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Abstract

Extracellular vesicles (EV) are small 
membrane-coated structures secreted by all 
cells of the body and can be detected in all 
bodily fluids, including urine. EV contents 
(e.g. proteins and distinct RNA classes) reflect 
the physiological state of their cells of origin, 
offering a new source of biomarkers. 
Accordingly, urinary Extracellular Vesicles 
(uEVs) are emerging as a source for early bio-
markers of kidney damage and beyond, hold-
ing the potential to replace the conventional 
invasive techniques including kidney biopsy. 
However, the lack of standardization and sam-
ple collection and isolation methods, and the 
influence of factors such as inter- and intra-
individual variability create difficulties in 

interpreting current results. Here we review 
recent results and reported uses of especially 
urinary EVs and also pinpoint approaches to 
be considered when designing experiments.

Keywords

Urinary extracellular vesicles · Exosomes · 
Biomarkers

3.1	 �Introduction

While the history of urinary Extracellular Vesicles 
(uEV) is relatively young, knowledge of their 
biologic roles appear to grossly follow those of 
vesicles found in other bodily fluids.

With the already impressive impact list of 
EVs, it is fair to state that these abundant vesicu-
lar structures once considered as handy waste 
packages to be excreted out of the body, now 
appear to open new understanding to many key 
biological phenomena. These include, but not 
limited to, general cell-to-cell communication 
and regulation of immune reaction and extends to 
roles in spread of cancer cells to precise modula-
tion of tissue -and cell-type specific functions.

Detailed information of molecular mecha-
nisms mediated by EVs and their “holistic” 
understanding in distinct tissue functions is rap-
idly emerging. Notably, many of these mecha-

K. Barreiro 
Institute of Molecular Medicine Finland, University 
of Helsinki, Helsinki, Finland
e-mail: karina.barreiro@helsinki.fi 

T. B. Huber 
Department of Medicine, University Medical Center 
Hamburg-Eppendorf, Hamburg, Germany
e-mail: t.huber@uke.de 

H. Holthofer (*) 
Institute of Molecular Medicine Finland, University 
of Helsinki, Helsinki, Finland 

Department of Medicine, University Medical Center 
Hamburg-Eppendorf, Hamburg, Germany
e-mail: harry.holthofer@helsinki.fi; h.holthoefer@
uke.de

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-63908-2_3&domain=pdf
https://doi.org/10.1007/978-3-030-63908-2_3#DOI
mailto:karina.barreiro@helsinki.fi
mailto:t.huber@uke.de
mailto:harry.holthofer@helsinki.fi
mailto:h.holthoefer@uke.de
mailto:h.holthoefer@uke.de


30

nisms have now been established and appear to 
parallel generic EV functions in different biolog-
ical fluids. Interestingly, many recent reports 
have highlighted the potential of customized EVs 
as targeted future “magic bullets” in precision 
medicine to enable advanced personalized and 
tissue targeted treatments. EVs are lucrative 
sources of personalized disease biomarkers, 
snapshots of cellular and tissue pathophysiology. 
These snapshots provide unforeseen accuracy to 
monitor distinct functions and, more importantly, 
to highlight new understanding of basic cellular 
biological events.

Reproducible use of extracellular vesicles in 
academic or applied research for clinically rele-
vant problems still needs stringent standardization 
at many levels including sample collection, stor-
age, EV analytics and downstream applications. In 
spite of valuable standardization guidelines 
already achieved, with particular and continued 
efforts by the International Society for Extracellular 
Vesicles [1], many important steps remain to be 
achieved and strict adherence to published guide-
lines enforced. During the rapid expansion of EV 
applications in a multitude of areas and from an 
ever increasing number of laboratories, the sheer 
credibility and reproducibility of results will need 
much stronger attention. Before EVs can be 

adopted in wide general use, especially in the bio-
marker applications, several fundamental limita-
tions and controversies still exist.

Here we review recent results and reported 
uses of especially urinary EVs and also pinpoint 
approaches to be considered when designing 
experiments.

3.2	 �Urinary EV Biology

Extracellular vesicles are well characterized to 
their main categories of exosomes, microvesicles 
and apoptotic bodies (Fig. 3.1). This division is 
somewhat arbitrary and mostly considers the bio-
genesis and size of vesicles, without going into 
other physicochemical features nor into their pre-
cise biochemical characteristics. These basic EV 
properties have been well described several 
recent excellent reviews [2–6].

The milestone report of urinary EVs by 
Pisitkun et al. 2004 translated the physicochemi-
cal features of EVs also into urine, including their 
size, shape and contents. Thus, it appears that 
uEVs show the similar variety of protein, RNA 
and lipid content as EVs from other biological 
sources. This suggests but does not prove that EV 
functions in the distinct sources are identical.

Fig. 3.1  Schematic representation of EV sources and biology. EE early endosome, MVB multivesicular bodies, OMVs 
outer membrane vesicles
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Traditional view tells that urine is the vehicle 
to excrete metabolic waste products from not only 
the kidney tissue but, via glomerular filtration and 
tubular secretion, from the whole body. It is 
becoming increasingly evident, mostly by uEV 
studies, that urine is far beyond simple means to 
excrete waste from the body but indeed is a com-
plex, poorly understood mixture of different bio-
logically active molecular species. Notably, 
urinary contents dynamically reflect metabolic 
extremes within an individual, e.g. after strong 
physical exercise leading to dehydration [7]. 
These extremes result in well-established changes 
in urinary osmolality as well as in some key uri-
nary “normal contents”. While uEV changes 
could reflect individual physiological adaptation 
to stress situations at the organ level, it is also evi-
dent that such changes are similarly seen follow-
ing shift in e.g. dietary patterns, disease states and 
upon introduction of new medication. This means 
that uEV content reflects more the total body 
reaction and implies that all uEV clinical studies 
should also contain comprehensive reporting of 
clinical chemistry values as well as activity, diet, 
and, particularly, use of medications.

With the uEV contents of specific proteins 
beyond the kidney, it is conceivable that uEVs 
indeed reflect systemic rather than merely local 
tissue level physiology. How EVs from circula-
tion get access to urine remains an open question 
but could involve transglomerular passage 
through the glomerular filtration barrier (GFB) or 
active secretion by tubular epithelial cells.

Normal urine contains cell type-specific pro-
teins from the glomerular filtration barrier, par-
ticularly the glomerular visceral epithelial cells 
(podocytes) [8], and electron microscopy of 
glomeruli also show abundance of vesicles in this 
site [9]. Final proof visualizing EVs passaging 
the GFB remain to be achieved.

EV contents in general include specific func-
tional, structural and metabolic proteins, lipids 
and, particularly, a rich content of RNA species 
(mi/messenger/lncRNA) and DNA [4, 10]. uEVs 
show a closely similar repertoire of molecules 
[6]. While their respective physiologic signifi-
cance remains still poorly studied, it is tempting 

to speculate that these active molecules continue 
to have their respective functions also in urine. In 
this respect, EV surface molecules could serve as 
address codes to target their active contents to 
specific downstream sites [8]. However, further 
consensus needs to be reached on the methods to 
isolate and characterize the EV surface contents 
as passive adsorption of a variety of molecules in 
this site is possible [11, 12]. After targeting and 
adhesion, EVs may be taken up by a variety of 
well described mechanisms [13–15] to subse-
quently induce functional changes [5].

It is interesting to note that diet [16], use of 
medication, exercise and other still poorly under-
stood factors [17–19] may cause intra-individual 
changes in vesicle content as detected by pro-
teomics or RNomics. Our own results indicate 
significant intra-individual variation in first 
morning urine uEV size, class and especially 
contents distribution during daily monitoring 
over 3  months of first morning urine voids 
(Holthofer et al., unpublished).

Our recent results have shown distinct gender 
and ethnic differences in uEV contents of healthy 
subjects, which may be only partly explained by 
dietary differences (Xu et al., unpublished). These 
results emphasize the crucial importance of 
recording comprehensive phenotypic data of sub-
jects under study to understand the dynamic 
changes in uEV signatures and factors behind. 
With this complexity in mind, our approach to 
understand biological roles of uEVs has consisted 
of using three pronged approach (see Fig. 3.2) and, 
especially, established animal models of diseases 
under study. Notably, this approach as a first step 
eliminates differences based on e.g. gender, 
genetic heterogeneity, diet, medication, and exer-
cise (Xu et al., unpublished). It is also interesting 
to note that our preliminary studies with human 
subjects show rapid changes in distinct uEV cate-
gories upon medication: when type II (adult onset) 
diabetics started with SGLT1 inhibitor or miconat-
sole, distinct intra-individual changes in miRNA 
were observed (Barreiro et al., unpublished). This 
shows the rapid, dynamic changes in cellular 
physiology that can be recapitulated as cellular 
content snapshots in the form of uEV changes.

3  Urinary Extracellular Vesicles Magic Particles for Biomarker Discovery
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Taken together, there are currently many 
unknown individual factors which may explain 
the observed complexity of uEV patterns (as well 
as EVs from other bodily sources). It is also evi-
dent that significant advances need to be achieved 
to understand the abundance of factors influenc-
ing uEV contents before they can be fully intro-
duced as biomarkers or tools to precision 
medicine.

3.3	 �Urinary Extracellular Vesicle 
Isolation

Currently, numerous methods are used for extra-
cellular vesicle isolation e.g. ultracentrifugation 
[6], filtration [20], precipitation [21] and hydro-
static filtration dialysis [22] based techniques, or 
combination of these. Isolation methods make 

use of several of the extracellular vesicle proper-
ties e.g. size, density and solubility and this is 
why different subpopulations of extracellular 
vesicles are enriched by different methods. The 
method or combination of methods to be applied 
usually depends on the starting material and the 
volume [23]. However, there is presently no solid 
standardization approaches of protocols and, in 
many cases, methods applied are reported loosely 
to confound result interpretation and repeatabil-
ity. Details on the isolation methods, advantages 
and disadvantages such as processing times, 
costs, ease of implementation, and co-isolation of 
contaminants are well described in recent detailed 
reviews [8, 24–27]. For reporting a new method, 
a modification of an existing method or, when 
applying a method for the first time, we strongly 
recommend strict adherence to MISEV2018 
guideline details [1].

Fig. 3.2  Overarching experimental setups to verify uEV biomarkers of diabetic kidney disease targets. EV extracellular 
vesicles

K. Barreiro et al.
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3.4	 �Inter- and Intra- Individual 
Variability in EVs Samples

Few studies have assessed systematically the 
intra- and inter- individual variation of EV con-
tents, and most of them focus on results based on 
proteomics findings.

Accordingly, in many proteomics based stud-
ies, it has been reported that inter- and intra- indi-
vidual variation is lower in EVs compared to 
crude urine [28]. In addition, inter-individual 
variation was described to be higher than intra- 
individual variation in urinary EVs [29]. In con-
trast, both inter- and intra- variation for cell 
culture EVs proteins were reported to be low [30].

Interestingly, the opposite was described for 
miRNA urinary EV content (inter-individual 
variation was lower than intra- individual varia-
tion) [31] and less variability for miRNA isolated 
from plasma derived EVs [32] was observed.

The differences regarding inter and intra- indi-
vidual variation in these reports may be due to the 
use of different biological fluids, differences in 
pre-analytical variables and to the diversity of EV 
isolation methods used. Thus, for biomarkers 
research it is of key importance to determine the 
variation for each sample type, downstream 
application and, vesicle isolation method in order 
to calculate a solid sample number [33].

Age, gender, and race differences have also 
been reported to affect the size of the vesicles and 
the protein content [34, 35]. Thus, these factors 
should be considered for a well-balanced experi-
mental design.

3.5	 �Example of Experimental 
Setups Relevant in uEV 
Studies

To avoid oversimplification and misinterpretation 
of uEV results seen especially in urines from dia-
betic patients, our experimental setup has built on 
utilization of three levels of meticulously moni-
tored EV parameters as follows:
	1.	 EVs from in vitro cultured diabetes target 

cells
	2.	 uEVs from established experimental model of 

diabetes in the rat

	3.	 uEVs from human diabetic (type 1 diabetes) 
patient urines
This comprehensive approach to study uEVs 

in Diabetic Kidney Disease (DKD), starting from 
in  vitro and in  vivo models to human samples, 
aims to identify better tools and predictive marker 
candidates for early DKD diagnostics and dis-
ease management.

For the in  vitro studies (Figs.  3.3 and 3.4) 
our hypothesis was that the use of known diabe-
tes target cells and their EV secretion patterns 
upon diabetic conditions gives the most simple 
and targeted information of respective EV secre-
tion responses. This approach allows to study 
effects of a variety of modifications, e.g. varia-
tions of insulin, glucose or established pharmaco-
logic manipulation with standardized harvesting 
of EV response, respectively. Thus, we used con-
ditioned culture media from all three resident 
glomerular cell types, the kidney targets of diabe-
tes: podocytes, mesangial and endothelial cells 
with the adjacent proximal tubular cells. 
According to the study protocol, cells were 
grown with or without diabetes -mimicking con-
ditions (collaboration with Prof Richard Coward’s 
lab, Bristol University, UK). EVs from cell 
culture media were isolated by Hydrostatic 
Filtration dialysis [36]. Rigorous quality control 
of the isolated vesicles was done by Western blot, 
nanoparticle analysis and electron microscopy. 
Samples were processed for small and long RNA 
sequencing, and quantitative proteomics. With 
this data, we seek to define a panel of dysregu-
lated miRNAs, mRNAs and proteins (by cell 
type) in these in vitro conditions. All data layers 
are being integrated with multiomics approach to 
reveal novel candidate pathways involved in 
insulin resistance and other parameters. 
Preliminary results of the study from podocytes 
are shown.

3.6	 �uEV Omics Studies 
for Biomarker Research

The application of omics techniques to EV sam-
ples has increased remarkably as a consequence 
of general interest into EV for biomarker 
research. This is clearly reflected in the amount 

3  Urinary Extracellular Vesicles Magic Particles for Biomarker Discovery
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of publications involving EV proteomics, tran-
scriptomics, lipidomics, or metabolomics, which 
are thoroughly documented in recent reviews 
[37–41]. Even if these techniques offer exciting 
possibilities to profile EV contents precisely, it is 
important to consider the technical challenges 
that accompany them in order to design experi-
ments accordingly [42]. Table  3.1 shows 
examples of recent studies involving specifically 
urinary extracellular vesicles. As evident from 
Table 3.1, the use of different approaches to iso-
late EV, workflows for isolation of features under 
study (e.g. RNA, proteins), and normalization 
protocols vary from study to study. The lack of 
standardization in general and only a few pilot 
studies available to compare particular omics 
approaches using same sample sets affects inter-
pretation on what is the preferential approach to 
study uEV.

All omics approaches can be considered ultra-
sensitive. This fact, especially in transcriptomics 
approaches emphasizes the crucial importance of 
selecting optimized uEV isolation methods and 
their critical application at all steps. Poor early 
quality measures will automatically result in poor 
data quality. Reports have shown that different 
uEV isolation methods result in dissimilar 
miRNA containing EV populations and/or even 
co-isolate non-EV miRNA [43–45]. However, 
most of the comparisons have thus far focused in 
uEV miRNA analysis. Thus, more studies are 
needed to reach a clear picture on the effect of 
early EV isolation steps on RNA type outcomes.

Furthermore, the library preparation protocol 
applied has major effects on sequencing results 
as e.g. (i) small vs total RNA library approaches 
affect RNA biotype distribution [40], (ii) poly(A) 
library preparation approach does not perform 
well with partially degraded RNAs. Thus, integ-

Fig. 3.3  Experimental workflow for EVs derived from 
cell culture lines to study diabetic kidney disease. EVs 
extracellular vesicles, TMT proteomics tandem mass tag 

proteomics, TEM transmission electron microscopy, WB 
Western blot, NTA nanoparticle tracking analysis

K. Barreiro et al.
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rity of EV samples RNA has to be evaluated 
before choosing this kind of library, (iii) Library 
Kits that employ universal adapters with fixed 
sequences generate biases in small RNA sequenc-
ing. As reported by Srinivasan et al. [46], the kits 
that use adapters with degenerate bases reduce 
biases for small RNA sequencing.

Normalization of quantitative data is also a 
possible confounding factor. Whether it is better 
to normalize per starting volume of urine, creati-
nine or EV related values (e.g. particle number, 
presence of CD9) is not clear and remains an 
open debate [47]. MISEV 2018 guidelines 
acknowledge the lack of agreement on normal-

ization strategy and calls for more studies on the 
topic.

Validation of sequencing results is usually 
done through qPCR.  However, for example the 
lack of a reference miRNA and biases introduced 
by the library preparation itself could difficult 
validation of the respective miRNA targets [48]. 
As housekeeping genes used normally may not 
work properly for EV sequencing data, ISEV rec-
ommends to use multiple reference genes to nor-
malize qPCR data [49]. For more information on 
EV RNA analysis, methodologies and biases, we 
recommend an ISEV position review by Mateescu 
et al. [50].

Fig. 3.4  Representative results obtained for the in vitro 
model of diabetic nephropathy. PCA of small and long 
RNA sequencing (a, b), expression heatmap of pro-

teomics data [58] (c) and multiomics integration of 
miRNA and Proteomics data [59] (d)

3  Urinary Extracellular Vesicles Magic Particles for Biomarker Discovery
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3.7	 �Future of uEV Studies

Urine remains an underutilized diagnostic matrix, 
which can be easily and painlessly collected in 
large quantities, repeatedly and processed easily 
for further analytics. Factors limiting its diagnos-
tic consist of dynamic contents together with 
constituents causing serious artifacts in down-
stream analytics. For these reasons, rigorous 
standardization of urine is needed and methods 
are now available for successful use of urine. 
Notably, to solve these challenges we recently 
developed a method combining equalization of 
urinary electrolytes while neutralizing effects of 
pigments and manage Tamm-Horsfall [51]. 
Interestingly, the method developed simultane-
ously suits perfectly for unbiased collection of 
uEVs to release the full analytical power of the 
uEVs. It is notable, that uEVs contain 5–20 times 
the contents of proteins, RNA and lipids as com-
pared to crude urine and, furthermore, without 
many known artifacts associated with the use of 
crude urine.

With the wealth of data being increasingly 
published on the biology, derivation, association 
to disease and future therapeutic aspects of EVs, 
it is now reasonable to expect that the uEVs will 
show their power as future analytic and source 
for biomarkers valuable for precision medicine.

To process the large number of samples 
needed to define reliable biomarkers, automated 
methods to isolate efficiently extracellular vesi-
cles are needed. This is especially important to 
reduce the processing time; to reduce the number 
of steps needed to process samples (to reduce 
batch effects). Reducing these factors to essential 
ones, addition of technical replicates and follow 
up samples in large studies would be achievable 
in reasonable times. However, performance of 
commercially available kits (better for high-
throughput) is variable when compared to more 
traditional and well characterized isolation meth-
ods [52, 53]. More studies are needed to compare 
isolation methods including control and disease 
samples and their use in downstream applica-
tions. In addition to the commercially available 

kits new approaches are emerging to automate 
and standardize the isolation process [54].

With the increasing interest in EVs as source of 
novel biomarkers, the need to develop devices that 
could both isolate and detect markers (Lab-on-a-
chip) has grown substantially. Promising devices 
have already been designed, based e.g. in diverse 
microfluidic strategies to isolate successfully 
extracellular vesicles as well as detection of their 
RNA and protein contents and the combination of 
both on single device [55, 56]. These approaches 
provide an interesting future solution for quick EV 
biomarker detection in clinical settings.

Together with the innovation in isolation 
methods, exiting advances were made in single 
EV detection in e.g. flow cytometry, which could 
be applied for accurate biomarker detection [57].
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