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Abstract
Urinary extracellular vesicles (uEVs) are enriched with glycosylated proteins which
have been extensively studied as putative biomarkers of urological cancers. Here, we
characterized the glycosylation and integrin profile of EVs derived from urological
cancer cell lines. We used fluorescent europium-doped nanoparticles coated with
lectins and antibodies to identify a biomarker combination consisting of integrin
subunit alpha 3 (ITGA3) and fucose. In addition, we used the same cancer cell line-
derived EVs as analytical standards to assess the sensitivity of the ITGA3-UEA assay.
The clinical performance of the ITGA3-UEA assay was analysed using urine sam-
ples of various urological pathologies including diagnostically challenging benign
prostatic hyperplasia (BPH), prostate cancer (PCa) and bladder cancer (BlCa). The
assay can significantly discriminate BlCa from all other patient groups: PCa (9.2-
fold; p = 0.00038), BPH (5.5-fold; p = 0.004) and healthy individuals (and 23-fold;
p = 0.0001). Our results demonstrate that aberrantly fucosylated uEVs and integrin
ITGA3 can be detected with fucose-specific lectin UEA in a simple bioaffinity assay
for the detection of BlCa directly from unprocessed urine.
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 INTRODUCTION

Urological cancers, primarily cancers of the prostate and bladder, are a significant cause of morbidity and mortality worldwide
(Ferlay et al., 2015; Siegel et al., 2018; Siegel et al., 2013). Themajority of currently available diagnostic modalities for the detection
of prostate cancer (PCa) lack sufficient clinical specificity for accurate diagnosis. Whilst there have been major advances in mul-
tiparametric magnetic resonance imaging (mp-MRI) technique there remains a degree of ambiguity, thus necessitating the need
for biopsy (Ahmed et al., 2017). Although non-invasivemethods which reducemortality are widely used, includingmeasurement
of circulating prostate specific antigen (PSA), limitations resulting from overdiagnosis makes the cancer specificity of the assay
questionable. Equal socio-economic burden derives from bladder cancer (BlCa), the ninth most common type of cancer (Ferlay
et al., 2015; Raitanen et al., 2001; Siegel et al., 2017). Currently, cystoscopy and urine cytology is considered the gold standard for
BlCa detection. Cystoscopy is an effective but invasive test for BlCa detection. Moreover, it has a low sensitivity for carcinoma
in situ (Tis) (Raitanen et al., 2001). On the other hand, cytology is a non-invasive test, but it has low sensitivity for low-grade
tumours (Lotan & Roehrborn, 2003). Non-invasive urine-based biomarkers have been studied and approved by the Food and
Drug Administration (FDA), such as bladder tumour antigen (BTA), nuclear matrix protein 22 (NMP22) and ImmunoCyt+ test.
Despite the FDA approval, none of these markers have demonstrated satisfactory potential to be used in daily practice (Charp-
entier et al., 2021; Chou et al., 2015; Oeyen et al., 2019; Smith & Guzzo, 2013). Although enormous scientific and clinical efforts
have been made, the need for simple and specific diagnostic tools for the non-invasive detection of urological cancers persists.
The use of extracellular vesicles (EVs) as cancer biomarkers has received unprecedented interest in the past decade. EVs can be

detected directly from biological fluids, including blood and urine, providing easily accessible biomarkers for early diagnostics
(Shephard et al., 2021) and diseasemonitoring (Ma et al., 2019; Zhou et al., 2020). The analysis of the biomolecular composition of
the EV cargo by sampling biological fluids has led to the identification of exceptionally disease-specific biomarkers (Zhang et al.,
2019). Despite this promise, the biomolecular complexity, and the sheer number of different secreted EV subtypes have made the
clinical validation of the found biomarkers extremely challenging, particularly from biofluids. The biomolecules encapsulated
within EVs contain a myriad of different proteins, nucleic acids and carbohydrates. This is important for cancer diagnosis as the
cancer cells release higher amounts of EVs compared to the normal cells (Pang et al., 2020). Others and we have shown that EVs
are highly enriched in tetraspanins (CD9, CD63, CD81) and other transmembrane proteins found abundantly in various types
of vesicles (Andreu & Yanez-Mo, 2014; Duijvesz et al., 2015; Islam et al., 2019; Raposo & Stoorvogel, 2013). In addition to disease
diagnostics, tetraspanin-based assays have been applied for the simple quantification of EVs (Islam et al., 2019; Shao et al., 2018).
Tetraspanins, often found clustered in webs, or tetraspanin-enriched microdomains (TEMs), throughout the plasma membrane
tether various other membrane-bound proteins around them, including integrins. In previous studies, EV integrins have been
shown to have a fundamental role in cancer progression and metastasis (Hamidi & Ivaska, 2018; Hurwitz & Meckes, 2019). Inte-
grins, which are multi-functional cell-adhesionmolecules play a key role in extracellular matrix attachment and signal transduc-
tion, and serve in the pathways of cell growth, proliferation andmigration (Hamidi & Ivaska, 2018; Hou et al., 2016; Huttenlocher
& Horwitz, 2011). Recently, various studies showed that different integrin sub-units are found on EVs derived from cancer cells
(Fedele et al., 2015; Hoshino et al., 2015; Hurwitz et al., 2016; Paolillo & Schinelli, 2017; Rana et al., 2012; Singh et al., 2016).
Glycosylation of proteins and lipids is known to be aberrant during cancer development and progression, making them a

lucrative target for cancer diagnosis (Dube & Bertozzi, 2005). The discrimination of benign and malignant cases directly from
biofluids was initially achieved with the use of lectins, glycan-binding proteins identified from both exogenous and endogenous
sources (Turner, 1992). Several studies have shown that the clinical specificity of cancer biomarkers can be enhanced significantly
by detecting the glyco-isoforms of the proteins such as CA-125 (Gidwani et al., 2016; Jankovic &Milutinovic, 2008) and CA-15-3
(Terävä et al., 2019).
In this study, we explored the presence of integrin-associated aberrant glycosylation on cell line- and urine-derived EVs. We

used high-performance lectin nanoparticles, capable of detecting different glycosylation profiles for the screening of EVs by
anti-integrin antibody-lectin combinations. The most abundantly expressed biomarkers were subsequently identified using EVs
derived from PCa and BlCa patient urine samples. The analytical and clinical performance of the ITGA3-UEA assay was ulti-
mately assessed with the use of urine samples containing various urological pathologies. Our data suggest that laminin binding
integrin ITGA3 and aberrantly fucosylated glycans are enriched on tumour-derived urinary EVs and could be used for the
detection of BlCa directly from unprocessed urine.

 MATERIALS ANDMETHODS

. Reagents

The following antibodies were used for immunostaining of EV-enriched and protein-enriched urine fractions: anti-Alix (1:1000
(0.10 μg/ml), 2171 S, Cell Signaling Technology, Beverly, MA, USA), anti-TSG101 (1:1000 (0.20 μg/ml), sc-7964, Santa Cruz
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Biotechnology, Dallas, Texas, USA), anti-CD9 (1:1000 (0.23 μg/ml), D3H4P, Cell Signalling Technology), anti-Flotillin-1 (1:1000
(0.25 μg/ml), 610820, BD Biosciences, Franklin Lakes, NJ, USA), anti-THP (1:800 (0.25 μg/ml), sc-20631, Santa Cruz Biotech-
nology), sheep anti-mouse horseradish peroxidase-linked antibody (1:3000 (0.14 μg/ml), NA931 V, GE Healthcare life sciences,
Uppsala, Sweden), donkey anti-rabbit horseradish peroxidase-linked antibody (1:4000 (0.05 μg/ml), NA934V, GEHealthcare life
sciences).
HEK293 andMCF10A were used as healthy normal cell line from human embryonic kidney and human breast epithelial cells,

respectively. Less aggessive (LNCaP and VCaP) and more aggressive (DU145 and PC3) PCa cell lines were used. T24 and J82
were used as highly aggressive BlCa cell lines. All cell lines were purchased from ATCC (Teddington, UK). RPMI-1640 were
purchased from Lonza (Belgium) and 10% fetal bovine serum (FBS) was acquired from GIBCO (USA).
Monoclonal antibodies anti-ITGA1 (clone 639508) (catalog # MAB5676), -ITGA2 (clone HAS3) (catalog # MAB1233), -

ITGA3 (clone IA3) (catalog # MAB1345), -ITGA5 (clone 612557) (catalog # MAB18642), -ITGA6 (clone MP4F10) (catalog #
MAB1350), -ITGAV (clone 273210) (catalog #MAB1219), -ITGAVB3 (clone 23C6) (catalog #MAB3050), -ITGB1 (4B7R) (catalog
#MAB1778), -ITGB4 (clone 422325) (catalog #MAB4060) and -CD9 (clone 209306) (catalog #MAB1880) were purchased from
R&D systems (Abingdon, UK). Other monoclonal antibodies anti-ITGAM (clone ICRF44) (catalog # 555386), -ITGAX (clone
3.9) (catalog # 565805), -ITGB2 (clone 6.7) (catalog # 555922), -ITGB3 (clone VI-PL2) (catalog # 555752), and -CD63 (clone
556019) (catalog # 556019) were purchased from BD Bioscience (Vantaa, Finland). Other reagents such as 96-well maxisorp plate
and streptavidin-coated yellow plates, red assay buffer, and wash buffer were purchased from Kaivogen Oy (Turku, Finland).
Europium (Eu3+)-doped monodispersed and carboxyl-modified fluoro-max polystyrene nanoparticles (NPs) were purchased
from Seradyn (Indianapolis IN, USA). A panel of recombinant human and plant lectins (Table S1) were acquired from R&D
Systems (Abingdon, UK) and Vector laboratories (Burlingame, USA), respectively.

. Urine samples and patient information

This study was carried out with the approval of the University of Turku ethics committee (ETMK Dnro: 3/1801/2013) and in
accordance with the regulations and guidelines of the Helsinki Declaration. Patients diagnosed with prostate or bladder cancer
were operated at Turku University Hospital (TYKS) in the period of 2013–2018. Urine sample from healthy volunteers (n = 18)
were collected at the Biotechnology division, University of Turku in 2020.
All participants involved in this study signed a written informed consent. Urine samples from bladder cancer patients (n= 32)

were collected by catheterization immediately prior to radical cystectomy or transurethral resection of bladder tumour (TURBT).
The study cohort included also urine samples of patients with prostate cancer (n = 32) collected by catheterization immediately
prior to the robotic-assisted laparoscopic prostatectomy (RALP). Similarly, age-matched urine samples from benign prostatic
hyperplasia (BPH) patients were collected as controls before transurethral resection of prostate (TURP). Patient characteristics
along with histological classification are included in Table 1. No preprocessing of urine such as centrifugation or filtration was
performed prior to the storage of sample. However, urine samples were stored at −80◦C until further use.

. Cell culture and EV separation

Cells were maintained in RPMI-1640 and cultured at Integra bioreactor flask (Integra Biosciences Corp, Hudson, USA), sup-
plemented with L-glutamine (2 mM), penicillin (100 U/ml), streptomycin (100μg/ml), and 10% FBS (Mitchell et al., 2008).
EVs from FBS were removed by ultracentrifugation at 100,000 × g for 18 h, followed by serial filtration (0.22μm followed by
0.1μm) using vacuFilter units (Millipore). Cell-conditioned media was collected upon reaching the confluency 80%–100%. Cell-
conditioned media was subjected to clear cells and cell-debris by serial centrifugation (400 × g for 10 min followed by 2000 ×
g for 15 min). EVs were isolated from cell conditioned media by floatation within a 30% sucrose/D2O cushion before ultracen-
trifugation at 100,000 × g for 75 min at 4◦C within a SW-28 rotator (Beckman Coulter) and a subsequent PBS wash (Lamparski
et al., 2002; Théry et al., 2006). Pelleted EVs were resuspended in PBS, quantified based on protein using the BCA-protein assay
(Pierce/Thermo, Northumberland, UK), and stored at −80◦C prior to further analysis.

. Urinary EV separation

Urinary EV separation was performed as previously described (Dhondt, Geeurickx, et al., 2020; Dhondt, Lumen, et al., 2020).
Urine samples (50 ml) were centrifuged for 10min at 1000× g and 4◦C in accordance with the Eurokup/HKUPP Guidelines.
Cell-free urine supernatants were collected (leaving approximately 0.5 cm urine above the cell pellet) and concentrated to 800 μl
using a 10 kDa centrifugal filter device (Centricon Plus-70, MerckMillipore, Massachusetts, USA). Solutions of 5%, 10% and 20%
iodixanol were made by mixing appropriate amounts of homogenization buffer (0.25 M sucrose, 1 mM EDTA, 10 mM Tris-HCl
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TABLE  Patient characteristics

Patient characteristics Bladder cancer (n = ) Prostate cancer (n = ) Benign prostatic hyperplasia (n = ) Healthy (n = )

Age (years)

Median (range) 70; (54–70) 66; (52–75) 70; (57–83) 40; (32–69)

Sex, n (%)

Male 30 (93.8%) 32 (100%) 30 (100%) 18 (100%)

Female 2 (6.2%)

T-category, n (%)

Tx 1 (3.1%)

TO 9 (28.1%)

Ta 1 (3.1%)

Tis 1 (3.1%)

T1 4 (12.5%) 11 (34.4%)

T2 4 (12.5%) 14 (43.8%)

T3 10 (31.3%) 7 (21.9%)

T4 1 (3.1%)

NA 1 (3.1%)

Tumor grade, n (%)

WHO_ISUP 2004 gradea

Low grade 12 (37.5%)

High grade 16 (50%)

NA 4 (12.5%)

Mx 5 (16%)

M0 27 (84.0%)

Nodal stage, n (%)

Nx 2 (6.3%) 9 (28.1%)

N0 18 (58.2%) 21 (65.6%)

N1 8 (25%) 2 (6.3%)

> N1 2 (6.3%)

NA 2 (6.3%)

Gleason score (GS), n (%)

GS 6 2 (6.3%)

GS 7 17 (53.1%)

GS 8 6 (18.8%)

GS 9&10 7 (21.9%)

Surgical treatment, n (%)

TURBT 5 (15.6%)

Radical cystectomy 27 (84.4%)

RALP 32 (100%)

TURP 30 (100%)

Abbreviations: RALP, robotic-assisted laparoscopic prostatectomy; TURBT, transurethral resection of bladder tumour; TURP, transurethral resection of prostate.
aImpact of WHO_ISUP 2004 grading on bladder cancer were used (Lokeshwar et al., 2015).

(pH 7.4)) and iodixanol working solution. This working solution was prepared by combining a working solution buffer (0.25 M
sucrose, 6 mM EDTA, 60 mM Tris-HCl, pH 7.4) and a stock solution of OptiPrep (60% (w/v) aqueous iodixanol solution, Axis-
Shield, Oslo, Norway). The 800 μl concentrated urine sample was resuspended in 3.2 ml working solution, obtaining a 40%
iodixanol suspension, and layered on the bottom of a 17 ml Thinwall Polypropylene Tube (Beckman Coulter, Fullerton, CA,
USA). A discontinuous bottom up OptiPrep density gradient was prepared by overlaying the urine suspension with 4ml 20%,
4ml 10% and 3.5ml 5% iodixanol solutions, and 1 ml PBS, respectively. The density gradient was centrifuged for 18 h at 100,000
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× g and 4◦C using a SW 32.1 Ti rotor (Beckman Coulter, Fullerton, California, USA). Fractions of 1ml were collected from the
top of the gradient. EV-enriched fractions 9–10 and protein-enriched (PE) fractions 14–16 were pooled, diluted to 16 ml in PBS
in a 17 ml Thinwall Polypropylene Tube (Beckman Coulter) and centrifuged for 3 h at 100,000 × g and 4◦C (SW 32.1 Ti rotor,
Beckman Coulter). The resulting pellets were re-suspended in 100 μl PBS and stored at −80◦C until further use.

. Biotinylation of antibodies

Monoclonal anti-integrin and anti-tetraspanin antibodies were biotinylated using a previously described protocol (Islam et al.,
2019; Terävä et al., 2019). The pH of the monoclonal antibody solution was adjusted up to 9.8 by adding 0.5 M carbonate buffer.
In the final reaction volume, antibody concentration was ∼2 mg/ml. The antibodies were incubated with a 40-fold molar excess
of biotin isothiocynate for 4 h at room temperature. After incubation, labelled antibodies were separated from unreacted biotin
by NAP-5 gel-filtration columns (GE Healthcare, USA) by using TSA buffer (50 mmol/L Tris-HCl, pH 7.75; 150 mmol/L NaCl
and 0.5 g/L NaN3).

. Coating of europium –nanoparticles (Eu+-NPs)

The Eu3+-NPs have long-lifetime fluorescence equivalent to ∼30,000 Eu3+per particles (Harma et al., 2001). The utility and
efficacy of Eu3+-NPs has been described previously (Gidwani et al., 2016; Harma et al., 2001; Soukka et al., 2001; Terävä et al.,
2019). Briefly, antibodies and a list of lectins were covalently coupled to activated carboxyl groups present on the Eu3+-NPs. The
nanoparticles (1012 particles) were suspended in 10 mmol/L phosphate buffer (pH 7.0) and then 10 mmol/L sulfo-NHS (Sigma-
Aldrich, USA) and 0.75 mmol/L EDC (Sigma-Aldrich) were used to active the surface of Eu3+-NPs with a 15 min incubation at
RT. In the coupling reaction, the concentration of antibodies and lectins was 0.1 mg/ml. Then, antibodies and lectins conjugated
onEu3+-NPswere stored at 4◦C in a buffer supplementedwith 10mMTris-HCl, pH7.8, 0.01% and sodiumazide, 0.1%BSA. Then,
the antibodies and lectins conjugated with Eu3+-NPs were again washed and resuspended and stored in same buffer for 2 days for
the removal of aggregates. After centrifugation (350× g, 5 min), aggregates-free supernatant of bioconjugated Eu3+-NPs solution
were transferred to a new tube and measured the particles concentration comparing with standard particles concentration. The
particles were gently vortexed before every use.

. Immunoassays

The immunoassay principle is displayed in Figure 1. In direct immunoassay (Figure 1a), approximately 5 × 108 particle per μg
protein (P/μg) were passively immobilized in each well of maxisorp plate in 30 μl of PBS buffer. After 2-time washes, 2% BSA
(from 7.5% BSA in TSA stock) was added as a blocker with PBS buffer (30 μl/well) followed by 2 h incubation at +4◦C. After
2-time washes, 2 × 107 of antibody-NPs or 1 × 107 lectin-NPs were applied to detect immobilized EVs in 30 μl/well assay buffer
(Kaivogen Oy, Finland). In the sandwich immunoassay (Figure 1b), biotinylated capture antibodies (100 ng/30 μl/well) were
immobilized on 96-well streptavidin-coatedmicrotiter plates in 30 μl assay buffer (Kaivogen Oy, Finland) for 1 h at RT. The wells
were washed 2-times with wash buffer (Kaivogen Oy, Finland) using DELFIA plate washer (PerkinElmer). As a sample, purified
EVs and unprocessed urine were added. In case of isolated EVs, approximately 5 × 108 P/μg were added in each well in 30 μl of
assay buffer. In case of urine, 50 μl of unprocessed urine samples (diluted 1:2 in assay buffer) were added in each well. As a blank,
fresh cell culture medium and EV-depleted urine were used. EV-stripped urine was produced by passing a pooled urine sample
through MWCO 100 kDa Vivaspin 2 column (Sartorius, Germany). After 1 h incubation at RT with slow shaking, the wells were
washed for 2-times before the addition of 2 × 107 of antibody-NPs or 1 × 107 lectin-NPs in a final volume of 30 μl. The NPs were
incubated for 2 h at RT with slow shaking (40 × g). Time-resolved fluorescence (TRF europium at λex: 340 nm; λem: 615 nm)
was measured using Victor1420 multilabel counter (PerkinElmer) from the well surface. All measurements were conducted in
triplicates.

. Analytical performance

The limit of detection (LoD) of the ITGA3-ITGA3 and ITGA3-UEA assays were determined with the use of DU145 EVs spiked
in healthy urine depleted of EVs. A series of EV particles, 1× 106, 1× 107, 1× 108, 1× 109, 1× 1010 and 1× 1011 EVs/ml, were tested.
The blank calibrator was analysed in 60 replicates and the calibrators 1 × 106, 1 × 107, 1 × 108, and 1 × 109 EV/ml were analysed
in 20 replicates. The calibrators 1 × 1010, and 1 × 1011 EV/ml were analysed in 12 and 6 replicates, respectively. The LoD of the
assays were determined for ITGA3-ITGA3 and ITGA3-UEA by fitting the data to Sigmoidal and four parameters logistic (4PL)
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F IGURE  Schematic representation of the bioaffinity-assay. (a) Direct assay; EVs were passively immobilised on maxisorp plate and subsequently
detected with either antibody or lectin coated nanoparticles (antibody-NPs or lectin-NPs). (b) Sandwich assay; biotinylated antibodies were immobilised on
the surface of the streptavidin coated microtiter wells for capturing the EVs. The captured EVs were detected with either antibody or lectin nanoparticles
(antibody-NPs or lectin-NPs).

regression of Origin 2016 using the values from standard curves. The LoD was calculated as follows:

LoD = 𝜇B + 1.645𝜎B + 1.645𝜎s

where μB is the measurement of mean of blank calibrator, σB is the measurement of standard deviation of blank and σs is the
measurement of standard deviation of low concentration calibrators.

. Nanoparticle tracking analysis

For urinary EVs, nanoparticle tracking analysis (NTA)was performed using aNanoSight LM10-HSmicroscope (Malvern Instru-
ments Ltd, Amesbury, UK) equipped with a 405 nm laser. For each sample, three 60 s videos were recorded at camera level 13.
Temperature was monitored during recording. For cell line derived EVs, NTA was performed using similar NanoSight LM10
system following the previously published article (Webber & Clayton, 2013; Welton et al., 2016) but configured with tempera-
ture controlled LM14 laser module with a 488 nm laser. For each sample, three 30 s videos were recorded at camera. Recorded
videos were analysed at detection threshold 3 withNTA Software version 3.3 to determine the concentration and size distribution
of measured particles with corresponding standard error. A medium viscosity of 0.929 cP was assumed. For optimal measure-
ments, samples were diluted with PBS until particle concentration was within optimal concentration range of the NTA Software
(3 × 108−1 × 109). All size distributions determined with NTA correspond to the hydrodynamic diameters of the particles in
suspension.

. Transmission electron microscopy

Urinary EVs were deposited on a formvar-coated grids stabilized with evaporated carbon film and glow discharged before
sample application. Neutral uranyl acetate (2% in AD) was used for staining after which grids were coated with 2% methyl
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cellulose/uranyl acetate (0.4%) solution. These grids were examined using a Tecnai G2 Spirit transmission electron microscope
(FEI, Eindhoven, The Netherlands) operated at 100 kV and images were captured with a Quemesa charge-coupled device camera
(Olympus Soft Imaging Solutions GMBH, Munster, Germany) at 9300×, 30,000× and 49,000×magnification. Cell-derived EVs
were adsorbed onto formvar-coated grids for 20 min and fixed in 1% (v/v) glutaraldehyde for 5 min. Then grids were washed
3-times in PBS followed by 3-times in distilled water. Grids were then negatively stained with 2%methyl cellulose/uranyl acetate
(0.4%) solution for 10min. These grids were then allowed for air dry before being observed in a JEM-1400 plus TEM (Jeol, Tokyo,
Japan) at 80 kV.

. Western blot

Samples were dissolved in reducing sample buffer (0.5M Tris-HCl (pH 6.8), 40% glycerol, 9.2% SDS, 3% 2-mercaptoethanol,
0.005% bromophenol blue) and boiled at 95◦C for 5min. Proteins were separated by SDS-polyacrylamide gel electrophoresis
and transferred to nitrocellulose membranes (Bio-Rad, Hercules, California, USA). After blocking the membranes, blots were
incubated overnight with primary antibodies. Incubation with secondary antibodies was performed after extensive washing
of the membranes in PBS containing 0.5% Tween 20. After final washing, chemiluminescence substrate (WesternBright Sir-
ius, Advansta, Menlo Park, California, USA) was added and imaging was performed using Proxima 2850 Imager (IsoGen Life
Sciences, De Meern, The Netherlands).

. Statistical analysis

LoDwas calculated using origin 2016 (version 2016Sr2). Statistical analyses using the R software (http://www.r-project.org/), ver-
sion 3.6.2. Box plots were done with Tidyverse (version 1.3.0) (Wickham et al., Welcome to the tidyverse. J. Open Source Softw. 4,
1686, https://doi.org/10.21105/joss.01686 (2019) and ggpubr (version 0.2.5) R packages (Kassambara, A. ggpubr: ‘ggplot2’ Based
Publication Ready Plots. R package version 0.1. 7. [cited 2020 Jan 08]. Available from: https://CRAN.R-project.org/package=
ggpubr). For experiments consisting of two experimental groups statistical significance was assessed using a t-test. For experi-
ments consisting of more than two groups we used non-parametric Kruskal-Wallis test where p-value of < 0.05 was considered
significant.

. EV-track

We have submitted all relevant data of our experiments to the EV-TRACK knowledgebase (EV-TRACK ID: EV220092) (Van
Deun et al., 2017).

 RESULTS

. Cell line derived EV characterization and quality control

To assess the quality of EVs derived from cancer cells, tetraspanin expression, particle size andmorphology of EVswere analysed.
The expression of tetraspanins (CD9, CD81 and CD63) was used to confirm the enrichment of EVs from LNCaP, VCaP, PC3 and
DU145 using immunofluorescent plate-based assay (Figure 2a). The total number and size of EVs weremeasured by nanoparticle
tracking analysis (NTA) (Figure 2b). TheNTA revealed a range of 1.27× 1013–1.11× 1014 EVs particles/ml in purified-EVs samples
from PC3, DU145, VCaP and LNCaP cells. Additionally, cell-derived EVs were assessed by transmission electron microscopy
(TEM), which showed vesicles surrounded by a lipid bilayer, with an approximate size of 100–200 nm in close-up view (Figure 2c).

. Characterisation of cell line derived EVs in direct assay

We conducted glycoprofiling of cell line-derived EVs using a series of lectin-NPs which comprise a range of lectins to recognize
the most abundantly expressed glycostructures of the human glycome. The lectin-NPs were used as tracers in time-resolved
fluorometry-based direct immunoassays to explore the glycan profile of EVs isolated from four PCa-cell lines (LNCaP, VCaP,
DU145 and PC3). Altogether 34 lectins (Table S1) with a capacity to recognize six glycans groups, that is, fucose, galactose,
GalNAc, GlcNAc, mannose and sialic acid, with different binding specificities were tested. In this initial lectin screening, 12 out
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 of  ISLAM et al.

F IGURE  Characterisation of EVs-derived from cancer cell lines. The EVs were analysed by (a) tetraspanin expression for CD9, CD81 and CD63
markers and (b) NTA for total number of particles (c) TEM images of isolated EVs. Here, TRF means time-resolved fluorescence. TEM images of LNCaP-EVs
and VCaP-EVs were used as a representative image

of the 34 lectins, namely, UEA, TJA-II, SBA, PNA, Galectin-3, WFA, BPL, WGA, PWM, DC-SIGN, ConA and MAA showed
strong binding intensities towards EVs (Figure 3a).
We also analysed the expression profile of different integrin sub-units on EVs isolated from the PCa cell lines. Nanoparticles

coated with antibodies against 12 different integrin subunits were analysed for their binding to passively coated EVs. As in the
case of lectins, clearly distinguishable binding profiles to cancer cell-derived EVs was also observed with anti-integrin antibodies
(Figure 3b).

. Characterisation of cell line derived EVs in sandwich assay

To further analyse the performance of the lectins, we set up a sandwich assay where ITGA3-based capture was used for immo-
bilization of EVs-derived from LNCaP, VCaP, DU145 and PC3. The 12 lectins that showed highest binding intensities in the
previous direct assays were then applied for the detection of captured EVs. Among the selected lectins, the fucose-binding lectin
UEA clearly showed the highest S/B ratios with all the four-cell line derived EVs (Figure S1).
Next, we explored the capacity of UEA-NPs to recognize various integrins expressing sub-populations of EVs captured from

cell culturemediumof non-cancer, PCa and BlCa origin (Figure 4). Among the integrin sub-units, ITGA3-based capture resulted
in the highest S/B-ratio with EVs from both PCa and BlCa cell lines and showed also the largest difference in S/B-ratio as
compared to non-cancer cell-derived EVs (Figure 4).

. Urine-derived EV characterization and quality control

To investigate urine sample, next, we separated urine from cancer patients by density gradient-enrichment into two fractions
such as EV-enriched proteins (fractions 9–10) and non-EV-enriched proteins (fractions 14–16). These urine fractions were char-
acterized byWestern blot (WB). WB demonstrated the presence of EV-enriched proteins such as Alix, Flotillin-1, TSG-101, CD9
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ISLAM et al.  of 

F IGURE  Characterisation of cancer cell derived EVs in direct assay. Data from different experiments were accumulated where, (a) Lectin-NPs specific
to different glycans were used to detect passively coated EVs-isolated from PCa cell lines (DU145, LNCaP, PC3 and VCaP) using direct assay. (b) Integrin
expression of passively coated EVs was analysed using nanoparticles coated with antibodies specific to various integrin sub-units. The heatmap depicts the S/B
(signal/background) ratio on a log2 scale.

F IGURE  Expression of integrins and UEA binding glycans on cell line-derived EVs. Sandwich-assay combining different integrin specific antibodies
for capturing of EVs from PCa and BlCa cell lines compared to non-cancer control cell lines. UEA-lectin NPs were used to detect the captured EVs. The size of
the bubble constitutes to the S/B ratio obtained from the assay.

and depletion of non-EV enriched proteins such as THP in EV-enriched urine fractions (Figure 5a). Total number and size of
particles in EV-enriched and protein-enriched urine fractions were measured by the light scattering method NTA (Figure 5b).
Furthermore, urine fractions were assessed by electron microscopy (EM). EM revealed an extensive number of vesicles sur-
rounded by a lipid bilayer within EV-enriched fractions, with an approximate size of 50–200 nm, whereas the protein-enriched
fractions show a complex network of protein complexes and polymeric THP (Figure 5c).
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 of  ISLAM et al.

F IGURE  Characterisation of EV-enriched and protein-enriched urine preparations. EV-enriched and protein-enriched urine fractions were analysed
by (a) WB for Alix, Flotillin-1, TSG-101, CD9 and THP markers (b) NTA for total number of particles and (c) TEM images of vesicle structure and integrity.
Here, wide-field (scale bar: 1000 nm) and close-up images (scale bar: 200 nm) are provided.

. Biomarker characterization from urine derived EVs

To explore the presence of aberrant fucosylation and ITGA3 on EVs in urine, we separated the EV-enriched and protein-enriched
(PE) fractions from the urine of five individual BPH, PCa and BlCa patients, using bottom up OptiPrep density gradient cen-
trifugation. Resultant fractions were also assessed for tetraspanins CD63 and CD9, which are known to be enriched on EVs. Both
fractions were passively coated on Maxisorp microtiter plates and consecutively detected with nanoparticles (NPs)-coated with
either anti-tetraspanin (CD63 & CD9), anti-integrin (ITGA3) antibodies or lectin (UEA). In BPH urine samples, the CD63-,
CD9-, ITGA3- and UEA-NP assays showed 2-, 2-, 4- and 66-fold higher S/B ratios in EV-enriched compared to PE fraction,
respectively (Figure 6a). In urine of PCa patients, the corresponding values were 46, 3, 3 and 139 for the CD63-, CD9-, ITGA3-
andUEA-NP assays, respectively (Figure 6b). Similarly, in urine of BlCa patients, the CD63-, CD9-, ITGA3- andUEA-NP assays
exhibited 9-, 4-, 3- and 48-fold higher S/B ratios in EV-enriched fraction than PE fraction, respectively (Figure 6c). Notably, the
UEA-NP assays demonstrated the highest S/B ratios in EV-enriched compared to PE fraction derived from urine of BPH, PCa
and BlCa samples.

. Analytical performance of the ITGA-ITGA and glycovariant ITGA-UEA assays

Performance of the assays were analysed for both the total ITGA3 (ITGA3-ITGA3) and the glycovariant assay utilizing UEA-NP
detection (ITGA3-UEA). To assess the linearity and sensitivity (LoD) of both assays, we used purified EVs from DU145 cell line.
For ITGA3-ITGA3 assay, the same monoclonal ITGA3 antibody was used both as the capture and the tracer (as coated on NP).
Whereas for glycovariant ITGA3-UEA assay, EVs are captured with ITGA3 and detected with lectin UEA that binds to the fucose
moieties on EVs and their ITGA3. The limit of detection (LoD) was 2.56 × 108 EVs/ml for the ITGA3-ITGA3 assay and slightly
better for the glycovariant assay ITGA3-UEA: 1.38 × 108 EV/ml (Figure 7a).
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ISLAM et al.  of 

F IGURE  Enrichment of biomarkers on urinary EVs. Tetraspanin (CD9 and CD63), integrin (ITGA3) and lectin (UEA) binding to EV and PE fraction
isolated from the urine of (a) BPH, (b) PCa and (c) BlCa patients. The x-axis shows EV and PE of individual urine samples used and the y-axis shows the S/B
ratios. EV, extracellular vesicles enriched fraction; PE, protein enriched fraction.

. Clinical performance of the glycovariant ITGA-UEA assay

Finally, we assessed the clinical performance of the ITGA3-UEA assay by measuring the expression of fucosylated EVs in urine
samples from patients with prostate (n = 32) and bladder cancer (n = 32), compared to urine samples from healthy controls
(n = 18) and patients with BPH (n = 30). The ITGA3-UEA assay showed statistically significant discrimination among patients
with BlCa compared to men with BPH (5.5-fold; p = 0.004) and PCa (9.2-fold; p = 0.00038), as well as healthy individuals
(23-fold; p = 0.0001) (Figure 7b). In contrast, the ITGA3-UEA assay showed no discrimination between BPH and PCa.
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 of  ISLAM et al.

F IGURE  (a) Standard curves of ITGA3-ITGA3 and glycovariant ITGA3-UEA assays of DU145-EVs. (b) The performance of ITGA3-UEA assay in
detecting uEVs from healthy, BPH, prostate and bladder cancer samples. The ITGA3-UEA assay showed discrimination in BlCa from benign (BPH) source in
terms of europium signal counts and p-value.

 DISCUSSION

Urinary EVs are highly enriched with amyriad of glycosylated proteins, which have shown promise in the detection of urological
pathologies (Islam et al., 2021; Jin et al., 2020; Martins et al., 2021). Our findings suggest that a biomarker combination consisting
of ITGA3 and fucose is highly expressed on EVs derived from cell line and urine samples. Our results show that by combining
a protein-binding antibody with fucose specific lectin in a simple bioaffinity assay, it is possible to detect bladder cancer directly
from unprocessed urine.
Previously, Duijvesz and his colleagues demonstrated that same monoclonal tetraspanin specific antibody could capture and

detect EVs directly from cell culture medium and urine without the need of extensive preprocessing (Duijvesz et al., 2015).
They used europium chelates as a tracer, whereas we have utilized high performance europium-doped polystyrene nanoparticles
(Eu3+-NPs) as tracers which are packed with more than 30,000 Eu3+ chelates. The antibodies or lectins coated with Eu3+-NPs
provide high specific signal activity offering the improved detection sensitivity which are in line with our recently published
several bioaffinity assay technologies (Gidwani et al., 2016; Islam et al., 2019; Terävä et al., 2021). However, it is established that
lectin-glycan interaction is usuallyweaker compared to antigen-antibody interaction, themultivalency gained fromnanoparticles
coating has overcome this problem (Soukka et al., 2001; Syed et al., 2016). Furthermore, in our previous study, we have shown that
our developed nanoparticle based TRF approach could detect purified EVs up to 1–13 ng (0.03–0.06 ng/ml) (Islam et al., 2019),
whereas Logozzi and his colleagues reported an ELISA based approach that are able to detect EVs up to 3–10 μg (60-200 ng/ml)
(Logozzi et al., 2009).
Numerous studies have explored surface glycosylation profiling of uEVs using various lectin-based approaches where purified

EVs were prerequisite (Gerlach et al., 2013, 2017; Kosanovic & Jankovic, 2014; Martins et al., 2021). By overcoming the tedious
purification process of EVs, our nanoparticles based TRF approach could explore cancer-associated glycosylation patterns on
urinary EVs of different urological malignancies. To find out the most abundantly expressed glycans in cancer cell line derived
EVs, we profiled four cell lines with 34 lectins manifesting different binding specificities to fucose, galactose, GalNAc, GlcNAc,
mannose and sialic acid. As expected, we observed cell line-specific binding patterns for lectins, with exceptionally strong binding
with UEA-coated nanoparticles (Figure 3). UEA, a plant lectin isolated fromUlex europaeus (gorse) seeds, has affinity to various
fucosylated glycan structures, particularly for Fucα1-2Galβ moiety (Du et al., 1994). The results are well in-line with previous
studies, which have shown that fucose binding lectins, such as AAL, UEA and TJA-II, might have potential in the detection of
PCa (Kekki et al., 2017).

It is known that integrins, and their glycosylation, have a fundamental role in cancer glyco-microenvironment and cancer
progression (Marsico et al., 2018). Multiple studies have reported that various integrin (ITG) sub-units including alpha-unit α2,
α3,α4,α5,α6,αM,αL,αVandVLA-4 and beta unit β1, β2, β4 and β5 are expressed in urinary EVs and cancer cell lines (Bijnsdorp
et al., 2013; Gonzales et al., 2009; Hurwitz &Meckes, 2019; Rieu et al., 2000; Théry et al., 2001; Welton et al., 2010; Wubbolts et al.,
2003). Our data confirms previous findings, which suggest that particularly the laminin binding integrins, α3, α6 and to some
extent αv are enriched on EVs derived from cancer cell lines (Welton et al., 2010).

In this study, the most abundant integrin ITGA3-based capture was combined with UEA-lectin detection for a sandwich
bioaffinity assay. The assay allows detection of cell line derived-EVs with very high signal-to-background ratios (S/B > 10) from
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four cancerous cell lines (T24, J82, DU145 and PC3) while manifesting only moderate binding to the control cell lines (MCF10A
and HEK293) (Figure 4b). Although the results obtained from individual cell lines never quite translate to clinical samples con-
taining complexmixture of various biomarkers, the high expression of the biomarker combination in all cell lines was a promising
starting point for pre-clinical assay development.
To explore the extent of which the biomarker combination is expressed on EVs, we isolated EVs from the urine of three patient

sample groups (BPH, PCa and BlCa). As expected, all the previously well-characterized EV-associatedmarkers were significantly
enriched on the EV fraction of the isolates (p-value < 0.05). Surprisingly, greatest differences between EV and protein enriched
(PE) fractions were observed in the binding of the lectin UEA, particularly in BPH isolates (Figure 5a). This indicated that the
glycan structure recognized by UEA evidently is highly enriched to EVs. Defining the exact epitope or antigen to which lectins
bind to can be challenging. UEA-I is well known of binding to the Fucα1-2Galβ (h-type 2 antigen) glycan, which is one of the
precursors of ABO blood group antigens, although in previous studies ABO-antigens have been excluded from EVs (Williams
et al., 2018). Also, the effect of other soluble proteins binding to the EVs, either tethered to THP or unspecifically to the protein
corona needs to be studied further. Noteworthy, fucose-binding lectins such as UEA, AAL, PSA, LTA have been reported as
diagnostic and prognostic markers in various cancers (Blonski et al., 2007; Dwek et al., 2010; Haselhorst et al., 2001; Kekki et al.,
2017; Li et al., 2015; Ohyama et al., 2004).
One of the major gaps in the translation of EV-based biomarkers to the clinic has been the limited availability of analytical

standards needed for the development of reproducible and robust assays (Ayers et al., 2019; Erdbrügger et al., 2021). Although
significant progress has been made on this front with the introduction of reference materials for EV research (Geeurickx et al.,
2021), the biomarkers of interest might not always be expressed on them. To overcome this gap, we used well-characterized
EV preparations separated from a commercially available cell line (DU145) to assess the analytical performance of the assay,
and also to set up a quantification standard for the clinical urine samples. DU145-derived EVs were selected due to the high
expression of the biomarker combination of interest (ITGA3-UEA). Performance wise, both the ITGA3-UEA and ITGA3-
ITGA3 assays showed good linearity (R2 = 0.991) and limit-of-detection (1.38 × 108 and 2.56 × 108 particle/ml, respectively)
(Figure 7a).

Finally, the established assay was used with individual, unprocessed, urine samples from four patient groups. As expected, all
patient groups urological pathologies (BPH, PC and BlCa) were significantly higher in comparison to the healthy donors. Both
the mean age of the donors and the number of samples (n = 18) likely contribute to the difference. Moreover, the number of
EVs and the expression of ITGA3 and fucose on EVs may be associated with age. In a study, Hooten N found that cancer asso-
ciated proteins increased in EVs with age (Noren Hooten, 2020). Similarly, other studies showed that molecular content as well
as number of EVs altered with advanced age (Liang et al., 2017; Yin et al., 2017). The comparison of the patient groups showed a
significant elevation of BlCa samples when compared to the PCa and BPH (9.2-fold; p= 0.00038 and 5.5-fold; p= 0.004, respec-
tively) (Figure 7b). Although the biomarker combination was most prominently found from the cell line material derived from
PCa, we did not observe any discrimination between the PCa patient urine samples and controls. Previously we have observed
that the expression of ITGA3 is relatively higher in EVs derived from more aggressive prostate cancer PC3 cell line compared
to less aggressive LNCaP (Islam et al., 2019). The reason why ITGA3-UEA assay cannot discriminate PCa patients from benign
controls might result from the prognostic value of ITGA3 and maybe elevated only in metastatic PCa. Similarly, Bijnsdorp et al.
have previously shown that the level of ITGA3 is increased in urinary EVs from metastatic PCa patients compared to non-
metastatic PCa (Bijnsdorp et al., 2013). Another significant factor for lower expression can be attributed to sample collection
method: the urine samples from PCa patients were collected by catheterization which likely has major impact on the quantity
of prostate derived EVs as the urine did not pass the urethra before sampling. Whole urine was collected in biobank urine col-
lection process with clinical laboratory investigations. Where no preprocessing of urine such as centrifugation or filtration was
conducted before the storage of sample. Thus, a primary concernwith the storage of whole urine samples without any preprocess-
ing is the issue of multiple freezing thawing, with residual cells can be damaged and release intracellular vesicles into the urines
(Armstrong et al., 2018). Although it may be a minor percentage of total vesicles population both in cancer and non-cancer
cases.
Specificity of ITGA3-ITGA3 and glycovariant ITGA3-UEA assay were determined using pooled urine sample from BPH, PCa

and BlCa patients (Figure S2). As expected, we observed that ITGA3-ITGA3 assay shows merely detection of ITGA3 on EVs.
Whereas significant discrimination of BlCa from controls is only achieved with glycovariant ITGA3-UEA assay. Thereby, next,
we have only run ITGA3-UEA assay with individual clinical samples. Further, to assess the diagnostic value of ITGA3-UEA assay
in bladder cancer, area under the curve (AUC= 0.786) was calculated by plotting receiver operating characteristics (ROC) curve
(Figure S3).

Eventually this assay platform could potentially be expanded for the detection of other urological cancers by exploring different
combinations of integrins and lectins. Although the results are promising particularly for the detection of bladder cancer, this
proof of principle assay calls for further clinical and technical evaluation with larger and well-defined patient cohorts in the
future. Furthermore, in the follow-up studies, different assay conditions and sample types should be systematically explored,
which may increase assay performance (Islam et al., 2019).
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 of  ISLAM et al.

 CONCLUSIONS

We characterized a novel biomarker combination from urine-derived EVs, which combines ITGA3 capture with lectin nanopar-
ticle detection (ITGA3-UEA). The assay can be used to discriminate BlCa from clinically challenging controls without any
preanalytical processing of the samples.
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