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Abstract
To harmoniously coordinate the activities of all its different cell types, a multicellular organism critically depends on intercellular communication. One recently
discovered mode of intercellular cross-talk is based on the exchange of "extracellular vesicles" (EVs). EVs are nano-sized heterogeneous lipid bilayer vesicles
enriched in a variety of biomolecules that mediate short- and long-distance communication between different cells, and between cells and their environment.
Numerous studies have demonstrated important aspects pertaining to the dynamics of their release, their uptake, and sub-cellular fate and roles in vitro.
However, to demonstrate these and other aspects of EV biology in a relevant,
fully physiological context in vivo remains challenging. In this review we analyze
the state of the art of EV imaging in vivo, focusing in particular on zebrafish as
a promising model to visualize, study, and characterize endogenous EVs in real-
time and expand our understanding of EV biology at cellular and systems level.
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1 | E XT R ACE LLU LAR VE SICLES,
A N E V E RG R E E N FIE LD

Within the large group of EVs, we classically distinguish apoptotic bodies, microvesicles (or "ectosomes"),
and exosomes.10 Between these three, apoptotic bodies
constitute the largest class with diameters ranging from
200 nm to 5 μm, and are formed directly at the plasma
membrane (PM) of cells undergoing programmed cell
death. Another PM-derived EV subclass is microvesicles
(MVs), that originate from viable cells and have diameters
ranging from 100 to 800 nm. Exosomes, by contrast, are
generated as intra-luminal vesicles (ILV) within intracellular multivesicular bodies (MVB) by invagination of their
limiting membrane, and have a diameter ranging from 30
to 150 nm. The ILVs generated through this process can be

For more than four decades, extracellular vesicles (EVs)
have been attractive study objects in cellular and molecular biology, with a dazzling increase in the number of scientific publications since the last decade onwards. From
the definition of "platelet dust" (1967)1 to nowadays, the
scientific community has been steadily unravelling their
roles in various biological processes, from embryonic development2,3 to body homeostasis4 up to the development
and progression of many diseases, including neurodegenerative diseases and cancer.5-9
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released into the extracellular environment as “exosomes”
when MVBs fuse with the PM.11 However, these classifications are still prone to adaptation, as new categories
of EVs of different cellular or even unknown origins and
novel roles frequently emerge, such as exophers,12 autophagy pathway-derived EVs,13-15 mitochondrial-derived vesicles (mitovesicles),16-18 and migrasomes19-21 (Figure 1). On
all these different EV subtypes, there is still a lot to be clarified, opening up an ever-increasing field of exploration
that attracts more and more researchers. Yet, one should
consider that the EV field is still immature compared to
other research fields and is constantly being refined. EV-
related studies can therefore be easily susceptible to misinterpretations due to the mere complexity of EVs and
several substantial technological gaps that we are still facing today.

2 | “E V S , ET AL.”: W HAT AR E WE
REA L LY LO OK IN G AT ?
The most common approach to study the role of EVs is
based on their isolation from large volumes of biological
fluids or conditioned cell culture media, often followed
by further characterization by different means. These
methods are associated with various technical challenges.
Differential (ultra)centrifugation (DUC),22 one of the earliest EV isolation techniques, is prone to induce EV aggregation, deformation, or loss of functional integrity and
cargo,23 including loss of the integrity of the glycan crown
(an ensemble of O-  and N-linked glycans, GPI-anchors,
glycolipids and glycoproteins covering the EV, mediating processes as EV adhesion, targeting and uptake).24,25
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Additionally, DUC can easily result in co-isolation of
indistinguishable EV subpopulations (exosomes, small
microvesicles, or mitovesicles) and contaminants such
as viruses, protein aggregates, and nucleic acids (RNA
and DNA) associated or not to the outer membrane
(rather than loaded into EVs by their donor cells).26 In
recent years, many techniques have been refined to allow
separation of EVs from soluble proteins and other contaminants, using immune-capture, density gradient,
ultrafiltration, or size-exclusion chromatography.27-29
These techniques and their combinations can lead to
very good recovery yield of pure or subpopulations of
EVs based on their size, density or on optimal expression
of a targetable marker. However, these techniques still
cannot fully discriminate collected EVs based on their
biogenesis (MVB-derived exosomes from PM-derived microvesicles for example) and will thus benefit from more
refined characterization approaches that are currently
being explored.30,31 As a consequence, uncertainties in
the isolation strategies challenges, to some extent, the
interpretation of data with respect to the exact EV subpopulation that is responsible for the functional effects
that are observed, both in vitro and in vivo.
To further explore EV biology, complementary imaging strategies are developed to label and track EVs
during intercellular communication. Broadly applied
methods require a post-isolation labelling step of exogenous EVs using fluorescent dyes that bind nucleic acids
(such as SYTO 13, H33342, and Thiazole Orange32,33) or
are integrated in the lipid bilayer of EVs (e.g., PKH family,
MemBright, Rhodamine B, or carbocyanin dyes like DiL
and DiR34-36), or by incorporation of radioactive or magnetic tracers. While these techniques have the advantage

F I G U R E 1 EV sub-populations
released by a single cell, with their
respective diameters. EV, extracellular
vesicles; MVB, multivesicular body; N,
nucleus
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to label the whole EV population, they require robust
controls as some of these dyes can induce further aggregation and formation of micelles, or can label contaminants, such as nucleic acids externally attached to EVs or
membrane debris derived from cell damage, poor isolation, or poor storage. In addition, the relative stability of
the dyes suggests their signal can persist over time, even
after the degradation of the EVs,37,38 which might complicate the interpretation of fluorescent signals in long-term
experiments.

3 | N E W P E R SPECT IVE S R E VEAL
N E W DETA I LS: T HE E N DOG E N OUS
I N SI G H T
Since the last decade, the EV community is therefore
slowly expanding its approaches, moving toward genetic
labelling of EVs.39 This helps not only to improve their detection by having a fluorescent signal uniquely associated
with EV-marker proteins, but also to address fundamental
questions about the subcellular location(s) and dynamics
of EV biogenesis, secretion, and degradation after uptake
in recipient cells.
Among the most widely adopted strategies of genetic
EV-labelling are fluorescent protein (FP)-tagging of EV-
marker proteins, guaranteeing a more specific and reliable
association of a fluorescent signal to the EV, and allowing
the visualization of EV release, uptake and degradation
in vitro, with the possibility to define the half-life of the
EVs in recipient cells ex vivo.40 EV-markers often fused
with an FP include tetraspanins (TSPANs, a protein family often found in EVs, characterized by four transmembrane domains, two extracellular loops, and a number of
highly conserved amino acid residues) such as CD63 or
CD9, that form relevant targets for cellular and molecular studies. Association of TSPANs with pHluorin (a pH
sensitive GFP variant) for instance, allows to observe individual MVB-PM fusion events in living cells using total
internal reflection fluorescence or spinning-disk microscopy.41,42 With these methods, fundamental questions can
be addressed such as how often and at which location on
the PM exosomes are secreted, as well as the characterization of natural and synthetic triggers and inhibitors that
modulate this process in cancer cells.42 This approach can
likewise be applied to study exosome secretion in polarized cells. In specialized cells like neurons for example,
where specific functions are associated to specific regions
of the cell, mapping the location, frequency, and triggers
of exosomal exocytosis events could bring novel insights
to neuronal cell biology.
Looking at endogenous, genetically labelled EVs has
been an important step in the field, potentially resulting
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in more precise imaging data compared to singular
use of fluorescent dye-labelled EVs. This allowed new
insights not only in uptake and clearance studies, but
also more importantly enabled for the first time the
study of biogenesis and secretion of endogenous EVs
in real-time. Yet researchers should keep in mind that
this approach may target EV subpopulations, whereas
at the same time their overexpression or the addition
of a genetic label may result in their exclusion from- or
mis-localization to other EV-subtypes, not indigenous
to the marker in question. In addition, genetic labelling
strategies may be susceptible to (proteolytic) cleavage,43
and may not always be accessible to immune-capture or
-labelling approaches when the tag is embedded within
the 3D structure of the protein. Finally, genetic tagging
is incompatible with the study of EVs isolated from
patient-derived body fluids.

4 | A NEW IMAGING SC ENAR IO
IN 3D DEV ELOPMENT
Although very informative, it is not clear whether studies
performed with purified and a posteriori-labelled EVs actually reflect what naturally happens in living organisms.
Indeed, relatively little is known on EV biology in vivo in
terms of biogenesis, mode- (induced, pulsed or constitutive) and quantities of secretion, their bio-distribution,
cognate target cells, clearance, and functional effects. To
address these issues in vivo, significant breakthroughs are
necessary to explore EV biology beyond the use of isolated
EVs for studying their cellular and molecular effects. A
first step is therefore to transpose this "endogenous perspective” on EVs in vitro to more complex structures,
such as 3D co-cultures (e.g., transwells) and "mini organ"
formations like spheroids and organoids. These models
are physiologically more faithful to the in vivo situation
compared to 2D cell culture systems, since they better
recapitulate tissue architecture and interactions with the
extracellular matrix (ECM).
As for spheroids, organoids, and assembloids,44 the
community is still mostly focussing on the isolation of EVs
from these structures followed by a posteriori analyses,
for example by proteomics or RNA-omics. Interestingly,
compared to EVs derived from cells grown in 2D monolayers, acquisition of a complex 3D structure by the exact
same cell type is known to modify the protein and nucleic acid cargo content of the released EVs, as well as
their size distribution.45-48 This indicates that the spatial
and geometric organization, and therefore the complex
cell-cell/cell-ECM interactions impact the (sub)type of
EVs that is secreted. It is clear that these 3D systems are
a qualitative improvement over 2D systems and therefore

4

|

  

rightly deserve more attention in EV research.49 More recently, attempts have been made to visualize genetically
tagged endogenous EVs released in simple 3D systems
such as transwells to study the blood brain barrier,50 and
further improvement can be expected from live-imaging
of organoids or assembloids.44 These approaches will
help clarify how the architecture of an organoid impacts EV size and cargo at molecular level, in terms of
mechanical triggers or biological cues that might impact
EV biogenesis, cargo sorting, and endosomal trafficking. Furthermore, exploiting systems such as pHluorin-
associated TSPANs might help to clarify if within the 3D
topographic context of an organoid some cells—or even
specific parts of single cells (e.g. the apical or basolateral
membrane)—are more prone to secrete EVs than others,
and if and how this is linked to composition and/or cell-
fate specification within the organoid. This could help
to instrumentalize the further exploration of potential
roles for EVs in tissues or cell populations seen as complex superstructures. Akin to quorum-sensing mechanisms found in the microbial world, mammalian cells
could coordinate their activity according to cell number,
a postulation that has been explored in various fields, including immunology, cancer biology and stem cell behavior.51-53 Interestingly, various of these studies directly or
indirectly alluded to an important role for cytokines in
these processes, many of which can be associated to EVs,
extending their half-life and potency compared to their
soluble counterparts.54-56 Apart from this “quantitative”
mode of sensing, EVs may also be implicated in a more
“qualitative” fashion to support tissue architecture, by
providing positional cues. Indeed, EVs, known for their
capacity to modify the ECM, to provide anchoring points
and migration cues, could likewise allow a cell to perceive
its own position within a complex three-dimensional environment, or constitute (polarized) environmental cues
for cell specialization/differentiation.57,58
To study the role of EVs in the communication of a
cell with its environment, 3D models thus appear a cogent
choice. Within the spectrum of available 3D models, one
should then consider the complexity, costs, throughput
and availability of imaging methods.59 Yet, depending on
the research question, one could still consider 3D models
as simplified representations of reality. While it is certainly
true that these models can bring crucial insights into the
relationship between cellular complexity, space-geometry,
and EV biology, they are commonly not vascularized and/
or do not contain stroma as found in tissues within in a
living organism. Hence, they might be less suited to study
EVs as endocrine messengers mediating the cross-talk
between certain cell types or communication over long
distances.
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5 | IMAGING EV S IN VIVO: A RE
MAMMALIAN MODELS ENOUG H?
To study the (patho) physiological roles of EVs in complex
fields like cancer biology, often classical rodent models
such as mice and rats are used. These approaches typically involve repeated injections of exogenous EVs in an
orthotopic or heterotopic intravenous, intra-peritoneal,
or intra-footpad fashion. Prior to injection, these EVs can
be labelled with dyes or by incorporation of radioactive or
magnetic tracers, by virtue of which these strategies allow
to distinguish the main bulk accumulation points of EVs
by PET, MRI, or SPECT/CT,60-63 or to evaluate their accumulation in more detail in post mortem tissues. Despite the
benefits and relevant insights they can bring us, especially
in studying EV function, these studies rely on exogenous
EVs often labelled a posteriori, associated with the various
criticalities as discussed above, that is, the quality of the
isolated material, labelling issues, dosage-, timing-, and
injection sites that might not be faithful to physiology.39
This may cause biases in our extrapolations toward how
endogenous EVs behave in vivo, as their release by cells,
dynamics and spread in the organism are likely heavily
impacted by the intrinsic 3D architecture of the tissues. A
breakthrough toward a more “endogenous perspective” in
vivo was accomplished with the generation of genetically
modified rat models featuring endogenous EV labelling by
expression of CD63-GFP in a tissue-specific manner, thus
bypassing the isolation and injection of exogenous EVs
steps.64 Yet, when it comes to observing nm-sized objects
such as EVs, these animal models do not generally allow
for robust live-tracking, or the imaging is restricted to the
area immediately adjacent to the imaging window, such
as in intra-vital microscopy.65 Alternatively, one could
rely on organ extraction and optical clearing of the tissue,
allowing for more detailed ex vivo (post-fixation) analysis
of the fate of endogenous EVs, even though this approach
is incompatible with live-tracking.66 Therefore, these
models are less suited to obtain a detailed, dynamic understanding of the “in vivo EV mediated cross-talk” paradigm, for example, with respect to rare events compared
to the “main” EV flow, or functional events occurring before EV uptake. Moreover, the site of (bulk) accumulation
might not necessarily be identical to the site of function.
While studies carried out in rodents have been very enlightening in various aspects of EV (patho) biology, tracking the whole life cycle of single EVs in real-time in a living
organism requires animal models with superior optical
accessibility. Because of its transparency, various groups
have used the larvae and the adults of Caenorhabditis elegans to investigate EV biogenesis and dynamics in vivo,
visualizing endosomal membranes dynamics and fusion

VERDI et al.

of MVBs with the PM in vivo by electron microscopy, with
consequent release of endogenous exosomes from stem
cells into the extracellular environment.67-69 Drosophila
melanogaster, covered extensively elsewhere in this special collection, is likewise an attractive model system for
studying EVs in tissue organization, development, and
systemic crosstalk. However, these models will not recapitulate all aspects of vertebrate biology, as for example,
they lack complex organs, vascular- and parenchymal systems. This could in turn limit EV dynamics and spread in
vivo.
With zebrafish, the EV community recently adopted
another transparent in vivo model that combines the single cell precision of C. elegans but in a vertebrate system
that is endowed with a more complex vasculature, interstitial-, and organ architecture, as well as diverse blood
cell populations.

6

|

THE “ZEBRAFISH REVOLUTION”

Zebrafish (Danio rerio) (ZF) is a tropical freshwater fish
native to India. It has been used for decades now as a
model for basic and applied human related research, as it
shares more than 70% orthologous genes with Homo sapiens, notably including genes involved in organ-specific
genetic programs and cancer-biology.70
Beyond its ease of management, short breeding intervals, large number of offspring, and reduction of housing
costs compared to mammalian models, the ZF embryo
adds optical transparency that enables the live-tracking
of any type of fluorescent labelled object in real-time by
live-microscopy. Indeed, this model organism has allowed the observation of objects at single-particle level
as small as viruses,71 nanoparticles,72 or even (single)
proteins,73 and hence has rightfully entered the ranks
of suitable animal models to study EV biology.74 In certain mutant strains such as casper and crystal, a degree
of transparency is maintained even throughout the adult
life stage.75
Recently, a study used EVs isolated from cancer cell
conditioned supernatant, that were labelled, injected in
the duct of Cuvier and followed over-time in the ZF embryo. Doing so, researchers were able to map individual
tracks of tumor-derived EVs and describe their speed
and flow in the bloodstream using high-speed confocal
microscopy. This helped to clarify aspects related to the
mechano-dynamic behavior of EVs in the blood circulation at the whole organism scale, and a possible role for
these EVs in pre-metastatic niche formation. This study
also identified endothelial cells and patrolling macrophages as major recipient of these tumor EVs. By using a
correlative light and electron microscopy approach, they

  

|

5

further demonstrated that these EVs ended up in degradative subcellular compartments.76
To observe endogenous EVs naturally released by cells
in vivo, a back-to-back study reported the use of the EV
reporter CD63-pHluorin in the ZF embryo. During the
first 2–3 days of development, a significant part of endogenous EVs were released into the bloodstream by an
embryonic structure called the yolk syncytial layer (YSL),
as demonstrated using tissue-specific expression of CD63-
pHluorin. By interfering with syntenin, a protein critically
involved in EV biogenesis as first identified in vitro,77
this work demonstrated that YSL-EVs were released in a
syntenin-dependent manner in vivo. Once released into
the circulation, these EVs were specifically endocytosed
by macrophages and endothelial cells of the caudal vein
plexus (CVP), as shown using inhibitors in vivo. Finally,
using a combination of immune-capture, ex vivo proteomics and site-specific syntenin interference, these EVs were
implicated in trophic support of the recipient tissue.78
Similar approaches using tagged TSPANs in vivo revealed
key features of genetically labelled (endogenous) migrasomes, an interesting new class of EVs derived from retraction fibers, highlighting a role for migrasomes in organ
morphogenesis during gastrulation in the ZF embryo in
real-time.21 Combined, these studies amply demonstrate
the power of the ZF model to study the dynamics of (endogenous) EV subpopulations from producing to receiving
cells in a living organism, by simultaneously overcoming a
number of significant issues related to the isolation, injection site, dosage, timing, and labelling of EVs (Figure 2).
Future studies capitalizing on these developments could
be instrumental in better understanding the involvement
of EV sub-populations in embryonic development, but
can also elucidate the relationship between EVs and other
physiological processes or environmental factors, such
as tissue repair, circadian rhythm, physical activity, and
stress.79,80

7 | IMAGING INTER ORGAN
CROSS -T ALK IN ZEBRAFISH: THE
EV E OF A NEW ERA
The use of tissue-specific endogenous fluorescent EVs reporters in the ZF transparent vertebrate model in vivo will
thus aid in addressing long-standing fundamental questions in the EV field. For example, in a fully physiological
in vivo context, we could uncover the modality of EV release by single cells or within a single tissue, and decipher
whether this happens in a continuous fashion or in spikes
at certain intervals, and in response to what kind of stimuli
(mechanical, chemical, voltage-dependent...). This real-
time insight could help in unravelling the involvement
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F I G U R E 2 Zebrafish (ZF) embryos
as comprehensive model to investigate
EV-biology in vivo. Live-imaging of
genetically labelled endogenous EVs in
the ZF embryo allows to (1) study their
release by producing cells, (2) follow their
journey in the bloodstream and interstitial
compartments, (3) follow their uptake by
their natural targets and (4) characterize
their intracellular fate. EV, extracellular
vesicles

F I G U R E 3 Visualization and
mapping of the endogenous “inter
organ EV-interactome” in the ZF
embryo. Tissue-specific expression of
EV (-subpopulation) reporter-proteins
as well as cargo-transfer reporter
systems could help unravel EV-
mediated communication pathways
existing between different tissues and
organs. EV, extracellular vesicles; ZF,
zebrafish

of EV-mediated cross-talk in inter-organ homeostasis at
single-vesicle resolution, and facilitate the characterization of inter-tissue and inter-organ EV-mediated interaction pathways in ZF. This mapping of the "endogenous
inter-organ EV-interactome” will be highly insightful and
a significant advance from the current status quo, with a
high potential to uncover novel physiological functions of
EVs (Figure 3).
One of the most exciting parts of these new developments is their potential to further characterize the fate of
EV population(s) of interest in real-time in vivo. For example, we previously exploited the pH sensitivity of CD63-
pHluorin to observe whether the uptake of endogenous
YSL-derived EVs by the endothelial cells in the ZF cardinal vein resulted in late-endosomal targeting in vivo. The

disappearance of the pHluorin signal suggested that YSL-
derived endogenous EVs end their journey in acidic compartments of endothelial cells, possibly to be degraded.
Indeed, using Bafilomycin A1 (a drug that neutralizes V-
ATPase, a proton pump responsible for endosomal acidification to allow degradation of endo-lysosomal content)
we observed the accumulation of pHluorin-EVs in this
endothelial cell population.78
With some adaptations, this approach could also be
exploited to determine EV half-life in near physiological-
conditions. Subsequent studies could also be used to understand what fraction of endocytosed EVs is degraded or
for instance may cross the cell by transcytosis,81,82 and if
certain EV subpopulations differ in this respect. At cellular and tissue level it will allow us to distinguish cell types
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constitutively taking up EVs from cells that only do so upon
a specific (physiological or pathological) trigger. Likewise,
we could distinguish recipient cells that take up EVs exclusively from a specific donor cell type versus cells taking
up EVs in a nondiscriminatory manner. Furthermore, we
could study which cells use EVs for metabolic and trophic support,83,84 or are carrying out a (signalling) function by functional transfer of their content(s). In recent
years, Cre-Lox and CRISPR recombination technologies
established the molecular basis to map which cells functionally receive the cargo of the EV population of interest in their cytoplasm, requiring currently ill-understood
processes such as back-fusion/endosomal-escape, where
internalized EVs fuse with the limiting membrane of late
endosomes before their cargo can be degraded.65,85-87 It
could thus prove very informative to apply these molecular approaches to the ZF embryo endogenous EV tracking-
model system, and interrogate EV-intraluminal content
release at the level of the whole embryo.

7.1 | Manipulating endogenous EV
secretion in vivo
A detailed characterization of endogenous EV release and
fate is a highly useful yet descriptive approach. Therefore,
the possibility to control EV secretion and fate will be
determinant to critically demonstrate their roles in inter
organ cross-talk, homeostatic maintenance and other processes. An exciting challenge for the EV field is therefore
to generate new tools able to manipulate EVs in space and
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time. The application of conditional gene control and synthetic biology tools in vivo could prove very fruitful. The
ZF embryo model is an ideal basis for such developments,
and could expediate subsequent transposition of these
tools to other model systems.
A first much needed development concerns the manipulation of EV-secretion in a tissue-specific manner in
vivo. So far, several methods to manipulate EV secretion
have been published, such as the use of chemical compounds affecting EV-biogenesis and/or -release, including
Bafilomycin A1 and GW4869, or the interference with
proteins crucial for EV biogenesis, such as syntenin.88-90
In a previous study in ZF, our group blocked EV secretion from the YSL in a tissue-specific manner by using a
syntenin-a morpholino injected locally in the YSL. This
resulted in an impairment of CVP angiogenesis during ZF
embryo development, suggesting a role for these EVs in
vascular development and growth.78 Whereas this strategy
may not suit other tissues due to lower accessibility or the
involvement of different biogenesis pathways, alternative
developments targeting various biogenesis pathway by
tissue-specific RNA interference in vivo could be a powerful approach to study EV function.91,92 Conditional expression could provide an even “cleaner” system and further
reduce any potential detrimental or embryonically lethal
effect of interference with the targeted genes.
Tissue-specific control over EV secretion can be accomplished by deploying genetically encoded “switches”
expressed in a conditional manner or controlled in an optogenetic fashion to modulate EV release specifically in the
tissue of interest in the embryo (Figure 4). Ideally, such an

F I G U R E 4 Options to interfere with endogenous EV biology in vivo. To better understand and pinpoint the (patho) physiological roles
of endogenous EVs in vivo, various developments are necessary. (Upper half) Hypothetical model of the various steps during the normal
life-span of endogenous EVs in vivo. (Lower half) Opportunities to interfere. (1) Spatial- and/or temporal modulation of EV secretion.
(2) Modulation of the natural “default” EVs trajectory toward a different, ectopic target. (3) Genetic control of endocytosis and of the
intracellular fate in recipient cells. EV, extracellular vesicles
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“EV-switch ON/OFF” system should be able to selectively
modulate the secretion of a specific EV subpopulation in
space and time, for instance by acting on proteins involved
in a particular EV biogenesis process. The problem, however, is that often these biogenesis-involved proteins are
shared between EVs of different sub-cellular origin (e.g.,
endosome-derived exosomes and PM budding microvesicles), meaning the separation will still be inaccurate.
Interestingly, some refined molecular tools are currently
emerging that aim to identify specific markers for EV sub-
populations,31,93 and could thus prove very helpful here.
Alternative strategies to modulate EV secretion could be
based on the control of their compartments or location of
biogenesis. Acting on MVB positioning or turnover using
optogenetic tools94 for example, could potentially give us
the ability to more precisely modulate exosome secretion in
ZF embryos, while discriminating them from other EV sub-
populations (e.g., microvesicles) in vivo. This level of control over the secretion of endogenous EV sub-populations
would constitute a significant step in the field, and would
allow to refine our understanding on the roles of different
EV subpopulations in inter organ cross-talk and homeostasis maintenance in vivo, which in turn could have potential
implications for translational research.

7.2 | Manipulating the path and
fate of endogenous EVs in vivo: futuristic
utopia or possible reality?
A second challenge to better understand the natural functions of tissue-specific EV subpopulations would be to
interfere with the normal (physiological) spread and targeting of endogenous EVs in vivo. This “hijacking” of specific endogenous EVs would constitute a valuable tool if we
want to attain an intricate understanding of the involvement of EV cross-talk in processes such as maintenance of
homeostasis or their role(s) in various pathologies.
So far, literature reported the in vitro use of optical
tweezers for selective displacement and manipulation of
single EVs, compatible with live-imaging.95 Approaches
like this can be very useful to study molecular uptake
mechanisms in detail. However, this changes the fate of
just one EV at a time in vitro, and therefore it not suitable
to study the effect of tissue-specific endogenous derived
EVs released in high numbers in vivo.
One possibility to modify the fate of endogenous EVs is
to play with the receptors involved in the EV uptake in the
target region. In a previous study, various groups including
our own have implicated scavenger receptors in EV clearance from the circulation.78,96,97 Blocking class A-scavenger
receptors using DexSO4-500K strongly diminished EV uptake and caused an impairment of the caudal vasculature
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development of the ZF embryo, mainly by affecting cellular proliferation.78 Further analysis showed that a general
block of dynamin-dependent endocytosis was likewise able
to starkly reduce EV uptake in the CVP. While informative,
the main problem associated with general uptake blockers
in vivo is that we affect all tissues that take up EVs or express
a particular receptor simultaneously. In addition, receptors
like scavenger receptors are a diverse family known for their
broad target range, such that their interference may simultaneously lead to a block in uptake of other molecules and
nutrients. Likewise, the use of general blockers of EV secretion means we also interfere with the secretion of EVs other
than the EV population of interest.
To investigate the effect of a specific subtype of EVs on
a specific target tissue, it thus seems clear that we need an
approach where EV uptake can be controlled specifically
in the region of interest. Would it be possible to devise a
molecular system to “hijack” tissue-specific endogenous
EVs of interest, allowing their capture in a selected region
in vivo? Once again it seems that genetic approaches will
be most straight-forward. One approach would be to generate a forced ligand-receptor system that can be expressed
in specific tissues to capture endogenous EVs, and can
be controlled in space and time. This would then allow
the “hijacking” of an EV population of interest, redirecting it toward an ectopic location. Additional tools could
then be developed to ascertain a degree of control over the
downstream fate of EVs, for example, by controlling the
internalization pathway or promoting endosomal escape.
We are still far from this level of precision, but making
efforts in this direction would guarantee a more detailed
exploration of the concept of EV-mediated cross-talk in a
dynamic way in vivo by controlling each step of the fate of
EV in recipient cells (Figure 4). In a more distant future,
and on a more speculative note, one could imagine applications in the field of tissue-repair or regeneration, for
example, by diverting EVs from stem cell pools to specific
sites in vivo, such as necrotic or inflamed sites, or in case
of pathological EVs, trying to reduce or intercept their
spread through the organism. While appealing, these developments would necessitate the identification and use
of (highly) selective EV subpopulation markers, for which
further developments are required.

8 | FROM TANK TO BEDSIDE :
USING ZEBRAFISH TO STUDY
THE ROLE OF EV S IN HUMAN
PATHOLOGIES
All these aspects, though primarily focusing on fundamental aspects of EV biology in a zebrafish organism, can potentially have interesting translational applications, especially
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toward human pathologies. In fact, we know that EVs are
involved in various patho-physiological aspects in humans,
such as in embryonic development,2,3 tissue regeneration
and repair,98,99 inter-organ homeostasis and communication4 and microbiota-host interactions.100 Moreover, accumulating evidence in literature shows the involvement of
EVs in human pathologies too. Indeed, EVs are now emerging as novel therapeutic targets in cancer,101 as a source
of disease biomarkers102 (for example, neurotoxic spreading of Aβ in Alzheimer's and α-synuclein in Parkinson's
disease5-8), metabolic diseases,103 inflammatory diseases,104
cancer,9 Down syndrome etiologies,18,105 and so on.
So far, no one has ever recorded the EV release dynamics
of cell types of interest in these patho-physiological contexts
from an “endogenous” in situ perspective. Now more than
ever, the tracking of their spread and fate in real-time in vivo
appears feasible using ZF embryos. To fully exploit these
possibilities, we advocate the use of ZF models of human
pathologies, such as transgenic or drug- induced models, or
by xenografts of human cells. Indeed, the application of ZF
models is gaining momentum in the study of developmental
disorders, mental disorders, metabolic diseases,106 hematopoietic disorders, cardiovascular diseases107 neurological
disorders,108,109 cancer biology, and precision cancer therapy110 as well as for screening platforms in drug discovery.111
The latter might also prove useful in medium/high throughput screens to identify critical modulators of EV secretion,
targeting, uptake, and fate in vivo.
However, there are still some limitations in the application of ZF models with respect to (human) transgene expression and xenografts that must be considered here. First
of all, when studying EVs, we are mostly limited to the use
of a model that is still at an embryonic state (as adults lose
transparency), with many tissues still undergoing further
development and maturation. The blood– brain barrier for
instance has a relatively high permeability at early stages
compared to adulthood, being therefore potentially more
permissive to the passage of EVs. These and other issues
could impact the biodistribution of EVs through the organism, resulting in distribution patterns that might not
reflect normal homeostasis. Moreover, certain brain areas
such as the cortex are not developed as far as in rodents
and humans, and some central nervous system structures
in ZF are still difficult to map to their human counterparts.108,109 Furthermore, ZF have gills instead of lungs,
which could be a caveat in the study of EVs derived from
tumors that metastasize toward the lungs, or derived from
lung cancer xenografts. ZF also lack important glandular
organs such as a localized endocrine compartment of the
pancreas (that in ZF appears dispersed in endocrine islets
scattered throughout the exocrine pancreas) and a prostate. On the other hand, ZF show several useful homologies in heart,112 liver,113 and even skin114 development and
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organization compared to rodents and humans. As such,
ZF is a highly versatile pre-mouse and even preclinical
model that can help reinforce and fast-track developments
in both basic and applied research in the EV field.115
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CONC LUSIONS

Methodologies of isolation, purification, labelling, and
injection of exogenous EVs are still in need of further refinement, as they are associated with various limitations
that preclude us from better understanding the physiology of EV-mediated inter-organ cross-talk in a living organism. To do so, we need new methods and foremost a
change of perspective in how we study EVs. Looking at
genetically labelled endogenous EVs has brought us the
possibility to study the regulation of their biogenesis, secretion, uptake, and fate in vitro. Applying this approach
in a transparent vertebrate model like zebrafish, enabled
us for the first time to visualize EV release events, but
also to assess the dynamics of distribution, uptake and
fate of endogenous EVs in vivo in real-time, allowing
us to address cell biological questions in an in vivo setting. This opens the door to a myriad of possibilities in
terms of mapping and manipulation of the “inter organ
EV-interactome”, as well as applications in basic and applied research focussed on human pathologies. In parallel to other in vivo models, the introduction of zebrafish
thus constitutes a significant revolution in EV research,
and we expect the near future will bring exciting developments and findings to the field.
ACKNOWLEDGMENTS
This work was funded by Horizon 2020—Marie
Skłodowska-Curie
Actions—Innovative
Training
Network (H2020-MSCA-ITN) “proEVLifeCycle” to VV,
grants from the National Institutes of Health (NIH) and
the Agence Nationale de la Recherche (ANR) to AB, and
Institut National du Cancer-projets libres “Biologie et
Sciences du Cancer”’ (INCa-PLBIO) to FJV.
CONFLICT OF INTEREST
None.
AUTHOR CONTRIBUTIONS
VV wrote the first draft and drew the pictures, AB provided
insightful questions, GvN and FJV edited the manuscript.
ORCID
Vincenzo Verdi https://orcid.org/0000-0002-7963-5732
Anaïs Bécot https://orcid.org/0000-0001-7574-2680
Guillaume van Niel https://orcid.org/0000-0002-8651-9705
Frederik J. Verweij https://orcid.org/0000-0001-8879-1174

10

|

  

REFERENCES

1. Wolf P. The nature and significance of platelet products in
human plasma. Br J Haematol. 1967;13:269-288.
2. Cruz L, Romero JAA, Iglesia RP, Lopes MH. Extracellular vesicles: decoding a new language for cellular communication in
early embryonic development. Front Cell Dev Biol. 2018;6:1-12.
3. Lopera-Vásquez R, Hamdi M, Fernandez-Fuertes B, et al.
Extracellular vesicles from BOEC in in vitro embryo development and quality. PLoS One. 2016;11:e0148083.
4. Stahl PD, Raposo G. Extracellular vesicles: exosomes and microvesicles. Integrators of homeostasis. Physiology. 2019;34:169-177.
5. Eitan E, Hutchison ER, Marosi K, et al. Extracellular vesicle-
associated Aβ mediates trans-neuronal bioenergetic and Ca2+-
handling deficits in Alzheimer’s disease models. NPJ Aging
Mech Dis. 2016;2:16019.
6. Beretta C, Nikitidou E, Streubel-Gallasch L, Ingelsson M,
Sehlin D, Erlandsson A. Extracellular vesicles from amyloid-β
exposed cell cultures induce severe dysfunction in cortical neurons. Sci Rep. 2020;10:19656.
7. Bellingham SA, Guo BB, Coleman BM, Hill AF. Exosomes: vehicles for the transfer of toxic proteins associated with neurodegenerative diseases? Front Physiol. 2012;3:124.
8. Chistiakov DA, Chistiakov AA. α-Synuclein-carrying extracellular vesicles in Parkinson’s disease: deadly transmitters. Acta
Neurol Belg. 2017;117:43-51.
9. Möller A, Lobb RJ. The evolving translational potential
of small extracellular vesicles in cancer. Nat Rev Cancer.
2020;20:697-709.
10. Witwer KW, Théry C. Extracellular vesicles or exosomes? On
primacy, precision, and popularity influencing a choice of nomenclature. J Extracell Vesicles. 2019;8:1648167.
11. van Niel G, D’Angelo G, Raposo G. Shedding light on the
cell biology of extracellular vesicles. Nat Rev Mol Cell Biol.
2018;19:213-228. https://doi.org/10.1038/nrm.2017.125
12. Melentijevic I, Toth ML, Arnold ML, et al. C. elegans neurons
jettison protein aggregates and mitochondria under neurotoxic
stress. Nature. 2017;542:367-371.
13. Pedrioli G, Paganetti P. Hijacking endocytosis and autophagy
in extracellular vesicle communication: where the inside meets
the outside. Front Cell Dev Biol. 2021;8:595515.
14. Minakaki G, Menges S, Kittel A, et al. Autophagy inhibition
promotes SNCA/alpha-synuclein release and transfer via extracellular vesicles with a hybrid autophagosome-exosome-like
phenotype. Autophagy. 2018;14:98-119.
15. Leidal AM, Debnath J. Emerging roles for the autophagy machinery in extracellular vesicle biogenesis and secretion. FASEB
Bioadv. 2021;3:377-386.
16. Sugiura A, McLelland G, Fon EA, McBride HM. A new pathway
for mitochondrial quality control: mitochondrial-derived vesicles. EMBO J. 2014;33:2142-2156.
17. Jiao H, Jiang D, Hu X, et al. Mitocytosis, a migrasome-mediated
mitochondrial quality-control process. Cell. 2021;184:2896-
2910.e13.
18. D’Acunzo P, Pérez-González R, Kim Y, et al. Mitovesicles are a
novel population of extracellular vesicles of mitochondrial origin altered in Down syndrome. Sci Adv. 2021;7:eabe5085.
19. Ma L, Li Y, Peng J, et al. Discovery of the migrasome, an organelle mediating release of cytoplasmic contents during cell
migration. Cell Res. 2015;25:24-38.

VERDI et al.

20. Tavano S, Heisenberg C-P. Migrasomes take center stage. Nat
Cell Biol. 2019;21:918-920.
21. Jiang D, Jiang Z, Lu D, et al. Migrasomes provide regional cues
for organ morphogenesis during zebrafish gastrulation. Nat
Cell Biol. 2019;21:966-977.
22. Théry C, Amigorena S, Raposo G, Clayton A. Isolation and
characterization of exosomes from cell culture supernatants
and biological fluids. Curr Protoc Cell Biol. 2006;Chapter 3:Unit
3.22.
23. Taylor DD, Shah S. Methods of isolating extracellular vesicles impact down-stream analyses of their cargoes. Methods.
2015;87:3-10.
24. Martins ÁM, Ramos CC, Freitas D, Reis CA. Glycosylation of
cancer extracellular vesicles: capture strategies, functional roles
and potential clinical applications. Cells. 2021;10:109.
25. Freitas D, Balmaña M, Poças J, et al. Different isolation approaches lead to diverse glycosylated extracellular vesicle populations. J Extracell Vesicles. 2019;8:1621131.
26. Brennan K, Martin K, FitzGerald SP, et al. A comparison of
methods for the isolation and separation of extracellular vesicles from protein and lipid particles in human serum. Sci Rep.
2020;10:1039.
27. Lane RE, Korbie D, Trau M, Hill MM. Purification protocols
for extracellular vesicles. Methods Mol Biol. 2017;1660:111-130.
https://doi.org/10.1007/978-1-4939-7253-1_10
28. Konoshenko MY, Lekchnov EA, Vlassov AV, Laktionov PP.
Isolation of extracellular vesicles: general methodologies and
latest trends. Biomed Res Int. 2018;2018:1-27.
29. Benedikter BJ, Bouwman FG, Vajen T, et al. Ultrafiltration combined with size exclusion chromatography efficiently isolates
extracellular vesicles from cell culture media for compositional
and functional studies. Sci Rep. 2017;7:15297.
30. Jeppesen DK, Fenix AM, Franklin JL, et al. Reassessment of
exosome composition. Cell. 2019;177:428-445.e18.
31. Mathieu M, Névo N, Jouve M, et al. Specificities of exosome
versus small ectosome secretion revealed by live intracellular tracking of CD63 and CD9. Nat Commun. 2021;12:4389.
https://doi.org/10.1038/s41467-021-24384-2
32. Parish CR. Fluorescent dyes for lymphocyte migration and proliferation studies. Immunol Cell Biol. 1999;77:499-508.
33. Ullal AJ, Pisetsky DS, Reich CF. Use of SYTO 13, a fluorescent
dye binding nucleic acids, for the detection of microparticles in
in vitro systems. Cytometry A. 2010;9999A:NA-NA.
34. Chuo ST-Y, Chien JC-Y, Lai CP-K. Imaging extracellular vesicles: current and emerging methods. J Biomed Sci. 2018;25:91.
35. Dehghani M, Gulvin SM, Flax J, Gaborski TR. Systematic evaluation of PKH labelling on extracellular vesicle size by nanoparticle tracking analysis. Sci Rep. 2020;10:9533.
36. Peinado H, Alečković M, Lavotshkin S, et al. Melanoma exosomes educate bone marrow progenitor cells toward a pro-
metastatic phenotype through MET. Nat Med. 2012;18:883-891.
37. Grange C, Tapparo M, Bruno S, et al. Biodistribution of mesenchymal stem cell-derived extracellular vesicles in a model
of acute kidney injury monitored by optical imaging. Int J Mol
Med. 2014;33:1055-1063.
38. Lai CP, Kim EY, Badr CE, et al. Visualization and tracking of tumour extracellular vesicle delivery and RNA translation using
multiplexed reporters. Nat Commun. 2015;6:7029.
39. Verweij FJ, Balaj L, Boulanger CM, et al. The power of imaging
to understand extracellular vesicle biology in vivo. Nat Methods.

VERDI et al.

40. Suetsugu A, Honma K, Saji S, Moriwaki H, Ochiya T, Hoffman
RM. Imaging exosome transfer from breast cancer cells to
stroma at metastatic sites in orthotopic nude-mouse models.
Adv Drug Deliv Rev. 2013;65:383-390.
41. Verweij FJ, Bebelman MP, Jimenez CR, et al. Quantifying exosome secretion from single cells reveals a modulatory role for
GPCR signaling. J Cell Biol. 2018;217:jcb.201703206.
42. Bebelman MP, Bun P, Huveneers S, et al. Real-time imaging
of multivesicular body–plasma membrane fusion to quantify
exosome release from single cells. Nat Protoc. 2020;15:102-121.
https://doi.org/10.1038/s41596-019-0245-4
43. Zaborowski MP, Cheah PS, Zhang X, et al. Membrane-bound
Gaussia luciferase as a tool to track shedding of membrane
proteins from the surface of extracellular vesicles. Sci Rep.
2019;9:17387.
44. Vogt N. Assembloids. Nat Methods. 2021;18:27-27.
45. Rocha S, Carvalho J, Oliveira P, et al. 3D cellular architecture
affects microRNA and protein cargo of extracellular vesicles.
Adv Sci. 2019;6:1800948.
46. Abdollahi S. Extracellular vesicles from organoids and 3D culture systems. Biotechnol Bioeng. 2021;118:1029-1049.
47. Fiorini E, Veghini L, Corbo V. Modeling cell communication in
cancer with organoids: making the complex simple. Front Cell
Dev Biol. 2020;8:166.
48. Ural EE, Toomajian V, Hoque Apu E, et al. Visualizing extracellular vesicles and their function in 3D tumor microenvironment models. Int J Mol Sci. 2021;22:4784.
49. Bordanaba-Florit G, Madarieta I, Olalde B, Falcón-Pérez JM,
Royo F. 3D cell cultures as prospective models to study extracellular vesicles in cancer. Cancers (Basel). 2021;13:307.
50. Chen CC, Liu L, Ma F, et al. Elucidation of exosome migration
across the blood-brain barrier model in vitro. Cell Mol Bioeng.
2016;9:509-529.
51. Perié L, Aru J, Kourilsky P, Slotine JJ. Does a quorum sensing mechanism direct the behavior of immune cells? C R Biol.
2013;336:13-16.
52. Patel SJ, Darie CC, Clarkson BD. Exosome mediated growth
effect on the non-growing pre-B acute lymphoblastic leukemia cells at low starting cell density. Am J Transl Res.
2016;8:3614-3629.
53. Chen C-C, Wang L, Plikus M, et al. Organ-level quorum sensing directs regeneration in hair stem cell populations. Cell.
2015;161:277-290.
54. Ko SY, Lee W, Kenny HA, et al. Cancer-derived small extracellular vesicles promote angiogenesis by heparin-bound,
bevacizumab-insensitive VEGF, independent of vesicle uptake.
Commun Biol. 2019;2:386.
55. Lima LG, Ham S, Shin H, et al. Tumor microenvironmental cytokines bound to cancer exosomes determine uptake by
cytokine receptor-expressing cells and biodistribution. Nat
Commun. 2021;12:3543.
56. Baglio SR, Lagerweij T, Pérez-Lanzón M, et al. Blocking tumor-
educated MSC paracrine activity halts osteosarcoma progression. Clin Cancer Res. 2017;23:3721-3733.
57. Mina J. Bissell: context matters. Trends Cancer. 2015;1:6-8.
58. Stricker S, Knaus P, Simon H-G. Putting cells into context.
Front Cell Dev Biol. 2017;5:32.
59. Riss T, Trask OJ. Factors to consider when interrogating 3D culture models with plate readers or automated microscopes. In
Vitro Cell Dev Biol Anim. 2021;57:238-256.

  

|

11

60. Dabrowska S, Del Fattore A, Karnas E, et al. Imaging of extracellular vesicles derived from human bone marrow mesenchymal stem cells using fluorescent and magnetic labels. Int J
Nanomedicine. 2018;13:1653-1664.
61. Hwang DW, Choi H, Jang SC, et al. Noninvasive imaging of
radiolabeled exosome-mimetic nanovesicle using 99mTc-
HMPAO. Sci Rep. 2015;5:15636.
62. Banerjee A, Alves V, Rondão T, et al. A positron-emission tomography (PET)/magnetic resonance imaging (MRI) platform to track in vivo small extracellular vesicles. Nanoscale.
2019;11:13243-13248.
63. Hu L, Wickline SA, Hood JL. Magnetic resonance imaging
of melanoma exosomes in lymph nodes. Magn Reson Med.
2015;74:266-271.
64. Yoshimura A, Kawamata M, Yoshioka Y, et al. Generation of a
novel transgenic rat model for tracing extracellular vesicles in
body fluids. Sci Rep. 2016;6:31172.
65. Zomer A, Maynard C, Verweij FJ, et al. In vivo imaging reveals
extracellular vesicle-mediated phenocopying of metastatic behavior. Cell. 2015;161:1046-1057.
66. Men Y, Yelick J, Jin S, et al. Exosome reporter mice reveal the
involvement of exosomes in mediating neuron to astroglia communication in the CNS. Nat Commun. 2019;10:4136.
67. Liégeois S, Benedetto A, Garnier J-M, Schwab Y, Labouesse M.
The V0-ATPase mediates apical secretion of exosomes containing Hedgehog-related proteins in Caenorhabditis elegans. J Cell
Biol. 2006;173:949-961.
68. Beer KB, Wehman AM. Mechanisms and functions of extracellular vesicle release in vivo—what we can learn from flies and
worms. Cell Adh Migr. 2017;11:135-150.
69. Hyenne V, Apaydin A, Rodriguez D, et al. hRAL-1 controls multivesicular body biogenesis and exosome secretion. J Cell Biol.
2015;211:27-37.
70. Howe K, Clark MD, Torroja CF, et al. The zebrafish reference
genome sequence and its relationship to the human genome.
Nature. 2013;496:498-503.
71. Palha N, Guivel-Benhassine F, Briolat V, et al. Real-time whole-
body visualization of Chikungunya Virus infection and host interferon response in zebrafish. PLoS Pathog. 2013;9:e1003619.
72. Kocere A, Resseguier J, Wohlmann J, et al. Real-time imaging
of polymersome nanoparticles in zebrafish embryos engrafted
with melanoma cancer cells: localization, toxicity and treatment analysis. EBioMedicine. 2020;58:102902.
73. Bhattarai P, Thomas AK, Cosacak MI, et al. Modeling amyloid-β42 toxicity and neurodegeneration in adult zebrafish
brain. J Vis Exp. 2017;e56014. https://doi.org/10.3791/56014
74. Verweij FJ, Hyenne V, Van Niel G, Goetz JG. Extracellular
vesicles: catching the light in zebrafish. Trends Cell Biol.
2019;29:770-776.
75. Antinucci P, Hindges R. A crystal-clear zebrafish for in vivo imaging. Sci Rep. 2016;6:29490.
76. Hyenne V, Ghoroghi S, Collot M, et al. Studying the fate of
tumor extracellular vesicles at high spatiotemporal resolution
using the zebrafish embryo. Dev Cell. 2019;48:554-572.e7.
77. Baietti MF, Zhang Z, Mortier E, et al. Syndecan-syntenin-
ALIX regulates the biogenesis of exosomes. Nat Cell Biol.
2012;14:677-685.
78. Verweij FJ, Revenu C, Arras G, et al. Live tracking of inter-
organ communication by endogenous exosomes in vivo. Dev
Cell. 2019;48:573-589.e4.

12

|

VERDI et al.

  

79. Roefs MT, Sluijter JPG, Vader P. Extracellular vesicle-associated
proteins in tissue repair. Trends Cell Biol. 2020;30:990-1013.
80. Tao S-C, Guo S-C. Extracellular vesicles: potential participants in circadian rhythm synchronization. Int J Biol Sci.
2018;14:1610-1620.
81. Simeone P, Bologna G, Lanuti P, et al. Extracellular vesicles as
signaling mediators and disease biomarkers across biological
barriers. Int J Mol Sci. 2020;21:2514.
82. Morad G, Carman CV, Hagedorn EJ, et al. Tumor-derived extracellular vesicles breach the intact blood-brain barrier via transcytosis. ACS Nano. 2019;13:13853-13865.
83. Krämer-Albers E-M, Bretz N, Tenzer S, et al. Oligodendrocytes
secrete exosomes containing major myelin and stress-protective
proteins: trophic support for axons? Proteomics Clin Appl.
2007;1:1446-1461.
84. Yuan Q, Zhang Y, Chen Q. Mesenchymal stem cell (MSC)-derived
extracellular vesicles: potential therapeutics as MSC trophic mediators in regenerative medicine. Anat Rec. 2020;303:1735-1742.
85. Ridder K, Keller S, Dams M, et al. Extracellular vesicle-
mediated transfer of genetic information between the hematopoietic system and the brain in response to inflammation. PLoS
Biol. 2014;12:e1001874.
86. Joshi BS, de Beer MA, Giepmans BNG, Zuhorn IS. Endocytosis
of extracellular vesicles and release of their cargo from endosomes. ACS Nano. 2020;14:4444-4455.
87. de Jong OG, Murphy DE, Mäger I, et al. A CRISPR-Cas9-
based reporter system for single-cell detection of extracellular
vesicle-mediated functional transfer of RNA. Nat Commun.
2020;11:1113.
88. Catalano M, O’Driscoll L. Inhibiting extracellular vesicles
formation and release: a review of EV inhibitors. J Extracell
Vesicles. 2020;9:1703244.
89. Kashyap R, Balzano M, Lechat B, et al. Syntenin-knock out
reduces exosome turnover and viral transduction. Sci Rep.
2021;11:4083.
90. Kugeratski FG, Hodge K, Lilla S, et al. Quantitative proteomics
identifies the core proteome of exosomes with syntenin-1 as the
highest abundant protein and a putative universal biomarker.
Nat Cell Biol. 2021;23:631-641.
91. Rao MK, Wilkinson MF. Tissue-specific and cell type–specific
RNA interference in vivo. Nat Protoc. 2006;1:1494-1501.
92. Ashley J, Cordy B, Lucia D, et al. Retrovirus-like Gag protein
Arc1 binds RNA and traffics across synaptic boutons. Cell.
2018;172:262-274.e11.
93. Boncompain G, Divoux S, Gareil N, et al. Synchronization of
secretory protein traffic in populations of cells. Nat Methods.
2012;9:493-498.
94. Passmore JB, Nijenhuis W, Kapitein LC. From observing to controlling: inducible control of organelle dynamics and interactions. Curr Opin Cell Biol. 2021;71:69-76.
95. Prada I, Amin L, Furlan R, et al. A new approach to follow a
single extracellular vesicle–cell interaction using optical tweezers. Biotechniques. 2016;60:35-41.
96. Miyanishi M, Tada K, Koike M, et al. Identification of Tim4 as a
phosphatidylserine receptor. Nature. 2007;450:435-439.
97. Baglio SR, van Eijndhoven MA, Koppers-Lalic D, et al. Sensing
of latent EBV infection through exosomal transfer of 5′pppRNA.
Proc Natl Acad Sci USA. 2016;113:E587-E596.
98. Silva AM, Teixeira JH, Almeida MI, Gonçalves RM, Barbosa
MA, Santos SG. Extracellular vesicles: immunomodulatory

99.

100.

101.
102.

103.
104.

105.

106.

107.
108.

109.

110.

111.

112.

113.
114.

115.

messengers in the context of tissue repair/regeneration. Eur J
Pharm Sci. 2017;98:86-95.
Taverna S, Pucci M, Alessandro R. Extracellular vesicles:
small bricks for tissue repair/regeneration. Ann Transl Med.
2017;5:83-83.
Macia L, Nanan R, Hosseini-Beheshti E, Grau GE. Host-  and
microbiota-derived extracellular vesicles, immune function,
and disease development. Int J Mol Sci. 2019;21:107.
Vader P, Breakefield XO, Wood MJA. Extracellular vesicles: emerging targets for cancer therapy. Trends Mol Med. 2014;20:385-393.
Chen Y, Tang Y, Fan G-C, Duan DD. Extracellular vesicles as
novel biomarkers and pharmaceutic targets of diseases. Acta
Pharmacol Sin. 2018;39:499-500.
Akbar N, Azzimato V, Choudhury RP, Aouadi M. Extracellular
vesicles in metabolic disease. Diabetologia. 2019;62:2179-2187.
Buzas EI, György B, Nagy G, Falus A, Gay S. Emerging role
of extracellular vesicles in inflammatory diseases. Nat Rev
Rheumatol. 2014;10:356-364.
Hamlett ED, LaRosa A, Mufson EJ, Fortea J, Ledreux A,
Granholm AC. Exosome release and cargo in Down syndrome.
Dev Neurobiol. 2019;79:639-655.
Choi T-Y, Choi T-I, Lee Y-R, Choe S-K, Kim C-H. Zebrafish
as an animal model for biomedical research. Exp Mol Med.
2021;53:310-317.
Xu C, Zon LI. The zebrafish as a model for human disease.
2010:345-365. https://doi.org/10.1016/S1546-5098(10)02909-2
Kalueff AV, Echevarria DJ, Stewart AM. Gaining translational
momentum: more zebrafish models for neuroscience research.
Prog Neuropsychopharmacol Biol Psychiatry. 2014;55:1-6.
Kalueff AV, Stewart AM, Gerlai R. Zebrafish as an emerging
model for studying complex brain disorders. Trends Pharmacol
Sci. 2014;35:63-75.
Fazio M, Ablain J, Chuan Y, Langenau DM, Zon LI. Zebrafish
patient avatars in cancer biology and precision cancer therapy.
Nat Rev Cancer. 2020;20:263-273.
Patton EE, Zon LI, Langenau DM. Zebrafish disease models
in drug discovery: from preclinical modelling to clinical trials.
Nat Rev Drug Discov. 2021;20:611-628. https://doi.org/10.1038/
s41573-021-00210-8
Nemtsas P, Wettwer E, Christ T, Weidinger G, Ravens U. Adult
zebrafish heart as a model for human heart? An electrophysiological study. J Mol Cell Cardiol. 2010;48:161-171.
Goessling W, Sadler KC. Zebrafish: an important tool for liver
disease research. Gastroenterology. 2015;149:1361-1377.
Li Q, Frank M, Thisse CI, Thisse BV, Uitto J. Zebrafish: a model
system to study heritable skin diseases. J Invest Dermatol.
2011;131:565-571.
Androuin A, Verweij FJ, van Niel G. Zebrafish as a preclinical
model for extracellular vesicle-based therapeutic development.
Adv Drug Deliv Rev. 2021;176:113815. https://doi.org/10.1016/j.
addr.2021.05.025

How to cite this article: Verdi V, Bécot A, van
Niel G, Verweij FJ. In vivo imaging of EVs in
zebrafish: New perspectives from “the waterside”.
FASEB BioAdvances. 2021;00:1–12. https://doi.
org/10.1096/fba.2021-00081

