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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 platelets1. 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 disease3,4. During their formation, extracellular vesicles incorporate various 

bioactive molecules from their cell of origin, including membrane receptors, soluble 

proteins, nucleic acids ( mRNAs and microRNAs (miRNAs)) and lipids, which can be 

transferred to target cells5. Extensive and up-to-date databases of these molecules and 

associated studies are provided by Exocarta, Vesiclepedia and EVpedia6–10. 

Extracellular vesicles are a heterogeneous group of particles that are defined by their size, 

density, composition and site of origin, and include exosomes, microvesicles (also 

termed ectosomes) and apoptotic bodies11–14 (see below). The establishment of a 

formal International Society of Extracellular Vesicles ( ISEV) has defined standards for the 

experimental characterization of extracellular vesicles15. 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 publications17.

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 ultracentrifugation18. This result was confirmed in 2004, when these 

membrane proteins were demonstrated to be present in urinary extracellular vesicles19. 

Since then, urinary extracellular vesicles have been demonstrated to contain cell-specific 

marker proteins from every segment of the nephron, including podocytes19,20. 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 markers21. The interest 

in urinary extracellular vesicles has now expanded beyond their role in disease prognosis or 

diagnosis and into the field of therapeutics11,22,23. 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

Extracellular vesicles are a heterogeneous group of vesicles, for which the nomenclature is 

still being defined16. 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 cells13. 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 proposed13. 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

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 reticulocytes25. 

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 preparation29. Exosome formation 

starts when membrane proteins are endocytosed by inward budding of the cell membrane 

and transferred to early endosomes19,30 (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 vesicles29,31 (FIG. 2c). During invagination, cytosolic 

proteins, mRNAs 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 exosomes35. 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 phosphatidylserine27,36–39. 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)40–42, heat shock proteins (HSC70 and HSP90)12,43, 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 in vitro and in vivo44. Inhibition of exosome 

release results in an accumulation of genomic DNA in the cell, which leads to apoptotic cell 

death44.
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Microvesicles

Microvesicles are a heterogeneous population of extracellular vesicles, which are generated 

by direct budding from the plasma membrane45 (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 et al.48 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 fluids49. The release of microvesicles from the plasma 

membrane increases substantially upon stimulation by hypoxia, oxidative stress or exposure 

to shear stress50–53. 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 microvesicles3,46,54,55. 

During their formation, microvesicles incorporate cytosolic proteins, mRNAs and miRNAs 

from the cell of origin56,57. Data from studies also suggest that proteins are enriched in 

microvesicles by selective incorporation (reviewed in REFS 58,59).

Apoptotic bodies

Apoptotic bodies are released during the late stages of cell death and contain nuclear 

material, cellular organelles and membrane and cytosolic content60–62 (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 vesicles43,63,64. The density of apoptotic 

bodies (1.16–1.28 g/ml) overlaps with that of exosomes12. 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 phagocytosis65.

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 microvesicles66,67,68. 

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 nm16.

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 ultracentrifugation19,69–74, density gradient 

isolation using sucrose or Percoll75–78, antibody-based affinity capture76,79–82, 
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ultrafiltration70,72,78,83 and polymer-based precipitation70,84–86. 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, transcriptomics or proteomics).

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 nephrotic 

syndrome because of the excess protein content16.

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 supernatant19,73. 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 types11,16,90. Using EM, we have identified urinary extracellular 

vesicles of up to 300 nm in diameter in the pellet after ultracentrifugation73. 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 fraction91. 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 vesicles91.

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 pellet73, 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 advised29,73. SEC can 

effectively enrich and purify urinary extracellular vesicles from the urine of patients with 

nephrotic syndrome73. Contaminating proteins can also be removed by taking advantage of 

the capacity of extracellular vesicles to float on sucrose29. 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 ultracentrifugation77. 

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 mechanisms90.

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 ultracentrifugation78,92. 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 DNase78.

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 

vesicles93,94. A technical report has challenged the value of uromodulin removal95 — 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 vesicles95.

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-off83. 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 method78. 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 urine96. 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 ultrafiltration73. 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 VVLP 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 reduced72. 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)97,98. 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 available99. These polymer 

mixtures can precipitate exosomes by a method known as volume exclusion, which was first 

developed for the purification of viruses100. 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 organelles90.

The standard Exoquick polymer-based exosome precipitation method and a modified 

version of this method have been compared to differential ultracentrifugation and 

nanomembrane ultrafiltration70. 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 concentrator70,96. 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 ultracentrifugation95. 

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 kit.

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 TEM19, which can detect the 

smallest vesicles that are present101. However, analysis of the abundance of urinary 

extracellular vesicles by TEM can be affected by sample loss during preparation29. 

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 diameter101. 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 sample101. 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 time109 — 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 ultracentrifugation18. 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 proteins18. 

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 

proteins19. 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 reviews110,111 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 
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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 common 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, ANXA5, 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 

(CLIC1) 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 α6 (ITGA6), monocarboxylate transporter 1 (MCT1), prostaglandin F2 receptor 

negative regulator (PTGFRN), transferrin receptor protein 1 (TFR1) and tubulin α1B chain 

(TUBA1B). BSG, MCT1 and ITGA6 are known or predicted to physically interact. BSG 

targets MCT1 to the plasma membrane of platelets, where it can interact with ITGA6. 

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 
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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 published73,83,121–133 (summarized in TABLE 3). The data from these studies 

suggest that the composition 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 PKD2 correlating exosomal proteins with 

height-adjusted total kidney volume76,118,125. 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 (n = 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 (n = 1), Bartter syndrome (n = 2), idiopathic membranous 

nephropathy (n = 2), bladder cancer (n = 1), prostate cancer (n = 1), diabetic nephropathy (n 
= 2), cystinuria (n = 1), Gitelman syndrome (n = 1), renal transplantation (n = 2), primary 

aldosteronism (n = 1), IgA nephropathy (n = 1) and thin basement membrane disease (n = 

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 vesicles130. 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 β1 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 
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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 (EuroKUP) or have been published134,135, including for exosome 

preparation29,71. 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 function136, 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. 

It is 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 methods137 — 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) methods133 

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 blebbing138.

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 mRNA, 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 urine95. 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 reviewed140.

Most efforts to establish the composition and role of the urinary extracellular vesicles 

transcriptome have focused on mRNAs and miRNAs. Exosomes that are released from a 

mast cell line contain both mRNAs and miRNAs5; 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 medium141. 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, 

mRNA 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 

samples141. 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 cells5. 

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 responses142. 

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 examined143. 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)5.

Urinary extracellular vesicles with the same density range as exosomes have been shown to 

contain mRNA from all regions of the nephron78,144. 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 individuals95. 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 analysis78.

To date, many urinary biomarkers have been investigated in AKI, including an esRNA145. In 

a mouse model of AKI, the levels of activating transcription factor 3 (Atf3) mRNA in 

urinary exosomes increases within 1 h of reperfusion (after a period of ischaemia). The 

ATF3 mRNA 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 ATF3 mRNA 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 mRNAs in urinary extracellular vesicles 

(which have an average diameter of 65 nm) — as potential biomarkers146. 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 IgA nephropathy than in patients with diabetic 

nephropathy, although this difference was not statistically significant92. In the same patient 

group, miR-29c levels correlated positively with estimated glomerular filtration rate (eGFR) 

and negatively with the extent of tubulointerstitial fibrosis147.

Exosome miRNA expression has also been examined in animal models of autoimmune 

nephritis and in patients with lupus nephritis148. 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 miR-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 mellitus149. 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 150,151). 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 compared16. Importantly, the isolation of extracellular vesicles from serum 

using Exoquick or ultracentrifugation recovers different subsets of miRNAs152. 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 sequencing70,78,85,95.

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 ceramide156), and exosomes are enriched for neutral 

cholesterols and sphingomyelin, and the saturated phospholipids phosphatidylcholine and 

phosphatidylethanolamine37,157. 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 leaflet46,158. 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)46,54,159. Phosphatidylserine in the 
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apical plasma membrane, together with annexin A5 and Ca2+, have important roles in 

apoptosis and regulated cell death160. 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)161. 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 study119, 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 literature12. Of note, KIM1 belongs to the hepatitis A 

virus cellular receptor family; this receptor family has been demonstrated to act as a 

phosphatidylserine receptor162. 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 diabetes149. Cell 

culture experiments demonstrated that high glucose levels induced mesangial cell expression 

of miR-145, probably though increased levels of transforming growth factor β1 (TGFβ1). 

Interestingly, miR-145 suppressed vascular smooth muscle cell expression of TGFβ receptor 

Merchant et al. Page 16

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2 and suppressed extracellular matrix synthesis163. Regulation of the extracellular matrix by 

the TGFβ 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 

Pkhd1 RNA to polycystic kidney cells in vitro and in vivo, and thereby restrict cyst 

formation and improve renal structure and function164. 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 AKI165–167. In humans, a phase 

I trial investigating the effect of microvesicles derived from cell-free cord blood on β 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 mechanisms74,118,130,132,133,169,170. Furthermore, 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 age130).

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 Messenger RNAs, which are transcripts of DNA

MicroRNAs (miRNAs). Small, non-coding RNAs that regulate gene 

expression post-transcriptionally by targeting specific 

mRNAs for inhibition or degradation through 

complementary base pairing

Exosomes 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

Microvesicles Extracellular vesicles that are formed by direct budding 

from the cell plasma membrane

Apoptotic bodies Extracellular vesicle that are released during the late stages 

of cell death

Transcriptomics The study of the complete set of RNA transcripts (the 

transcriptome) that is encoded by the genome, 

underspecific circumstances or in a specific cell

Proteomics 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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Nephrotic syndrome A constellation of symptoms characterized by heavy 

proteinuria (>3–3.5 g/24 h), hypoalbuminuria (<30 g/l), 

peripheral oedema and hyperlipidaemia
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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
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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. c | 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 α1 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 mRNAs, microRNAs (miRNAs) and long, non-

coding RNAs. AQP2, aquaporin 2; NHE1, 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 (SNAREs) and small RAB effector proteins. Intraluminal 

vesicles form after invagination of the endosomal membrane (part c), 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-III (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; D2O, 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%) ANXA1, ANXA4, ANXA5, CLIC1, GAPDH, LDHB, RAC1, STOM

4 (61–80%) Serum albumin, ALDOA, ANXA2, ANXA6, ANXA11, CD81, CFL1, eEF1A1, EHD4, ENO1, ezrin, FLOT1, GDI2, 
GNAI2, GNAS, GNB2, HSPA8, 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, HSPA5, ITGB1, PKM, PRDX2, RAB14, RAB1A, RAB5B, RAB7A, RHOA, UBA1, VCP, YWHAB, 
YWHAG

2 (21–40%) ACTG1, AHCY, ARF1, CCT3, CCT5, CD9, FLNA, HIST1H4A, HSPA1A, KPNB1, MFGE8, MVP, RAB5A, 
RAB8A, RAN, TCP1, THBS1, TKT, TUBA1A, TUBA1C, YWHAH

1 (1–20%) BSG‡, HIST1H4B§, HIST2H4A§, ITGA6§, PTGFRN§, SLC16A1§, TFRC§, TUBA1B‡

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.

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

§
Not detected in any of the 18 mass spectrometry datasets of urinary extracellular vesicles.
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