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Extracellular vesicles are a heterogeneous and dynamic group of lipid bilayer membrane
nanoparticles that can be classified into three different groups depending on their cellular
origin: exosomes, microvesicles, and apoptotic bodies. They are produced by different
cell types and can be isolated from almost all body fluids. EVs contain a variety of
proteins, lipids, nucleic acids, and metabolites which regulate a number of biological
and pathological scenarios both locally and systemically. Different techniques have been
described in order to determine EV isolation, release, uptake, and cargo. Although
standard techniques such as immunoblotting, fluorescent microscopy, and electron
microscopy are still being used to characterize and visualize EVs, in the last years,
more fine-tuned techniques are emerging. For example, EV uptake can be specifically
determined at a single cell level using the Cre reporter methodology and bioluminescence
based-methods reports have been employed to determine both EV release and uptake.
In addition, techniques for cargo identification have also enormously evolved during these
years. Classical mass spectrometry and next generation sequencing have been used
in the past, but nowadays, advances in these tools have facilitated a more in depth
characterization of the EV content. In this review, we aim to assess the standard and
latest technical advances for studying EV biology in different biological systems.
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During the past decades, extracellular vesicles (EVs) have been recognized as potent vehicles of
non-cell autonomous intercellular communication in different model systems compared to cellto-cell communication (Kramer-Albers and Hill, 2016; Tkach and Thery, 2016; O’Loghlen, 2017).
The term EVs comprises a highly heterogeneous and dynamic group of lipid bilayer membrane
vesicles that can be classified into three main groups: exosomes, microvesicles (MVs), and apoptotic
bodies. Exosomes range in size from 30 to 120 nm in diameter and are generated via activation of
the endocytic pathway forming multivesicular bodies (MBV), which can later fuse with the plasma
membrane and be released to the extracellular environment. Microvesicles (MVs) are larger vesicles
with a size between 100 and 1,000 nm and they are formed as the result of the outward budding
of the plasma membrane. The third category of EVs are apoptotic bodies that are formed as a
result of the induction of cellular apoptosis and comprise a size ranging between 100 and 5,000 nm
(Colombo et al., 2013).
It is nowadays well documented that EVs are involved in numerous physiological and
pathophysiological processes (Tkach and Thery, 2016). The fact that they are lipid particles
involved in signaling during the progression of several diseases forms an attractive basis to use
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them as potential disease progression biomarkers (Skog et al.,
2008; Cocucci and Meldolesi, 2015). Due to that, in the last years
different techniques have been developed in order to identify
the cellular origin, molecular composition, cargo and uptake
of EVs.
In this review, we aim to provide a brief review of the standard
and technical advances used to study MVs and exosomes. Thus,
we will use the general term EVs to cover both exosomes and
MVs in the text.

non-vesicular proteins, lipids, and nucleic acids—to low EV
recovery. Nowadays, most groups use a combination of some
of the above isolation techniques to overcome the pitfalls
of individual isolation techniques (Gardiner et al., 2016). An
additional setback of the previously described isolation methods
is the lack of a specific tool to isolate and determine particular EV
subpopulations. It’s been recently shown that the functionality of
EVs can highly vary depending on their heterogeneity (Tkach
et al., 2017), therefore novel techniques that allow the user
to isolate particular EV subpopulations would be extremely
advantageous.
To date, there is no ideal single isolation technique and the
development of novel methodologies to increase EV recovery
and purity, including the possibility to identify individual
particular subpopulations will highly benefit not only the
scientific community but also the clinical application of EVs as
disease biomarkers.

ADVANCES IN TECHNIQUES TO IDENTIFY
AND STUDY EVS
EV Isolation Techniques
Almost all cell types in culture release EVs and, as a matter
of fact, EVs can be isolated from many types of body fluids
including blood, urine, saliva, and milk (Tkach and Thery,
2016). EVs contain a variety of different biomolecules in their
lumen such as proteins, nucleic acids (both RNAs and DNA),
metabolites, and lipids that play important roles in cell-tocell communication (Kramer-Albers and Hill, 2016). Whereas,
nowadays many research groups are focused on defining EV
composition we have to take into account that the isolation
process is one of the most challenging approaches (Mateescu
et al., 2017). Differential centrifugation, ultrafiltration, size
exclusion chromatography (SEC), immuno-affinity, and density
gradient isolation are frequent methods used for EVs isolation
(Figure 1A). However, each of these methods have their own
limitations ranging from co-isolating contaminants—comprising

Techniques to Determine EV Visualization
and Characterization
EVs are released from cells by diverse mechanisms depending
on their mode of cellular biogenesis and can be taken up by
almost all cells (Colombo et al., 2014). It is known that EVs can
either bind to the plasma membrane, activating specific signaling
pathways or enter into recipient cells by either membrane fusion
or by different mechanisms of endocytosis (Thery et al., 2009).
The merging of the EV’s cargo with the cellular cytoplasmic
compartment influences the behavior of the cells taking up
the EVs. Therefore, it is important to determine cargo uptake

FIGURE 1 | Schematic representation of established and new evolving techniques used for the study of EV biology organized across the biogenesis and uptake of
EVs. (A) Techniques to isolate EVs. (B) Methods to visualize and characterize purified EVs. (C) Techniques to allow for the EVs labeling and uptake visualization. (D)
Identification of EV cargo. GA, Golgi Apparatus; RER, Rough Endoplasmic Reticulum; SEC, Size Exclusion Chromatography; EM, Electron Microscopy; SEM,
Scanning Electron Microscopy; TEM, Transmission Electron Microscopy; Cryo-EM, Cryo-Electron Microscopy; NTA, Nanoparticle Tracking Analysis; TRSP, Tunable
resistive pulse-sensing; AFM, Atomic Force Microscopy.
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this purpose such as PKH67, PKH26, DiI, DiR, and rhodamine
B (Hoshino et al., 2015; Szempruch et al., 2016; Kamerkar
et al., 2017; Ying et al., 2017; Figure 1C). Anyhow, the use of
these compounds has some limitations as: (i) they can affect
normal EV behavior, (ii) they label all EV aside from their
origin making it difficult to discern a specific EV population,
(iii) they are not suitable for long term studies due to their
short half-life, and (iv) they can label not only EVs but can
also stain aggregates and/or form micelles giving false positive
results (Lai et al., 2015). The uptake of EVs can also be measured
using fluorescence microscopy, flow cytometry or more advance
single-cell cytometry techniques such as the ImageStream R Flow
Cytometer (Clark, 2015). It is important to consider, that some
cells may not internalize EVs and signal through EV-plasma
membrane receptor cascades. To confirm that EVs are not simply
attached to the cell surface and that they are binding the plasma
membrane, trypsin or acid treatments of the recipient cells
must be applied, although these methods will influence EV-cell
functionality (Franzen et al., 2014).
In order to overcome the limitations of the short half-life
that lipid-membrane fluorescent dyes have, Lai et al. developed a
fluorescent EV labeling strategy to achieve live-cell imaging of EV
release, uptake, and exchange between different cell populations,
as well as microscopic quantification and flow cytometry analysis
(Lai et al., 2015). For the generation of fluorescent EV reporters,
a palmitoylation signal is genetically fused in-frame to the Nterminus of enhanced green fluorescence protein (EGFP) and
tandem dimer Tomato (tdTomato), generating PalmGFP, and
PalmtdTomato labeled EVs. Cells are then transduced with
a vector encoding either PalmGFP or PalmtdTomato. This
approach allows to: (i) label multiple EV types irrespective
of their biogenesis, (ii) evaluate time-lapse live-cell imaging
of EV release and uptake, and (iii) determine EV exchange
between different populations (Lai et al., 2015). Furthermore,
the authors also fluorescently labeled mRNA and quantified
mRNA EV transfer between cells (Lai et al., 2015). Another clever
strategy this group used is to fuse luciferase to a transmembrane
protein, allowing to determine EV transfer by measurement of
the luciferase activity in the recipient cells (Lai et al., 2014).
Alternatively, tetraspanins such as CD63, have been fused to
fluorescent proteins originating fluorescently labeled EVs (Lo
Cicero et al., 2015; Sung et al., 2015). The EV concentration
can then be determined by fluorescence correlation spectroscopy
to enable quantification at the single vesicle level (Heusermann
et al., 2016), confocal, or stimulated emission depletion (STED)
super-resolution microscopy to determine the rapid binding
and incorporation of EVs in the target cell (Cossetti et al.,
2014). Besides, and in the same direction as this, bioluminescent
reports have been used to label EVs for in vivo studies. As an
example, Baglio et al. developed a bioluminescent orthotopic
xenographt mouse model to investigate whether osteosarcoma
EVs alter the physiology of mesenchymal stem cells (MSCs)
such that they promote tumor progression. Briefly, luciferasepositive metastatic osteosarcoma cells were inoculated in a tibia
of immunocompromised mice; human GFP-positive MSCs were
educated with osteosarcoma-released EVs for 48 h, and educated
or non-educated MSCs were systematically injected in the

by the recipient cell in order to associate EV uptake with
functionality.
The most frequently used techniques to characterize EVs
are immunoblotting and antibody specific enzyme-linked
immunosorbent assay (ELISA). However, none of these methods
give any information on the EV structure, concentration or
heterogeneity. Furthermore, immuno-affinity beads capture and
detection by fluorescence-activated cell sorting (FACS) allows
the detection of individual EV subpopulations but does not give
an overall view of the EV heterogeneous population (Ostrowski
et al., 2010).
In order to advance our understanding of EV biology, accurate
methods that allow us to quantify and visualize single EV
particles are needed. Several methods are currently used to
determine EV concentration in a sample. Nanoparticle Tracking
Analysis (NTA) and Tunable Resistive Pulse Sensing (TRSP)
are the most commonly used methods to estimate particle
size and concentration. However, these methods are unable
to differentiate between EV and non-EV particles, therefore,
additional techniques that allow to identify EV structural
properties and single particle EV visualization should be used in
conjunction with these techniques.
All types of EVs can be detected and characterized at the level
of a single EV using electron microscopy (EM). Transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM) are considered a standard tool for characterizing EV
morphology. The additional immuno-labeling using nanogold
particles allows the detection of one or more EV surface
proteins, which can be differentiated by varying the size of the
nanogold particle, thus allowing for multiplex labeling. However,
to visualize EVs within cells or tissues with EM techniques
requires a high level of manipulation of the sample, while isolated
EVs need to be dehydrated and stained, affecting the overall
structure of the EV. Nevertheless, the emergence and finetuning of the cryo-electron microscopy (Cryo-EM) technique has
emerged in order to reveal detailed structural features in EVs
allowing to determine morphological heterogeneity. Thus, cryoEM identifies EVs by their lipid bilayer and allows to differentiate
them from non-vesicular bodies with little sample manipulation.
EVs can be visualized either dried or hydrated or unstained
using a thin film of frozen liquid with cryo-EM (Coumans
et al., 2017). Interestingly, this technique has allowed to identify
a percentage of exosomes derived from human melanocytes
presenting a cap structure consisting of a stack of horizontal
layers, unveiling novel EV morphology (Van Niel et al., 2015). In
fact, the use of cryo-electron tomography has allowed to obtain
enhanced imaging of EV as it generates 3D images showing the
spherical morphology of exosomes (Peters et al., 2006; Van Niel
et al., 2015). An additional technique that minimizes sample
preparation is Atomic force microscopy (AFM), which allows to
obtain surface topographic 3D images (Whitehead et al., 2015;
Figure 1B).

EV Labeling and Uptake Visualization
EV uptake relies mainly on scoring fluorescent or bioluminescent
signals in cells or tissues treated with labeled purified EVs.
Different membrane-specific fluorescent dyes are being used for
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DNase digestion (Miranda et al., 2010). Furthermore, EVs
can contain pseudogenes and transposable elements such as
retrotransposons, although their biological relevance is still
unknown (Balaj et al., 2011; Lefebvre et al., 2016). The commonly
used techniques to determine nucleic acid cargo within EVs
are next-generation sequencing. However, several steps of the
process such as the RNA extraction, library preparation, cDNA
synthesis, adapter ligation and different sequencing platforms
used can bias the end point result (Goodwin et al., 2016;
Mateescu et al., 2017). Ideally, more sensitive techniques that
allow the detection of low abundance of certain nucleic acids
in EVs or the identification of nucleic acid content in single
EVs would prove extremely useful to improve our knowledge
of the relevance and functionality of nucleic acids as EV
cargo.
Protein and lipid cargo of EVs have been studied via
biochemical assay and mass spectrometry (MS) (Haraszti et al.,
2016). Protein content study can be performed using a number
of different antibody-based assays for the detection of specific
proteins but, in the last years, techniques based on advanced
mass spectrometry are used to reflect the complete proteome
(Raimondo et al., 2011; Colombo et al., 2014). The key step for the
development of a robust antibody-based assay is the availability
of highly specific antibodies that bind the target. In spite of the
antibody specificity limitation, these assays provide important
information concerning protein composition of the EVs. Here
we can include flow cytometry, EV array (Jorgensen et al.,
2015), surface plasmon resonance imaging (SPRi) combined
with antibody microarray (Zhu et al., 2014) or nanoplasmonic
exosome assay (nPLEX) (Im et al., 2014). Standard proteomic
approaches are employed to examine EV protein cargo, ranging
from two-dimensional gel electrophoresis to more sophisticated
MS techniques like electrospray ionization (ESI)-based liquid
chromatography and tandem MS methods such as LC-MS/MS
(Schey et al., 2015). Furthermore, the development of more
sensitive quantitation methods as the use of metabolic labeling
like stable-isotope labeling by amino acids in cell culture (SILAC)
or isobaric tags for relative and absolute quantitation (iTRAQ)
allow more fine-tuned analysis of the EV proteomic content
(Guenther et al., 2015).
Although, numerous proteomic studies reveal EV protein
content, only a few researchers have focused their work on
the lipid profiling of EVs (Del Boccio et al., 2012). Lipidomics
is defined by the characterization and quantification of lipid
species in biological samples (Kreimer et al., 2015). The
methods currently available to provide information about lipid
composition in EVs are high-sensitivity mass-spectrometrybased approaches including liquid chromatography and gas
chromatography coupled to MS (Subra et al., 2010).
Recently, a new-omics approach has been linked to the field.
Metabolomics strategy provides the characterization of EVs
intrinsic metabolic activity applying state-of-the-art untargeted
and targeted metabolomics tracing analysis (Iraci et al., 2017;
Figure 1D). Indeed, Iraci et al. have found that EVs derived
from neural stem cells (NSC) are able to consume and produce
metabolites. In particular, this elegant study shows that EVs
contain L-asparaginase activity and function as independent

osteosarcoma-bearing mice. Tumor growth was later monitored
by bioluminescence imaging (BLI) (Baglio et al., 2017).
However, there is a need to develop methods that allow
discriminating between the cells that have taken up EVs and the
ones that have not, in the same microenvironment. The CreloxP method was designed to specifically identify cells taking up
EVs (Figure 1C). The Cre-loxP system induces a color switch
in reporter-expressing cells that take up EVs released from cells
expressing the recombinase Cre; i.e., the recipient cells that do
not take up exosomes express a DsRed reporter, while the cells
that take up EVs start expressing GFP (recombined reporter as
they have taken up Cre expressing EVs). Importantly, this system
has been proven to efficiently determine EV uptake not only
in vitro but also in vivo (Zomer et al., 2015, 2016). Furthermore,
mRNA transfer of Cre recombinase has also been similarly shown
by a different group in the context of inflammation (Ridder et al.,
2014, 2015).

EV Cargo Identification
Different studies have focused on providing a comprehensive
characterization of the content of EVs. It has been published
that EV cargo includes nucleic acids, lipids, proteins and, more
recently, metabolites from donor cells (Figure 1D). Different
techniques have been used in the last years in order to identify
their content and several public datasets have been created to
share with the scientific community (Kalra et al., 2012; Kim et al.,
2015).
Numerous groups have analyzed the presence of nucleic acids
in EVs (Valadi et al., 2007). The amount of RNA and DNA
varies depending on the cell of origin although some studies have
found little correlation between cellular and EV RNA content
(Nabet et al., 2017). Microarray assessment and next-generation
sequencing techniques (Eirin et al., 2014) have shown that EVs
contain messenger RNA, in addition to both short and long
RNAs. Interestingly, a recent study has found an enrichment
of non-coding RNAs in exosomes including miRNAs compared
to cellular RNA (Nabet et al., 2017). Many other RNAs are
also present in EV such as short ncRNAs (miRNAs, piRNAs,
and tiRNAs), mid-size ncRNAs (snoRNAs, PASRs, TSSs-RNAs,
and PROMPTs), and long ncRNAs (lincRNA, T-UCRs, and
others; Pegtel et al., 2010; Nolte-’t Hoen et al., 2012; Quek
et al., 2015; Tosar et al., 2015; Sharma et al., 2016; Lee et al.,
2017). Although, several studies have shown the presence of
different types of RNAs, the international society for extracellular
vesicles (ISEV) have reported a list of experimental details that
should be present in publications regarding the composition
and function of RNA associated to EVs. Particular emphasis
is made regarding the possibility that they are contaminants
and not within the EV, the challenges of dealing with low
amounts of material and further in vivo functional validation
and characterization (Mateescu et al., 2017). In addition to RNA,
also genomic DNA has been detected inside EVs (Balaj et al.,
2011; Thakur et al., 2014). A comparison made by Thakur et al.
showed that DNA extracted from intact EVs and EVs pretreated with DNase decrease in double-stranded DNA longer
than 2.5 kB in the fraction subject to enzymatic cleave. Therefore,
EV isolation for DNA analysis should, nowadays, include external
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metabolic units to alter the microenvironment (Iraci et al.,
2017).

structure, cargo, function, and biological relevance in different
contexts.
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AUTHOR CONTRIBUTIONS

Although, our advance in the understanding of EV biology
has impressively evolved in the last decades, we are still
far from acquiring a comprehensive knowledge of the basic
mechanisms regulating EV biology in both physiological
and pathophysiological contexts. Despite new technological
advances to study EV biology evolving regularly, further
high sensitive techniques will be required to complete our
knowledge of EV biology. For the moment, the use of a
variety and combination of different standard and novel
techniques will help improve our understanding of EVs

PC-F and JF-L wrote and edited the manuscript. AO suggested
the topic and edited the manuscript with input from all the
authors.

FUNDING
AO’s lab is supported by the BBSRC (BB/P000223/1). PC-F
and JF-L are recipients of a postdoctoral fellowship funded by
Consellería de Cultura, Educación e Ordenación Universitaria,
Xunta de Galicia (Spain).

REFERENCES

Guenther, S., Muirhead, L. J., Speller, A. V., Golf, O., Strittmatter, N.,
Ramakrishnan, R., et al. (2015). Spatially resolved metabolic phenotyping of
breast cancer by desorption electrospray ionization mass spectrometry. Cancer
Res. 75, 1828–1837. doi: 10.1158/0008-5472.CAN-14-2258
Haraszti, R. A., Didiot, M. C., Sapp, E., Leszyk, J., Shaffer, S. A., Rockwell, H. E.,
et al. (2016). High-resolution proteomic and lipidomic analysis of exosomes
and microvesicles from different cell sources. J. Extracell. Vesicles 5:32570.
doi: 10.3402/jev.v5.32570
Heusermann, W., Hean, J., Trojer, D., Steib, E., Von Bueren, S., Graff-Meyer, A.,
et al. (2016). Exosomes surf on filopodia to enter cells at endocytic hot spots,
traffic within endosomes, and are targeted to the ER. J. Cell Biol. 213, 173–184.
doi: 10.1083/jcb.201506084
Hoshino, A., Costa-Silva, B., Shen, T. L., Rodrigues, G., Hashimoto, A., Tesic
Mark, M., et al. (2015). Tumour exosome integrins determine organotropic
metastasis. Nature 527, 329–335. doi: 10.1038/nature15756
Im, H., Shao, H., Park, Y. I., Peterson, V. M., Castro, C. M., Weissleder, R.,
et al. (2014). Label-free detection and molecular profiling of exosomes with a
nano-plasmonic sensor. Nat. Biotechnol. 32, 490–495. doi: 10.1038/nbt.2886
Iraci, N., Gaude, E., Leonardi, T., Costa, A. S. H., Cossetti, C., PeruzzottiJametti, L., et al. (2017). Extracellular vesicles are independent
metabolic units with asparaginase activity. Nat. Chem. Biol. 13, 951–955.
doi: 10.1038/nchembio.2422
Jorgensen, M. M., Baek, R., and Varming, K. (2015). Potentials and capabilities
of the Extracellular Vesicle (EV) array. J. Extracell. Vesicles 4:26048.
doi: 10.3402/jev.v4.26048
Kalra, H., Simpson, R. J., Ji, H., Aikawa, E., Altevogt, P., Askenase, P.,
et al. (2012). Vesiclepedia: a compendium for extracellular vesicles
with continuous community annotation. PLoS Biol. 10:e1001450.
doi: 10.1371/journal.pbio.1001450
Kamerkar, S., Lebleu, V. S., Sugimoto, H., Yang, S., Ruivo, C. F., Melo, S. A.,
et al. (2017). Exosomes facilitate therapeutic targeting of oncogenic KRAS in
pancreatic cancer. Nature 546, 498–503. doi: 10.1038/nature22341
Kim, D. K., Lee, J., Simpson, R. J., Lotvall, J., and Gho, Y. S. (2015). EVpedia:
a community web resource for prokaryotic and eukaryotic extracellular
vesicles research. Semin. Cell Dev. Biol. 40, 4–7. doi: 10.1016/j.semcdb.2015.
02.005
Kramer-Albers, E. M., and Hill, A. F. (2016). Extracellular vesicles: interneural
shuttles of complex messages. Curr. Opin. Neurobiol. 39, 101–107.
doi: 10.1016/j.conb.2016.04.016
Kreimer, S., Belov, A. M., Ghiran, I., Murthy, S. K., Frank, D. A., and
Ivanov, A. R. (2015). Mass-spectrometry-based molecular characterization
of extracellular vesicles: lipidomics and proteomics. J. Proteome Res. 14,
2367–2384. doi: 10.1021/pr501279t
Lai, C. P., Kim, E. Y., Badr, C. E., Weissleder, R., Mempel, T. R., Tannous, B.
A., et al. (2015). Visualization and tracking of tumour extracellular vesicle
delivery and RNA translation using multiplexed reporters. Nat. Commun.
6:7029. doi: 10.1038/ncomms8029

Baglio, S. R., Lagerweij, T., Perez-Lanzon, M., Ho, X. D., Leveille, N.,
Melo, S. A., et al. (2017). Blocking tumor-educated MSC paracrine
activity halts osteosarcoma progression. Clin. Cancer Res. 23, 3721–3733.
doi: 10.1158/1078-0432.CCR-16-2726
Balaj, L., Lessard, R., Dai, L., Cho, Y. J., Pomeroy, S. L., Breakefield, X. O., et al.
(2011). Tumour microvesicles contain retrotransposon elements and amplified
oncogene sequences. Nat. Commun. 2:180. doi: 10.1038/ncomms1180
Clark, R. (2015). Imaging flow cytometry enhances particle detection sensitivity for
extracellular vesicles analysis. Nat. Methods 12, 1–2. doi: 10.1038/nmeth.f.380
Cocucci, E., and Meldolesi, J. (2015). Ectosomes and exosomes: shedding
the confusion between extracellular vesicles. Trends Cell Biol. 25, 364–372.
doi: 10.1016/j.tcb.2015.01.004
Colombo, M., Moita, C., Van Niel, G., Kowal, J., Vigneron, J., Benaroch, P., et al.
(2013). Analysis of ESCRT functions in exosome biogenesis, composition and
secretion highlights the heterogeneity of extracellular vesicles. J. Cell Sci. 126,
5553–5565. doi: 10.1242/jcs.128868
Colombo, M., Raposo, G., and Thery, C. (2014). Biogenesis, secretion, and
intercellular interactions of exosomes and other extracellular vesicles. Annu.
Rev. Cell Dev. Biol. 30, 255–289. doi: 10.1146/annurev-cellbio-101512-122326
Cossetti, C., Iraci, N., Mercer, T. R., Leonardi, T., Alpi, E., Drago, D., et al.
(2014). Extracellular vesicles from neural stem cells transfer IFN-gamma
via Ifngr1 to activate Stat1 signaling in target cells. Mol. Cell 56, 193–204.
doi: 10.1016/j.molcel.2014.08.020
Coumans, F. A. W., Brisson, A. R., Buzas, E. I., Dignat-George, F., Drees, E. E. E.,
El-Andaloussi, S., et al. (2017). Methodological guidelines to study extracellular
vesicles. Circ. Res. 120, 1632–1648. doi: 10.1161/CIRCRESAHA.117.309417
Del Boccio, P., Raimondo, F., Pieragostino, D., Morosi, L., Cozzi, G., Sacchetta,
P., et al. (2012). A hyphenated microLC-Q-TOF-MS platform for exosomal
lipidomics investigations: application to RCC urinary exosomes. Electrophoresis
33, 689–696. doi: 10.1002/elps.201100375
Eirin, A., Riester, S. M., Zhu, X. Y., Tang, H., Evans, J. M., O’brien, D.,
et al. (2014). MicroRNA and mRNA cargo of extracellular vesicles from
porcine adipose tissue-derived mesenchymal stem cells. Gene 551, 55–64.
doi: 10.1016/j.gene.2014.08.041
Franzen, C. A., Simms, P. E., Van Huis, A. F., Foreman, K. E., Kuo, P. C.,
and Gupta, G. N. (2014). Characterization of uptake and internalization
of exosomes by bladder cancer cells. Biomed Res. Int. 2014:619829.
doi: 10.1155/2014/619829
Gardiner, C., Di Vizio, D., Sahoo, S., Thery, C., Witwer, K. W., Wauben,
M., et al. (2016). Techniques used for the isolation and characterization
of extracellular vesicles: results of a worldwide survey. J. Extracell. Vesicles
5:32945. doi: 10.3402/jev.v5.32945
Goodwin, S., McPherson, J. D., and McCombie, W. R. (2016). Coming of age: ten
years of next-generation sequencing technologies. Nat. Rev. Genet. 17, 333–351.
doi: 10.1038/nrg.2016.49

Frontiers in Molecular Biosciences | www.frontiersin.org

5

November 2017 | Volume 4 | Article 79

Carpintero-Fernández et al.

Novel Techniques to Study EV Biology

Subra, C., Grand, D., Laulagnier, K., Stella, A., Lambeau, G., Paillasse, M.,
et al. (2010). Exosomes account for vesicle-mediated transcellular transport
of activatable phospholipases and prostaglandins. J. Lipid Res. 51, 2105–2120.
doi: 10.1194/jlr.M003657
Sung, B. H., Ketova, T., Hoshino, D., Zijlstra, A., and Weaver, A. M. (2015).
Directional cell movement through tissues is controlled by exosome secretion.
Nat. Commun. 6:7164. doi: 10.1038/ncomms8164
Szempruch, A. J., Sykes, S. E., Kieft, R., Dennison, L., Becker, A. C.,
Gartrell, A., et al. (2016). Extracellular vesicles from trypanosoma brucei
mediate virulence factor transfer and cause host anemia. Cell 164, 246–257.
doi: 10.1016/j.cell.2015.11.051
Thakur, B. K., Zhang, H., Becker, A., Matei, I., Huang, Y., Costa-Silva, B., et al.
(2014). Double-stranded DNA in exosomes: a novel biomarker in cancer
detection. Cell Res. 24, 766–769. doi: 10.1038/cr.2014.44
Thery, C., Ostrowski, M., and Segura, E. (2009). Membrane vesicles as
conveyors of immune responses. Nat. Rev. Immunol. 9, 581–593. doi: 10.1038/
nri2567
Tkach, M., Kowal, J., Zucchetti, A. E., Enserink, L., Jouve, M., Lankar, D.,
et al. (2017). Qualitative differences in T-cell activation by dendritic
cell-derived extracellular vesicle subtypes. EMBO J. 36, 3012–3028.
doi: 10.15252/embj.201696003
Tkach, M., and Thery, C. (2016). Communication by extracellular
vesicles: where we are and where we need to go. Cell 164, 1226–1232.
doi: 10.1016/j.cell.2016.01.043
Tosar, J. P., Gambaro, F., Sanguinetti, J., Bonilla, B., Witwer, K. W., and Cayota, A.
(2015). Assessment of small RNA sorting into different extracellular fractions
revealed by high-throughput sequencing of breast cell lines. Nucleic Acids Res.
43, 5601–5616. doi: 10.1093/nar/gkv432
Valadi, H., Ekstrom, K., Bossios, A., Sjostrand, M., Lee, J. J., and Lotvall, J. O.
(2007). Exosome-mediated transfer of mRNAs and microRNAs is a novel
mechanism of genetic exchange between cells. Nat. Cell Biol. 9, 654–659.
doi: 10.1038/ncb1596
Van Niel, G., Bergam, P., Di Cicco, A., Hurbain, I., Lo Cicero, A., Dingli,
F., et al. (2015). Apolipoprotein E regulates amyloid formation within
endosomes of pigment cells. Cell Rep. 13, 43–51. doi: 10.1016/j.celrep.2015.
08.057
Whitehead, B., Wu, L., Hvam, M. L., Aslan, H., Dong, M., Dyrskjot, L., et al. (2015).
Tumour exosomes display differential mechanical and complement activation
properties dependent on malignant state: implications in endothelial leakiness.
J. Extracell. Vesicles 4:29685. doi: 10.3402/jev.v4.29685
Ying, W., Riopel, M., Bandyopadhyay, G., Dong, Y., Birmingham, A., Seo, J.
B., et al. (2017). Adipose tissue macrophage-derived exosomal miRNAs can
modulate in vivo and in vitro insulin sensitivity. Cell 171, 372–384.e312.
doi: 10.1016/j.cell.2017.08.035
Zhu, L., Wang, K., Cui, J., Liu, H., Bu, X., Ma, H., et al. (2014). Labelfree quantitative detection of tumor-derived exosomes through surface
plasmon resonance imaging. Anal. Chem. 86, 8857–8864. doi: 10.1021/ac50
23056
Zomer, A., Maynard, C., Verweij, F. J., Kamermans, A., Schafer, R.,
Beerling, E., et al. (2015). In vivo imaging reveals extracellular vesiclemediated phenocopying of metastatic behavior. Cell 161, 1046–1057.
doi: 10.1016/j.cell.2015.04.042
Zomer, A., Steenbeek, S. C., Maynard, C., and Van Rheenen, J. (2016). Studying
extracellular vesicle transfer by a Cre-loxP method. Nat. Protoc. 11, 87–101.
doi: 10.1038/nprot.2015.138

Lai, C. P., Mardini, O., Ericsson, M., Prabhakar, S., Maguire, C. A., Chen, J. W.,
et al. (2014). Dynamic biodistribution of extracellular vesicles in vivo using a
multimodal imaging reporter. ACS Nano 8, 483–494. doi: 10.1021/nn404945r
Lee, W. H., Chen, W. Y., Shao, N. Y., Xiao, D., Qin, X., Baker, N., et al. (2017).
Comparison of non-coding RNAs in exosomes and functional efficacy of
human embryonic stem cell- versus induced pluripotent stem cell-derived
cardiomyocytes. Stem Cells 35, 2138–2149. doi: 10.1002/stem.2669
Lefebvre, F. A., Benoit Bouvrette, L. P., Perras, L., Blanchet-Cohen, A., Garnier,
D., Rak, J., et al. (2016). Comparative transcriptomic analysis of human and
Drosophila extracellular vesicles. Sci. Rep. 6:27680. doi: 10.1038/srep27680
Lo Cicero, A., Delevoye, C., Gilles-Marsens, F., Loew, D., Dingli, F., Guere,
C., et al. (2015). Exosomes released by keratinocytes modulate melanocyte
pigmentation. Nat. Commun. 6:7506. doi: 10.1038/ncomms8506
Mateescu, B., Kowal, E. J., Van Balkom, B. W., Bartel, S., Bhattacharyya, S. N.,
Buzas, E. I., et al. (2017). Obstacles and opportunities in the functional analysis
of extracellular vesicle RNA - an ISEV position paper. J. Extracell. Vesicles
6:1286095. doi: 10.1080/20013078.2017.1286095
Miranda, K. C., Bond, D. T., McKee, M., Skog, J., Paunescu, T. G., Da Silva, N.,
et al. (2010). Nucleic acids within urinary exosomes/microvesicles are potential
biomarkers for renal disease. Kidney Int. 78, 191–199. doi: 10.1038/ki.2010.106
Nabet, B. Y., Qiu, Y., Shabason, J. E., Wu, T. J., Yoon, T., Kim, B. C.,
et al. (2017). Exosome RNA unshielding couples stromal activation to
pattern recognition receptor signaling in cancer. Cell 170, 352–366.e13.
doi: 10.1016/j.cell.2017.06.031
Nolte-’t Hoen, E. N., Buermans, H. P., Waasdorp, M., Stoorvogel, W., Wauben, M.
H., and T., Hoen, P. A. (2012). Deep sequencing of RNA from immune cellderived vesicles uncovers the selective incorporation of small non-coding RNA
biotypes with potential regulatory functions. Nucleic Acids Res. 40, 9272–9285.
doi: 10.1093/nar/gks658
O’Loghlen, A. (2017). Role for extracellular vesicles in the tumour
microenvironment. Philos. Trans. R. Soc. B. 373, 1–7. doi: 10.1098/rstb.
2016.0488
Ostrowski, M., Carmo, N. B., Krumeich, S., Fanget, I., Raposo, G., Savina, A., et al.
(2010). Rab27a and Rab27b control different steps of the exosome secretion
pathway. Nat. Cell Biol. 12, 19–30 doi: 10.1038/ncb2000
Pegtel, D. M., Cosmopoulos, K., Thorley-Lawson, D. A., Van Eijndhoven, M.
A., Hopmans, E. S., Lindenberg, J. L., et al. (2010). Functional delivery of
viral miRNAs via exosomes. Proc. Natl. Acad. Sci. U.S.A. 107, 6328–6333.
doi: 10.1073/pnas.0914843107
Peters, P. J., Bos, E., and Griekspoor, A. (2006). Cryo-immunogold
electron microscopy. Curr. Protoc. Cell Biol. Chapter 4, Unit 4.7.
doi: 10.1002/0471143030.cb0407s30
Quek, C., Jung, C. H., Bellingham, S. A., Lonie, A., and Hill, A. F. (2015). iSRAP - a
one-touch research tool for rapid profiling of small RNA-seq data. J. Extracell.
Vesicles 4:29454. doi: 10.3402/jev.v4.29454
Raimondo, F., Morosi, L., Chinello, C., Magni, F., and Pitto, M. (2011).
Advances in membranous vesicle and exosome proteomics improving
biological understanding and biomarker discovery. Proteomics 11, 709–720.
doi: 10.1002/pmic.201000422
Ridder, K., Keller, S., Dams, M., Rupp, A. K., Schlaudraff, J., Del Turco, D., et al.
(2014). Extracellular vesicle-mediated transfer of genetic information between
the hematopoietic system and the brain in response to inflammation. PLoS Biol.
12:e1001874. doi: 10.1371/journal.pbio.1001874
Ridder, K., Sevko, A., Heide, J., Dams, M., Rupp, A. K., Macas, J.,
et al. (2015). Extracellular vesicle-mediated transfer of functional
RNA in the tumor microenvironment. Oncoimmunology 4:e1008371.
doi: 10.1080/2162402X.2015.1008371
Schey, K. L., Luther, J. M., and Rose, K. L. (2015). Proteomics characterization of
exosome cargo. Methods 87, 75–82. doi: 10.1016/j.ymeth.2015.03.018
Sharma, U., Conine, C. C., Shea, J. M., Boskovic, A., Derr, A. G., Bing,
X. Y., et al. (2016). Biogenesis and function of tRNA fragments during
sperm maturation and fertilization in mammals. Science 351, 391–396.
doi: 10.1126/science.aad6780
Skog, J., Wurdinger, T., Van Rijn, S., Meijer, D. H., Gainche, L., Sena-Esteves,
M., et al. (2008). Glioblastoma microvesicles transport RNA and proteins that
promote tumour growth and provide diagnostic biomarkers. Nat. Cell Biol. 10,
1470–1476. doi: 10.1038/ncb1800

Frontiers in Molecular Biosciences | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Carpintero-Fernández, Fafián-Labora and O’Loghlen. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

6

November 2017 | Volume 4 | Article 79

