis-
eases) [58].
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