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Abstract

Urine is a valuable diagnostic medium and, with the discovery of urinary extracellular vesicles, is
viewed as a dynamic bioactive fluid. Extracellular vesicles are lipid-enclosed structures that can be
classified into three categories: exosomes, microvesicles (or ectosomes) and apoptotic bodies. This
classification is based on the mechanisms by which membrane vesicles are formed: fusion of
multivesicular bodies with the plasma membranes (exosomes), budding of vesicles directly from
the plasma membrane (microvesicles) or those shed from dying cells (apoptotic bodies). During
their formation, urinary extracellular vesicles incorporate various cell-specific components
(proteins, lipids and nucleic acids) that can be transferred to target cells. The rigour needed for
comparative studies has fueled the search for optimal approaches for their isolation, purification,
and characterization. RNA, the newest extracellular vesicle component to be discovered, has
received substantial attention as an extracellular vesicle therapeutic, and compelling evidence
suggests that ex vivo manipulation of microRNA composition may have uses in the treatment of
kidney disorders. The results of these studies are building the case that urinary extracellular
vesicles act as mediators of renal pathophysiology. As the field of extracellular vesicle studies is
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burgeoning, this Review focuses on primary data obtained from studies of human urine rather than
on data from studies of laboratory animals or cultured immortalized cells.

Extracellular vesicles are membrane-enclosed particles that can be released by almost any
cell. Extracellular vesicles were first described in 1967 in a report describing the release of
membrane particles, termed “platelet dust’, from activated platelets?. In 1979, alkaline
phosphatase activity was ascribed to similar structures derived from placental membrane
fragments2. Initially, these structures were regarded as a waste product or, at best, as a
curiosity. However, it is now widely accepted that extracellular vesicles play an important
part in intercellular communication and represent a potential resource for biomarkers of
genitourinary disease3. During their formation, extracellular vesicles incorporate various
bioactive molecules from their cell of origin, including membrane receptors, soluble
proteins, nucleic acids ( mRNAs and nmi cr oRNAs (miRNAS)) and lipids, which can be
transferred to target cells®. Extensive and up-to-date databases of these molecules and
associated studies are provided by Exocar t a, Vesi cl epedi a and Evpedi a®10.
Extracellular vesicles are a heterogeneous group of particles that are defined by their size,
density, composition and site of origin, and include exosones, ni cr ovesi cl es (also
termed ectosomes) and apopt ot i ¢ bodi es1-14 (see below). The establishment of a
formal International Society of Extracellular Vesicles ( | SEV) has defined standards for the
experimental characterization of extracellular vesicles!®. However, currently no consensus
exists regarding the nomenclature of extracellular vesicles or the markers that distinguish the
cellular origin or type of extracellular vesicles once they have been secreted or shed from the
cell16, Therefore, the ISEV has encouraged the use of ‘extracellular vesicle’ as a generic
term for all secreted vesicles, and as a keyword in all publications?’.

The presence of extracellular vesicles in human urine (urinary extracellular vesicles) was
suggested by the proteomic identification of membrane proteins in a pellet of urine that had
been subjected to ultracentrifugationl8. This result was confirmed in 2004, when these
membrane proteins were demonstrated to be present in urinary extracellular vesicles?®.
Since then, urinary extracellular vesicles have been demonstrated to contain cell-specific
marker proteins from every segment of the nephron, including podocytes'®20, Because their
content reflects the intracellular composition of the cell of origin, the initial interest in
urinary extracellular vesicles was as a potential source of urinary bio markers2L, The interest
in urinary extracellular vesicles has now expanded beyond their role in disease prognosis or
diagnosis and into the field of therapeutics11:2223, Furthermore, advances are being made in
our understanding of the biogenesis, purification, composition and function of extracellular
vesicles, including of those in urine — a unique biofluid that can range in pH, osmolality,
and composition and concentration of dispersed solutes, even within the same individual and
over hours or days. However, the use of urinary extracellular vesicles as biomarkers is
relatively recent and these vesicles need to be further characterized. In this Review, we
address the evolving nature of the study of urinary extracellular vesicles by highlighting the
range of methods and techniques that are used for their purification, focusing on studies of
the isolation and characterization of human urinary extracellular vesicles.
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Biogenesis of extracellular vesicles

Exosomes

Extracellular vesicles are a heterogeneous group of vesicles, for which the nomenclature is
still being defined?®. In the past, the classification of extracellular vesicles was based on the
source from which they are derived; for example, prostasomes are exosomes isolated from
seminal fluid and dexosomes are exosomes released from dendritic cells!3. In addition, the
terms exosome and microvesicle have been used interchangeably. To address this issue, a
nomenclature based on the three known mechanisms by which extracellular membrane
vesicles are generated has been proposed!3. The release of exosomes results from the fusion
of multivesicular bodies with the plasma membrane, whereas budding of vesicles directly
from the plasma membrane results in the formation and release of microvesicles, and
apoptotic bodies are released from dying cells (FIG. 1, and see below).

Exosomes are extracellular vesicles with a diameter of 40-100 nm ( REF. 24) (FIG. 1a),
which were first observed as small intracellular vesicles in maturing reticulocytes2.
Exosomes can be further characterized by their ability to float on a sucrose gradient at a
density of 1.13-1.19 g/ml ( REFS 26-28), Exosomes have a cup-shaped appearance when
examined by transmission EM (TEM). However, data from cryoEM studies indicate that
their cup-shaped appearance is an artefact of sample preparation2?. Exosome formation
starts when membrane proteins are endocytosed by inward budding of the cell membrane
and transferred to early endosomes!930 (FIG. 1a, step 1). The early endosomes (FIG. 2a) are
either recycled to the plasma membrane or mature into late endosomes (FIG. 2b), which are
also known as multivesicular bodies if the limiting membrane of the late endosomes
invaginates to form intraluminal vesicles?%31 (FIG. 2c). During invagination, cytosolic
proteins, mMRNAs and miRNAs are incorporated into the intraluminal vesicles. This process
is highly regulated by the endosomal sorting complex required for transport (ESCRT)
protein complexes32:33:34 (FIG. 1d). When multivesicular bodies fuse with the plasma
membrane, intraluminal vesicles are released into the extracellular space and are then
referred to as exosomes3®, Exosomes display many of the surface markers from their cell of
origin and have differences in the distribution of membrane lipids (such as cholesterol,
sphingomyelin and ceramide) with their cell of origin, including enrichment in
sphingomyelin and loss of asymmetry in the distribution of phosphatidylsering2’36-39, The
composition of exosomes varies according to their cell of origin. However, owing to their
endosomal origin, exosomes also contain a number of abundant proteins, including those
involved in membrane transport and fusion (GTPases, annexins and flotillins) and
multivesicular body biogenesis (ALIX, TSG101 and clathrin), as well as tetraspanins (CD9,
CD63, CD81 and CD82)4%-42 heat shock proteins (HSC70 and HSP90)1243, integrins and
RAB proteins that regulate docking and membrane fusion of exosomes with target cells.

Exosomes seem to play a part in maintaining cellular homeostasis by removing harmful
cytoplasmic DNA from cells, as shown both 77 vitroand in vivd™. Inhibition of exosome
release results in an accumulation of genomic DNA in the cell, which leads to apoptotic cell
death?4.
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Microvesicles

Microvesicles are a heterogeneous population of extracellular vesicles, which are generated
by direct budding from the plasma membrane*® (FIG. 1b). Microvesicles are 100-1,000 nm
in diameter and are usually larger than exosomes, although smaller microvesicles that are of
a similar size to exosomes have been described31:46:47 As decribed by Kowal ef a/*8 in the
characterization of extracellular vesicles isolated from dendritic cells in culture, the density
values for extracellular vesicles can be influenced by the isolation matrix and the centrifugal
force used to fractionate the sample. Microvesicles nonetheless consistently have higher
densities than exosomes and bridge between that of exosomes and apoptotic bodies.
Consequently, microvesicles and exosomes may overlap in size, especially for extracellular
vesicles isolated from bodily fluids#?. The release of microvesicles from the plasma
membrane increases substantially upon stimulation by hypoxia, oxidative stress or exposure
to shear stress®-53, These stimuli result in an increase in cytosolic calcium that not only
induces specific membrane changes, such as the appearance of phosphatidylserine in the
outer leaflet of the plasma membrane, but also disrupts the cytoskeleton, which results in
outward protrusion of the plasma membrane and the formation of microvesicles346:54.55,
During their formation, microvesicles incorporate cytosolic proteins, mRNAs and miRNAs
from the cell of origin®®:57. Data from studies also suggest that proteins are enriched in
microvesicles by selective incorporation (reviewed in REFS 98:59),

Apoptotic bodies

Apoptotic bodies are released during the late stages of cell death and contain nuclear
material, cellular organelles and membrane and cytosolic content®9-62 (FIG. 1c). Apoptotic
bodies are heterogeneous in size (800-5,000 nm in diameter) and appearance, but are
usually larger than other types of extracellular vesicles#3:63.64_ The density of apoptotic
bodies (1.16-1.28 g/ml) overlaps with that of exosomes!2. Similarly to microvesicles,
apoptotic bodies are characterized by the presence of phosphatidylserine in the outer leaflet
of the lipid bilayer. The role of apoptotic bodies in intercellular communication is currently
unclear, but apoptotic bodies contain soluble nucleotide factors, chemokines or adhesion
molecules, which can act as a chemotactic signal to facilitate phagocytosis®®.

Despite apparent differences in the mechanism of biogenesis of the three types of
extracellular vesicles, it is difficult to distinguish between the different vesicle types after
they are released or secreted from a cell. There are no clear descriptive physical properties or
molecular markers that can unambiguously distinguish exosomes from microvesicles6.67.68,
It is likely that extracellular vesicles <100 nm in diameter can bud directly from the plasma
membrane (that is, microvesicles) and that some extracellular vesicles containing exosome
markers are >100 nm?6.

Isolating urinary extracellular vesicles

Multiple approaches have been developed for the isolation of urinary extracellular vesicles
(FIG. 3), and rely largely on the physicochemical properties of urinary extracellular vesicles
for their purification. These approaches include ultracentrifugation9.69-74  density gradient
isolation using sucrose or Percoll’>~78, antibody-based affinity capture’6:79-82
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ultrafiltration’0.72.78.:83 and polymer-based precipitation’%-84-86, The choice of a specific
isolation technique is probably not only dependent on the type of urine sample (proteinuric
or non-proteinuric) (FIG. 3) but also on the type of downstream analyses used for ‘omics’
characterization (for example, t r anscri pt oni cs or pr ot eoni cs).

Given the variable nature of urine (in terms of pH, osmolality, protein concentration,
residency time in the bladder, and so on) and its compositional complexity, methods used to
isolate extracellular vesicles from urine from a healthy individual will not necessarily be
feasible to isolate extracellular vesicles from the urine of a patient with nephroti c

syndr one because of the excess protein content6.

Ultracentrifugation

Methodologies that include sequential differential centrifugation and ultracentrifugation
have been the most frequently used approach to isolate urinary extracellular vesicles87-89,
The sequential approaches are initiated with low centrifugal force (g) spins (3,000 g
followed by 17,000 g) to remove cells and debris, and subsequent higher centrifugal force
spins (for example, 200,000 g) in an ultracentrifuge to pellet urinary extracellular vesicles
from the supernatant1®.73, Although most studies use the term exosomes to refer to the
vesicles isolated by ultracentrifugation, the pellet obtained by this method contains a mixture
of extracellular vesicle types!1:16:90. Using EM, we have identified urinary extracellular
vesicles of up to 300 nm in diameter in the pellet after ultracentrifugation’3. Another study
found that up to 40% of urinary extracellular vesicles are retained in the supernatant after
ultracentrifugation at 200,000 g ( REF. 69). Although it is difficult to conclude any
meaningful differences in these two results given the tendency of the isolation methodology
to influence the findings, these results point to a strong need for standard reporting of
isolation methods used in any study, as recommended by the ISEV16, A further study
reported differing amounts of various protein isoforms in pelleted urinary extracellular
vesicles compared with their levels in urinary extracellular vesicles that remained in
solution, but did not identify proteins that were exclusive to either fraction®l. Before
additional isolation steps are advised, further studies should clarify whether the urinary
extracellular vesicles that remain in solution contain biomarkers that are not present in
pelleted urinary extracellular vesicles®L.

Ultracentrifugation is less efficient at isolating extracellular vesicles from the urine of
patients with nephrotic syndrome, owing to the nonspecific association of highly abundant
soluble proteins with extracellular vesicles in the pellet’3, which interfere with the detection
of urinary extracellular vesicle proteins. Additional purification methods to remove soluble
proteins, such as size-exclusion chromatography (SEC; a widely used technique to separate
molecules based on their size) or sucrose density gradients, are advised?®:/3, SEC can
effectively enrich and purify urinary extracellular vesicles from the urine of patients with
nephrotic syndrome’3. Contaminating proteins can also be removed by taking advantage of
the capacity of extracellular vesicles to float on sucrose2®. When loaded on top of a linear
sucrose gradient, extracellular vesicles enter the sucrose gradient and separate based on their
density, whereas contaminants pellet at the bottom of the tube after ultracentrifugation’’.
This method is also widely used to separate different types of urinary extracellular vesicles.
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However, sucrose gradients lack sufficient resolution to separate extracellular vesicles that
have slightly different densities and are released by different mechanisms®C.

As highly abundant proteins in urine do not prohibit RNA extraction, they do not seem to
influence RNA profiling of extracellular vesicles that are isolated by ultracentrifugation
from the urine of patients with nephrotic syndrome92, Furthermore, some studies suggest
that extravesicular RNA does not co-precipitate with urinary extracellular vesicles, which is
consistent with the presence of ribonucleases in urine after ultracentrifugation’892, By
contrast, DNA contamination of the extracellular vesicle pellet can occur; DNA should
therefore be removed by digestion of the urinary extracellular vesicle pellet with a DNase’8.

Uromodulin (also known as Tamm-Horsfall urinary glycoprotein (THP)) is a membrane
protein that is synthesized exclusively in the thick ascending limb of the loop of Henle and is
the most abundant protein in urine under physiological conditions. In addition to interfering
with detection of vesicular proteins, uromodulin can form polymeric networks that entrap
urinary extracellular vesicles in the 17,000 g pellet. The addition of the reducing agent
dithiothreitol (DTT) or the zwitterionic detergent 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) to the pellet can disrupt
the polymeric uromodulin network and increase the yield of urinary extracellular
vesicles?394, A technical report has challenged the value of uromodulin removal®® — DTT
treatment of the pellet only slightly increased the yield of exosomes, as evaluated by
immunoblotting for an exosomal marker. Furthermore, the yield of RNA from urinary
extracellular vesicles does not increase after treatment with DTT. Therefore, these
researchers consider DTT treatment unnecessary for transcriptomic studies of urinary
extracellular vesicles®.

Filtration and ultrafiltration

Although ultracentrifugation is effective for the isolation of urinary extracellular vesicles,
this technique is labour-intensive and requires expensive equipment. Ultrafiltration
represents a faster and simpler method to isolate urinary extracellular vesicles, and usually
involves the use of a polyethersulfone nanomembrane filter with an approximately 100 kDa
molecular mass cut-off33, The nanomembrane concentrator enables isolation of extracellular
vesicles of the size of exosomes from small volumes of urine (0.5 ml) as effectively as the
standard ultracentrifugation method. However, a subset of the extracellular vesicles
containing aquaporin 2 and TSG101 adhere to the nanomembrane and can only be recovered
from the nanomembrane using heated Laemmli buffer containing 400 mM DTT.
Unfortunately, this buffer is not always compatible with downstream proteomic analyses,
such as liquid chromatography—mass spectrometry. The ultrafiltration method yields similar
RNA concentrations from urinary extracellular vesicles compared with the
ultracentrifugation method?®. If future studies show that RNA profiles of samples from both
methods are similar, then the filtration concentrator may be a good alternative to
ultracentrifugation, at least for non-proteinuric urine.

Unfortunately, in addition to urinary extracellular vesicles, the ultrafiltration method retains
and concentrates soluble proteins that are present in urine%6. Therefore, nanomembrane
ultrafiltration is not an efficient method to isolate urinary extracellular vesicles from the
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urine of patients with nephrotic syndrome. The high concentration of soluble proteins
present in this urine obstructs the nanomembrane during ultrafiltration’3. As a result,
ultrafiltration efficiency is reduced and soluble proteins are still present in sufficient quantity
after ultrafiltration, and interfere with the detection of less abundant urinary extracellular
vesicle proteins by matrix-assisted laser desorption/ionization time of flight (MALDI-TOF)-
TOF tandem mass spectrometry. The efficiency of ultrafiltration might be improved by using
membranes that have low protein-binding capacity, such as hydrophilic polyvinylidene
difluoride VVVLP membranes. In comparison to polyethersulfone membranes, VVLP
membranes show equivalent recovery of extracellular vesicles from normal urine, but co-
purification of abundant soluble proteins is reduced’2. Other advances in the filtration
approach include the development of integrated, multistage filtration steps in microfluidic
devices, which are initiated with a microfiltration step (using micrometer pore size
molecular filters) followed by a nanofiltration step (using nanometer pore size molecular
filters)®7:98, These microfluidic devices have substantial promise for the purification of
exosomes and microvesicles using sequential molecular filters, allowing for separate elution.
The use of these devices still requires sequential clarifying centrifugation steps to remove
cells, cellular debris, cellular casts and bacteria from the urine. After clarification, these
devices can purify extracellular vesicles within 0.5-4 h, using positive hydrostatic pressure
or a tabletop centrifugal microfluidic system. Whether these higher throughput nanofiltration
approaches can perform efficiently with substantial levels of uromodulin or with the urine
from patients with nephrotic syndrome remains to be demonstrated.

Precipitation methods

Commercial polymer-based precipitation mixtures to precipitate urinary extracellular
vesicles using low-speed ultracentrifugation (<20,000 g) are now available®®. These polymer
mixtures can precipitate exosomes by a method known as volume exclusion, which was first
developed for the purification of viruses'90. However, the vesicles recovered by this method
contain large amounts of CD9 but low amounts of CD63, which are both markers of
exosomes, suggesting that this procedure is not specific for exosomes and may also recover
other membranous organelles®.

The standard Exoquick polymer-based exosome precipitation method and a modified
version of this method have been compared to differential ultracentrifugation and
nanomembrane ultrafiltration’®. The modified Exoquick method, which incorporates an
ultracentrifugation step and includes DTT in the isolation buffer, yielded the highest quantity
and quality of exosomal miRNA and mRNA, compared with the other methods. By contrast,
ultracentrifugation resulted in the highest yield of the exosomal proteins ALIX and TSG101.
Total protein yield from urine was substantially higher with nanomembrane ultrafiltration
than with the Exoquick method, whereas the levels of exosomal proteins were low or
undetectable. This outcome is probably explained by interference from abundant soluble
proteins that were retained by the nanomembrane concentrator’%-9, The standard Exoquick
protocol did not perform well owing to the recovery of abundant soluble proteins, including
uromodulin.
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For RNA analysis, a commercial isolation kit has become available that binds urinary
exosomes to a proprietary resin and enriches exosomal RNA by lysing the bound exosomes.
Isolation is quicker than other methods because it does not require ultracentrifugation®.
Almost four times the amount of miRNA was isolated with this kit compared with
ultracentrifugation methods. However, the exosome miRNA profile obtained from the
isolation kit differed from the profile obtained from urinary extracellular vesicles isolated by
ultracentrifugation. Four of the 10 most abundant miRNAs were also found in the cell-free
urine, indicating that some non-exosomal miRNA co-precipitates with exosomes obtained
using the isolation Kkit.

Characterizing extracellular vesicles

Measurement of the size distribution and quantification of urinary extracellular vesicles
facilitates their characterization; different size distributions and/or abundances of urinary
extracellular vesicles could reflect different disease states and could be of clinical relevance
as biomarkers of disease.

Extracellular vesicles were first visualized in urine by using TEM2®, which can detect the
smallest vesicles that are present!01. However, analysis of the abundance of urinary
extracellular vesicles by TEM can be affected by sample loss during preparation?®.
Furthermore, preparation of the sample includes fixation and dehydration, which can cause
extracellular vesicles to shrink and thereby affect their morphology and influence
measurement of their size distribution102, Fixation and dehydration can be avoided by using
cryoEM. Rapid freezing better preserves the morphology of extracellular vesicles, revealing
their spherical shape with a visible lipid bilayer instead of the cup-shaped morphology that
is observed with TEM102.103,

In addition to the ‘gold standard’, TEM, other techniques are available to characterize
extracellular vesicles. Flow cytometry is a commonly used technique that is based on
particles passing through a laser beam and thereby scattering light to detectors. A major
advantage of flow cytometry compared with TEM is that it is a high-throughput method.
Flow cytometry can measure both the concentration and size of extracellular vesicles in a
sample, but its main limitation is the size of the extracellular vesicles that can be detected, as
conventional flow cytometers can only measure extracellular vesicles that are >270 nm in
diameter. The resolving power is better with newer flow cytometers, which can detect
extracellular vesicles of approximately 150 nm in diameter19l, A major advantage of flow
cytometry is its ability to simultaneously quantify multiple markers in a sample using
different fluorescent labels, which can be conjugated antibodies or ligands. Other commonly
used techniques for characterizing extracellular vesicles are resistive pulse sensing (RPS),
nanoparticle tracking analysis (NTA), dynamic light scattering (DLS) and enzyme-linked
immunosorbent assay (ELISA) (summarized in TABLE 1, and reviewed
elsewhere103,104-106)

A comparison of TEM, flow cytometry, NTA and RPS demonstrated that each technique
yields a different size distribution and a different concentration of urinary extracellular
vesicles from the same samplel91, The disparities are primarily caused by differences in the
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minimum size of vesicles that are detectable by each technique. Therefore, combining
techniques is recommended when studying urinary extracellular vesicles.

Newer techniques for studying urinary extracellular vesicles include atomic force
microscopy, single-particle interferometric reflectance imaging sensor and the nanofluidic
optical fibre platform106-108_Further investigation and evaluation of these techniques is
needed before they can be used in research and/or clinical practice.

Urinary extracellular vesicle proteome

Early proteomics studies of urinary extracellular vesicles had the same overarching goal as
most expression proteomics experiments of that timel9 — to establish a comprehensive
index of proteins and to determine relative protein abundance using label-free quantification
approaches. An early study used two-dimensional polyacrylamide electrophoresis and
MALDI-TOF mass spectrometry to compare the proteome of urine subjected to acetone
precipitation or ultracentrifugation!®. A small number of proteins were identified in the
pellet obtained after ultracentrifugation of urine pooled from five individuals, and a
substantial fraction were integral membrane proteins and membrane-associated proteins’8.
Subsequently, a seminal publication in 2004 ( REF. 19) definitively demonstrated the
presence of exosomes in urine by TEM, and the vesicular nature and dimensions of the
isolated urine particles were characterized. Proteomic analysis of the particles detected 265
proteins!®. Gene ontology analysis demonstrated that 24.7% of these proteins were of
endosomal origin (such as ESCRT proteins and ALIX), 16.3% were integral membrane
proteins and 2.7% were glycosylphosphatidylinositol (GPI)-anchored proteins, thus
suggesting that these vesicles were exosomes. These and more recent studies are the subject
of several excellent reviews10:111 and, as such, these studies will not be considered in detail.
Here, we focus on an analysis of the available proteomics datasets of extracellular vesicles
from human urine.

Databases containing proteomics data on extracellular vesicles

The majority of studies of extracellular vesicles utilize physicochemical (TEM) or
immunological analysis of urinary extracellular vesicles to confirm their identity. Whereas
the size or diameter of an extracellular vesicle is related to its origin and mechanism of
formation, the protein content of an extracellular vesicle is associated with the cell-type of
origin or the nature of the pathophysiology for the sample source. To determine whether
extracellular vesicle marker proteins exist that are specific for extracellular vesicles in urine
compared with, for example, those in serum, we compared the available data on abundant
extracellular vesicle proteins and urinary extracellular vesicle datasets. Several databases
(Exocarta, Vesiclepedia and EVpedia) and the US National Heart, Lung and Blood Institute
(NHLBI) Kidney Systems Biology Project (NHLBI-KSBP) have developed online resources
that index extracellular vesicle data, including proteomics data. Although Vesiclepedia and
EVpedia provide a comprehensive registry of proteomics and transcriptomics studies of
extracellular vesicles, only Exocarta and the NHLBI-KSBP provide indexed proteomes
specifically from human urine. Together, these two sites provide a protein dataset of 1,593
urinary extracellular vesicle proteins, of which 165 are unique to Exocarta and 88 are unique

Nat Rev Nephrol. Author manuscript; available in PMC 2018 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Merchant et al.

Page 10

to the NHLBI-KSBP. These data can be used in hypothesis-driven experiments by
laboratories that do not have ready access to proteomics facilities. Publications on urinary
extracellular vesicles over the last 5 years have identified >5,000 urinary extracellular
vesicle proteins, but these proteins are not available online as an indexed resource. Data that
are available online at EVpedia and Vesiclepedia for the 100 most commaon extracellular
vesicle proteins (Top100 extracellular vesicle proteins) were benchmarked against 15
published urinary extracellular vesicle proteomic datasets and the NHLBI-KSBP database,
which includes 200 or more proteins 19.20.72.76,84,112-120 The goal of these comparisons
was twofold: first, to evaluate reproducibility in the proteins identified in urinary
extracellular vesicle samples to discover possible loading control proteins or targets for
affinity purification and, second, to identify proteins that are enriched in extracellular
vesicles from blood or cerebrospinal fluid but are not in those from the renal parenchyma.
The 100 most prevalent extracellular vesicle proteins were separated into quintiles based on
prevalence across urinary extracellular vesicle studies (TABLE 2). Owing to the marked
increase in the sensitivity of proteomics techniques since the first publications in 2002, it is
difficult to posit the relevance of the proteins that are present in the middle three quintiles.
Eight proteins are highly abundant in most urinary extracellular vesicle preparations:
annexin A1 (ANXA1), ANXA4, ANXADS, chloride intracellular channel 1 (CLIC1),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), lactate dehydrogenase B (LDHB),
RAS-related C3 botulinum toxin substrate 1 (RAC1) and stomatin (STOM). Annexins are
membrane-associated proteins that require Ca2* for membrane binding and have important
roles in exocytosis and in regulating coagulation and immune responses. CLIC1, RAC1 and
STOM are integral membrane proteins or membrane-associated proteins that can affect ion
transport and thereby membrane potential, either directly by regulating chloride transport
(CLIC1Y) or indirectly by regulating sodium (STOM) or hydrogen ion (RAC1) transporting
proteins. GAPDH and LDHB have oxidoreductase activities that might contribute to
maintaining the activation— inactivation state of the urinary extracellular vesicle during
intercellular diffusion by affecting both local pH and redox potential. Eight proteins in the
100 most prevalent extracellular vesicle proteins were undetectable or present at very low
levels in urinary extracellular vesicles: bagisin (BSG), histone H4 (HIST1H4B), HIST2H4A,
integrin a6 (ITGA6), monocarboxylate transporter 1 (MCT1), prostaglandin F2 receptor
negative regulator (FTGFRN), transferrin receptor protein 1 (TFR1) and tubulin a1B chain
(TUBA1B). BSG, MCT1 and ITGAG are known or predicted to physically interact. BSG
targets MCT1 to the plasma membrane of platelets, where it can interact with ITGAG.
PTGFRN and TFR1 are both membrane proteins that are known to be shed in extracellular
vesicles in the blood. These proteins provide a list of possible candidates to use as positive
or negative loading controls of urinary extracellular vesicles, as well as possible targets for
the affinity purification of urinary extracellular vesicles.

In addition to documenting proteins that are present in extracellular vesicles, quantification
of the relative abundance of proteins is also important. Although the three extracellular
vesicle databases provide an immense amount of descriptive information, lack of
information on the relative abundance of the proteins is a shortcoming. Of note, an important
aspect of the NHLBI-KSBP site is the availability of relative urinary extracellular vesicle
quantification data, albeit spectral counting data. Improvements in the collection of mass

Nat Rev Nephrol. Author manuscript; available in PMC 2018 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Merchant et al.

Page 11

spectrometry datasets using high-resolution mass spectrometers will no doubt lead to
improvements in the deposited urinary extracellular vesicle data files to include intensity-
based relative quantification values. These values will be necessary to use the archived data
for interpretation of changes in protein abundance between different datasets.

Proteomics studies of human urine

Whereas many studies of extracellular vesicles using cell culture or animal models of human
kidney diseases have been published, to date only 37 proteomics studies of human urine
have been published?3:83.121-133 (symmarized in TABLE 3). The data from these studies
suggest that the compaosition of urinary extracellular vesicles vary with renal
pathophysiology. We do not address the individual studies here, as most studies are small
and cross-sectional, with the exception of a small series of studies addressing optimal
methods for the enrichment of urinary extracellular vesicles (including the use of N-linked
glycohydrolases to improve exosomal proteome datasets), identifying a possible role for
urinary extracellular vesicle signalling through primary cilia on proximal tubule cells,
localization of urinary extracellular vesicle proteins throughout the nephron and a small
study of patients with mutations in PKD1 or PKDZ2 correlating exosomal proteins with
height-adjusted total kidney volume’6.118.125 Our goal in using this aggregated data is to
identify important elements of the data that might be useful for guiding future studies of
urinary extracellular vesicles. The data are arranged and presented to review the disease
types analysed, the consistency in the approach to urine collection and processing, and to
highlight experiments addressing single-stage versus multistage urinary extracellular vesicle
isolation steps (TABLE 3). The majority of these studies have addressed methods
development and comparisons using urine samples from healthy individuals (n7 = 28, 76%).
Studies have also included urine samples from patients with renal diseases or complications:
acute kidney injury (AKI, n= 3) with and without sepsis, autosomal dominant polycystic
kidney disease (ADPKD; n=5), idiopathic focal segmental glomerulosclerosis (FSGS, n=
4), nephrotic syndrome (7= 1), Bartter syndrome (n7= 2), idiopathic membranous
nephropathy (7= 2), bladder cancer (7= 1), prostate cancer (= 1), diabetic nephropathy (7
= 2), cystinuria (n = 1), Gitelman syndrome (7= 1), renal transplantation (»7= 2), primary
aldosteronism (7= 1), IgA nephropathy (n7= 1) and thin basement membrane disease (7=
1). One study on sex differences in urinary extracellular vesicles from living donor kidneys
has had a broad impact on the design and interpretation of future studies of urinary
extracellular vesicles!30. The goal of that study was to identify age-related and early disease-
related changes within the kidney by evaluating the association of urinary extracellular
vesicle markers with histology from renal biopsy samples. Urine samples were collected at
random from individuals before living kidney donation with concomitant biopsy collection.
The biopsy samples were histologically evaluated for glomerular and tubular hypertrophy
and nephrosclerosis. Urinary extracellular vesicles were characterized using flow cytometry
and markers of extracellular vesicle origin (microvesicles using annexin A5; exosomes using
CD63) and renal parenchymal cell origin (parietal epithelial cells (using claudin 1 and
cytokeratin 8); podocytes (using nephrin and podocin); mesangial cells (using transgelin);
juxtaglomerular cells (using 1 adrenergic receptor); proximal tubular epithelium cells
(using megalin and urate anion exchanger 1); distal tubular epithelium cells (using prominin
2 and thiazide-sensitive sodium—chloride cotransporter); the descending limb (using urea

Nat Rev Nephrol. Author manuscript; available in PMC 2018 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Merchant et al.

Page 12

transporter 2 and aquaporin 1) and ascending limb (using epidermal growth factor receptor
and uromodulin) of the loop of Henle; the collecting duct (using aquaporin 2 and vacuolar
ATPase) and the renal pelvis (using cytokeratin 19 and cytokeratin 20)). Substantially higher
levels of both microvesicles and exosomes were observed in the urine of females than in that
of males, and increased levels of markers of urinary extracellular vesicles from mesangial
and parietal epithelial cells were detected. Spearman correlations for relative abundances of
these markers with donor age suggested that the production of urinary exosomes, in
particular from juxtaglomerular cells and podocytes, decreases with age. Biopsy samples
from donors with renal hypertrophy had decreased levels of urinary extracellular vesicle
markers associated with inflammation (assayed using MCP1; mesangial cells, parietal cells,
descending limb of the loop of Henle and collecting duct), whereas biopsay samples with
evidence of nephrosclerosis had decreased levels of urinary extracellular vesicle markers
associated with cell adhesion (assayed using ICAM1,; juxtaglomerular cells, podocytes,
parietal cells, proximal and distal tubular cells and collecting duct). These data firmly
support the idea that future studies involving urinary extracellular vesicle biomarker
discovery should consider both sex and age as important variables.

Protocols for urine collection for isolating urinary extracellular vesicles

Protocols for urine sample handling are available online from the European Kidney and
Urine Proteomics group (Eur oKUP) or have been published134135 including for exosome
preparation?%71, Use of the spot urine sampling method seems to be prevalent, as it was
used in 35 of 37 studies in TABLE 3. These spot urine samples have been fruitful for
comparisons of various isolation methods and for pilot studies for candidate biomarker
discovery. Whereas some researchers have argued convincingly that spot urine samples
accurately associate with trends in renal function!3%, a weakness of this method is the
inability to normalize or standardize acquired urinary extracellular vesicle data to urine
protein excretion rates, fractional excretion rates and calculated measures of renal function.
Itis likely that these standardizations will be important for experimental rigour as the
number of future clinical proteomics studies incorporating 24 h timed urine collections to
address ethnicity, sex and geographic variation in urinary extracellular vesicle composition
increases. Whereas the composition of urinary extracellular vesicles may not change
markedly within a 24 h period in healthy individuals, it is unclear whether the quantity, yield
or even the composition of urinary extracellular vesicles in patients with non-proteinuric
renal diseases or in patients with proteinuric renal diseases will have a time-dependent
compositional bias. Therefore, trends in urinary extracellular vesicle biology as a function of
spot urine versus timed urine collection must be compared.

Ultracentrifugation is the most widely implemented approach for isolating urinary
extracellular vesicles (it is used at some stage in 32 of the 37 studies in TABLE 3). However,
other methods, such as nanofiltration, microfiltration or precipitation approaches, might be
more easily implemented in a clinical laboratory setting. Another issue that has been
highlighted is the lack of consistency in isolation methods!3” — in particular, studies use
different relative centrifugal forces, temperatures and durations during centrifugation steps.
It will be important to standardize these variables as the field progresses from the simple
isolation and shotgun comparison of urinary extracellular vesicles to the isolation of specific
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types of urinary extracellular vesicles (exosomes versus microvesicles versus apoptotic
bodies) that is needed to differentiate discovery. These structure-specific isolation
approaches are being explored using fluorescence-activated cell sorting (FACS) methods!33
and are likely to become important for the discovery of urinary extracellular vesicles that are
able to differentiate renal diseases with associated podocyturia, in which possible differences
may exist in urinary extracellular vesicles secreted from intact podocytes versus those
undergoing foot process effacement or from the glomerular basement membrane through
microvesicle formation or membrane blebbing?38.

Urinary extracellular vesicle transcriptome

The transcriptome can be defined as the complete collection of transcribed elements of the
genome present at any given moment in a cell or tissue, and includes mMRNA, miRNA and
other non-coding RNAs. Intact miRNAs are enriched in urinary extracellular vesicles
compared with those in the cell pellet and the cell-free component of urine®®, miRNAs are
small, non-coding, single-stranded RNAs that regulate mRNA processing at the
transcriptional and post-transcriptional level. Specifically, miRNAs reduce the stability and
translation of MRNAs, thereby downregulating gene expression139, The importance of
miRNAs in kidney physiology and diseases has been extensively reviewed40,

Most efforts to establish the composition and role of the urinary extracellular vesicles
transcriptome have focused on mMRNAs and miRNAs. Exosomes that are released from a
mast cell line contain both mRNAs and miRNAs®; the gene profile of the mRNAs in these
exosomes is different to that of the cellular mRNA from the donor cells. A similar
observation was made for exosomes isolated from HeLa cell culture medium14L, The
cellular RNA preparation had a higher amount of ribosomal RNA (rRNA) compared with
that in exosomes, whereas in comparison to rRNA, increased fractional levels of miRNA,
mMRNA and tRNA were observed in the exosomal RNA preparation. In addition, the
composition of RNA molecules was different between cells and exosomes in human serum
samples!41. Data from both studies suggest that RNA molecules are selectively incorporated
into extracellular vesicles.

Interestingly, transcripts in urinary extracellular vesicles can be delivered to other cells®.
Transfer of mouse exosomes to human mast cells resulted in translation of mouse proteins in
the recipient human cells. Transrenal communication has been observed with microvesicular
miRNA isolated from endothelial progenitor cells delivered by intravenous injection to
peritubular capillaries and tubular cells in a rat model of ischaemia—reperfusion injury, with
corresponding decreases in serum creatinine, blood urea nitrogen values, and improved
histologic scoring of rat kidneys, suggesting enhanced regenerative responses42.
Importantly, these effects were lost upon RNase treatment of microvesicles or knockdown of
Dicer in progenitor cells. Exosomes labelled with fluorescent exosome-specific fusion
proteins from multiple proximal tubule cell lines were taken up by distal tubule cells and
collecting duct cells143. Using dopamine receptor-specific agonists (fenoldopam), these
exosomes reduced the generation of reactive oxygen species in distal tubular and collecting
duct cells, although transfer of RNA was not examined!43. These observations indicate that
communication exists between neighbouring cells through exosome-mediated delivery of
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transcripts and the ability to modify protein production and gene expression in the recipient
cell. Based on these findings, the RNA in exosomes has also been termed exosomal shuttle
RNA (esRNA)°.

Urinary extracellular vesicles with the same density range as exosomes have been shown to
contain mRNA from all regions of the nephron’8144_ The RNA in these urinary extracellular
vesicles was better preserved compared with that in whole cells isolated from urine,
suggesting that RNA in urinary extracellular vesicles is protected from degradation.
Similarly, miRNAs are highly enriched in extracellular vesicles obtained from the urine of
healthy individuals®®. RNA molecules incorporated in urinary extracellular vesicles
represent an attractive source of biomarkers owing to their stability. As mentioned earlier, on
a methodological note, extraneous DNA contaminates isolated urinary extracellular vesicles
and needs to be removed before nucleic acid analysis’8.

To date, many urinary biomarkers have been investigated in AKI, including an esRNA4. In
a mouse model of AKI, the levels of activating transcription factor 3 (A#/3) mRNA in
urinary exosomes increases within 1 h of reperfusion (after a period of ischaemia). The
ATF3mRNA level in urinary extracellular vesicles is also higher in patients with AKI in the
intensive care unit compared with levels in healthy individuals. However, total urinary ATF3
MRNA levels are not different, suggesting that the increased level of ATF3mRNA in
extracellular vesicles reflects a protective signalling effect through extracellular vesicle
uptake and activation of ATF3-responsive gene expression programmes in affected cells.

Several studies have examined the feasibility of using RNA molecules from urinary
extracellular vesicles — including podocyte-related mRNASs in urinary extracellular vesicles
(which have an average diameter of 65 nm) — as potential biomarkers46. Levels of the
MRNA encoding CD2-associated protein (CD2AP) are significantly lower in patients with
glomerular disease than in healthy individuals. miRNAs have also been investigated as
biomarkers of renal dysfunction. In a small group of patients with FSGS, diabetic
nephropathy or IgA nephropathy, miR-29c and miR-200c levels were 2.0-fold and 2.3-fold
higher, respectively, in patients with 1gA nephropathy than in patients with diabetic
nephropathy, although this difference was not statistically significant®2. In the same patient
group, miR-29c levels correlated positively with estimated glomerular filtration rate (eGFR)
and negatively with the extent of tubulointerstitial fibrosis47.

Exosome miRNA expression has also been examined in animal models of autoimmune
nephritis and in patients with lupus nephritis'48. In patients with lupus nephritis or IgA
nephropathy, miR-26a levels in exosomes in the glomeruli were significantly lower
compared with those in healthy individuals. By contrast, miR-26a levels in urinary
extracellular vesicles were significantly increased in patients with lupus nephritis compared
with those in healthy individuals. Silencing of m/iR-26a expression decreased the expression
of genes encoding podocyte proteins in immortalized mouse podocytes. The elevated level
of miR-26a in urinary extracellular vesicles in patients with lupus nephritis could therefore
be a marker of podocyte injury148.
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In microalbuminuric patients with type 1 diabetes mellitus, levels of miR-155 and miR-424
in urinary extracellular vesicles were significantly lower, whereas levels of miR-130a and
miR-145 in urinary extracellular vesicles were significantly higher, compared with levels in
normoalbuminuric patients with type 1 diabetes mellitus'4®. The increase in miRNA-145
levels was also detected in glomeruli and in urinary extracellular vesicles of diabetic mice.
Exposure of mesangial cells to high levels of glucose induced a similar increase in whole-
cell and extracellular vesicle miR-145 levels, suggesting that hyperglycaemia induces
miR-145 overexpression. In type 2 diabetes mellitus, exosomal miRNAs that could serve as
biomarkers for diabetic nephropathy include miR-15b, miR-34a, miR-636 and miR-192

( REFS 190.151) " Although further validation will be required, data from these studies suggest
that urinary extracellular vesicles are a promising source of transcripts for biomarker
discovery. In particular, urinary extracellular vesicles with selectively incorporated
transcripts, including miRNAs, may have high specificity for pathological processes based
on their cellular origin, extracellular vesicular packaging or the direct action of miRNAs on
gene activation.

In light of this growing interest in the miRNA content of urinary extracellular vesicles,
different methods for the isolation of urinary extracellular vesicles have been developed
(TABLE 4). Furthermore, different methods exist for the extraction and analysis of miRNAs.
It is important that these methods are standardized so that data from different research
centres can be compared1®, Importantly, the isolation of extracellular vesicles from serum
using Exoquick or ultracentrifugation recovers different subsets of miRNAs%2, For urine,
different miRNAs (analysed by deep sequencing) are obtained by ultracentrifugation
compared with a commercial ‘exosome to RNA isolation kit” (from Norgen Biotek). In all
other studies, only the yield and quality of miRNAs has been investigated, and miRNAs
were investigated by targeted sequencing instead of deep sequencing?0.78:85.95,

Urinary extracellular vesicle lipidome

The fluid mosaic model of biological membrane structure strongly links membrane bilayer
physicochemical properties (for example, curvature, fluidity or polarity) to lipid
composition153. Lipids contribute integrally to the mechanisms of extracellular vesicle
formation, and small but important differences exist between exosomes, microvesicles and
apoptotic bodies in their lipid composition (the lipidome)38:154.155 Exosome release occurs
by the regulated fusion of multivesicular bodies with the plasma membrane (possibly
regulated by the neutral sphingolipid ceramidel®6), and exosomes are enriched for neutral
cholesterols and sphingomyelin, and the saturated phospholipids phosphatidylcholine and
phosphatidylethanolamine3”-157, Whereas the lipid composition of microvesicles is similar
to the plasma membrane from which they originate, the normal asymmetry of acidic
phospholipids, such as phosphatidylethanolamine and phosphatidylserine, is lost, and these
lipids are no longer limited to the inner membrane leaflet*6:158, Regulation of microvesicle
shedding might involve tight regulation of the transition from lipid microdomains to
functional states that are yet to be determined, and may involve proteins that are responsible
for transferring phospholipids between the inner and outer membrane leaflets (for example,
ADP-ribosylation factor 6, proteases or phospholipid-binding or membrane-binding
enzymes, such as flippases, floppases and scramblases)#6:54.159, phosphatidylserine in the
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apical plasma membrane, together with annexin A5 and Ca2*, have important roles in
apoptosis and regulated cell deathl80. Methods for the efficient isolation of all three
categories of urinary extracellular vesicles will be vital in expanding our understanding of
the urinary extracellular vesicle lipidome.

A review of the published literature and the websites mentioned above (Vesicalpedia,
Exocarta, EVpedia) identified two research studies addressing human urinary extracellular
vesicle lipidome analysis (TABLE 5). In one study, ultracentrifugation was used to isolate
urinary extracellular vesicles from the urine samples of eight healthy individuals and eight
patients with clear cell renal cell carcinoma (RCC)6L. The lipids were extracted from the
resulting pellets using an organic solvent system (4:1 tetrahydrofuran:water mixture).
Following liquid chromatography—mass spectrometry data acquisition and analysis, the
researchers identified a total of 413 molecular species that were common to the urinary
extracellular vesicle pellets from the urine samples of healthy individuals and patients with
RCC. Importantly for biomarker discovery purposes, 95 lipid mass spectrometry features
were enriched (64 uniquely) in the urine samples from patients with RCC and 102 were
enriched (51 uniquely) in the urine samples from healthy individuals. The largest fraction of
differentially abundant urinary extracellular vesicle phospholipids identified were
lysophospholipids, phosphatidic acid, phosphatidylcholine and phosphatidylethanolamine.
In a second study19, a combined proteomics and lipidomics analysis of urinary extracellular
vesicles from healthy individuals and patients with cystinuria was carried out. Whereas the
proteomics analysis detected a pattern of robust differences in the abundance of proteins
between the healthy individuals and the patients with cystinuria, the lipidomics analysis was
less conclusive. Urinary extracellular vesicles isolated from healthy individuals were
extracted using a Bligh-Dyer-based method using chloroform and methanol, samples were
separated using a TLC approach and visualized using fluorescent dyes (cyanine dyes). The
tentative assignment of lipid composition was based on a comparison of the migration of
samples versus lipid standards, including cholesterol, phosphatidylethanolamine,
phosphatidylserine, phosphatidylcholine and sphingomyelin. The main conclusion from the
lipidomics analysis was that the urinary extracellular vesicles from the urine samples of
healthy individuals had high concentrations of cholesterol, sphingomyelin and
phosphatidylserine, consistent with the literaturel2. Of note, KIM1 belongs to the hepatitis A
virus cellular receptor family; this receptor family has been demonstrated to act as a
phosphatidylserine receptor'62. Therefore, we expect a robust field of inquiry to develop
addressing the roles of extracellular vesicles and KIM1 in the development of renal disease.
The limited but promising data on urinary extracellular vesicle lipidomics and the suggestion
of differences in lipid concentrations between healthy and disease samples suggests that this
is a robust field of research for the future.

Urinary exosomes as renal therapeutics

As noted above, an increase in exosomal miR-145 has been detected in patients with early
diabetic nephropathy and microalbuminuria, as well as in animal models of diabetes4°. Cell
culture experiments demonstrated that high glucose levels induced mesangial cell expression
of miR-145, probably though increased levels of transforming growth factor p1 (TGFB1).
Interestingly, miR-145 suppressed vascular smooth muscle cell expression of TGFp receptor
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2 and suppressed extracellular matrix synthesis'63, Regulation of the extracellular matrix by
the TGFp pathway is well-recognized to have a role in the pathogenesis of diabetic
nephropathy, suggesting that urinary miR-145 may be a useful therapeutic target. Exosomal
MRNA has also been examined as a source of non-mutated RNA to repair damaged or
diseased kidneys. Exosomes from healthy Sprague—Dawley rats could transfer wild-type
Pkhd RNA to polycystic kidney cells 7n vitroand in vivo, and thereby restrict cyst
formation and improve renal structure and function®4. Exosomes can also affect acute
kidney injury (AKI), even when they are not derived from renal cells. Indeed, exosomes
derived from bone marrow mesenchymal stem cells contribute to kidney repair and
preservation of renal function in several different models of AKI1165-167 |n humans, a phase
| trial investigating the effect of microvesicles derived from cell-free cord blood on B cell
mass in type 1 diabetes mellitus is ongoing (NCT02138331168), Considered together, these
findings indicate that exosomes from urine and other biofluids may provide a source of
therapeutic agents and targets for the treatment of renal diseases.

Conclusions

Over a decade and a half has passed since the first report describing and characterizing
urinary exosomes and their protein content. Since then, the other types of extracellular
vesicles — namely, microvesicles and apoptotic bodies — have been detected in urine, and
their contents have been found to include RNA and metabolites. Although the aim of many
early studies was to discover disease biomarkers, more recent investigations have focused on
the role of extracellular vesicles in intercellular communication. Our focus in this Review
has been to address studies of human urinary extracellular vesicles and the approaches that
are used for their isolation and characterization (TABLE 1,3). The roles of urinary
extracellular vesicles in the healthy kidney and in renal disease pathophysiology have been
reviewed elsewhere110,

An outcome of these studies is the ability to discern differences in the omics composition of
urinary extracellular vesicles, correlate observed differences to health and acute or chronic
renal disease, and use these observations to develop testable hypotheses addressing disease-
specific mechanisms’4.118.130.132,133,169.170 Fyrthermore, the utilization in these studies of
second morning voids and spot urine samples to yield reproducible data suggests that the
future for urinary extracellular vesicle diagnostics is encouraging. The use of high-
throughput, high-sensitivity omics methods is enhancing our molecular understanding of
disease-specific urinary extracellular vesicles and has enabled mining of urinary
extracellular vesicles for biomarkers. The resultant knowledge base will aid researchers in
generating testable hypotheses about the mechanistic roles of urinary extracellular vesicles
in the development of AKI (for example, the roles of podocyte-derived urinary extracellular
vesicle ATF3 in AKI123) or ageing-related chronic renal disease (for example, the effect of
diminished podocyte-derived urinary extracellular vesicles with agel39).

Despite significant progress, many questions remain unanswered about urinary extracellular
vesicles in general, and about exosomes in particular. From an analytical perspective, further
work is needed on how to optimize the methods for isolation and storage of urinary
extracellular vesicles, how to characterize urinary extracellular vesicles in the urine of
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patients with nephrotic proteinuria and how to normalize protein and gene expression levels
across studies. From a biological perspective, much work is needed to elucidate the roles of
extracellular vesicles in intercellular communication and in the development or progression
of chronic kidney disease, with or without the modifying effects of age or sex. Finally, more
work is needed to validate candidate urinary extracellular vesicle biomarkers of renal
dysfunction that were initially discovered using small cross-sectional patient groups utilizing
spot urine samples. The stringent approaches used in interventional clinical trials need to be
applied for the validation of these biomarkers.
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Glossary
MRNAs

MicroRNAs

Exosomes

Microvesicles

Apoptotic bodies

Transcriptomics

Proteomics

Messenger RNAs, which are transcripts of DNA

(miRNAs). Small, non-coding RNAs that regulate gene
expression post-transcriptionally by targeting specific
mRNAs for inhibition or degradation through
complementary base pairing

Extracellular vesicles that are formed by inward budding of
the cell membrane, followed by fusion with a
multivesicular body (MVB) and formation of intraluminal
vesicles inside the MVB. The intraluminal vesicles that are
released by fusion of the MVB with the cell plasma
membrane are called exosomes

Extracellular vesicles that are formed by direct budding
from the cell plasma membrane

Extracellular vesicle that are released during the late stages
of cell death

The study of the complete set of RNA transcripts (the
transcriptome) that is encoded by the genome,
underspecific circumstances or in a specific cell

Large scale studies of proteins involving the systematic
identification and quantification of the complete set of
proteins (the proteome) of a biological system (cell, tissue,
organ, biological fluid or organism) at a specific point in
time. Mass spectrometry is the technique most often used
for proteomic analysis
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Key points

Urinary extracellular vesicles comprise a wide range of biologically distinct
structures with contents that are a snapshot of the life of a cell

Urine is a dynamic biofluid, which changes over hours and days within an
individual; therefore, at present, no single approach for the isolation of
urinary extracellular vesicles is likely to comprehensively distinguish between
healthy and disease states

Alterations in the composition of urinary extracellular vesicles are useful
experimentally and may provide information about disease pathophysiology
as well as provide diagnostic end points for the study of renal disease

Perhaps the greatest promise of this ‘extracellular organelle’ is to open a
window for science into a greater understanding of cellular therapeutics

Nat Rev Nephrol. Author manuscript; available in PMC 2018 May 09.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Merchant et al.

Page 28

a Exosomes
(40-100 nm in diameter)

b Microvesicles
(100-1,000 nm in diameter)

5
709«-

-—

External stimuli

* Hypoxia

* Oxidative stress
= Shear stress

€ Apoptotic bodies
(800-5,000 nm in diameter)

o miRNA - TIIT mRNA- Y Receptor

d Composition of an exosome i

Adhesion proteins

Membrane transport and
(e.g. CDY and integrins)

MVB biogenesis (e.g.
ESCRT complexes, ALIX,
15G101 and annexins)

Cell- specific markers
{e.g. AQP2, NKCC2, NHE1,
PODXL and TRPCH)

Cytosolic proteins
(e.g. a1 antitrypsin, ACE,
tripeptidyl peptidase 1,

HSP70 and HSP90)

Cytoskeletal proteins
(e.g. actin, tubulin and myosin)

RNAs
* mRNAs TTTT
* miRNAs W
* other non-coding RNAs)

| Lipids
s o= geramide

ysosom P = Cholesterol

tmteins?:gs;s&aag? o= Phosphatidylserine

LAMP1 and LAMP2) = Sphingomyelin

Figure 1. Mechanisms of urinary extracellular vesicle formation regulate their composition
a | Exosomes are small bilayered vesicles (40-100 nm in diameter) that contain proteins,

lipids and small molecules that are derived from the plasma membrane, and/or RNA and
proteins that are derived from the cytoplasm. In the first step of exosome formation,
membrane proteins are internalized (endocytosed) by cells (step 1), resulting in the
formation of early endosomes. As these early endosomes mature into late endosomes (step
2), invagination of their delimiting membrane produces intraluminal vesicles, by processes
regulated by four distinct endosomal sorting complexes required for transport (ESCRT)
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complexes (step 3); these late endosomes containing intraluminal vesicles are then referred
to as multivesicular bodies (MVBs). MVBs can fuse with the plasma membrane, resulting in
the release of intraluminal vesicles (step 4), which are now termed exosomes. Alternatively,
MVBs can fuse with lysosomes, which results in the degradation of the contents of the MVB
(step 5). Exosomes can participate in molecular signalling events after their release into the
urinary space or into the parenchymal interstitial space (step 6). b | Microvesicles are large
bilayered vesices (100-1,000 nm in diameter) that contain plasma membrane lipids and
proteins, and cytoplasmic lipids, proteins and nucleic acids. Microvesicles form when a
stimulus (for example, hypoxia, oxidative stress or shear stress) drives intracellular events
such as those mediated by Ca2* or phospholipid-binding proteins, which cause the shedding
and release of microvesicles from the plasma membrane. ¢ | Apoptotic bodies are large
bilayered vesicles (800-5,000 nm in diameter) that are highly heterogeneous in both size
and composition. The delimiting membrane of apoptotic bodies contains plasma membrane-
derived lipids and proteins and encloses cytoplasmic material that includes organelle-
specific proteins (for example, those from the nucleus, mitochondria, and so on), nucleic
acids and lipids. d | Composition of an exosome. Exosomes contain lipids, nucleic acids and
proteins, some of which are unique to the cell type from which the exosomes form.
Phospholipids and sterols, such as ceramide, sphingomyelin, phosphatidylserine and
cholesterol, are important for the mechanistic and biophysical aspects of bilayer formation,
curvature and fluidity, which affect membrane fusion. The mechanistic role for specific
lipids (for example, phosphatidylserine) is evident from the redistribution of these lipids
between inner and outer leaflets or spatial segregation into the outer leaflet of extracellular
vesicles. The membrane of urinary extracellular vesicles also contain integral membrane
proteins and membrane-associated proteins, such as adhesion proteins (CD9 and integrins),
membrane transport and/or fusion proteins and proteins involved in MVB biogenesis
(ESCRT proteins, ALG2-interacting protein X (ALIX), tumour susceptibility gene 101
protein (TSG101) and annexins), lysosomal proteins (lysosome membrane protein 2
(LIMP2), lysosome-associated membrane protein 1 (LAMP1) and LAMP2), whereas the
lumen contains soluble proteins (such as a1 antitrypsin, angiotensin-converting enzyme
(ACE), tripeptidyl peptidase 1 and the heat shock proteins HSP70 and HSP90), and
cytoskeletal proteins (such as actin, tubulin and myosin). Nucleic acids present in the lumen
of urinary extracellular vesicles include mMRNAs, microRNAs (miRNAs) and long, non-
coding RNAs. AQP2, aquaporin 2; NHEZ1, sodium/hydrogen exchanger 1; NKCC2, Na-
K-2Cl cotransporter; PODXL, podocalyxin; TRPC6, short transient receptor potential
channel 6.
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Figure 2. Overview of exosome formation
Exosome formation occurs through a multistep process that is initiated by pinocytosis (not

shown) or receptor-mediated endocytosis (part a), which involves the binding of urinary
proteins to the apical membrane and their internalization, a process that requires the coat
protein clathrin and the ATPase dynamin. Invagination of the lipid bilayer results in
formation of a small unilamellar vesicle. Proteins such as heat shock protein 70 (HSP70) can
dissociate coat proteins (for example, clathrin) to yield a naked vesicle that can fuse with
early endosomes (part b), a process that is mediated by soluble N-ethylmaleimide-sensitive
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factor attachment protein receptors (SNARESs) and small RAB effector proteins. Intraluminal
vesicles form after invagination of the endosomal membrane (part ¢), a process that is
carried out by tetraspanins (not shown) and endosomal sorting complex required for
transport (ESCRT) protein complexes, such as ESCRT-0 (which is responsible for cargo
clustering), ESCRT-I and ESCRT-II (both are responsible for inducing bud formation), and
ESCRT-111 (which promotes intraluminal budding of vesicles in endosomes and vesicle
scission)171, The dissociation and recycling of the ESCRT machinery is carried out by
accessory proteins. miRNA, microRNA; t-SNARE, target SNARE; v-SNARE, vesicle
SNARE.
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Figure 3. Comparison of approaches to isolate extracellular vesicles from the urine of healthy
individuals and from patients with nephrotic syndrome

Urine is collected as a spot or timed urine sample (part a). The process of urinary
extracellular vesicle isolation begins with a low speed and/or low centrifugal force (3,000 g)
centrifugation step for a short time (<10 min) and at low temperature (4°C) to clarify the
urine (that is, remove the flocculent material, which can include bacteria and cells). Ideally,
the urine is carried forward (part b) through to the urinary extracellular vesicle isolation
step. This step represents a dynamic field of investigation, and includes methods such as
differential centrifugation or ultracentrifugation, single step centrifugation using density
gradient material (sucrose, Percoll), filtration or ultrafiltration, precipitation (for example,
Exoquick), immunoaffinity capture and hydrostatic dialysis. The complex composition of
urine from patients with nephrotic syndrome interferes with the isolation of urinary
extracellular vesicles, and additional steps (such as density gradient centrifugation or size
exclusion chromatography (SEC)) are required (part c) to further purify the urinary
extracellular vesicles from contaminating high-molecular-weight protein complexes (such as
albumin) that co-isolate with the urinary extracellular vesicles. CHAPS, 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate; D,O, deuterium oxide; DTT,
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dithiothreitol; HPLC, high performance liquid chromatography; MWCO, molecular weight
cut-off; Q, Qiagen; SB, Systems Biosciences; TFS, ThermoFisher Scientific; VVLP,
hydrophilic polyvinylidene difluoride.
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Table 2

Prevalence of Top100 EV proteins ™ in proteomics datasets of UEVs

Quintile (prevalence)

Proteins

5 (81-100%)

ANXAL, ANXA4, ANXAS, CLIC1, GAPDH, LDHB, RAC1, STOM

4 (61-80%)

Serum albumin, ALDOA, ANXA2, ANXA6, ANXA1L, CD81, CFL1, eEF1AL, EHD4, ENOL, ezrin, FLOT1, GDI2,
GNAI2, GNAS, GNB2, HSPAS, LAMP2, LDHA, LGALS3BP, MSN, MYH9, PDCD6IP, PFN1, PGK1, PPIA,
PRDX1, RAB5C, RAP1B, SDCBP, SLC3A2, TPI1, TSG101, YWHAE, YWHAQ, YWHAZ

3 (41-60%)

A2M, ACLY, ACTB, ACTN4, ATP1A1, CCT2, CD63, CDC42, CLTC, EEF2, FASN, GNB1, HSP90AA1,
HSP90AB1, HSPAS, ITGB1, PKM, PRDX2, RAB14, RAB1A, RAB5B, RAB7A, RHOA, UBAL, VCP, YWHAB,
YWHAG

2 (21-40%)

ACTG1, AHCY, ARF1, CCT3, CCT5, CD9, FLNA, HIST1H4A, HSPA1A, KPNB1, MFGE8, MVP, RAB5A,
RABB8A, RAN, TCP1, THBS1, TKT, TUBA1A, TUBALC, YWHAH

1 (1-20%)

BSG?, HISTLH4BS, HIST2H4AS ITGAGS PTGFRNS, SLC16A1S, TFRCS, TUBALBY

Top100 EV proteins, 100 most abundant extracellular vesicle proteins; uEVs, urinary EVs.

*
As defined by the EVpedia and Exocarta databases, taking into account all available proteomics datasets for urine, blood and cell culture medium.

1

Detected in three of 18 mass spectrometry datasets of urinary extracellular vesicles.

§N0t detected in any of the 18 mass spectrometry datasets of urinary extracellular vesicles.

Nat Rev Nephrol. Author manuscript; available in PMC 2018 May 09.



Page 36

Merchant et al.

WN (D0 ¥ ‘U 2)
2N '071dH-03S ‘zd . (0o 74 2) ON ‘2d .
K1anodsia WN ‘WN :Td . (0. 7'y2)oNn 1d . auunlods  S9SHIpue NI ‘AuiesH ¢, (0T0Z) 7279 pooy
(o ¥'u2)oNnzd .
(1d)
SaUBIQLIAW U0} ILJeIp 2,(0T02)
AK1anoasiq VN ‘WN wrl 770 Buisn 4N :Td . auun jods AyyesH Y AERUEVRIETA
WN 1 adAy 0z(6002)
sajwoajoldoydsoyd ‘A1enoasiq (DoSZUT)DNUBY IIAINET (0.82'UT)ON auunlods  awoipuAs Janteg ‘AyiesH /e 19 S8|ezu09
suonoely
0°Q/8s019ns T 40 yoes Jo} (. ¥
‘UT 0 000'05T) 2N (D0 ¥ ‘U ¥2) (p1oa

10[qounwiwi payebire)

2N uaipeld Alisusp O¢@/esolons

(Do ¥ U T 6 000'0ST) ON

Bululow 1sT) auLin Jods

aMday ‘AuyesH

1,(6002) 72 19 UeBOH

wN 1,(6002)

K1anodsia (DoGz'UT)ONUBY LIA N ET (2.5z'uT) ON auun jods AureaH 1819 S91ezU09

211(8002)

AK1anoasiq WN ‘WN u1)oNn a1dwies aunn wopuey J193Ued Jappe|q ‘AuyiesH 219 A9|lews
WN (D ¥

j0]qouUNwWWI pajebiel

‘4 T) ON usy 11a w/buwi 00Z

(Q.7'uT), 0N

pawi] auun jods

S9SH ‘IMV ‘AyiesH

¢z1(8002) /& 19 noyz

(0. 7'uT) 0N ‘2d .

(s10721U82U0D OZ

uldseniA 1o ‘y uidsenip ¢(2002)

lojqountuwi pajebirel WN ‘WN ‘00G utdsenIn) AN :Td . auun jods $954 ‘AyyesH 1239 Ajueansayd
. sisdas Inoyum

K18nodsid VN (0o 7 U T)ON U LIAIN €T Q.%'u1),0n auun jods IMV ‘sisdas um MY £z1(9002) 72 72 noyz

K1anoasig VN ‘¥N (Qeov'y S* an aunn jods AypesH  12:(9002) 7219 noyz

» 61(¥002)

K1anoasig WN ‘¥N (Q.7'u1), 0N aunn jods AuyresH 42 18 UnyjIsid

» ¢1(2002)

K1an02sig VN VN (Q.7'u2), 0N aun jods AylresH 7279 pasuoogBuoyL

sisAjeue awoajoad AN

deis paiyy ‘dels puodes

dais 15414

(aanyeaadwa) pue awil ‘92404) L uoneos|

poylaw Burdwes

uibiao ajdwes

Apms

Author Manuscript

€ 9lqeL

Author Manuscript

aULIN UBWINY UI SBJOISAA Je|n||80rlIXa JO SISA[eue 21W08101d

Author Manuscript

Author Manuscript

Nat Rev Nephrol. Author manuscript; available in PMC 2018 May 09.



Page 37

Merchant et al.

VN ‘¥N :zd .
VN

(D, 02) saueiquiaw
OOJMIA e@ 00T yum

(Sueiquiaw OOMI 0z uidsenIn) 4N ‘zd .
'Y 00T) J0RAUSIU0D
sAelleololw uidseni yum (0. 1Ty (pion o ET00)
unoa| pue Anawolko moj4  Aienosai ajjad 4N :Td . §'2'6 000'0TT) ON ‘Td . Buiulow 1sT) sunn jods adav ‘AuesH /218 yoelieD
3WNJOA Jeul} umouxun .

30UB9SBI0NJUNWILI
10 10[qounwiwi payebire)

WN ‘Apogiiue THO-1ue pazijigowwl
Buisn juswiydius Aluieounwiw|

(sueIqWIBW ODMIAN
000'0T) 4N pue (uiw og
5 005'€) uonehnyLIue) .

(pron
Bululow 1sT) auLin Jods

AyyesH

6,(€702)
/e 79 onounud

VN (Do ¥ ‘Y t72)

A1anodsig 2N uaipesh Alisusp O¢@/esolons (Do 7 ‘U T 6 000'0ST) DN auun jods NO snoueiquisiy ,,(€T0Z) 7278 ueboH
10/gounwiwi pajebiel N ‘WN Qo7'u1),0n auLin jods SNSS 's9Sd ‘ApfesH  ¢71(8002) 7249 nouz
AK1anoasiq VN ‘WN (aumesadwa) ‘awiy ‘4 umouxun) ON a1dwres aun wopuey umousun ‘AyyeaH  ,77(€T02) 7279 Jeseld
SATN Janodal
0} pain|ip Jake|
95049NSs ‘(. ¥ ‘Ulw
06 6 000'0TT) ON :2d
+Td Jo} dais payL .
(20 ¥ 'U € 6.000'0TT)
on pue (0@
/S9d/3s01ans INZ
pue 0¢Q/S9d/as04ons
N T) sloke]
95019NS OM} U3aMIBQ
1918d Aepiapun :zd .
(Do ¥
‘U €6 000'0TT) ON
pue juaipesd Aususp
0°%Q/8s01oNs |NT YUm uonyesedaid (p1on
AK1anoasiq 19112d Aeliapun :1d . A3n apnio aeosi 01 (D, ¥ ‘'Y T) DN Buluiow pug) suun jods AyljeaH q11(2102) 7219 fed
VN
Aisnodsig (0,52 'YT)ONUBY LIAWET (D.52'4T)ON aunn jods ApresH  yzi(2102) 7279 Buem
¢11(TT02)
Kanodsia WN ‘WN (90 ¥ U T 6 000°00T) 2N a]dures suln wopuey ApeaH 12 )8 Jawels
suonoely 8s04ons Jo (Y T ‘6 000°002)
2N (D6 ¥ ‘U 9T 6 000'022) ON Ayredoaydau
juaipelb Alsuap 8s04ons uay (D, 09 ) (p1oA Buluiow auRIqUBW JUBWASE] UIY}
K18n02s1Q ‘Ul OT) ON usy 11a Jw/Bui 09 Q.7'u1),0n -plw) auniods  ‘Ayredoiydsu 6] ‘AupresH  17(TT0Z) 7278 UOON

sisAfeue awoajoad AN

dais paiy3 ‘dais puooas

days 15414

(aanjesadwal pue awin ‘9040y) uonejos|

poylaw Burdwes

uibiao ajdwes

Apms

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Nat Rev Nephrol. Author manuscript; available in PMC 2018 May 09.



Page 38

Merchant et al.

Q.7 (p1oA o11(ST02)
10]gounwiwi pajafise) ‘A1anoasiq VN ‘WYN ‘U T) DN wsaipesb Alisusp 0¢Q/esoions Bululow 1sT) auLin Jods TaMd-aMdav /e 18 ueboH
VN ‘(ainesadwa) (p1oa 611(5T02)

AK1anoasiq

wool ‘Y T) ON Uyl L1d |w/Bw 00z

(0.02'yT) 0N

Buiuiow 1sT) aurin Jods

’LINUNSAD ‘AyieaH

& 33 Xnolspinog

suisjoidoonw
Areuun jo uonrendioaid

VN (0,02 'Y paseg-ljes ou :zd .
26 000'00T) ON zd .
suisjoidoonw
WN (D, 02 ‘Y Areuun jo uonrendioaid (pron 6z1(#102) o1nouer
3L ‘INTS ‘sAesse Buipuig-unoa 26 000'00T) DN :Td . paseq-1fes :Td . Bululow 1sT) auLin Jods AyyresH 79 JIAOUESOM
gz1(7102)
AK1anodsiq WN ‘¥N (aunyesadwa) wooi ‘y g) oN auun jods AyiresH e 19 Yemseles
JUETHLEEY
Uvz) W uLiodsojo19 Jnoyum 1z1(7102)
10]gounwwi pajebisel VN ‘¥N (D.7'U2) 2N UOI}93[]02 BULIN PaWIL O Yy Juejdsues) Asupry /2 18 JU04-BAR)ST
(uonen)y 8juals wrl +,(#102)
Kianodsig WN (Do ¥ ‘UIW GET 6000'v€Z) DN 22°0 ‘Ulw 0Z ‘6 000'LT) uonebnjiuad auun jods AyyesH /219 enswalH
(pion BWOIPUAS Janeg 9z1(P102)
jo]gounwiwi payabiel VN ‘¥N (Dov7‘UT)ON  HBurulow pug) auuin 1ods ‘3WO0IPUAS UBWBND /2 19 eN80I0D
(0o ¥ (p1oA
AK1anodsig VN VYN  ‘UT) DN waipesb Alisusp 0¢Q/esoians Buiuiow 1sT) suin jods ayday  ,(¥102) 7219 uefioH
(aumeladway
umousjun ‘y T
‘uids 5 000'0ST) ON :€d .
((0, 02) saueiqIBW
ODJMIA edX 00T yum
0z utdsenin) 4n ed .
(Do LTy G—¢ abeys
K1anodsig VNIYN  §Z%0000TT) 0N :Td . autn jods aMO Yum NG ‘AupesH  ye(v102) 7249 LianZ
J9oue) aeIsold 9
, » UOSes|9 ‘PauIyu0d-Uehio orr(€T02)
K1anoasig WN ‘¥N (4 '6000'00T),, 2N auun jods ‘apeuf Mo ‘AuyrjesH 4e 18 adidulg

VN ‘uaipelh

0%Q/95019NS %0E-G

uo 19]]ad Jo uone.sedss
(4+2) oN :ed .

(aunyetadwa) umouun
‘4T ‘6 000'0ST) ON ‘€d .

sisAfeue awoajoad AN

dais paiy3 ‘dais puooas

days 15414

(aanjesadwal pue awin ‘9040y) uonejos|

poylaw Burdwes

uibiao ajdwes

Apms

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Nat Rev Nephrol. Author manuscript; available in PMC 2018 May 09.



Page 39

Merchant et al.

dais (6 005°2T-000'7T)
paads Jaybiy ‘(uIwp9—0g) 1abuoj e pue dais (6 000'€—00S‘T) paads Moj ‘(Ulw Og-G) Hoys e ‘sdars uonebnglusd feruanbas omy Ag Ajjensn ‘eliayew 81e|na20}) 4o ajejnaiied able| Jo patesjoald aulin
¥

‘uoleeIN ‘4N {B]IISAA

Je|njaoeaxa Areutin ‘A3n ‘uonebngiusdenin ‘On ‘Adoosololw uoJ10a|8 UoISSIWSURI] ‘T 1 ‘dwolpuAs anoiydau annIsuss-plolals ‘SNSS ‘Adoosololw uoudaje Buiuueds ‘NS ‘Aydesborewolyod pinbiy
aouewloiad ybiy—AydesBorewoyd uoisnjaxa-azis ‘O 1dH—I3S ‘ainjeladwial woos ‘1Y ‘T unsAaAjod ‘TaMd ‘auljes patayng-areydsoyd ‘sdd ‘T ainpadodd ‘Td ‘uonenjiyoueu ‘4N ‘ajqedijdde jou ‘wN ‘4o
-2 JyBiram Jenasjow ‘ODMIA ‘uonenjioloIw 4N ‘snaydau sndnj ‘N7 ‘Ayredoaydau snouriquiaw d1yredolpl ‘NI (SOSH d1yredolpl ‘SOSH! ‘snuydauojniawolf ‘NO :SIsosajasojniawolh feyuswbas [eaoy
'S9SH ‘jonalyioyip ‘11 ‘Ayredosydau onagelp ‘NQ ‘T 2dA1 J0rdadal Juswajdwod ‘THD ‘aseasip Asupiy o1uodyo ‘Mo ‘Aunfur Asupiy ainoe |y ‘aseasip Asupiy o1sAaAjod Jueuiwop fewosoine ‘aMday

a|dwres sonaqelp T 8df ¢e1(£702)

Bu1Ios 1189 pareAoe-aouadsalon|4 WN ‘¥N (6 000‘0Z) uonebnyLuad [ennuaIBYIg  auun jods Aloysodalolg anIsualowlou ‘AyiesH e 18 UAMAT

VN ‘(0o ¥ (p1on 2e1(L102)

lojgountuwi pajebirel ‘4 T)ON usy 114 w/buw 00z (0. 0z'yT)ON  Butwiow pug) suun jods wsiuosdisopfe Arewid VZEREIN

1e1(LT02)

10]gounwiwi pajebie] VN ‘¥N (umousjun ainyelsadwsal ‘Y 1) ON aulIn jods MY /& 13 Ydlued
SLIgap pue s|j89 ue|dsues

Bunos 1190 pareAnoe-aduadsaIon|4 VN ‘¥N AJurepd 01 uonebnyiuad paads-mo] auun jods Aaupry Jeye pue aioyeg  ogr(9T02) 729 00INL
w76 000 (pron ao aydav

j0]90UNWWI pajabie) ‘A1an0dsIq WN ‘¥N (00 ¥'U2 6 000'002) ,ON  Bujusow puz) sunin jods -uou ‘aMday ‘AyiesH 15(9T02) 7219 Yjes

10]gounwiwi pajabie) ‘A1an0dsIq

(Do 7 'U2) ON (1Y) O1dH-03S

(9742, oN

(pron
Burulow pug) auun jods

S9S4! ‘NIAI ‘AyyesH

0z1(ST02) 72 79 pooy

dais paiy3 ‘dais puooas

days 15414

sisAfeue awoajoad AN

(aanjesadwal pue awi ‘9040y) uonejos|

poylaw Burdwes

uibiao sjdwes

Apms

Author Manuscript

Aut

hor Manuscript

Author Manuscript

Author Manuscript

Nat Rev Nephrol. Author manuscript; available in PMC 2018 May 09.



Page 40

Merchant et al.

(31019 UBBION) 13 UOKE|OS]

WNY 8wosox3 auln :9d o
(uobix3) 1 uone|os!
VNY AYNOYIW Gd .
(sa1bojouyoa).
ay17) Jusbeal S 10Z1L vd .
(uolquy)
1] SIYVd BUBAJIW €d .
(0.7
(uabe1d) ‘Ul §9) DN pue ulw OT 404 114
1pf dnues|d anj3uIN Jw/Buwi 00z Y uotreqnaul O, LE
AseaNy ynm AsesNyIw :zd . ‘(. ¥ ‘UIW G9 5 000°002) DN ‘2d .
VNY (p1on 6(€T02)
joBuousnbas deeg  (uabeID) 13 AseaNYHIW (Td . (D, ¥ 'utw 59 5 000'002) ON :Td . Buuiow 1sT) sunn j0ds AuyiresH e 3 Buayd
(0. Sz ‘'utw og ‘6 000°0T)
uoeBnyIuad Yum (J, ¥ 'Y 2T)
11a N €T snid D1-0Indox3 :9d .
(74
‘ulw og ‘6 00G'T) uonebnyUEd
Uum (0, ¥ 4 2T) DL-0INd0X3 Gd .
(paiy10ads Jou ainyesadwa) ‘uiw
09 ‘6 000'€ ‘0z UIdSEAIA) 4N d .
(Do £€ 'utw g2 6 000'9T) ON UsY}
Jay1y wirl gz o ybnoayy Jayjiy-aud :ed .
uoIysnd 8s0JINS 9,08
suren01d [2Ual Jo ybnoay: 19jjad mo 2N Aq pamoy|oy
' (0o L€ UL ‘59T) ON :2d .
VNYW pue YNy IW 10} (uabBerd) 13 dnueajd an|3uIN AseaNy . ¢ oL "B goo'sem) on 2 (p1oA 0.(2102)
0d awn-[eal payabrel pue 13 1IN UIBl0Id/WYNY/VYNA doudllyY - (D, L€ ‘utw 0/ ‘6 000'S9T) ON :Td . Butuiow 1sT) suin Jods AypresH /8 18 Z3IeAlY
(uaBerd) 1 o101 snid
AseaNy Buisn WNY A3N :€d . (pay10ads 10u ainjeladway
‘Ulw G 6 000'0S) uoneBnyLIusD
(uabBe1®) 1} 011N SNId aIpelb AlIsuap 1109J8d :£d .
AseaNy Buisn wNY AN :2d .
(0o Gz 'ulw ¢
sutaioud (Uoressay owAz) 6 000' "0DMIN B 00T) 4N :2d .
81koopod 1o} YNHW Jo 113 Uoe|os] WNY auln 2,(0T02)
HOd awi-[eal payabirel 4z Buisn YN [€10} :Td . (Do ¥ 'Ulw 0 6 000'8TT) ON :Td . uo93]109 dulN (Y t7g) pawiL AypresH /2 19 BpUBIIN
sisAfeue (aunyeaadwsy

pIoe 218j9NU AN

¢VNY AN 10 VN €10} JO uonejos|

pue UOIFEINP ‘3010}) _UOIFR|0SI ATN

U01198]100 8|dwes auLIn 804N0S aULIN Apms

Author Manuscript

auLIN UewWINY Ul S3JISAA Je|n|[99exa JO SIsAjeur dlwoldiiosuel |

¥ alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Nat Rev Nephrol. Author manuscript; available in PMC 2018 May 09.



Page 41

Merchant et al.

"UOITRI YR ‘4N B]OISA JejNn|30R.ixa Aleulin ‘AJn ‘uoneBnginuacein ‘oN ‘40d awi-[eas aalenuenb *4odb T 8inpadoid ‘Td ‘10-1n0 WB1am Jejnasjow ‘\ODMIN YNHOIOIW

‘WNYIw ‘snuydau sndnj ‘N7 ‘Ayredoaydau B ‘B sisolsjosojniawolh [euswbas [2aoy ‘SOSS jonalyiolyip ‘11a ‘Ayredoaydau onaqelp ‘NQ@ ‘esessip Asupiy o1uoIyd ‘aM ‘Ainlur Asupiy ainoe |y

Bumojgounwiwi
u1ay04d pajablel

pue ¥odb YNy IW (usBeiDd) myf dnues|o (p1on ao(£102)
palable) ‘bas-wNY  aInjuiN ASeaNyd UM 11 IUIN AseaNyiw (Do ¥ ‘UlW GET ‘6 000'SEZ) DN Buluiow pug) suun 1ods AuyiesH 2 19 BI9RID
VNY (ewbis) 21(L102)
Jo Burouanbas dssg juabeay 141 Buisn uone|os! YNY [e10L (D, Gz 'ulw 06 4 000'28T) ON auun Jods aMo ‘AyyesH /2 19 eurIny
4odb (e1019 uabioN)
Buisn wNYIw pajabiel I UOITR|0S| YNY aW0SoX3 aulin uonaexa Ag WNYIW aWosoxa Jo SisAjeue 108110 auuniods  saleqelp z adAL  ogr(9T0Z) 729 essig
dodb (uabe1®) 1y
Buisn wNYIw pajebiuel Ul AseaNyiw Buisn uoie|ost WNY 8101 (Do ¥ ‘Ul G2) DN auln jods NTAyesH  gyr(FT02) 7279 1Yd|
(aunyesadwal
umouxun ‘y T 6 000'00T) ON :zd .
suigoid (w2 ‘auIn)
[eual 10J YNYW JO Jayng  48Iua) YoJeasay [ealway) 1yoelH) wi(¥T02)
d0d awn-leal pajabiel  SISA| paseq-aulsodresjAoine|y Aselaudoid agn} U0I393]|09 BWOSOXd :Td . UoI393]]09 dulN (Y ZT) pawiL AyyeaH /2 19 1WeeIn|N
suwnjod
VNHOX8 JIARISS (9d .
1} uone|os!
VN AdNOY!IW 1Gd o
113 uole|os!
VNYIW BUBAJIW 7d .
¥oIndHox3
1} AseaNyIW :ed . %6~ Ul uoeqnaUl JYBILIBAO 1D L
-@21nOox3 Buisn uonendidaid :g4 .
1| AseaNyIw
snjd juafeay 141 ‘zd . (41)oN zd .
vNYIW pappe sionqgiyui asesjold
o14198ds 10} WNYW JO (sa1bojouyoal (D, ¥ ‘saueIqUBW ODMIN pue 2 Hd 0 paisnipe (pion «(rT02) 72
0d awn-[eal payabrel ay17) uabesy 141 :1d . ©Q¥ 00T ‘02 UIdsBNIA) 4N :Td . Buuiow 1sT) sunn jods AupesH 79 ejeyffeneuueyd
suigyoid
81Ao0pod 10} YNHW Jo
YOd auun-[eal pajebirel (uaBe1d) 1 dNVIO-ATN (2. ¥ 'U T 6 000°002) ON auun Jods IMV ‘ApesH  gpr(YT02) 7278 Usyd
sutajoud
a1koopod Joj YNYW o (pron V0l 's9s4
HOd awil-jeal payabiel (uaBeid) 1y AseaNy-ATN (pany10ads 10u ainjeladwsal ‘y g) ON Buruiow 3sT) auiin 1ods ‘Na ‘AyijesH 151(PT02) 1219 A1
H0d
awin-eas Buisn sisAjeue (uaboayinug) uo1393]109 sr1(€T02)
VNYIw pajebrel Juabeas jozi1L Buisn uone|ost WNY [e10L (00 ¥ 'utw G2 6 000'002) ON autin (yBiusano) patL NQ ‘AupreaH /219 ennieg

sisAjeue
p1oe 218]9nu AJN

¢VNY AN 10 VNY [€103 JO uone|os|

(aanyesadway
pue uoIEINp ‘9310})) uorre|ost A3n

U01199]109 8|dwes auLIn

924N0s auliNn

Apms

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Nat Rev Nephrol. Author manuscript; available in PMC 2018 May 09.



Page 42

Merchant et al.

"dais (600S'LT-000'7T)
paads Jaybiy ‘(uiw 09-0z) Jabuoj e pue dais (6000'€—00G‘T) paads Moj ‘(U 0g-S) 1oys e ‘sdars uolrefngiusd jeruanbas omy Ag Ajjensn ‘eliarew 81ejna2o}y 4o ajejnaiiied able| Jo patesjoald aulin
*

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Nat Rev Nephrol. Author manuscript; available in PMC 2018 May 09.



Page 43

Merchant et al.

‘dass (6 00'2T-000'+T)

paads Jaybiy ‘(utw 09—0g) 4abuo| e pue dais (6 000'€—005'T) Paads mo ‘(Ui pg—G) 1oys e ‘sdals uoirebnyliuad [enuanbas oMy Ag Ajfensn ‘|erisyew a1e|na20}y Jo arenaiued abie| Jo palesjdaid sulin
¥

"BLIOUIDIR) |[99 [eual ‘DY ybijy-Jo-awn ajodnipenb ‘40 1-0 ‘Aydeiborewolyd JaAe|-uiyy asuewsopad ybiy ‘O11-dH ‘[oMaIYIoIyNp ‘11 eununsko ‘sky

ulw g 1o} 9, 8T 0}

sisAeue D11
10} [OUBYIBW: WI0J0I0JYd
T:T Ul papuadsnsal

sereld O71.L-dH payean ainyesadway
-a1ey|ns Jaddod buneay 1ake) Ehoww_ﬁ_mw_m%mmm_ ool ‘ujw
Aq pazijensiA alem 06 6 000'002 .
spidi “spidijoydsoud  (1:2) joureLpaw:wiogolo)yd
J0 s3sse|0 SAWN|OA XIS (uw og
urew sy} pue [0J31s8|0yd 1042, /€) 11a 2002 2,02
aA|0sal Ajareledas (quswiyean Jw/Bw 002 ‘ulw ‘ulw
01 9711-dH Aq pajesedas 11a o01Joud) z dais ul papuadsnsai 08T ‘6 oc 6 L (pron
a1am sajdwes pidi wo.y 18]j2d o uonoenx3 19]19d . 000002 000°LT Buruiow 3sT) auiin Jods sAD ‘AuesH  611(STOZ) Xnouspanog
saseqerep awo|joqels|N
uewnH pue sdepidi]
aup Buisn paynuapl
a1am spidi| pue (S1a1epn)
9IeMY0S XUATIaXIRIN
Buisn passadoid
alam ejeq "(SSewoudIIA) Buruonyed sayem
juswinnsul ewnin 401 pue Jay3a [Aupaip Buisn
-0 e Buisn Answouioads PajoeIIXa A[[e1USIBLHP
ssew Aq paimded spidijoBuiydsoaA|b
alam exep ojwopidil pue spicijoydsoyd
pue Aydeiborewoiyd ’
aseyd-pasianal (T:%) Do ¥ oty
Buisn payesedas  Jajem pue ueinjoipAye.Ia) ‘Ul Gt ‘ulw ot
aJam sajdwes pidiy UHm uonoexe ying D, 7 UIW 09 5 000002 4 000'2T  ‘6000'T umouyun  00d ‘AYlesH  197(2T02) 019909 2@
¢ dais zdas 1 dais

sisAreue pidi

uonoeaxe pidi

(aanyesadwal pue uoneanp

‘320J) UOITR|0SI 3|0ISaA Je[Nn||80elixs Areurin

U01198]100 8jdwes auLIn

824N0S 8ULIN Apms

Author Manuscript

G 9|qeL

Author Manuscript

auLIN UBWINY Ul S3[DISAA Je|n||a9.1xa Jo sisA[eue orwoplidi

Author Manuscript

Author Manuscript

Nat Rev Nephrol. Author manuscript; available in PMC 2018 May 09.



	Abstract
	Biogenesis of extracellular vesicles
	Exosomes
	Microvesicles
	Apoptotic bodies

	Isolating urinary extracellular vesicles
	Ultracentrifugation
	Filtration and ultrafiltration
	Precipitation methods

	Characterizing extracellular vesicles
	Urinary extracellular vesicle proteome
	Databases containing proteomics data on extracellular vesicles
	Proteomics studies of human urine
	Protocols for urine collection for isolating urinary extracellular vesicles

	Urinary extracellular vesicle transcriptome
	Urinary extracellular vesicle lipidome
	Urinary exosomes as renal therapeutics
	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5

