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Renal biopsy is the gold-standard procedure to diagnose most of renal pathologies. However, this invasive
method is of limited repeatability and often describes an irreversible renal damage. Urine is an easily accessible
fluid and urinary extracellular vesicles (EVs) may be ideal to describe new biomarkers associated with renal
pathologies. Several methods to enrich EVs have been described. Most of them contain a mixture of proteins,
lipoproteins and cell debris that may be masking relevant biomarkers. Here, we evaluated size-exclusion
chromatography (SEC) as a suitable method to isolate urinary EVs. Following a conventional centrifugation to
eliminate cell debris and apoptotic bodies, urine samples were concentrated using ultrafiltration and loaded on
a SEC column. Collected fractions were analysed by protein content and flow cytometry to determine the
presence of tetraspanin markers (CD63 and CD?9). The highest tetraspanin content was routinely detected in
fractions well before the bulk of proteins eluted. These tetraspanin-peak fractions were analysed by cryo-
electron microscopy (cryo-EM) and nanoparticle tracking analysis revealing the presence of EVs.

When analysed by sodium dodecyl sulphate—polyacrylamide gel electrophoresis, tetraspanin-peak fractions
from urine concentrated samples contained multiple bands but the main urine proteins (such as Tamm-—
Horsfall protein) were absent. Furthermore, a preliminary proteomic study of these fractions revealed the
presence of EV-related proteins, suggesting their enrichment in concentrated samples. In addition, RNA
profiling also showed the presence of vesicular small RNA species.

To summarize, our results demonstrated that concentrated urine followed by SEC is a suitable option to
isolate EVs with low presence of soluble contaminants. This methodology could permit more accurate
analyses of EV-related biomarkers when further characterized by -omics technologies compared with other
approaches.
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enal biopsy is still the gold-standard method used
Rfor the diagnosis of most renal diseases. Yet, it
is an invasive procedure of limited repeatability
and often describes irreversible renal damage. In sharp
contrast, urine would be an ideal body fluid for the

monitoring of patients suffering from kidney and urinary
tract diseases. Thus, efforts have been focused on the

definition of new biomarkers in this biological fluid.
In this sense, a number of studies have investigated the
possibility of using the so-called urinary proteome and
transcriptome for biomarker discovery (1-3). However,
these studies are based on total urine samples, composed
by a complex mixture of proteins, salts, metabolites and
other debris from the body metabolism that could conceal
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important biomarkers of (early) renal damage. In addi-
tion, one of the most important drawbacks is the highly
variable composition between samples of the same renal
patient. This variability is not only due to the kidney
metabolism but also due to the presence of proteins
specifically filtered through the glomeruli, which ulti-
mately depend on multiple factors such as serum con-
centration, tubular reabsorption and the glomerular
filtration rate of a given patient, among others (4).
Extracellular vesicles (EVs) are lipid bilayers mainly
containing proteins, RNAs and metabolites (5). They have
been described in many body fluids, including urine (6,7).
As shown in other biological fluids, urine contains a wide
diversity of EVs, including ectosomes or shedding vesicles,
also referred to as microvesicles, apoptotic bodies and
exosomes (7,8). EVs from biological fluids such as urine
are increasingly seen as a potential source of biomarkers
given their non-invasiveness inherent advantages and
their specific composition. Furthermore, as their con-
tent is protected from the aggressive external milieu by a
membrane, the possibility to explore new biomarkers
based on RNA species has boosted the interest in working
with EVs. In fact, a number of studies have already
demonstrated the feasibility of using urinary vesicles for
biomarker purposes (9—11). As most of these studies
were intended to define biomarkers in all urinary EVs,
rather than in urinary exosomes, EV-enrichment proto-
cols routinely omitted a sucrose-gradient ultracentrifuga-
tion (UC) step, which is considered the gold-standard
method for isolation of exosomes, including those from
urine samples (12—-14). However, density-gradient UC
also cleaned samples from other contaminants such as
soluble proteins (15), thus contributing to a better defini-
tion of the specific composition of EVs. Later, precipitat-
ing agents (including PEG and commercial reagents)
provided a rapid method to enrich EVs from different
biological fluids, including plasma and urine (7,16). How-
ever, these reagents also precipitate most of the contami-
nants found in UC pellets. Importantly, these procedures
co-isolate contaminants that may be incorrectly identified
as EV-related proteins or RNAs (7). This is particularly
relevant in urine, where major common components of
the fluid such as the Tamm-Horsfall protein (THP), or
other proteins (mainly albumin) increased in proteinuric
samples, may interfere with urinary EVs-related biomar-
kers. In urine samples, specific pre-isolation techniques
are recommended to reduce or eliminate the presence of
THP before any EVs isolation/determination (17-19).
Size-exclusion chromatography (SEC) has been widely
used to separate complex mixtures of molecules of dif-
ferent sizes. SEC has also been standardized in protocols
to enrich EVs from plasma or serum samples (20,21), and
it has been used after UC to isolate EVs from urine
samples (22,23). In this study, our aim was to evaluate an
UC-free SEC-based method for the isolation of EVs from

urine samples. Our results show that SEC allowed the
enrichment of EVs without the need of UC, and effi-
ciently separated the total protein content from EV-
contained proteins in a given sample. These EVs can be
further used for proteomic and transcriptomic analysis,
which would allow the identification of specific urinary
EV-related biomarkers.

Materials and methods

Participants and ethical approval

Samples were obtained from healthy donor volunteers.
The Ethical Committee of Germans Trias i Pujol Hospital
approved the study, and all subjects gave their consent
according to the Declaration of Helsinki (BMJ 1991;
302:1994).

Urine processing

First morning urine (100 mL) was collected from 8 healthy
donors. Urine was centrifuged at 300g for 5 min to eli-
minate cells and debris and immediately frozen (—80°C)
in the presence of the protease inhibitor AEBSF [4-
(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride]
(0.138 mg/mL; Roche, Basel, Switzerland).

Urine samples were thawed overnight at 4°C and cen-
trifuged at 17,000g for 10 min to pellet protein polymers
and larger vesicles. Then, supernatants were kept at 4°C
while the pellet was treated with 200 mg/mL dithiothreitol
(DTT; Sigma—Aldrich, St. Louis, MO) for 10 min at
37°C to release trapped EVs through depolymerization of
the THP, as previously described (17). Then, the DTT-
treated pellet and the previous supernatant were mixed
and centrifuged again (17,000g for 10 min). Up to 100 mL
of the final supernatant (n =5) was concentrated using
a Centricon 70 filter unit (100 kDa cut-off; Millipore,
Bedford, MA). Briefly, supernatants from each sample
were loaded onto a Centricon 70 filter and centrifuged at
2,800g for 20 min. This step was repeated using the same
filter unit to process the total volume of supernatant from
each sample. Then, the retained volume (ranging from
800 pL to 3 mL) of concentrated urine was loaded onto
the SEC column.

Size-exclusion chromatography

The SEC procedure was performed as previously described
(20). Briefly, up to 10 mL of stacked Sepharose-CL2B
(Sigma—Aldrich) was washed twice with citrate buffer
(phosphate-buffered saline, PBS/0.32% citrate, filtered
through 0.22 um filter) and packed in a 10-mL syringe
(BD Plasticpakc™, San Jose, CA).

Then, non-concentrated (3 mL) or concentrated urine
(up to 3 mL) samples were loaded in the column.
Fraction collection (500 pL each in PBS/0.32% citrate)
started immediately after loading the sample. A total of
20 fractions from each sample was collected.
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Protein concentration
Ten microlitres of each fraction were used to measure
protein concentration by Bradford assay (Bio-Rad,
Hercules, CA). A standard linear curve was set up using
BSA (Sigma—Aldrich).

Flow cytometry

Fractions containing EVs were first identified according
to their tetraspanin content determined by flow cytometry
analysis. First, 50 pL of each fraction were incubated with
0.2 pL aldehyde/sulphate-latex beads (4 pm; Invitrogen,
Carlsbad, CA) for 15 min at room temperature. Beads
were then re-suspended in 1 mL bead-coupling buffer
(BCB) (PBS supplemented with 0.1% BSA and 0.01%
NaNj3; Sigma—Aldrich) and incubated overnight at room
temperature on rotation. EV-coated beads were then spun
down at 2,000g for 10 min, washed with BCB and
centrifuged again at 2,000g for 10 min. EV-coated beads
were then labelled at 4°C with anti-CD9 (Clone VJ1/20),
anti-CD63 (Clone TEA 3/18) (both kindly provided by
Dr. Francisco Sanchez-Madrid and Dr. Maria Yafiez-
Mo), or polyclonal isotype (Abcam, Cambridge, UK)
antibodies for 30 min. After washing with BCB, EV-
coated beads were incubated with FITC-conjugated sec-
ondary antibodies (SouthernBiotech, Birmingham, AL)

SEC-based enrichment of urinary extracellular vesicles

for 30 min, washed twice with BCB and analysed by flow
cytometry (FacsVerse; BD Biosciences, San Jose, CA) and
using the Flow Jo software (Tree Star, Ashland, OR). A
total of 10,000 beads/samples were acquired.

Sodium dodecyl sulphate—polyacrylamide gel
electrophoresis

Protein content was profiled in polyacrylamide gel elec-
trophoresis. Equal volumes of EV-containing fractions
(10 pL) were mixed with the same volume of Laemmli
buffer (2 x; Bio-Rad) with B-mercaptoethanol (5%; Bio-
Rad) and incubated at 70°C for 10 min. Then, 20 pL of
each sample and 5 pL of Precision plus protein™ stan-
dard (Bio-Rad) were loaded into Mini-Protean TGX gel
(Bio-Rad) and the electrophoresis was performed for
30 min at 200 V. After that, gels were stained with Coomassie
blue or silver with SilverQuest (both from Invitrogen).
The THP band was analysed by densitometry with
Image J (NIH) in the Coomassie blue gel.

Nanoparticle tracking analysis

The concentration and size distribution of EVs were deter-
mined by nanoparticle tracking analysis (NTA) in a
Nanosight LM10 (Malvern Instruments Ltd, Malvern,
UK) equipped with charge-coupled device (CCD) camera
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Fig. 1. Diagram of the isolation procedure and the initial analysis of the fractions.
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(model F-033) and a 638 nm laser. Analysis was performed
using the NTA 3.0 software (Malvern). Detection thresh-
old was set to 5, and blur and Max Jump Distance were set
automatically. Diluted (50- to —100-fold) fractions were
loaded in the NTA device and video-recorded 3 times
(60 sec each) with the camera shutter at 30.02 ms and
the camera gain set at 650, as recommended by the
manufacturer.

Cryo-electron microscopy

SEC fractions containing EVs were selected for cryo-
electron microscopy (cryo-EM). A 10-uL sample was
directly laid on Formvar-Carbon EM grids, frozen and
immediately analysed with Jeol JEM 2011 transmission
electron microscope operating at an accelerating voltage
of 200 kV. The microscope was equipped with a 626
Gatan cryoholder and the samples were maintained at
—182°C during imaging. Images were recorded on a
Gatan Ultrascan cooled CCD camera under low electron
dose conditions, to minimize electron bean radiation. EV
size was determined using the Imagel software (NIH).

RNA analysis

Fractions containing urinary EVs were treated with
RNAse (Sigma—Aldrich, 10 ng/mL for 10 min at 37°C)
to remove extravesicular RNA. Then, total RNA was
extracted using the mirVANA kit (Life Technologies,
Carlsbad, CA) following manufacturer’s instructions and
previous reports (24). Then, EV-associated RNA was
precipitated using glycogen (20 pg/ulL; Roche); 10%
AcNa 3 M, pH 5.2 (Sigma—Aldrich) and 2.5 times (v/v)
of absolute ethanol. RNA profiling was determined using
the 2200 TapeStation for total RNA (Agilent Technolo-
gies, Santa Clara, CA). Some samples were also analysed
using a Bioanalyser 2100 System (Agilent technologies)
for small RNA.

Proteomic analysis

EV-enriched fractions from non-concentrated and con-
centrated urine were selected to analyse their protein
content using liquid chromatography followed by mass
spectrometry on a LTQ Orbitrap Velos (Thermo Fisher,
Carlsbad, CA). The sample was reduced with DTT,
alkylated with ioidoacetamide and precipitated with tri-
chloroacetic acid. Then, the sample was washed with
acetone, reconstituted in urea and digested overnight
with trypsin. Raw data files were analysed against Refseq
human reference including isoforms by using Proteome
discovered 1.4 software (Thermoscientific, Carlsbad, CA).

Results

EVs and soluble proteins elute differentially in SEC

Urine samples were cleaned from debris, processed for
EVs release from THP polymers and loaded into SEC
columns as summarized in Fig. 1. To analyse the efficacy

of SEC to separate EVs from urine soluble proteins,
collected fractions from urine (U) or concentrated urine
(C) samples were first analysed for their protein content.
Fractions containing detectable amounts of proteins were
eluted well after fraction 10 onwards (Fig. 2a). Although
C samples showed higher amounts of protein (due to
the previous concentration step), soluble proteins from
C samples also eluted after fraction 10, as observed for
U samples (Fig. 2b).

To determine which SEC fractions contained EVs, the
presence of EV-associated tetraspanins CD9 and CD63
was analysed by flow cytometry. The highest median flu-
orescence of intensity (MFI) for tetraspanins, CD9 and
CD63 was found in fractions well before any protein
elution was detected (Fig. 3a). Consistently, fractions
7—-10 showed the highest MFI value for CD9 and CD63
throughout the different samples processed (Fig. 3b), thus
suggesting that those were the fractions containing
urinary EVs. Importantly, in all experiments performed,
tetraspanin-peak fractions were detected before protein
elution.

() Non-concentrated
0.5
] -@- HD1
E 04 - HD2
D
E HD3
S 03+ ¥~ HD4
s
‘GE) HD5
0.2
g HD6
= & HD7
2 0.1+
<]
T
0.0 s DA s — -
0 5 10 15 20
Fractions
(b) Concentrated
2.0
E ] -¥— HD4C
2 15
= HD5 C
S g 4
'*§ i HD6 C
H ) - HD7C
o
g —%— HD8
£ 0.5
[0)
°
T
0.0 NIV e
0 5 10 15 20
Fractions

Fig. 2. Total protein concentration in SEC fractions.

Bradford assay results of non-concentrated (n =7, panel a) and
concentrated (n=35, panel b) samples from healthy donors
(HD). In both graphs, the x-axes show the collected fractions
and the y-axes represent the protein concentration (mg/mL).
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Fig. 3. Urine EVs are eluted in low protein containing SEC
fractions.

In panel a, a representative analyses of a SEC processed sample
is shown. In each fraction (indicated on the x-axis), the
expression of CD9 and CD63 and the total protein content
were determined. The left axis shows the total protein content
(mg/mL), whereas the right axis shows the median fluorescence
intensity (MFI) data for CD9 and CD63. The isotype control
for flow cytometry assay is depicted by a dotted line.

In panel b, fractions showing the highest MFI value for each
CD marker (CD9 square symbols and CD63 triangle symbols)
were grouped (n =10). Fractions in which protein content was
first detected are also shown (circles, n =8). Higher CD9 and
CD63 MFI values were routinely detected between fractions 7
and 10, well before any protein elution was detectable.

Concentration and size distribution by NTA
The concentration and size distribution of EVs were
determined in tetraspanin-peak SEC fractions from U
and C samples by NTA. To reduce the detection of NTA
artifacts such as EV aggregates and other particles, we
diluted the samples with 0.22-um-filtered PBS and mixed
vigorously the sample before and after dilution.
Tetraspanin-peak fractions from U samples yielded a
mean of 4.1E+408 (0.63-7.85) vesicles/'mL (n =5; mean,
range) with an average size of 246+ 69 nm (mean +SD,
n =5), whereas C samples rendered 4E+ 10 (0.09-8.01)
vesicless'mL (n =4; mean, range) with an average size
of 250428 nm (mean+SD, n =4; Table I and Fig. 4).
Thus, urine concentration yielded higher amounts of
vesicles of similar size to that observed in U samples.

Cryo-electron microscopy of EVs
The presence of EVs in the tetraspanin-peak fraction
was confirmed by cryo-EM. In both U and C samples,

SEC-based enrichment of urinary extracellular vesicles

Table I. Size distribution and EVs concentration from NTA
analyses

NTA 3 mL Urine (n=5) 120 mL Urine (n =4)
Mean size 246 +69 250+28
Mode size 225+74 230+51

SD 88.5 76
Particles/mL 4.1E+08 (0.63-7.85) 4E+10 (0.09-8.01)

The size distribution and EVs concentration calculated from
NTA experiments of tetraspanin-peak fractions are shown in this
table. The number of particles is expressed as the mean of the
different experiments. The range is indicated between brackets.

membrane-limited round-shaped vesicles were clearly
identified (Fig. 5a and Supplementary Fig. 1). An addi-
tional estimation of the size of these vesicles was per-
formed by analysing at least 5 different images taken from
each sample. In these analyses, vesicles up to 140 nm
in diameter represented the 49 and 69% of the counted
vesicles for U and C samples, respectively (Fig. 5b).

Proteomic analysis and RNA content of SEC
fractions

Proteomic and transcriptomic assays are among the main
screening techniques to analyse and discover new biomar-
kers. Therefore, we evaluated the protein and RNA con-
tent of the EVs contained in tetraspanin-peak fractions.

First, an SDS-PAGE was set up to compare the
protein band profile of the “17,000g” pellet (Fig. 6,
lane 17,000 g), the concentrated urine (Fig. 6, lane C),
5 fractions of low protein content (F8—F12, including
tetraspanin-peak fractions) and 2 later fractions (F19-
F20). Coomassie blue staining of the gel revealed the
major presence of THP in the 17,000g pellet sample
(48.38% of the total protein, Fig. 6a). After the concen-
tration step, THP is largely reduced (10.5% of the total
protein) and some other proteins (including albumin) are
concentrated (Fig. 6a, lane C). Importantly, in line with
the undetectable values resulting from the Bradford assay,
the Coomassie staining did not reveal any substantial pro-
tein in fractions 8—12, while some albumin and traces
of THP were detected in later fractions (F19 and F20).
However, when silver staining was applied, a number of
bands were detected in several fractions, including the
tetraspanin-peak fractions (Fig. 6b). These results sug-
gest that many of the detected proteins in the tetraspanin-
peak fractions may be specifically related to EVs, while
the bulk of soluble urine proteins (including albumin)
elute later after SEC.

Noticeably, when a similar experiment was performed
using tetraspanin-peak fractions obtained from a non-
concentrated sample, protein detection by silver staining
was dramatically reduced (Supplementary Fig. 2), thus
suggesting the convenience of a concentration step
previous to the SEC procedure.
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Fig 4. Analyses of the EVs obtained after SEC procedure by NTA.

Representative NTA analyses of the tetraspanin-peak fractions from HD4 (non-concentrated, left) and HD4C (concentrated, right)
urine samples.
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Fig. 5. Analyses of the EVs obtained after SEC procedure by cryo-EM.
Panel a shows a cryo-EM of vesicles contained in a tetraspanin-peak fraction from non-concentrated (left) and concentrated (right)
samples. Scale bar is 500 nm. Arrows pointing at EVs. In panel b, the size of these vesicles was measured (diameter in nm) from a set

of images of non-concentrated (left, n =36 EVs from 10 images) and concentrated (right, n =63 EVs, from 17 images) samples using
ImagelJ software (NIH).
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Fig. 6. EV fractions from concentrated urine are enriched in
protein content.

Coomassie blue stained SDS—PAGE of the concentrate urine
(lane C), the 17,000g pellet (lane 17,000g) and 7 fractions
including the tetraspanin-peak fractions (F8—F12) and 2 later
fractions (F19 and F20) are shown in panel a. Molecular weight
is indicated in the first lane (MW). THP and albumin bands are
indicated in the gel.

In panel b, silver staining of the same SDS—PAGE showing the
protein content of tetraspanin-peak fractions. THP and albumin
bands are also indicated.

To further confirm that proteins detected in tetraspanin-
peak fractions were related to EVs, a preliminary proteo-
mic analysis of a C sample derived from 100 mL whole
urine was performed. In this preliminary analysis, up to
138 proteins were detected; from those 68% (n =94) were
identified with at least 2 peptides. Focusing on these
94 proteins, 81% had been previously described in urine,
such as neprilysin, podocin or aminopeptidase. In addi-
tion, 8% were specific proteins of urinary system, includ-
ing specific ion channel from different parts of the kidney
and tubule system, that is, vasorin, several proton-ATPases
and podocin. Another 8% of the proteins detected were
related to multivesicular bodies (MVBs) or the endosomal
trafficking pathway. Conversely, a similar analysis per-
formed on a U sample (from 3 mL urine) identified only 34
proteins, most of them cytoskeletal proteins. Again, this
result supports the use of concentrated urine as a starting
sample for the SEC procedure.

Also, several transmembrane or lipid bound proteins
and cytosolic proteins related to EVs, such as galectin-3-

SEC-based enrichment of urinary extracellular vesicles

binding protein, syntenin or annexin among others, have
been detected in C samples but not in U samples (Table IT).
These proteins had previously been reported in urinary
EVs proteomic analysis from ultracentrifuge samples
(12,25). Conversely, proteins typically found in other
vesicles or subcellular compartments (such as lysosomes,
endoplasmic reticulum or mitochondria) were minimally
detected (Table II). In fact, only 3 of these proteins could
be found in the analysed samples. Additionally, no pro-
teins directly related to lipoproteins were found.
EV-associated RNA was also analysed in the tetraspanin-
peak fractions from U and C samples processed by SEC.
The presence of small RNA (under 200 nucleotides) was
detected in C samples through gel electrophoresis of isolated
EV-associated RNA. Interestingly, these small RNAs
ranged from 60 to 150 nucleotides (Fig. 7). However,
microRNA ( <25 nts) species were barely detected (n =3).

Discussion

The results presented in this manuscript demonstrate that
concentrated urine followed by SEC is a suitable method
for the enrichment of urinary EVs. These EVs are clearly
segregated from urine soluble proteins and lipoproteins,
thus permitting the specific study of EV-related proteins
and vesicle content.

In the search for biomarkers of health and disease,
diverse components of biological fluids have been ex-
plored, from cells to soluble proteins or nucleic acids.
When identified in urine samples, EVs appeared as a new
likely source of specific biomarkers associated with renal
pathology (4,14). This is of special relevance for renal
patients, currently diagnosed for kidney diseases by an
invasive and non-reproducible method such as renal
biopsy. Therefore, the definition of diagnostic alternatives
to renal biopsy is of crucial interest in the clinical practice.
The benefit of finding new biomarkers in urinary EVs
would be not only the non-invasiveness of the sample, but
also the opportunity to specifically analyse proteins, and
RNA species mainly derived from urinary tissues and
contained in a protective membrane (4). EVs have been
classically enriched by differential UC, a time-consuming
methodology with multiple variables (26). Moreover, UC
pellets contain EVs and other contaminants like protein
aggregates, such as THP, albumin and lipoproteins of
density similar to that of EVs (15,22). Most of these
contaminants may be removed by an additional density-
gradient centrifugation, but the whole procedure is dif-
ficult to implement in the clinical practice and cannot
avoid the co-isolation of high-density lipoproteins (15).
Other alternatives for EV isolation are based on specific
resins or antibodies to EV-related proteins. Although
certainly less time consuming than UC, resins have shown
no specificity for MVs or exosomes and contain mixed
populations of EVs, lipoproteins and lipid bilayers (27,28).
On the other hand, monoclonal antibody-based magnetic
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Table 1. Summary of proteomic results

Urinary tract ~ Urinary tract
Membrane proteins Cytosolic proteins Proteins related with Extracellular membrane soluble
related to EVS related to EVs other vesicles proteins proteins protein
Concentrated urine LGALS3BP ANXA2 NAGLU A2M ATPV1B1 NPHS2
(100 mL) ATP6V1H ANXA11 MAN1A1 TF ATP1V1A
GPRC5C ANXA4 ALB SLC12A3
GPRC5B EZR MME?
SDCBP ANPEP
TSG101 SCL12A1
ALIX UPK1A
RHCG
LRP2?
Non-concentrated GPRC5C ALIX SCL12A1
urine (3 mL) GPRC5B
UC (Refs. 12,25) LGALS3BP ANXA2 NAGLU ALB ATPV1B1 NPHS2
(200-300 mL) ATP6V1H ANXA4 Apo-lipoproteins TF ATP1V1A
GPRC5C ANXA11 Mitochondria related SLC
GPRC5B ALIX ion transports MME
EZR ANPEP
SDCBP UPK1A
TSG101

A selected group of proteins (EV-related and non-EV-related) from the proteomic analysis of tetraspanin-peak fractions from concentrated
or non-concentrated urine are shown. The table is organized based on the minimal requirements to characterize EVs as published (35)
containing: transmembrane or lipid bound proteins related to EVs, cytosolic proteins related to EVs, proteins related to other vesicles
(i.e. lysosomes, mitochondria) and extracellular proteins. In addition, a group of urinary-tract-related proteins have been also included.
For comparison purposes, the results of 2 previously published studies are also indicated (UC).

LGALS3BP: galectin-3-binding protein; ATP6V1: V-type proton ATPase; GPRC5: G-protein-coupled receptor family C; ANXA: annexin;
EZR: ezrin; SDCBP: isoform 3 of syntenin-1; TSG101: tumour susceptibility gene 101; ALIX: programmed cell death 6-interacting protein;
NAGLU: a-N-acetylglucosaminidase; MAN1A1: mannosyl-oligosaccharide 1,2-a-mannosidase; ALB: albumin; TF: serotransferrin; A2M:
a-2-macroglobulin; SLC: solute carrier family; MME: neprilysin; aminopeptidase N; UPK1a: uroplakin; RHCG: ammonium transporter
Rh-type C; LRP2: low-density lipoprotein receptor-related protein; NPHS2: podocin.?Specific proteins belonging to the convoluted tubule

epithelia (brush border).

separation is an expensive alternative that lacks a pan-EV
marker for differentiating EVs, which may result in a bias
on the EVs sample obtained.

SEC is a column-based technique used classically to
separate mixtures of components by size. SEC has been
applied in plasma samples to isolate EVs. Importantly, it
has been reported that SEC may be more efficient than
UC and density gradients to remove contaminant pro-
teins and lipoproteins from plasma samples (20). Also, in
a previous study SEC was used after UC to improve the
purity of urinary EVs from nephrotic syndrome patients,
showing low protein contamination (22).

Our interest in this study was to evaluate a method to
isolate urinary EVs without using UC, and the results
obtained suggest that SEC may be an efficient technique.
Indeed, SEC is faster than UC (80 min vs. >210 min),
does not require any specific expensive equipment, could
be partially automatized and adapted for diagnostic and
monitoring labs, and it is much more cost-efficient.

We have consistently observed that tetraspanin-containing
EVs elute in fractions well before protein, even in samples

from patients with high proteinuria (data not shown).
Vesicles recovered from fractions show EV-compatible
size and appearance as revealed by cryo-EM images. How-
ever, this is a limited observation due to the low number of
particles counted ( <100). When NTA analyses were per-
formed, the NTA profiles often showed a dual size peak
(at around 125 nm and at around 200 nm as shown in
Fig. 4). When analysed as a whole population, the esti-
mated size of the particles was higher compared with cryo-
EM measures. A possible explanation for this apparent
discordance is the inability of NTA to resolve possible EVs
aggregates, which would then be analysed as a single EV
with bigger dimensions. Therefore, a correct dilution of
the EVs is a critical point in this technique to avoid EV
aggregates. Nevertheless, both NTA and cryo-EM con-
firmed the presence of EVs in the tetraspanin-positive
SEC fractions.

To date, most publications on urine biomarker discov-
ery use different volumes of urine, ranging from 1 to 200 mL
(29-31). Although our results demonstrate that EVs may
be isolated from urine (3 mL), this volume was insufficient
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Fig. 7. Analyses of the RNA content of SEC fractions.

Panel a shows a representative (n =3) bioanalyser profile of small RNA of a single tetraspanin-peak fraction obtained from a non-
concentrated sample, HDS5. In panel b, bioanalyser profile of a concentrated, HD5C, sample is shown.

to isolate enough EV-associated proteins or nucleic acids
for further studies. Using commercially available filter
units, large volumes of urine can be easily reduced after
conventional centrifugation. Our results demonstrated
that 100-120 mL concentrated urine could be SEC
fractionated in a single column as efficiently as urine
itself, but EVs concentration increased 100 x compared
with total urine as revealed by NTA analyses. This
produced enough EVs, with reduced presence of major
proteins such as THP or albumin, for further studies.

In fact, our preliminary results on the proteomic
analyses of these vesicles confirmed the presence of
Multivesicular Bodies (MVB)-related proteins, which
could indicate their exosomal origin. Most of proteomic
data on EVs derive from UC processed samples (32).
These analyses have identified specific proteins from the

urinary system such as podocin, aminopeptidase and
others (12,33). In our hands, as a confirmation of the
successful enrichment of urinary EVs by SEC, prelimin-
ary proteomic analysis of SEC-enriched EVs from con-
centrated urine identified up to 138 proteins, most of them
previously described, and some others being EV-related
proteins such as galectin-3-binding protein, syntenin or
annexin (12,25,33). Conversely, proteomic analysis of
SEC-enriched EVs from whole urine only identified 34
proteins, most of which were not related to EVs or the
urinary track, but that were previously found in total
urine (34).

Importantly, a recently published International Society
for Extracellular Vesicles (ISEV) position statement
suggests the minimal requirements for the definition of
EVs (35). The presence/absence of different categories of
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proteins are among those requirements. Our preliminary
proteomic results are in line with those published before
using UC (12,25) and match the recommendations of
ISEV in terms of protein content of EV isolates, thus
suggesting the applicability of the method.

In addition, the analysis of EV-contained RNA, with
prior RNAse treatment, confirmed the presence of small
RNAs. The small RNA species found ranged from 60 to
150 nucleotides, which differed slightly from previous
studies reporting the abundance of miRNAs (36,37).
Possibly, the different isolation method (UC vs. SEC)
accounts for this discrepancy. In this sense, the low level
of contaminant proteins and lipoproteins obtained in
SEC-enriched EVs would guarantee a more specific EV-
related RNA content.

In summary, our study has consistently shown that EVs
can be isolated from concentrated urine by single-step
SEC. These vesicles appear in early fractions, well before
any soluble protein, and are suitable for analyses by -omic
technologies. This method may be easily adapted to
clinical diagnostic laboratories.
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