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IT�S ALMOST 
HERE.
BIA Separations� 
toolbox for exosome 
purication.
Exosomes fulll a critical role as 

communicators among cells which 

makes them obvious candidates for 

an extensive range of diagnostic and 

therapeutic applications. 

But they also represent a serious 

challenge for purication.

� Exosomes represent minority of 

components in crude feedstream.

� Lipid envelopes make them 

vulnerable to chemical stress.

� Their structural weakness and 

large size makes them vulnerable 

to shear forces.

Exosomes purication challenges 

call for processing solutions that go 

beyond the capabilities of traditional 

purication methods. 

BIA Separations is announcing an 

improved tool for rapid exosome 

enrichment and reduction of host 

cell contaminants.

The purication kit is ideally suited to 

processing large labile products like 

exosomes.

� It ensures low shear, high capacity, and 

high resolution at high ow rates.

� Enhances concentration and 

purication of exosomes. 

� Improves elimination of other non-

vesicle contaminants, especially host 

cell DNA and proteins. 

A new exosome toolbox means better 

opportunities for exosome purication 

and process monitoring. 

A NEW PURIFICATION KIT IS ON ITS WAY. 

F O R  M O R E  I N F O R M A T I O N  P L E A S E  C O N TA C T s a l e s @ b i a s e p a r a t i o n s . c o m

w w w. b i a s e p a r a t i o n s . c o m
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Editorial

Cells need to communicate with each 
other to exchange information and ful�l 
their physiological role. In addition to 
direct cell-to-cell contact and the ex-
change of certain soluble factors, there is 
a third route of information transfer, 
which has recently received signi�cant 
attention - extracellular vesicles. �ese 
small, nanometer-sized particles are re-
sponsible for the exchange of small and 
large molecules between cells and tissues, 
and thus a�ect our body in many ways. 
In the past years, researchers have asked 
many fundamental and applied ques-
tions to better understand this process. 
And because many of these questions in 
this exciting �eld of research are still 
open, we decided to publish a new jour-
nal - Trillium Extracellular Vesicles.  
As the editor-in-chief of this magazine, I 
am delighted to introduce you to the 
topic of extracellular vesicles (EVs).

We are the German Society for Extra-
cellular Vesicles (GSEV), a national soci-
ety founded in 2017 which aims at foster-
ing EV research in Germany and interna-
tionally. In this �rst issue of Trillium 
Extracellular Vesicles, we have compiled 
an overview on current EV research. �e 
review articles are ranging from a broad 
introduction and an overview on current 

isolation and characterization methods, 
to the fundamental role of EVs in tumour 
and developmental biology, the applica-
tion of EVs as therapeutic tools, and their 
analyses using advanced �ow cytometry 
methods, and �nally the EV role in trans-
kingdom communication. In addition, we 
are providing an overview on GSEV and 
other national EV societies to further 
foster transnational collaboration.   

�is journal brings together several 
authors from science and clinics, from 
junior scientists to established research-
ers, from biologists to physicians. It il-
lustrates very well how diverse the �eld of 
EVs is. Our goal is to inspire natural sci-
entists, medical doctors and laboratory 
physicians for the new world of EVs. New 
ideas, new projects, new collaborations 
are to be created and will enable all of us 
to better understand EVs.

I hope you enjoy reading this journal 
as much as I enjoyed putting it together. 
Special thanks go to all authors who have 
contributed and made the journal to what 
you are holding in your hands - a vivid 
introduction to the EV �eld. I am grateful 
to all reviewers and members of the Ad-
visory Board, who have helped me with 
the selection of authors and the revision 

of all articles. Warm thanks go to Tobias 
Tertel and Michel Bremer (Essen), who 
did a perfect job at designing all �gures 
including our �rst front cover. Finally  
yet importantly, I am indebted to the  
Trillium Publisher team, without whom 
it would have been impossible to put this 
journal on its feet.

I wish everyone an exciting read and 
hope to see you again at an upcoming  
EV symposium! 

Gregor Fuhrmann  
Editor-in-chief

New topic, new journal, new research
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Content

Fabia Fricke, Dominik Buschmann and Michael W. Pfa�

Since EVs are secreted by most, if not all, eukaryotic and prokaryotic cells, they have been detected in body uids as diverse as blood, urine and saliva 
as well as in cell culture media. This manuscript gives an overview of EV isolation and characterization strategies and highlights their advantages and 
disadvantages

Stefan Holdenrieder

Extracellular vesicles (EVs) are a heterogeneous group of subcellular particles shed from the cells of 
origin by diverse mechanisms. They carry specic information and are responsible for ecient intercellu-
lar communication that is highly important for the pathogenesis and progression of many diseases. Their 
unique properties oer the opportunity to use them also for the delivery of therapeutic drugs.

Leonie Witte and Julia Christina Gross

During development, EV secretion and the specic loading of signalling factors in EVs contributes 
to organ development and tissue dierentiation. Dierent biomolecules such as proteins, lipids 
and nucleic acids transmit these signals and the content, size, and membrane composition of EVs 
are highly dynamic and depend on the cellular source, state, and environmental conditions.

Cecile L. Maire and Franz L. Ricklefs

EVs are contributing to the interaction of tumor cells with the microenvironment and promoting tumor 
growth. Furthermore, they have gained substantial interest due to their potential utility for liquid biopsy 
approaches in cancer. 

Isolation and characterization of extracellular vesicles 18

Extracellular vesicles as gold mine for new diagnostic and  
therapeutic approaches in medicine 10

Extracellular vesicles – developmental messengers of  
tissue crosstalk 31

Tumor cell communication through EVs:  
new challenges and opportunities 27

Gregor Fuhrmann

Bernd Giebel
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Content

Andreas Spittler and André Görgens

Flow cytometry is a well-established technique that is classically used to detect cells and quantify related parameters on the cellular surface, e. g. the 
expression of surface protein markers. Within the last few years, there also have been considerable advances of using ow cytometry to detect and 
quantify extracellular vesicles.

Constance Tisserant and Arne Weiberg

Recent pioneering works resulted in novel concepts that place EVs carrying regulatory small RNAs as central players in inter-species and cross-kingdom 
communication with emphasis on host-pathogen, host-parasite and host-microbiome interactions.

Analysis of extracellular vesicles by ow cytometry – basics, limitations and prospects 40

Extracellular vesicles in plant host-microbe interaction 46
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Bernd Giebel, Verena Börger, Mario Gimona and Eva Rohde 

Human mesenchymal stem/stromal cells (MSCs) represent a promising tool in regenerative 
medicine. Until now, almost one thousand NIH-registered clinical trials investigated their 
immunomodulatory and pro-regenerative therapeutic potential in various diseases. Despite 
controversial reports regarding the ecacy of MSC-treatments, MSCs appear to exert their 
benecial eects in a paracrine manner rather than by cell replacement.

From mesenchymal stem cells and stromal cells
From bench to bedside 36 Bone 
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Extracellular vesicles (EVs) appear to 
be essential parts of an ancient intercel-
lular communication system we just be-
come aware of. According to our current 
thinking, cells can assemble lipids, pro-
teins and nucleic acids in speci�c combi-
nations to nano-sized vesicles being re-
leased into their extracellular environ-
ment. At least, a proportion of such EVs 
seems to send complex information to 
neighboring cells as well as to cells in 
distant tissues. Although the principle 
may appear new for many of the readers 
initially, we are pretty aware of cell-de-
rived compositions of lipids, proteins and 
nucleic acids, which have severe impacts 
on cells, organisms and even human soci-
eties, namely viruses.

Upon studying EVs, we have learned 
that their share many features with vi-
ruses. In this context, it has been consid-
ered that at least some of the viruses, e.g. 
lentiviruses, may represent malignant 
EVs. Indeed, if EVs represent parts of an 
ancient communication system, it appears 
very likely that they have been captured 
by pathogens. �inking in this direction 
it may explain why EV researchers are so 
much excited about the new research �eld. 
If we understand how intercellular signal-
ing mediating EVs are assembled and how 
they transmit their information to se-
lected target cells, as viruses for example 
do, EVs may become a very powerful tool 

in di�erent branches of life sciences. 
We obtained evidence that EVs are 

essentially required to control cell com-
munication in physiological and patho-
physiological conditions. As EVs seem to 
be assembled in cell type speci�c man-
ners, they provide very promising bio-
markers for a variety of diseases. In case 
we understand their target cell selection 
mechanism, and become able to alter the 
information they transmit in a controlled 
manner, or load EVs with active sub-
stances, they would be ideal drug delivery 
vehicles. If we unravel how EVs in�uence 
biological processes, we may use EVs to 
counteract pathophysiological processes 
and apply them as therapeutic agents. 
�ey might also serve as a novel class of 
vaccines, or get important tools for many 
other applications. I hope that this special 
issue will provide a comprehensive over-
view over the �eld of EVs and that it 
transports some of the enthusiasm that 
we share within the EV community. 

Despite our passion, we need to admit 
that we are just at the beginning of a very 
promising research area. �ere are many 
hurdles, which we have to deal with. Al-
though we have learned to work with vi-
ruses, it is challenging to investigate 
non-pathologic, biological nanoparticles. 
�ey are too small to be detected by light 
microscopy and so we need special plat-
forms to analyze them in detail. Origi-

nally, exosomes, a special class of EVs, 
were discovered by electron microscopy 
in 1983. Later on, crude preparation tech-
nologies were used to enrich them and to 
study their biological properties and 
functions, e.g. di�erential centrifugation 
protocols, which in an ultracentrifuga-
tion step allow to precipitate small EVs of 
sizes between 70-150 nm. Many groups 
have characterized and still characterize 
the content of ultracentrifuge-pelleted 
material which for sure contains EVs, but 
also a huge collection of non-EV associ-
ated byproducts. 

With the development of new analysis 
tools and gaining more and more knowl-
edge in the �eld, we have to learn that 
many of the previous methods are not 
speci�c for EVs and co-prepare or co-
analyze nanoparticles of comparable 
sizes which lack any EV characteristics. 
Accordingly, and despite the fact that 
there is an exponentially increasing 
amount of publications about EVs, the 
�eld mainly progresses in recognizing its 
own limitations and by solving various 
technical challenges. 

Since these challenges are not as ef-
fectively reported as strong e�ects, and 
since many negative �ndings remain 
unpublished, it is hard for interested per-
sons to recognize the true current state-
of-the-art in the �eld. To address these 
issues, EV societies have been formed in 

Portrait GSEV

Extracellular vesicles –  
a novel exciting research topic
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which experts discuss the progress and 
challenges in the �eld and try to sum-
marize it in several position papers, many 
of them being published in the Journal for 
Extracellular Vesicles (JEV), which is re-
leased by the International Society of Ex-
tracellular Vesicles (ISEV) founded in 
2012. One of the recent papers is the re-
port of the Minimal information for stud-
ies of extracellular vesicles 2018 (MIS-
EV2018) which is written by almost 400 
authors and comprises more than 40 
pages of condensed information. 

�inking that it is of uppermost im-
portance to communicate the current 
state of the art and understanding that 
getting an appropriate overview over the 
�eld is challenging itself, and many re-
searchers approaching the EV �eld may 
not be able to participate on international 
EV meetings, we have founded the Ger-
man Society for Extracellular Vesicles 
(GSEV). �e GSEV is intended to provide 
a national platform to support scientists 
working in Germany to step into the �eld 
and provide appropriate discussion plat-

forms for novel as well as experienced EV 
researcher. For now, the GSEV organizes 
two meetings a year: 

• our Annual Meeting in spring, a 
shared meeting with the Interdiszi-
plinäre Gruppe für Labor und 
Durch�usszytometrie (IGLD), In-
stand, the German Stem Cell Net-
work (GSCN) and the Dachverband 
für Technologen/-innen und 
Analytiker/-innen in der Medizin 
Deutschland (DVA). 

• our Autumn Meeting co-organized 
with other national EV societies 
from Europe, such as the Austrian 
Society of Extracellular Vesicles 
(ASEV) and the UK Society for Ex-
tracellular Vesicles

At both meetings, we team-up with 
specialists in clinical diagnostics, hema-
tologists, transfusion medicals and thera-
pists, to provide a unique platform to 
promote translational EV research. In 
addition, EV-related workshops are or-
ganized with industry experts in the EV 
�eld. 

To provide an overview over the �eld, 
we have decided to publish and distribute 
this collection of some aspects and re-
search topics within the EV �eld, high-
lighting both, many promising themes but 
also challenges in the �eld. We hope that 
this special EV issue attracts further re-
searchers to actively approach the EV �eld 
and provides an interesting reading for 
anyone who is curious in this exciting �eld 
of life sciences. 

Bernd Giebel 
On behalf of the board of the  

German Society for Extracellular Vesicles

Foundation year
2017

Mission
The German Society for Extracellular Vesicles is the national network 
for scientists and professionals working in the eld of extracellular 
vesicles (EVs). We are promoting EV research on all levels from basic 
research to application. Our goal is to bring together EV-researchers 
from Germany and abroad to create a hub for ideas and collaborations, 
and to support young academics within the eld.

We are organising Annual Meetings, which are usually held in spring, 
and our Autumn Meetings that are often co-organised with other 
European EV Societies. Through international mobility fellowships 
GSEV is fostering research collaboration and exchange of ideas with 
other societies, such as GEIVEX and UKEV. With our working groups on 
research standards, young scientists and outreach we aim at target-
ing current challenges in EV-research and enhance scientic visibility.

In 2018, we launched an online forum for the scientic exchange of 
EV researchers across labs to facilitate interactions and encourage 
discussions about EV research (gsev.proboards.com)

Contact
www.gsev.org 
info@extracellular-vesicles.de
Twitter: @GSEV10

German Society for Extracellular Vesicles (GSEV)
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Foundation year
2016
Mission Statement
The ASEV was founded as a platform for extracellular vesicle research 
in Austria. The society aims to support and foster basic research as 
well as translational activities in the eld of EVs.

Activities
� The ASEV organizes regular trainings and workshops on established 

methods for EV isolation and characterization. Our society supports 
the introduction of novel methods and devices in collaboration with 
companies in the eld.

� The ASEV aims to contribute to method standardization, to provide 
methodological suggestions, and to support the development of 
new guidelines where required.

• The ASEV interacts with other national and international scientic 
societies in the eld.

Regular Meetings
The ASEV organizes an annual meeting open for national and inter-
national speakers and participants. On a regular basis, meetings are 
co-organized with other national and international societies in the 
eld to spread and discuss new ndings.

Contact
www.asev.at
andreas.spittler@meduniwien.ac.at

Foundation year
2018

Mission

The French Society of Extracellular Vesicles (FSEV) supports all re-
search activities related to the study, characterization, understanding 
of physiological or pathological roles as well as the therapeutic or non-
therapeutic use of extracellular vesicles (EVs). We cover various areas 
such as cell biology, cancer, virology and regenerative medicine. We 
involve all living species and their derivatives and include all aspects 
of vectorization and delivery using advanced EV technologies, imaging 
and engineering.
FSEV aims to promote and stimulate the progress and dissemination 
of knowledge in the eld of EVs. We hold an annual FSEV symposium, 
except the year when the ISEV congress is in Europe. We cooperate 

with other initiatives, such as EMBO workshops or summer schools. 
FSEV members receive a monthly newsletter with meeting highlights 
and we communicate through social networks. To support young re-
searchers, FSEV gives awards for oral and poster communications 
at the national FSEV congress, and will in the near future oer travel 
grants for international EV events.

Contact
www.fsev.fr
Twitter: @French_Soc_EVs

Austrian Society for 
Extracellular Vesicles

www.asev.at

Austrian Society for Extracellular Vesicles (ASEV)

French Society of Extracellular Vesicles (FSEV)

Societies

Foundation year
2013

Mission
To promote research and innovation on extracellular vesicles to  
advance personalized medicine aiming to develop new tools and  
biomarkers with high social impact that will generate benets and 
equity in global health 

We promote research and innovation on extracellular vesicles through:
� Bi-annual international conference on EVs
� Practical hands-on workshops
• GEIVEX motility fellowships (Scientic visits of GEIVEX students for 

1-3 months in GEIVEX labs)
• GEIVEX international mobility fellowships (scientic visits of one month 

between members of GEIVEX, UKEV and GSEV Societies)

� Online course in Spanish on EVs
• Promoting GEIVEX participation in other scientic conferences and 

meetings from other societies

Contact
www.geivex.org 
Dr. Mar Vales
Secretaria GEIVEX: secretaria@geivex.org

Grupo Español de investigacion e innovacion en Vesiculas Extracelulares (GEIVEX)
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Societies

Foundation year
2018

Mission
The Netherlands Society for Extracellular Vesicles (NLSEV) aims to con-
nect researchers, clinicians, and industries who are active or interested 
in extracellular vesicles. NLSEV organizes annual one-day scientic 
meetings, which have until now been attended by about 130 people 
(junior and senior researchers, technicians, clinicians and sponsors). 
During these events, highlights in Dutch EV research are presented 
in selected talks and during poster/networking sessions. Moreover, 
one or two internationally renowned keynote speakers are invited to 
these meetings. 
We inform the Dutch EV community about upcoming activities of NLSEV, 
and international conferences related to the EV research eld. Our 
career center page is used to advertise and search for vacancies. Our 

website also hosts the �EV Delta� initiative, which is a webpage providing 
an overview of research performed in Dutch EV labs. The goal of EV Delta 
is to increase visibility of the dierent EV labs, to provide insight into the 
local EV research infrastructure, and thereby stimulate collaboration.

Contact
www.nlsev.nl
info@nlsev.nl

Foundation year
2013 

Mission
UKEV began as an informal network of academics that were working 
to promote EV research and organising an annual meeting, and was 
formalised into an ocial society in 2018. The aim of UKEV is to help 
facilitate EV research across the UK and beyond. To this end, our goals 
are to foster collaborations between EV researchers, raise the prole 
of EV research, provide a focal point for the EV community through 
scientic conferences such as the annual UKEV Forum, coordinate 
with other national and international EV societies, and to help share 

information about EVs
The annual UKEV meeting usually takes place 
in the second week of December. We also 
ran our rst EV Summer School in July 2019, 
which was well attended and well received. 
We hope to host similar training events in 
future. 

Contact
www.ukev.org.uk 
info@ukev.org.uk

The Netherlands Society for Extracellular Vesicles (NLSEV)

The UK Society for Extracellular Vesicles (UKEV)

Foundation year
2018

Mission
EVIta promotes basic, clinical and translational research and the acti-
vation of an interactive network among Italian researchers in the eld 
of extracellular vesicles. EVIta aims to be a point of reference for the 
exchange of ideas, information and initiatives in this area. 

EVIta was established in Turin, Italy thanks to the support of more than 
50 founding members who represent the Italian excellence in the study 
of extracellular vesicles. Our EVIta symposia bring together Italian 
researchers in the study of extracellular vesicles in a wide diversity of 
elds including medicine, biochemistry, physics, veterinary medicine, 
pharmacology. EVIta provides a wide platform for interactions between 

research and society. We are setting-up dierent work-groups, ter-
ritorial sections and promoting standardization, exchange of idea, 
workshops in the eld of EV research.

Contact
www.evitasociety.org/en
 info@evitasociety.org

Società Italiana per le Vesicole Extracellulari (EVIta)
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Extracellular vesicles introduction

Stefan Holdenrieder

Extracellular vesicles as gold mine 
for new diagnostic and therapeutic 
approaches in medicine

From cells to extracellular 
vesicles

Cellular diagnostics have been the 
gold standard for diagnostics of many 
diseases in laboratory medicine and pa-
thology for many years. Absolute and 
relative count of blood cells and qualita-
tive features like size, morphology, bio-
chemical and genetic characteristics have 
been and are still the basis for the diagno-
sis of a vast variety of diseases ranging 
from anemia, infections, sepsis, leukemia 
and lymphoma to coagulation disorders. 
Similarly, histopathological tissue diag-
nostics in pathology relies on morpho-
logical and molecular biological changes 
of cells in their organ compounds.

In contrast, subcellular particles have 
been considered as cellular waste. Likewise 
non-coding regions in the genome were 
greatly underestimated until the Encode 
Project revealed that this abundant ge-
netic material is essential for regulation 
and �ne-tuning of genomic transcription, 
silencing and activation of genomic re-
gions and repair processes [1]. With the 
advent of new highly sensitive and high-
resolution technologies, research interest 
in these subcellular particles has increased 
tremendously and has provided fascinat-
ing insights into their structure, biology, 
cellular release and function. Far beyond 
„just waste“, their key role for the cell-to-
cell communication, the maintenance of 
the physiological balance within the or-

ganism and adaptation to external chal-
lenges as well as for the pathogenesis and 
progression of a plenitude of diseases has 
been recognized [2].

Heterogeneous group of EVs

Extracellular vesicles (EVs) are con-
sidered as particles with a lipid bilayer 
membrane naturally released from cells 
[3]. �ey comprise a wide spectrum of 
heterogeneous subcellular vesicles and 
vary greatly in size, density, surface com-
position, biochemical content, mecha-
nism of formation, release from cells and 
biological functions that can be used for 
further sub-classi�cation (Figure 1) [3,4]. 

Extracellular vesicles (EVs) are a heterogeneous group of subcellular particles shed from cells of origin by diverse 
mechanisms. They carry specic information and are responsible for ecient intercellular communication that is 
highly important in many physiological processes as well as for the pathogenesis and progression of several dis-
eases. Their unique properties oer the opportunity to use them also for the delivery of therapeutic drugs. When 
released into the blood or other bodily uids they serve as sensitive liquid proling biomarkers in many dispositions. 
For future use in diagnostic settings, further eorts are required for better standardization of the methods as well 
as the analytical, pre-analytical and clinical validation of the markers.

Keywords: extracellular vesicles, biomarker, liquid biopsy, disease detection, prognosis, pre-analytics, analytical 
requirements
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In general, EVs range from 50 to more 
than 1000 nm in size.  Small EVs such as 
exosomes, which range in size between 50 
and 150 nm, originate from a special 
mechanism of formation in the endoso-
mal system, intracellular maturation 
within multivesicular bodies and second-
ary release from cells. In contrast, direct 
budding from the plasma membrane lead 
to shedding of larger microvesicles of 100-
1000 nm size. In addition, other EVs such 
as ectosomes, apoptotic bodies and on-
cosomes are released by speci�c cell types 
or dying cells [2–4].

EVs are released in di�erent amounts 
from healthy, stressed, injured and ma-
lignant cells, from platelets, stem cells, 
cells of the immune system and many 
more [3,5–7]. �ey di�er in their mem-
brane composition in which transmem-
brane tetraspanins, proteins, lipid ra�s, 
sugars, nucleic acids, MHC complexes, 
integrins and other cell type speci�c 
markers are incorporated [2,3]. �ese al-
low them to exert intercellular contacts 
with neighboring cells in a paracrine way 
or even targeted interaction with distant 
cells a�er release into the blood stream or 
other bodily �uids in an endocrine way 
[3,5,7].

EVs carry di�erent types of cargo 
(Figure 2). Large microvesicles that are 
shed from the plasma membrane contain 
molecules that derive from cytosol, mito-
chondria, golgi apparatus, endoplasmatic 
reticulum or even organelles themselves. 
�e mechanisms of speci�c microvesicle 
loading are under investigation and it has 
been shown that certain RNA-binding 
proteins may tra�c into MVs leading to 
a more speci�c loading with miRNAs [8]. 
Endosomal exosomes have a speci�c 

cargo mechanism that regulates the spe-
ci�c loading of proteins, lipids, enzymes, 
DNA, diverse forms of RNA (rRNA, 
tRNA, mRNA, miRNA and other non-
coding RNA), that is dependent (or inde-
pendent) from endosomal sorting com-
plexes required for transport (ESCRTs) or 
accessory proteins [2,3,9].

A multitude of EV functions 
and potential therapeutic 
applications 

A�er speci�c binding to the surface of 
the target cell, endocytosis or fusion with 
the plasma membrane, this cargo may be 
released in the cytosol of these cells and 
modulate there the metabolism, immune 
or other functions [2,3,5,7]. �e exact 
mechanism how this information is rec-
ognized and integrated into the cellular 

processes has to be further elucidated and 
understood. Research in recent years has 
shown that exosomes have excellent per-
formance characteristics as carriers of 
endogenously or arti�cially loaded nu-
cleic acids as they are less immunogenic 
and have a high e�ciency when com-
pared to other carriers such as liposomes 
and nanoparticles [10–12]. 

In addition, there is an exponential 
interest in cytoplasmic DNA receptors 
like cGAS-STING and RNA-receptors 
like RIG-I, their downstream pathways 
and links with in�ammasome activation, 
cell death induction and stimulation of 
exosome release with antitumor activity 
[13–15]. �is opens the avenue for thera-
peutic use of exosomes as vaccines for 
infectious diseases or even for targeted 
delivery of nucleic acid drugs in cancer 

Figure 1: Biogenesis of di�erent subtypes of extracellular vesicles and their potential interaction mechanisms with 
target cells (see text for details).

Extracellular vesicles introduction
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Extracellular vesicles introduction

Figure 2: General composition of extracellular vesicles (EVs) with various types of lipids and membrane proteins. In addition, EVs may carry several types of cargos ranging 
from nucleic acids to enzymes and other proteins. EVs were shown to be involved in many physiological processes as well as in pathogenesis and progression of di�erent 
diseases. 

disease or for tissue regeneration in the 
heart a�er stroke [5,11,12,14].

Functional studies have shown that 
EVs are important mediators of pathogen-
esis and progression of many diseases. In 
cancer diseases they are able to transfer 
malignant information to adjacent and 
healthy cells leading to transformation, 
progression, invasion and metastasis of the 
tumor [7,16]. �ereby, processes like pro-
motion of angiogenesis, downregulation 
and escape from immune response as well 
as preparation of a metastatic niche are 
essential steps for tumor expansion. On the 
other hand, anti-tumor immune activation 
may also be mediated by EVs [7,17].

In cardiovascular disease, extracellular 
vesicles play a role in the crosstalk of vari-
ous cell types like cardiac muscle cells, �-
broblasts and endothelial cells. A�er hy-
poxic stress and in�ammation they are 
loaded with di�erent pools of protein or 

RNA, prevent cardiac damages by attenu-
ating apoptosis and promote cardiac  
repair. In other conditions, cardiomyocyte 
exosomes promote proliferation and  
activation of cardiac �broblasts leading to 
heart �brosis and chronic heart failure. 
A�er myocardial infarction, exosomes 
from prestimulated cardiac progenitor cells 
showed therapeutic potential as they  
increased cardiac function and reduced 
infarct size [5].

Also in other acute disease such as 
stroke and sepsis as well as in aging and 
degenerative diseases like Alzheimer’s and 
Parkinson’s, EVs have shown to play a role 
in limiting hypoxic damage, �ghting infec-
tion or promoting chronic disease progres-
sion. 

Plenty e�orts are currently being made 
to optimize stem cell-derived exosomes  
for therapeutic use like in the ischemic 
brain [18,19]. A more detailed overview on 
EVs derived from stem cells and their 

therapeutic use is given in article 5 of this 
issue.

Challenges in EV detection 
and characterization

As EVs are heterogeneous and much 
smaller than cells it is quite challenging 
to detect, isolate and characterize them 
sensitively and speci�cally from bodily 
�uids, tissues or in functional cell culture 
studies. Nowadays there are plenty of 
methodical approaches for isolation, en-
richment, quanti�cation and EV- and 
cell-speci�c classi�cation. All of them 
have their strengths and limitations as it 
is discussed in article 2 of this issue. It is 
always a trade-o� between EV yield and 
purity that can be obtained and results of 
studies are strictly dependent on the 
methods used [3,20,21].

Despite the tremendous growth in 
publication numbers in the EV �eld in 
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the recent decade [22], there is still a 
considerable lack of standardization, 
data comparability and reproducibility 
that impairs the better understanding of 
the biology and function of EVs as well 
as the translation of results from basic 
research into patient care [3,20,21]. Inter-
national and national societies such as 
the International and the German Soci-
ety of Extracellular Vesicles (ISEV and 
GSEV) have been founded to foster the 
interaction of scientists, the exchange of 
research experience, and the develop-
ment of guidelines for the standardized 
research on EVs in basic and applied 
science. 

One major e�ort of the international 
community is the initiative EV Transpar-
ent Reporting and Centralizing Knowl-
edgebase (EV-TRACK) that o�ers a plat-
form for comprehensive, detailed and 
transparent documentation of EV re-
search and provides an EV-METRIC for 
adherence to the recommendations [23]. 
Recently updated ISEV-guidelines on 
Minimal Information for Studies of EVs 
(MISEV) [3] is a consensus-based posi-
tion statement that recommends the ap-
propriate use and precise documentation 
for methods of EV isolation (separation), 
enrichment (concentration), quanti�ca-
tion and structural and functional char-
acterization. In addition, it clari�es the 
validation of new EV-associated compo-
nents and gives assistance for the correct 
performance of functional studies [3].

As it is di�cult to reconstruct the 
biogenesis of already released EVs they 
have to be described and classi�ed by 
size, density, biochemical composition, 
description of conditions or cells of ori-
gin. �erefore, a minimum number of 

transmembrane/lipid-bound and cyto-
solic proteins as well as negative protein 
markers have to be determined to clearly 
identify EV subclasses and to exclude 
contamination by exomeres, lipoproteins 
or other large and abundant proteins 
which do not exhibit the EV typical lipid 
bilayer membrane. For functional stud-
ies, the topology of a marker outside 
(secreted) or inside (luminal) the EVs has 
to be investigated, too. �e use of multi-
ple technologies, standards and appro-
priate controls will strengthen the �nd-
ings [3].

EVs as biomarkers in various 
diseases

Beyond pure quanti�cation, speci�c 
EV surface markers and the protein, RNA 
or miRNA pattern of their cargo provide 
a rich source of information about the 
cells of origin and EV function [2,5,7,9,21]. 
If they are released into body �uids such 
as blood plasma, urine, cerebrospinal 
�uid, e�usions, saliva etc they may serve 
as sensitive new disease biomarkers as 
these EV markers are enriched in this 
speci�c compartment and re�ect the bio-
chemical status of the cells they derive 
from even if they are far distant.

As in many disease states, thousands 
of EVs are released from a single cell and 
they are abundantly found in tissue sam-
ples. �ereby, EVs serve an as ideal liquid 
pro�ling / liquid biopsy biomarker class 
outperforming other candidates such as 
circulating tumor cells (CTCs) or circu-
lating tumor DNA (ctDNA) in terms of 
sensitivity because they are more rarely 
detected in patients’ blood. In addition, 
di�erentiated analysis of EVs can possi-
bly overcome the di�culties in detecting 

the heterogeneity of molecular composi-
tion and function of cancer cells [7,9,16]. 
Finally, EVs provide information not 
only of the diseased cells themselves but 
also of the response of the host toward 
these pathologic conditions, e.g. by dif-
ferentiating of immune suppressive can-
cer EVs and immune activating EVs of 
healthy cells [17]. Similarly, complex in-
teractions like in thrombogenesis may be 
mirrored by EVs deriving from endothe-
lial, immune, cardiac cells and platelets. 
�erefore, comprehensive analysis of EV 
surface markers or complete protein and 
RNA pro�le by omics technologies will 
provide important insights [5,6,9,21]. 

In cancer diseases, EV levels are  
considerably increased and can be identi-
�ed by their surface markers, protein, 
miRNA and lncRNA patterns. �ey may 
be used for diagnosis, estimation of prog-
nosis and disease monitoring as they 
correlate with therapy response (re-
viewed in [7,16]). In addition, exosomal 
PD-L1 was described to contribute to 
immunosuppression and to be associated 
with anti-PD-1 response [24].

Likewise in cardiovascular diseases, 
cardio-speci�c miRNAs have been found 
in plasma EVs e.g. a�er acute myocardial 
infarction [5]. However, analysis is labo-
rious and time consuming when com-
pared to modern high-sensitive troponin 
assays limiting its diagnostic value. How-
ever, EV-markers may be relevant for 
estimating prognosis and elucidating the 
interplay of di�erent cell types.

In sepsis and septic shock, miRNAs 
are described to be di�erentially regu-
lated in diverse compartments such as 
blood cells, serum and exosomes. While 

Extracellular vesicles introduction
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plenty of investigated miRNAs were 
down- and up-regulated, several of them 
were only changed in serum and/or  
exosomes [25]. �is indicates that for 
estimation of diagnosis or prognosis the 
complex regulative network of miRNA 
markers in diverse compartments will 
have to be taken into account. 

Remarkably, EVs are also released 
into the circulatory system in response to 
physiological changes, such as incremen-
tal cycling exercises.  Highest EV marker 
levels were observed at maximum ex-
haustion with di�erent subtypes deriving 
from platelets, endothelial cells and leu-
kocytes contributing to the exercise-as-
sociated adaptive systemic signaling [26].

While many EV biomarker studies 
show promising results, many more stud-
ies are needed to explore the full poten-
tial of the wealth of biomarker candidates 
in this new compartment for relevant 
clinical questions. 

Analytical requirements for 
the use of EVs as diagnostic 
biomarkers

Adherence to guidelines and appropri-
ate documentation is only a very �rst step 
to develop robust and reliable biomarkers. 
As many laboratories are accredited ac-
cording to ISO 15189 [20] or work accord-
ing to similar national regulations such as 
the guideline of the “Bundesärztekammer” 
(RiliBÄK) in Germany [27], there are strict 
requirements for the implementation of 
new markers and methods that are to be 
used for patient care. By 2022, the new EU 
In-Vitro Diagnostic Medical Device Regu-
lation (IVDR) will set the stage for medical 
laboratories on a European level.

All of them require the comprehensive 
validation of new methods used in medi-
cal diagnostics by either manufacturers of 
a commercial product (followed by a veri-
�cation by the user) or the medical labora-
tory itself if the method is an in-house 
development. �is includes high-quality 
standardization of the methods used, fol-
lowed by detailed analytical, pre-analyti-
cal and clinical validation [20,27].

Analytical evaluation comprises the 
analytical sensitivity and speci�city, ac-
curacy, precision, linearity, measuring 
range, sample stability and diversity and 
the uncertainty of measurement [20]. Al-
though this work is less enticing than 
basic research, it is fundamental for later 
accurate, reliable and valid use of the 
methods in patient care and correct inter-
pretation of the results. Particularly the 
establishment of reference material and 
implementation of external quality assess-
ment (EQA) schemes – as currently done 
by certain labs – is essential for quality 
assurance over methods, users and labo-
ratories [28].

Pre-analytical evaluation considers on 
the one hand the status of the blood donor 
like age, sex, body-mass index, pre/post-
prandial status, exercise level, time of day 
of collection, current diseases, medication 
etc. [3,20]. On the other hand, it takes into 
account all features that a�ect the sample 
from blood drawing until later analysis 
that could a�ect the measured marker 
levels, e.g. type of material, container, 
volume, anticoagulant, time to process-
ing, mode of transport, temperature, exact 
centrifugation protocols, depletion of 
platelets and lipoproteins, short- and long-
term storage conditions, deep-freezing, 
thawing, etc. [3,20,29]. Ideally, additional 

measures to quantify interfering factors 
such as hemolysis (as in the HIL index), 
platelet or neutrophil activation that may 
lead to additional in-vitro release of  
exosomes as well as serial venipunctures 
in individuals to test the biological varia-
tion are recommended. In the future,  
exosome-preserving tubes (as already 
available for cfDNA and RNA) and high-
quality standards and documentation of 
pre-analytics (e.g. by SPREC codes) pro-
vided by hospital-integrated biobanks 
may facilitate the pre-analytic procedures. 
Although cumbersome, all these issues 
are pivotal for any downstream exosome 
analysis.

Clinical requirements for the 
use of EVs as diagnostic 
biomarkers

Clinical evaluation �nally veri�es the 
ability of a method to answer clinical 
questions, such as (i) the discrimination 
of diseased from non-diseased persons 
(diagnosis), (ii) the estimation of the out-
come of a diseased person or the risk of 
disease recurrence (prognosis), (iii) the 
response to a speci�c treatment (predic-
tion), (iv) or the serial monitoring of a 
disease course for early detection of ther-
apy response. For all indications, the 
methods have to ful�l meaningful user-
required speci�cations [30]. 

For diagnostic purposes, clinical sensi-
tivity indicates the proportion of correctly 
identi�ed positive results, while speci�city 
describes the proportion of correctly iden-
ti�ed negative results. �e overall diagnos-
tic performance is best shown by the 
complete pro�le of sensitivity and speci�c-
ity using receiver operating characteristic 
(ROC) curves that are able to identify 
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clinically relevant cuto� values to answer 
clinical questions with an acceptable error 
rate (e.g. at 95% speci�city). However, for 
clinicians the positive (PPV) and negative 
predictive values (NPV) may be even more 
informative as they indicate the probabil-
ity of disease if the value is positive (PPV) 
or the absence of disease if the value is 
negative (NPV). Although these items 
seem to be sophisticated, they are para-
mount for the interpretation of any appli-
cation in patient care. Accordingly, studies 
with large number of patients and controls 
in de�ned conditions have to be per-
formed followed by validation studies in 
an independent set of samples from an-
other patient cohort [29,30]. 

Acceptance of EVs as clinical 
biomarkers

With all analytical, pre-analytical and 
clinical requirements met, it should not 
be forgotten that there are some essential 
points that are extremely relevant for the 
acceptance in the clinical routine applica-
tion (Table 1). Among others, markers 
and methods have to:
- answer clinical questions precisely and 

improve the work�ow of the clinicians
- be very robust (low pre-analytic and 

biological variability), reliable and valid
- be quanti�able and highly quality con-

trolled (internal and external systems)
- be fast and easy to perform (depending 

on the information and the clinical 
need)

- be inexpensive and reimbursable
For future wide spread applications 

they should, in addition,
- be �exible 
   (for adaptation of new parameters)
- be scalable 
   (for high throughput automation)

- be portable 
   (for point-of care diagnostics)
- be miniaturizable 
   (for mobile and smart devices)

Conclusion

It is obvious that EVs open a wide av-
enue for future research in cell biology, 
function and intercellular communication 
in health and disease. In addition, their 
properties are ideal for the use of EVs for 
drug delivery and vaccination. Moreover, 
EVs provide a fascinating platform for 
future liquid pro�ling diagnostics in the 
blood and bodily �uids that could revolu-
tionize our understanding of both disease 
and host response. Even if some way has 
to be made before EVs reach patient care, 
it is now the time of exploring the EV 
goldmine right ahead of us. 
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Extracellular vesicles isolation and standardization

Fabia Fricke, Dominik Buschmann and Michael W. Pfa

Isolation and characterization of 
extracellular vesicles

EV isolation: nding the 
needle in the haystack

�e fundamental goal of a successful 
isolation method entails both the e�cient 
enrichment of EVs from a given bio�uid 
and the depletion of non-EV material, 
yielding preparations of high purity with-
out signi�cant loss of EVs (Figure 1). To 
this end, some approaches utilize princi-
ples that tackle general EV characteristics 
including size, density or charge, while 
others hone in on more speci�c attributes 
such as marker protein expression. Al-
though enriching EVs itself is not trivial, 
separating them from contaminants such 
as protein complexes, aggregates and li-
poproteins, which o�entimes share bio-
physical properties with EVs, is still a 
major challenge in the �eld. Each bio�uid 
presents its own di�culties, ranging from 

high protein content (e.g. milk) to low EV 
concentration (e.g. urine) or lipoproteins 
that outnumber EVs by an order of mag-
nitude (e.g. plasma). 

Sedimentation-based methods
�e most conventional method of EV 

isolation, which is still considered to be 
the gold standard by many, is di�erential 
ultracentrifugation (dUC) [1]. During 
multiple rounds of centrifugation with 
increasing speed, bio�uids are initially 
depleted of large components before pel-
leting EVs at speeds of at least 100,000 g. 
Given su�cient run time, dUC is an ef-
fective enrichment method, but the re-
sulting pellet will invariably contain 
non-EV contaminants that co-sediment 
alongside EVs and centrifugal force can 
lead to EV aggregation and damage. 

Since EV preparations derived from 

sedimentation o�entimes do not display 
adequate purity for downstream assays, 
dUC can be combined with density gradi-
ent centrifugation (DGC). In this ap-
proach, the EV-containing ultracentrifu-
gation pellet is resuspended and further 
fractionated by �oatation into a density 
gradient. During centrifugation of the 
gradient, which is commonly prepared 
using sucrose or iodixanol, EVs will mi-
grate until reaching a position where their 
density matches that of the density ma-
trix. Individual density fractions are col-
lected, concentrated by ultracentrifuga-
tion or �ltration and utilized for down-
stream experiments. While there are 
various DGC protocols, including con-
tinuous or stepped gradients as well as 
top-down and bottom-up �oatation, the 
underlying principle of density-based 
fractionation is identical. Even though 

Research into extracellular vesicles (EVs) gained signicant traction in the past decade and EVs have been investi-
gated in a wide variety of studies ranging from basic biology to diagnostic and therapeutic applications. Since EVs 
are secreted by most, if not all, eukaryotic and prokaryotic cells, they have been detected in body uids as diverse 
as blood, urine and saliva as well as in cell culture media. In this chapter, we will provide an overview of EV isolation 
and characterization strategies and highlight their advantages and disadvantages.

Keywords: extracellular vesicle isolation, purication, characterization, exosome
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the combination of dUC with DGC pro-
vides orthogonal separation based on 
sedimentation and density, it does not 
achieve absolute EV purity, since densities 
of common contaminants such as high-
density lipoproteins overlap with those of 
EVs [2]. 

Filtration-based methods
Filtration-based isolation primarily 

depends on size and molecular weight 
di�erences between EVs, proteins and 
other components present in bio�uids. 
Ultra�ltration is a size-based technique 
that utilizes membrane �lters with a de-
�ned molecular weight or size exclusion 
limit to separate EVs from bio�uids and 
potential contaminants. Transmembrane 
pressures that force the suspension 
through the membrane �lters can be 

generated by pumps or centrifugation. 
Sequential �ltration is o�en performed 
with �lters that decrease in their pore size 
to �rst eliminate larger structures and 
then smaller compounds from the bio-
�uid before EVs will be captured. Tangen-
tial �ow �ltration (TFF) has emerged to 
retain and thus concentrate EVs by con-
currently decreasing the sample volume. 
In contrast to traditional ultra�ltration, 
TFF enables tangential �uid �ow across 
the surface of a hollow �ber membrane, 
which prevents clogging of �lters. An-
other common size-based separation 
technique is size-exclusion chromatogra-
phy (SEC), also known as gel �ltration. In 
SEC, EV samples are loaded on a column 
pre�lled with a porous stationary phase 
(e.g. sepharose). Small particles can enter 
the pores of the stationary phase, leading 

to increased retention time and delayed 
elution compared to larger particles that 
are excluded from entering the pores. Us-
ing specialized columns, this method 
allows the separation of EV size-de�ned 
subtypes as individual populations.

Anity-based methods
Continued advances in characterizing 

the molecular composition of EVs also 
opened new avenues for their isolation. 
Once speci�c proteins, lipids or carbohy-
drates on the EV surface are identi�ed, 
they can be targeted by appropriate cap-
turing receptors immobilized on beads or 
membranes. During this a�nity-based 
isolation, EVs are puri�ed by selective 
receptor-ligand interaction, potentially 
resulting in high speci�city and purity. 

Method Principle Advantages Disadvantages

dUC
Sequential separation of 

EVs and other biouid 
components based on their 

sedimentation rate and 
density

High EV yield, established protocols, medium 
to large sample volumes, scalable

Time-intensive, high equipment cost, 
low portability, low purity, limited 

parallel sample processing, potential 
EV damage

DGC Improved purity compared to dUC, lends itself 
to combination with other method

Labor- and time-intensive, low yield, 
low throughput

Precipitation

Solubility of EVs is altered 
by water-excluding poly-

mers or manipulation of EV 
surface charge

Quick and simple, large sample volumes, high 
yield, small to large sample volumes, low cost, 

scalable,
parallel sample processing

Very unspecic, co-precipitation of 
non-EV contaminants, precipitation 
reagent needs to be removed (for 

some applications)

Anity
Interaction between specic 

EV surface molecules and 
capture antibodies

High purity, enables subtyping of EV populati-
ons, parallel sample processing, 

commercial kits and self-made protocols

Biased for specic populations, harsh 
or no elution, high reagent cost, limi-
ted scalability, small sample volumes

(Ultra)ltration EV isolation is exclusively 
based on the size die-

rences between EVs and 
other particulate constitu-

ents

Quick and simple, portable, low to moderate 
costs, small to large sample volumes, parallel 

sample processing,
lends itself to combination with other method

EV loss on membrane, potential clog-
ging and EV trapping, shear stress

SEC
Moderate to high purity, low physical forces 
preserve EV integrity, availability of commer-

cial kits and self-made devices

Low to moderate equipment cost, 
small to moderate sample volumes, 

fractions might be sample-dependent

Microuidics

Microscale isolation based 
on a variety of EV properties 

including immunoanity, 
size, and density

Isolation from minimal volumes, modiable, 
portable, fast, easy automation and integra-

tion

Lack of standardization and valida-
tion, low to moderate throughput, 

expensive

DGC: density gradient centrifugation; dUC: dierential ultracentrifugation; SEC: size-exclusion chromatography

Table 1: Comparative overview of commonly used EV isolation methods. 
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Some of the �rst a�nity-based isola-
tion methods focused on common EV-
associated tetraspanins such as CD63, 
CD81 or CD9 [3]. Since these transmem-
brane proteins display readily accessible 
domains on the EV surface, they lend 
themselves to capture by speci�c antibod-
ies. Common immunoa�nity-based iso-

lation protocols utilize a mix of antibod-
ies to capture a wide range of EVs that 
display these markers. An alternative 
approach, which is of signi�cant interest 
for diagnostic applications, might target 
surface proteins or glycan structures that 
are only expressed in speci�c tissues. 
Alternatively, a robust, disease-speci�c 

marker that is exclusively presented on 
EVs from the a�ected tissue, potentially 
allows speci�c capture of relevant EV 
subpopulations [4]. 

�e interaction with surface targets is 
not limited to antibodies: successful isola-
tion has been reported based on using 
lectins, phosphatidylserine binding pro-

Table 2: Comparative overview of commonly used EV characterization methods. 

Analyte Method Advantages Disadvantages

Particle

DLS Analysis under physiological conditions Limited specicity, low resolution of polydisperse 
samples

NTA Improved size resolution, analysis of EV 
charge Limited specicity, struggles with uorescence

TEM Visualizes EV morphology and potential 
contaminants

Dedicated equipment, toxic chemicals, morphological 
artifacts due to sample preparation 

Cryo-EM
No artifacts due to xation and 

dehydration,native morphology, stain-free 
visualization

Dedicated equipment, freezing artifacts, low signal-
to-noise ratio, cumbersome sample preparation and 

handling

Immuno-EM Visualizes EV morphology and specic 
proteins

Dedicated equipment, cumbersome sample prepara-
tion, toxic chemicals, reliance on high-quality antibo-

dies

AFM Works in air, vacuum, and liquids, 3D ima-
ging, convenient sample preparation

Dedicated equipment, data tip-dependent, tip can 
damage the sample

FCM

Rapid assessment of sizes, counts and 
cluster identication, potential for single-EV 

analysis, multiparametric, sorting can be 
implemented

Limited sensitivity and resolution, bead-based approa-
ches are only semi-quantitative, expensive equipment 

and specialized operators 

Protein

WB Low cost, established protocols, simple 
readout

Low throughput,reliance on specic antibodies, lack of 
widely applicable EV protein loading controls 

Mass  
spectrometry

High sensitivity and resolution, quantitative 
methods are available, identication of 

PTMs, simultaneous detection of multiple 
proteins, adjustable to various research 

questions

Time-consuming, expensive instrumentation, requires 
very clean sample preparation, high risk of contamina-
tion, complex data analysis, sample and setting-depen-

dent limitations

ELISA
Established protocols, availability of com-

mercial kits and self-made protocols, direct 
and indirect detection, simple readout

Immunoreactivity is antibody-dependent, cross-reacti-
vity

Nucleic acids

(RT)-(q)PCR 
dPCR

High sensitivity, relatively cheap, simple 
workows, established protocols

A priori knowledge is required, expensive (dPCR), lack 
of widely applicable EV reference sequences

NGS
High throughput, de novo detection of novel 

transcripts, high resolution, detection of 
sequence variants

Expensive, laborious sample preparation, dedicated 
equipment, complex data analysis

Northern/
Southern blot

High specicity, identication of RNA/DNA 
sequence lengths and alternative splicing 

products

Lower sensitivity compared to newer methods (e.g. 
PCR), requires large amounts of sample, limited 

number of sequences can be analyzed in parallel, time-
consuming, toxic chemicals

Microarray
Established protocols and analysis pipe-
lines, simultaneous analysis of multiple 

genes 

Restricted to pre-dened sequences, hybridization-
dependent, low signal-to-noise ratio

AFM: atomic force microscopy; DLS: dynamic light scattering; dPCR: digital PCR; ELISA: enzyme-linked immunosorbent assay; FCM: ow 
cytometry; NTA: Nanoparticle Tracking Analysis; NGS: Next-Generation Sequencing; qPCR: quantitative polymerase chain reaction; 

PTM: post translational modication; TEM: transmission electron microscopy; WB: Western blot
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teins and synthetic peptides to capture 
EVs. Less speci�c approaches include 
isolation based on a�nity to charged 
membranes or capturing EVs using hep-
arins, which bind to several EV surface 
proteins. 

As any other method, a�nity-based 
isolation introduces bias since it very 
likely only captures a subset of all EVs in 
a given sample. While their selectivity 
potentially results in favorable purity and 
signal-to-noise ratio, the dependency on 
high-a�nity antibodies, substantial rea-
gent costs and inability to elute captured 
EVs limit many of the a�nity-based isola-
tion methods available today. 

Precipitation-based methods
Originally, the precipitation tech-

nique was established to separate and 
concentrate viruses. Since viruses and 
EVs share biophysical properties, pre-
cipitation techniques have been adapted 
for the enrichment of EVs. In general, EV 
precipitation relies on manipulating their 
solubility and dispersibility in aqueous 
suspensions. �e most common precipi-
tation technique is the polymer-based 
precipitation. Hydrophilic polymers such 
as polyethylene glycol (PEG) tie up water 
molecules, which leads to the concentra-
tion of EVs until solubility is exceeded 
and precipitation occurs. Since EVs are 
negatively charged, polymer solutions can 
be supplemented with positively charged 
protamine sulphate in charge-based pre-
cipitation approaches or used in combina-
tion with dextran in a two-phase-system. 
‘Salting-out’ allows immediate EV pre-
cipitation due to EV charge neutralization 
with acetate ions. A�er the precipitation 
process is completed, EVs can be pelleted 
by low‐speed centrifugation. In addition, 
indirect EV precipitation approaches have 

been developed that �rst precipitate solu-
ble proteins present in bio�uids with or-
ganic solvents. A�er centrifugation, EVs 
can be isolated from the pre-cleared su-
pernatant by the method of choice. 

Fluidics-based methods
Micro�uidic platforms for EV isola-

tion from particularly small sample vol-
umes attracted the attention of research-
ers and clinicians in the last years. In 
general, these miniaturized tools follow 
the same principles as large-scale isola-
tion methods. For example, EV-targeting 
antibodies can be immobilized on solid 
surfaces of micro�uidic devices. Oligonu-
cleotide and peptide aptamers o�er an 
alternative to antibodies and both allow 
a�nity capturing and produce a reporter 
signal upon EV binding. Membrane-
based �ltration approaches and viscoelas-
tic �ow sorting have been also imple-
mented in micro�uidic isolation proce-

dures. Alternative microscale systems are 
nanotraps that consist of nanowires in 
3D-networks that bind to and capture 
EVs from various bio�uids. Other de-
vices have implemented innovative sort-
ing mechanisms such as acoustic trapping 
(e.g. by ultrasound) or electrophoretic 
and electromagnetic manipulation for EV 
isolation [5].

Asymmetric-�ow �eld-�ow fraction-
ation (AF4) is a hydrodynamic method at 
microscale level that separates EVs based 
on their di�erences in size and di�usivity 
[6]. Samples are applied to a miniature 
�uidic channel, in which two orthogonal 
�ows control EV separation. A laminar 
parabolic �ow (i.e. fastest �ow in the 
center, slowest �ow at the walls) runs 
along the channel axis and transports the 
sample towards the detector. �e second 
�ow is perpendicular to the laminar �ow 
and vertically distributes particles against 
the chamber wall. Smaller particles dif-

igh yieldo yield

igh purity

o purity
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Figure 1: Schematic illustration of commonly used EV isolation methods. Di�erent EV isolation methods are 
arranged on a 2D landscape that classi�es yield (x-axis) and purity (y-axis). Note that the degree of recovery 
and speci�city of a particular method might �uctuate depending on the bio�uid, experience of the operator, 
and distinct variations in equipment and protocols. DGC: density gradient centrifugation; dUC: di�erential 
ultracentrifugation; SEC: size-exclusion chromatography; TFF: tangential �ow �ltration UC: ultracentrifuga-
tion.
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fuse further from the �ow chamber wall 
and are eluted earlier than larger ones. 
AF4 can be integrated with various types 
of detectors depending on the informa-
tion required. 

EV characterization:  
dening the needle

Analytical characterization of EV 
preparations is a multi-step process that 
serves several purposes. First, it is impor-
tant to detect EVs in order to verify that a 
successful isolation has been performed. 
Next, quantifying EVs and characterizing 
the molecular composition of EV prepa-
rations are equally important and should 
include the analysis of both EV-enriched 
markers and contaminants. While many 
established analytical methods can be 
applied to the EV �eld, novel tools that �t 
more speci�c needs are also in develop-
ment.

Particle level
�ere are several methods to assess 

EV preparations on a particle level, which 
usually includes quantity, size and mor-
phology. One of the oldest methods to 
characterize particles in suspension is 
dynamic light scattering (DLS), which 
relies on illuminating samples with a 
monochromatic light source and analyz-
ing light scattered by particles to calculate 
their size. While still widely used, DLS 
only captures bulk signal from all parti-
cles and therefore struggles with polydis-
perse samples. �is limitation was partly 
overcome by Nanoparticle Tracking 
Analysis (NTA) techniques, which also 
record scattered light but track each par-
ticle individually. Based on the Brownian 
motion re�ected in scatter patterns, par-
ticle sizes can be calculated using the 

Stokes-Einstein equation. NTA is there-
fore capable of both counting particles 
and providing more granular size distri-
butions than DLS. One of the biggest 
challenges of NTA is that current plat-
forms are unable to distinguish between 
EVs and non-EV particles of similar size. 
As EV preparations are commonly con-
taminated with protein aggregates, lipo-
proteins and other nanoparticles, NTA-
based analysis of low-purity samples is 
bound to overestimate EV concentrations 
[7]. Fluorescence-enabled NTA, which 
tracks scattered laser light at a speci�c 
emission wavelength, was recently devel-
oped to overcome this shortcoming. Us-
ing lipophilic dyes or �uorochrome-
conjugated antibodies, NTA’s speci�city 
can be narrowed to particles surrounded 
by lipid membranes or decorated with 
marker proteins, respectively [8, 9]. De-
spite still facing technical challenges, this 
approach has enormous potential upsides 
and could signi�cantly enhance detection 
of EVs and individual subpopulations. An 
alternative, non-optical, method is Tun-
able Resistive Pulse Sensing (TRPS), in 
which EVs �ow through a nanopore, and 
changes in ionic current are used to com-
pute particle sizes and concentration. 

Flow cytometry (FCM) has emerged 
as another method that allows the detec-
tion and characterization of thousands of 
EVs in suspension. However, most con-
ventional �ow cytometers are not yet ca-
pable of detecting EVs with diameters of 
less than 300 nm due to limited sensitiv-
ity and resolution. To overcome this ob-
stacle, bead-based (e.g. beads coated with 
antibodies against EV surface proteins) 
procedures were designed to arti�cially 
enrich EVs and increase their �uorescent 
signal. In addition, bead-free protocols 
that take advantage of �uorescent-labe-

ling strategies were established to per-
form multiparametric characterization of 
EVs and to assess EV heterogeneity. 
Double labeling with protein- and lipid-
speci�c dyes also enables the discrimina-
tion of EVs and common contaminants. 
However, technological progress acceler-
ated the development of next-generation 
�ow cytometers that allow label-free 
analysis of EV sizes and concentrations 
via the scatter channel. By combining the 
capabilities of �ow cytometry with high 
resolution imaging at the single-particle 
level, imaging �ow cytometry (IFCM) 
facilitates precise EV characterization 
and phenotyping [10, 11]. 

Microscopy-based techniques are fre-
quently used to visualize the morphology 
of single EVs. Accurate EV imaging can 
uncover the shapes, structure and size of 
vesicles as well as other non-vesicular 
components [12]. Although there are 
various imaging technologies, resolution 
limits of each method have to be consid-
ered. As a result of sample preparation 
preceding EV imaging, not all visualiza-
tion tools can reveal the natural EV mor-
phology. �e most prominent visualiza-
tion technique is electron microscopy 
(EM). Transmission electron microscopy 
(TEM) is a standard imaging method that 
provides structural information about 
EVs and background contamination in 
EV preparations. TEM analysis requires 
extensive sample preparation, which can 
lead to dehydration of EVs and morpho-
logical artefacts (e.g. cup-shaped appear-
ance of vesicles). Cryo-electron micros-
copy (cyro-EM) allows preserving the 
native spherical shape since the EV sam-
ples remain in their native hydrated state. 
Immunogold labeling combined with EM 
analysis (immuno-EM) is a powerful la-
beling strategy to localize speci�c pro-
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teins in EV preparations. In immuno-
EM, gold probes serve as reporter mole-
cules that are conjugated to speci�c anti-
bodies. Topographic information about 
EV surfaces can be obtained by scanning 
electron microscopy (SEM). Atomic force 
microscopy (AFM) is another method to 
gather information about the three-di-
mensional shape (i.e. topography) of iso-
lated EVs. AFM can be performed with 
vesicles immobilized on distinct surfaces, 
or operated in liquid, which preserves the 
physical EV properties. While advanced 
EV labeling techniques and high-resolu-
tion imaging technologies are in develop-
ment, the molecular composition of EVs 
remains to be comprehensively character-
ized. 

Molecular level
Many previously established tech-

niques have been used to characterize EVs 
on a molecular level and revealed the 
presence of common EV cargo molecules 
present in almost all isolated EVs as well 
as tissue-speci�c signatures present in 
EVs derived from distinct tissues [13]. 
Particular interest has been paid to ve-
sicular proteins, which can be used to 
both substantiate EVs and assess levels of 
contamination. 

Over the past three decades, thou-
sands of proteins have been found in and 
on the surface of EVs. Deciphering the EV 
protein composition is interesting for 
three reasons. First, proteomic studies on 
EVs provide clues about the molecular 
mechanisms involved in EV biogenesis 
and cargo sorting. Second, membrane-
bound and cytosolic proteins present or 
enriched in almost all EVs or speci�c EV 
subtypes, as well as proteins not expected 
to be present in EVs, are identi�ed. It is 
therefore recommended to analyzed ves-

icle preparations to demonstrate the pres-
ence of EVs and evaluate the depletion of 
common contaminants [14]. �ird, large-
scale proteomics datasets suggest EV 
protein biomarkers for certain diseases 
that might be relevant from a clinical and 
biological perspective. Since EVs are usu-
ally isolated in small amounts, sensitive 
methods are required to analyze their 
protein composition. A�er protein diges-
tion and sample preparation, EV peptides 
can be subjected to mass spectrometry, 
which allows the detection, identi�cation, 
characterization, and quanti�cation of 
EV proteins. Additional, mass spectrom-
etry can also be used for the analysis of 
posttranslational modifications (e.g. 
phosphorylation, acetylation, glycosyla-
tion) and other EV-associated molecules 
(e.g. lipids and metabolites) [15]. Western 
blot analysis is another very common ap-
proach to analyze the protein composi-
tion of EVs. In this method, proteins are 
separated according to their molecular 
weight by electrophoresis (e.g. SDS-
PAGE) and then transferred onto a mem-
brane to allow antibody-mediated identi-
�cation of speci�c proteins. Other anti-
body-dependent protein methods are for 
example enzyme-linked immunosorbent 
assay (ELISA), and immunoprecipitation. 
Since proteins, particularly lipoproteins, 
are highly abundant in some bio�uids, 
protein assays should also be used to 
identify potential contamination in the 
preparation. 

Nucleic acids, including DNA, mRNA 
and non-coding RNA such as microRNA, 
are amongst the most frequently studied 
EV components. Depending on the re-
spective scienti�c question, experiments 
might include characterizing complete 
nucleic acid pro�les or quantifying levels 
of individual species. Facilitated by high-

throughput Next-Generation Sequencing 
(NGS) approaches, DNA and RNA in EVs 
can be deciphered at single-nucleotide 
resolution without a priori sequence 
knowledge. Alternatively, speci�c se-
quences that are of interest can be de-
tected and quanti�ed using quantitative 
PCR (qPCR), RT-qPCR or digital PCR. 
Combining analytical assays with up-
stream nuclease and/or proteinase diges-
tion steps is a common way of determin-
ing if nucleic acids are genuinely encap-
sulated in EVs, i.e. protected from nucle-
ases, bound to their surface or associated 
with non-EV protein carriers [16]. 

The quest for standardizati-
on and reproducibility

�e need for standardized EV isola-
tion and characterization methods be-
came painfully clear in 2017, when an 
international consortium published a 
meta-analysis of over 1,000 studies from 
various areas of EV research [17]. Some of 
the most noteworthy �ndings of the EV-
TRACK report included the heterogene-
ity of methods used in the EV �eld – in-
cluding a total of 1,038 individual EV 
isolation protocols – and the poor report-
ing of experimental details in publica-
tions. Driven by the need for transparent 
methods and rigorous EV characteriza-
tion, EV-TRACK has since morphed into 
both a coaching tool for the community 
and an extensive repository of methodo-
logical data. Uploading experimental 
details and reporting the resulting qual-
ity score (EV-METRIC) in publications is 
encouraged to enhance transparency and 
reproducibility in the quickly growing 
community. Additionally, EV-TRACK 
now aggregates biological information on 
EVs from over 2,000 experiments and is 
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thus a valuable resource in the quest to 
better understand EV heterogeneity, 
quality and physiology. 

As another important e�ort to im-
prove EV experiments, the Minimal In-
formation for Studies of Extracellular 
Vesicles (MISEV) guidelines, was pub-
lished by the International Society for 
Extracellular Vesicles (ISEV) in 2014 [18] 
and updated in 2018 [14]. �ese guidelines 
provide practical recommendations for 
various areas of EV research, ranging 
from terminology and sample processing 
to EV characterization and functional 
studies. 

Both the rapid growth of the EV �eld 
and the widespread use of high-through-
put characterization techniques have led 
to an accumulation of large amounts of 
EV pro�ling data. In addition to estab-
lished repositories for nucleic acid and 
protein sequences, there are now dedi-
cated data bases for EV-associated mole-
cules. ExoCarta [19], EVpedia [20] and 
Vesiclepedia [21] provide searchable in-
formation on EV analytes from dozens of 
species and hundreds of studies.

Conclusion

While presenting intriguing opportu-
nities for both basic biology and transla-
tional application, the study of EVs is 
fraught with obstacles. Despite the abun-
dance of available isolation methods, 
universally applicable and standardized 
protocols remain elusive. Each method 
must be carefully considered regarding its 
suitability for a given experiment, which 
depends on various factors including the 
type and starting volume of bio�uid, de-
sired level of purity, downstream assays, 
experience of operators and the respective 
scienti�c questions. Owing to the grow-

ing recognition of EV heterogeneity and 
the need to not only separate EVs from 
contaminants but also fractionate EV 
subpopulations, linear combinations of 
isolation methods are increasingly uti-
lized. Depending on the respective ex-
periment and the required degree of pu-
rity, this might mean combining enrich-
ment and puri�cation methods or inte-
grating orthogonal methods that target 
di�erent EV characteristics. As demon-
strated in a variety of research articles, 
each method is inherently biased towards 
speci�c EV populations, which makes 
thorough characterization of resulting 
isolates essential for any EV work�ow. 
Using di�erent methods to isolate EVs 
from the same biological sample was 
shown to qualitatively and quantitatively 
alter the composition of resulting vesicle 
preparations [22-24]. �e diversity of EV 
isolation protocols used by di�erent re-
searchers therefore considerably compli-
cates comparison of the results obtained 
by individual laboratories, emphasizing 
the need of standardization. 

Similarly, a multitude of analytical 
methods has been used to study EVs on 
the macro and micro level. Assays based 
on light scattering, TRPS, �ow cytometry 
and imaging allow characterization of 
individual particles while high-through-
put technologies such as NGS and mass 
spectrometry signi�cantly contribute to 
deciphering their molecular composition. 
Despite the availability of valuable ana-
lytical tools, each method brings about its 
unique limitations, which impedes pro-
gress towards more fully understanding 
vesicle biology. Among other pressing 
questions, the identi�cation and separa-
tion of vesicle subclasses, as well as poten-
tially speci�c cargo sorting remain two of 
the most studied areas in the EV �eld. 

Even though proteins and nucleic acids 
share the spotlight in EV pro�ling stud-
ies, we would be remiss not to mention 
other analytes such as lipids and metabo-
lites that also deserve attention. In addi-
tion to the most important methods dis-
cussed here, further techniques including 
super-resolution microscopy, surface 
plasmon resonance spectroscopy, Raman 
spectroscopy and single particle inter-
ferometric re�ectance imaging are suc-
cessfully used to study EVs. Detection 
and sensitivity limits of established meth-
ods are, however, not always compatible 
with the EV �eld’s requirements, which 
prompted the development of dedicated 
instrumentation for nanosized vesicles. 

Driven by technological advances and 
a growing understanding of EV biology, 
the enthusiasm about EVs seems una-
bated. �e past decade of EV research was 
characterized by explosive growth, and 
EVs made their way into virtually all ar-
eas of life science, ranging from mental 
disorders to infertility research and ocu-
lar diseases. At the same time, it featured 
a remarkable learning curve for the com-
munity, which was confronted with the 
limitations and challenges of this young 
and rapidly expanding discipline and in 
turn quickly implemented measures to 
boost experimental rigor, increase trans-
parency and, ultimately, enhance the 
validity of EV studies across the board. 
While it is too early to tell if the EV-
TRACK and MISEV initiatives will leave 
a lasting impact on the �eld, their expo-
nential citation rates and the fact that 
publications citing the guidelines consist-
ently score higher EV-METRICs are 
promising harbingers of their success 
[25]. Given a wide adoption of good ex-
perimental and reporting practice, EV 
research is bound to �ourish, paving the 
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way for novel insights into basic biology 
as well as clinical and biotechnological 
applications. 
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Extracellular vesicles in tumor biology

Cecile L. Maire and Franz L. Ricklefs

Tumor cell communication through 
EVs: new challenges and opportunities

Physiological roles of EVs

Extracellular vesicles (EVs) play an 
important role in intercellular communi-
cation in and between di�erent tissues of 
an organism [1, 2]. EVs include exosomes 
and microvesicles. Exosomes are mem-
brane vesicles measuring 60-150 nm that 
are released into the extracellular space 
by multivesicular bodies (MVB) a�er fu-
sion with the plasma membrane. In con-
trast, microvesicles (ectosomes) budd 
from the plasma membrane. Both vesicu-
lar entities are loaded in di�erent ways in 
the cell and thus probably have di�erent 
biological functions. EVs carry complex 
biological information consisting of 
DNA, RNA, proteins and lipids that can 
alter the phenotype of the recipient cell at 
several levels. �e recipient cells can be 
a�ected via direct receptor binding, the 

fusion of their membrane with the EVs 
membrane and then the release of their 
encapsulated molecules (transcription 
factors, oncogenes, miRNA (miR) and 
long non-coding RNA) [1, 2] [Figure1]. 
Moreover, the lipid membrane of EVs 
surrounds and protects their content 
from degradation and thus allows their 
physiological and pathological informa-
tion to be send over a long distance. In 
this way, EVs are involved in every aspect 
of the physiology of the body.

In the past, EVs were thought to em-
body the cellular waste removal system, 
which is why EVs were commonly named 
the “cellular trash system”, underestimat-
ing their physiological or pathological 
functions. However, EVs have been impli-
cated in cell-cell communication and 
have been observed to transfer func-
tional nucleic acid and proteins between 

cells. In normal physiology one major 
aspect of EVs seems to take place in the 
interaction with the immune system. 
�eir immunogeneic properties range 
from their  involvement in antigen pres-
entation enabling EVs to induce a T 
helper cell response[3]  as well as their 
capacity to activate cytotoxic T cells[4]  
during infection. 

EVs in cancer

Despite their multifaceted roles in 
normal physiology, EVs maintain and 
in�uence essential processes in the patho-
genesis of various diseases, and their role 
in tumor biology is under thorough in-
vestigation. It seems, that during onco-
genesis, cells increase the production of 
EVs, probably due to their increased 
metabolism. �e release of EVs by tumor 

Extracellular vesicles (EVs) are small, heterogeneous, lipid-bilayer particles that are potent vehicles of intercellular 
communication, contributing to the interaction of tumor cells with the microenvironment and promoting tumor 
growth. Furthermore, EVs have gained substantial interest due to their potential utility for liquid biopsy approaches 
in cancer.

Keywords: extracellular vesicle, cancer, biomarker, liquid biopsy



28 Trillium Extracellular Vesicles 2019; 1(1)

cells is thought to play a major role in facilitating signalling 
to surrounding tumor cells and to distant sites via blood or 
other biological �uids. Tumor cell EVs (tEVs) are involved in 
the establishment of all hallmarks of cancer including tumor 
growth [5], a�ect the tumor's immune escape by modulating 
T cell activation [6] build pre-metastatic niches [7] remodel 
the extracellular matrix [8] and promote angiogenesis [9]  
[Figure2]. 

Tumor growth

Characterization of the genome and RNA transcriptome 
revealed that tumor cell subpopulations with di�erent genom-
ic and transcriptomic subtypes can coexist and have emerged 
from a distant related precursor, most likely a plastic stem-like 
cell. �is intratumoral heterogeneity provides the fuel for treat-
ment resistance and allows cancer to be a dynamic disease [5, 
10]. Heterogeneous tumor cells can transfer tEVs to other tu-
mor cell subtypes enhancing their pro-tumorigenic 
behaviour. Furthermore, analyses of the Cancer Genome  
Atlas (TCGA) revealed that EV-related signatures are  
associated with decreased patient outcomes which may be 
propagated throughout the tumor via EV communication [5]. 

Immune system

Novel strategies that aim to prime the patient’s immune 
system against cancerous tissue have recently gained momen-
tum in the clinic. �ere are many reports demonstrating that 
immune cells can be regulated by tEVs enabling an immune 
evasion by the tumor. Raposo and coworkers demonstrated 
�rst  the immunoregulatory potential of EVs, as they showed 
that EVs secreted by B cells can carry the major histocompat-
ibility complex (MHC-II) [11]. Many more studied followed, 
leading to an active area of investigation in the �eld of EV-
based immunomodulation, especially in the cancer biology. 
An emerging general concept is that EVs from healthy im-
mune cells can stimulate the immune system and induce an 
anti-tumor e�ect, while tEVs most commonly provoke an 
inhibition of the immune system. For instance, EVs from 
antigen presenting cells (APC) can active T-cells and main-
tain their activation. tEVs on the other hand have been shown 
to suppress the activity of T-cells [6], natural killer cells [12] 
and enhance the activity of myeloid-derived suppressor cells 
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Figure 1: EV biogenesis and their interaction with recipient cells. Exosomes are produ-
ced from multivesicular bodies (MVBs) in a process coordinated by the endosomal sorting 
complex required for transport (ESCRT) machinery. Components of tumor cells are inte-
grated in EVs, including proteins, RNAs and DNA. EVs either fuse with the plasma mem-
brane or are endocytosed by recipient cells, releasing their content with the potential to 
reprogram the recipient cell.

Figure 2: Exhibit of tumor cell EVs pathophysiological roles. Tumor cell EVs (tEVs) 
maintain and in�uence essential processes in cancer biology. tEVs can I) cause tumor cell 
proliferation and maintain intratumoral heterogeneity, II) cause immune dysregulation and 
promote tumor immune escape, III) are responsible for the formation of pre-metastatic niches, 
IV) can cause angiogenesis to secure increased nutrition supply, V) release tumor speci�c 
proteins and nucleic acids in diverse body �uids that can be used for “liquid biopsy” approa-
ches. Additional EV-mediated processes are present (a.e. convection of drug resistance, inter-
ference with immunotherapy approaches, metabolic changes) tEVs = tumor cell EVs, ECM = 
extracellular matrix, APC = antigen presenting cells
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[13]. Regarding therapy approaches, in 
vivo data using dendritic cell (DC) EVs 
demonstrated that DC EVs could be used 
to induce an antigen speci�c immune re-
sponse. �e �ndings stimulated the inves-
tigation of DC EVs as an autologous can-
cer vaccine [14]. In this regard, early 
mouse studies showed good response rates 
[15] that lead to phase I trials in humans 
for patients with non-small lung cancer 
and melanoma. In some patients DC EVs 
promoted disease stabilisation, yet the 
utility of DC EVs for immunotherapy ap-
proaches needs to be established in future 
trials [16]. 

Metastatic niches

While expending in the primary or-
gan, tumor cells regularly shed tEVs in the 
circulation. Although EVs cannot survive 
long in the blood stream, they can protect 
and deliver their cargo to numerous 
healthy cells and thereof disturb the deli-
cate balance of speci�c microenviron-
ment. In melanoma, tEVs expressing Met 
tyrosine kinase can be found in the bone 
marrow which provoke the bone marrow 
stem cells relocation to the lung where 
they di�erentiate into blood vessels creat-
ing a perfect environment for the coloni-
zation of melanoma CTCs [7]. Emergence 
of pre-metastatic niches can also result 
from the accumulation of tEVs at a spe-
ci�c site where the interaction of integrins 
transported by tEVs modify the extracel-
lular matrix (ECM) and the release of 
growth factors when taken up by nearby 
healthy cells [8]. tEVs from colorectal 
cancer can also increase liver macrophag-
es in�ltration and polarization to induce 
a pro-in�ammatory phenotype through 
miR-21 and the release of pro-in�amma-
tory cytokines and chemokines to re-

model the ECM for CTCs arrival [17]. 
Recent investigation in a mouse model of 
breast cancer showed that tEVs secreted 
by resistant cells post chemotherapy carry 
Annexin VI which allows them to accu-
mulate into the lungs where they are taken 
up by monocytes and endothelial cells 
leading to increase angiogenesis and for-
mation of pre-metastatic niche post ther-
apy [18]. �erefore, the capacity of tEVs to 
migrate and accumulate at speci�c sites 
favours the development of pre-metastat-
ic niches that precede the arrival of CTC 
and the emergence of metastases. 

Angiogenesis

A hallmark of cancer is the induction 
of angiogenesis to secure the supply of 
nutrition for tumor cell growth and its 
increased metabolism. tEVs have been 
shown to act as key regulators of tumor 
vascularization via transfer of pro-angio-
genic molecules from tumor cells to en-
dothelial cells [9]. In various cancers, tEVs 
have been shown to promote endothelial 
cell migration, growth and tube forma-
tion. �is e�ect was even more pro-
nounced by tEVs produced from hypoxic 
tumor cells [9], underlining that tumor 
cells can alter the cargo of tEVs for their 
speci�c needs. More recently, Chen et al. 
demonstrated that tEVs from breast can-
cer cells can promote aerobic glycolysis by 
the transmission of a myeloid speci�c 
HIF1a-stabilizing long noncoding RNA to 
macrophages inducing a feedback loop 
and lactate release in tumor cells [19]. 

EVs as biomarkers in cancer

Besides their implication in tumor 
promotion and maintenance, tEVs are 

released into the bloodstream and distrib-
uted throughout the body. tEVs end up in 
almost all body �uids and organs, includ-
ing blood, saliva, urine, cerebrospinal 
�uid, bile, breast milk and stool [20].  It is 
now widely accepted that the molecular 
cargo of tEVs is representative of the se-
creting cell and that these molecules are 
protected from fragmentation and degra-
dation making circulating tEVs ideal for 
de�ning subgroups, stratifying patients, 
and monitoring therapy by "liquid biopsy 
" [21]. For example, one of the �rst reports 
by Skog et al. reported that serum EVs 
from patients with malignant glioma 
carry the mutant tumor-speci�c EG-
FRvIII protein and contain transcripts 
coding for this mutant tumor-speci�c 
variants [22, 23]. In addition, EVs in CSF 
and serum may contain mutant IDH1 
transcripts [24]. �is phenomenon has 
been demonstrated in multiple cancer 
types as well as divergent molecular enti-
ties, namely miRNA, mRNA and lncRNA 
as well as DNA [20]. As biomarkers, serum 
and plasma EVs are indeed even better 
suited than circulating tumor cells (CTCs) 
because they re�ect the heterogeneous 
tumor composition and thus the tumor as 
a whole better than individual CTCs [25]. 
In total, there are multiple studies high-
lighting the potential of EVs being a rich 
and readily accessible source of cancer 
biomarkers [21]. 

Yet, it needs to be mentioned, whilst 
tEVs represent a promising class of circu-
lating biomarker, that current challenges 
need to be addressed and hopefully solved 
within the upcoming years. One major 
challenge for the �led remains the lack of 
standardisation of protocols for EV isola-
tion, enrichment and characterisation as 
well as documentation. To address these 
challenges e�orts are being made to fa-
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cilitate inter-study methodological com-
parisons and to develop study guidelines 
as well as reporting in EV research. A 
couple of examples are: minimal informa-
tions for studies on EVs (MISEV) guide-
line 2019; EV-METRIC and EV-TRACK 
(http://evtrack.org). 

Conclusion

It is now widely accepted that EVs 
participate in numerous pathological and 
physiological mechanisms, and as such 
they have been intensively studied over 
the past decade. �ere is a growing body 
of evidence that tEVs carry tumor-repre-
sentative cargo and that they facilitate 
tumor growth maintenance and dis-
semination. However, since EVs display a 
heterogeneous biological entity, the com-
plexity and challenges associated with EV 
research remains, which needs to be ad-
dressed since tEVs are promising candi-
dates for liquid biopsy approaches. 
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Extracellular vesicles in developmental biology

Leonie Witte and Julia Christina Gross

Extracellular Vesicles – developmental 
messengers of tissue crosstalk

Introduction

In development, multicellular organ-
isms face the challenge of building a body 
from scratch. �is embryonic self-organ-
isation is regulated in space and time and 
by generation and decay of signals and 
forces. Cellular communication depends 
on a common code understood by trans-
mitting and receiving cells and the suc-
cessful transmission in the presence of 
noise. Recently, Extracellular vesicles (EV) 
have emerged as membranous signal car-
riers that ful�ll several of these require-
ments and represent a cellular communi-
cation system that allows individual cells 
to integrate into an organism and func-
tion as information units for an individu-
al cell or a cell population. Studies in dif-

ferent model organisms, i.e. Drosophila, 
zebra�sh or mouse reveal their universal 
role as signal carriers at the organ or sys-
temic levels during development and ho-
meostasis. 

As the contribution of EV to tumour 
progression, e.g. growth, vascularisation, 
immune invasion and metastasis is recog-
nised more and more, a deeper insight 
into their biology in health is crucial. In 
this review we will focus on di�erent in 
vivo studies to date that elucidate the func-
tion of EV under physiological conditions.  
In general, we here discriminate three 
types of signalling principles and compare 
them to human ways of communication: 
(1) Transfer of EV to recipient cells, (2) 
EV-bound signal crosstalk and (3) Sys-
temic role of EV-bound signals.

The telegram – EVs for uni-
directional signal transfer

�e most direct way of communica-
tion is the transmission of information 
from a donor to one or more recipients. 
For intercellular communication, this 
translates to the delivery of a messaging 
molecule from one cell to another or to 
multiple receiving cells. In a develop-
mental context, this is commonly em-
ployed when signalling molecules are 
produced and secreted from a distinct 
population of source cells in order to 
spread across the extracellular space and 
induce target cell responses depending 
on their absolute or relative concentra-
tion. Such morphogen gradients govern 
the patterning and growth of multiple 

Extracellular vesicles are membrane particles secreted from cells into all body uids. They convey signals that induce 
long-term changes in cellular behavior. During development, EV secretion and the specic loading of signalling fac-
tors in EVs contributes to organ development and tissue dierentiation. Dierent biomolecules such as proteins, 
lipids and nucleic acids transmit these signals and the content, size, and membrane composition of EVs are highly 
dynamic and depend on the cellular source, state, and environmental conditions.
Here we review current in vivo studies in dierent model organisms regarding extracellular vesicles and their physi-
ological role in the formation of cell types, tissues and rened body structures.

Keywords: cell-cell communication, exosomes, developmental signaling, morphogen signaling, model organisms
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tissues during development of verte-
brates and invertebrates and can be used 
to study how these molecular messages 
are sent in a manner that is suitable to 
orchestrate the development of complex 
tissues and organs. In order to coordinate 
cell behaviour and growth on a tissue 
level, morphogen signalling has adapted 
to encode information on multiple levels 
and provides highly context-speci�c in-
formation in a space-, time- and dose-
dependent manner. 

�is high degree of regulation re-
quires tight control over morphogen se-
cretion, their extracellular spread and 
target cell activation. �e release of mor-
phogens on extracellular vesicles is one 
way how cells secure this spatiotemporal 
regulation and �ne-tune signal strength 
distribution for long-range cell commu-
nication. In Drosophila, EV-mediated 
spread of Wingless (Wg), the main Dros-
ophila Wnt protein, and proteins of the 
Hedgehog (Hh) morphogen family have 
been found to contribute to gradient 
formation across the wing imaginal disc 
(WID) epithelium during wing develop-
ment [1]. �e lipid-modi�cations of both 
proteins render them hydrophobic, a 
property that limits their (uncontrolled) 
extracellular dispersion and raises the 
need for di�usible carriers. Wg was 
found in distinct punctae colocalising 
with membranous glycosyl phosphati-
dylinositol-GFP and the human exoso-
mal marker-construct CD63-GFP in the 
extracellular space of WIDs [2]. In vitro
studies con�rmed the presence of signal-
ling active Wg on exosomes from cul-
tured Drosophila S2 cells [3], [4]. Exo-
some secretion, extracellular levels of Wg 
and Wg target gene activation were con-
trolled by the SNARE protein Ykt6 [3]. 

In mammals, secretion and extracel-
lular spread of Wnt proteins on EVs plays 
an important role during sperm develop-
ment. Spermatozoa undergo a week-long 
maturation process that involves chang-
es in protein composition and subcellular 
localisation and is necessary for their 
mobility and consequently mouse fertil-
ity [5]. �is crucial maturation step oc-
curs during their transport along the 
epididymis, a coiled tubular system that 
connects the testis and the vas deferens. 
In mice, this process heavily relies on 
post-transcriptional Wnt signalling [6]. 
In order to deliver the required Wnt sig-
nal, Wnt ligands are packaged into ex-
osomes and secreted from epididymal 
cells into the epididymal lumen [6]. �ese 
Wnt-bearing exosomes in the luminal 
�uid are signalling active and induce 
WNT/STOP signalling in the transiting 

spermatozoa population and thus pro-
mote sperm maturation and fertility. 
Here as well, EVs are used as a shuttle for 
the delivery of a required developmental 
stimulus to a target cell population. It is 
not clear yet, whether EV are merely the 
carrier for hydrophobic Wnts or whether 
additional EV signals, such as RNAs, are 
contributing to an overall di�erentiation 
programme transferred by EVs.

Similarly to Wg, Hh is secreted on 
EVs from its Drosophila WID source 
cells, where it colocalises with CD63-
GFP as well as MVB markers [7], [8]. 
Interference with ESCRT-mediated ILV 
formation and EV secretion impaired 
extracellular Hh transport and long-
range target gene induction [8], [9]. Sim-
ilarly to Wg, in vitro EV-bound Hh only 
contributes a fraction of the overall sig-
nalling capacity [8]. 

Figure 1: Mechanisms of EV-mediated tissue crosstalk in development. During development, EV-mediated 
signal transfer can follow di�erent basic signalling principles: (A) Unidirectional EV transfer from source cells to 
recipient cells, (B) Reciprocal exchange of EV-bound signals between di�erent cell populations (C) Systemic EV-
mediated communication between cells and tissues a�er EV distribution throughout the organism.
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�e long-range transport of Wg and Hh is especially 
interesting, as both morphogens undergo post-transla-
tional lipidation that negatively a�ects their solubility and 
hence their ability for free di�usion [1]. Packaging these 
morphogens on vesicle carriers however does not only 
enhance their signal range by increasing their extracel-
lular mobility, it also adds additional levels of regulatory 
control over their extracellular amounts by allowing 
context-dependent endosomal routing, sorting and secre-
tion. In line with this idea, Hh-containing MVBs and EVs 
have been shown to travel along cytonemes, dynamic 
signalling �lopodia that spread out from the basal side of 
source cells, to even further increase the local and tempo-
ral precision of Hh delivery to its dedicated target cells [7], 
[10]. Although a similar mechanism has been proposed 
for Wg signal transduction, cytoneme-based secretory Wg 
transport in WID has not yet been demonstrated. In ad-
dition to EVs, also lipoprotein particles have been de-
scribed as vehicles for long-range signal transduction of 
both Wg and Hh in WID [11]. �is apparent diversity of 
extracellular tra�cking routes indicates that secretory 
cargo shuttling is highly context dependent and highlights 
how much energy cells invest in order to gain control over 
extracellular morphogen levels and their precise timely 
and spatial delivery. �e secretion of Hh and Wg from 
their source cells on EVs and their subsequent spread 
across the extracellular space for the delivery to target cells 
represents a prime example of how EVs can act as carriers 
for the unidirectional transfer of signalling molecules.  
While this one-sided molecule transfer is su�cient for the 
guidance of many developmental processes, more complex 
developmental challenges require reciprocal exchange of 
information. Many examples exist in which EVs act as 
vehicles for the exchange of information between one cell 
group and another cell population. 

The phone call – EVs for reciprocal inter-
cellular communication

For development of complex tissue structures, cells of 
di�erent origin and determination need to exchange sig-
nalling information with one another in order to coordi-
nate the joint development into tissues or organs. Bidirec-
tional exchange of signalling molecules can be mediated 
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by secretion of EVs and their reciprocal 
uptake by the respective other cell popu-
lation. Such EV-bound crosstalk occurs 
between the surface epithelium and un-
derlying mesenchyme during organogen-
esis and is necessary for the coordinated 
development of di�erent organs, such as 
skin, mammary glands, lung and kidney. 

During tooth development, EVs se-
creted from both epithelium and mesen-
chyme cells di�use through the basement 
membrane and are then preferentially 
taken up by cells of the respective other 
tissue type. A�er uptake they recipro-
cally induce cell di�erentiation and ma-
trix synthesis: miRNAs transferred by 
epithelial EVs stimulate mesenchyme 
cells to undergo mineralisation while 
mesenchymal EVs induce the production 
of basement membrane compounds in 
epithelial cells [12]. But EV transport 
much more than single signalling mole-
cules – they transfer a detailed descrip-
tion of the sending cells’ content. �is 
integration of context-dependent devel-
opmental requirements allows cells to 
adjust to changing environmental needs 
and is necessary to coordinate their 
growth into functional tissues. 

To facilitate directed EV exchange 
between non-adjacent cells, cell protru-
sions or �lopodia have been found to 
function as signalling highways, enabling 
directed bidirectional cargo transport to 
and from the corresponding signalling 
partner. During early Xenopus develop-
ment, the speci�c distribution of mor-
phogens is necessary for the induction of 
a �rst dorso-anterior speci�c gene expres-
sion pattern. �is process is guided by the 
precise localisation and reception of ma-
ternal morphogens during blastocoel 
expansion and makes use of �lopodia 
spread from the basolateral side of the 

Xenopus blastocoel to connect blasto-
meres over multiple cell diameters [13]. 
EVs are shed from the tips of such �lopo-
dia to allow active delivery of morpho-
gens, receptors and cytoplasmic proteins 
to surrounding blastomeres. At the same 
time, EVs are actively taken up at the 
�lopodia bases themselves, turning them 
into signalling hubs that facilitate an ac-
tive exchange of proteins and cytoplasmic 
content [13].

Other examples for reciprocal com-
munication are found in the nervous 
systems, when neurons and glia cells in-
teract during neural circuit development 
and synaptic plasticity. In response to 
neuronal signals oligodendrocytes secrete 
exosomes. �ese enter neurons to make 
their cargo functionally available to the 
neuronal metabolism and improve ax-
onal growth and survival [14]. �is also 
applies to regenerative capacities of neu-
rons in the CNS, that are improved by 
�broblast–derived exosomes inducing 
Wnt signalling [15]. Moreover, synapse 
maintenance and plasticity is regulated 
by the exchange of signals between neigh-
boring neurons. �e release of the trans-
membrane protein PRR7 on exosomes in 
an activity-dependent manner and the 
uptake of those exosomes into neighbor-
ing neurons reduces excitatory synapse 
numbers by blocking exosomal Wnt se-
cretion and signalling in the recipient 
cells [16].  

The twitter message – EVs 
for systemic communication

EVs can be found in virtually any 
body �uid, ranging from blood plasma 
over urine to even breast milk [17] . 
Hence, signalling information in the form 
of proteins, lipids and nucleic acids car-

ried on EVs can be distributed systemi-
cally throughout the whole body and is 
available to an enormous audience of 
potential target cells. At the same time, 
EV-based communication is eligible to 
any cell type that contacts extracellular 
space and blood stream and basically all 
cell types and tissues have been found to 
secrete EVs [17]. �e resulting heteroge-
neity of vesicles of individual origin, 
cargo and purpose travelling in the blood 
stream is overwhelming. This sheer 
amount of information and signalling 
complexity turns understanding the 
function and biology of individual EVs 
into a challenge. However, in vivo devel-
opmental model systems can provide 
means to study systemic EV-mediated 
intercellular communication, as they al-
low the direct visualisation and live imag-
ing of EV secretion, travel and uptake. For 
example, translucent zebra�sh embryos 
can be used to visualize �uorescently la-
belled exosomes in vivo. Especially the 
expression of a CD63-pHlourin construct 
that links the exosomal marker CD63 
with pH-dependent GFP has proven use-
ful to visualize EV secretion events from 
single cells [18]. Expression of a CD63-
pHlourin reporter in zebra�sh embryos 
allows the tracking of individual EVs 
from their site of secretion at the yolk 
syncytial layer throughout the blood 
stream until uptake into their target cells, 
macrophages and epithelial cells at the 
caudal vein plexus [19]. Interference with 
exosome biogenesis in the syncytial yolk 
sac a�ected growth of the caudal vein 
plexus, underlining the biological rele-
vance of this systemic EV transfer. In 
addition to contributing to our under-
standing of EV biogenesis and function 
during development, such in vivo model 
systems are used to study the secretion 
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and fate of EVs during disease conditions. 
Using a zebra�sh melanoma model, it was 
possible to track tumour-derived EVs 
throughout the zebra�sh embryo and 
identify patrolling macrophages and en-
dothelial cells as their major recipient cell 
population. EV uptake and subsequent 
activation of macrophages was further-
more found to stimulate metastatic out-
growth, demonstrating the functional 
relevance of systemic cross-tissue EV 
exchange for cancer progression [20].

Another example for a systemic role 
of EVs was recently discovered in the im-
mune system of Drosophila fruit �ies. In 
invertebrates, antiviral immunity is based 
on a nucleic-acid-based, sequence-specif-
ic mechanism (RNA interference). Mac-
rophage-like circulating immune cells, 
called haemocytes, amplify and spread 
antiviral signals by taking up viral RNA 
from infected cells and copy viral cDNA 
templates to generate small viral RNAs. 
�ese vsRNAs are packaged and secreted 
into EVs. Systemic spread of those con-
veys antiviral activity and virus-speci�c 
immunity for all up-taking cells. �is 
immunity lasted several weeks a�er clear-
ance of the virus and therefore represents 
an adaptive immune system not previ-
ously anticipated in �ies [21].

Conclusion 

As demonstrated by these examples, 
EVs play an important role in tissue 
crosstalk under physiological conditions. 
�e context speci�city of EVs, the signals 
exchanged and induced changes in cel-
lular behaviours are beginning to emerge 
from these in vivo studies. In the way they 
package and combine information from 
multiple sources, and similar to viruses, 
EV seem to function as small programs 

that are sent out to coordinate and modu-
late cell behavior at a tissue or organismal 
level. In light of the potential clinical ap-
plications of these messengers, these and 
further in vivo model systems should be 
the focus of more detailed studies in de-
velopment and homeostasis.
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From mesenchymal stem cells and stromal cells

From bench to bedside 

Stem cells in regenerative 
medicine

With the beginning of the new millen-
nium, great hopes were placed in the 
rapidly developing �eld of stem cell re-
search. It was and is the goal to develop 
stem cell therapies that help to success-
fully treat a wide range of degenerative 
diseases as well as more acute diseases 
such as stroke or myocardial infarction. 
Conceptually, it was assumed that injected 
stem cells or their descendants migrate 
into a�ected tissues and replace lost cell 
types via transdi�erentiation, thus allevi-
ating disease associated symptoms. At 
that time, human embryonic stem cells 
came into focus of scienti�c interest. How-

ever, due to their high teratogenic poten-
tial and ethical explosiveness they could 
not be used for stem cell therapies. In-
stead, various somatic stem cell types were 
considered and used as therapeutic agents.

MSCs

Especially �broblastoid cells that can 
easily be raised from bone marrow and 
other tissues (including fat and umbilical 
cord) and that were initially described by 
Friedenstein and colleagues in the 1960s 
[1], became the therapeutic cell source of 
choice in a still increasing number of 
clinical trials. Such cells display high pro-
liferation potential and lack teratogenic 
potential. Since these cells were able to 

di�erentiate into adipogenic, chondro-
genic and osteogenic cell types, (which are 
considered as mesodermal derivatives), 
they were initially referred to as mesen-
chymal stem cells (MSCs) [2]. Relying on 
their therapeutic potential and the fact 
that their use in animal models produced 
no recognizable side e�ects [3], MSCs 
were then also used successfully in initial 
therapeutic trials. �e question quickly 
arose as to how the immune system re-
sponds to the application of donor MSCs. 
While it was initially thought that MSCs 
are rejected in principle, it has been shown 
that MSCs can modulate the activity of 
di�erent types of immune cells in pa-
tients. �ey very e�ciently suppress im-
mune e�ector responses and propagate 

Human mesenchymal stem/stromal cells (MSCs) represent a promising tool in regenerative medicine. Until now, 
almost one thousand NIH-registered clinical trials investigated their immunomodulatory and pro-regenerative the-
rapeutic potential in various diseases. Despite controversial reports regarding the ecacy of MSC-treatments, MSCs 
appear to exert their benecial eects in a paracrine manner rather than by cell replacement. In this context, extra-
cellular vesicles (EVs), such as exosomes and microvesicles, seem to induce the MSCs’ therapeutic eects. Here, we 
briey illustrate the potential of MSC-EVs as therapeutic agent of the future.

Keywords: MSCs, stem cell therapy, extracellular vesicles, exosomes, immunomodulation, cell-free therapy
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regulatory immune responses, that is, 
they switch the immune system from the 
defense to the tolerance state [4-6]. In ad-
dition to the regenerative potential of 
MSCs, their immunotherapeutic activity 
has been tested in the clinic [7]. To date, 
nearly 1,000 clinical trials have been reg-
istered at the National Institute of Health 
(NIH) in, which MSCs had been or will be 
used to treat a wide variety of di�erent 
diseases (www.Clinicaltrials.gov).

Although the outcome of several clin-
ical studies appears controversial, many 
studies show therapeutic e�ects of applied 
MSCs in at least some patients. Ongoing 
studies that investigated the bio-distribu-
tion of injected or infused MSCs in vivo
have shown that most of the cells end up 
in the lungs and only occasionally are 
found in the region of the intended target 
tissue. Attempts to clarify whether the 
cells need to migrate into a�ected tissues 
to achieve their therapeutic functions 
demonstrated that in most cases MSCs act 
in a paracrine rather than a cellular man-
ner [8, 9]. �e di�erentiation potential of 
MSCs, which sometimes was regarded as 
pluripotent, has also been questioned ex-
perimentally. Consequently, today, many 
scientists question the stem cell character 
of MSCs. To keep the abbreviation MSC, 
these cells are now increasingly referred 
to as mesenchymal stromal cells; also the 
term medical signaling cells has been sug-
gested by a leading MSC researcher [10].

Whatever MSCs may be called in the 
future, many scientists have tried to iden-
tify the active therapeutic substance(s) 
that they release into their environment. 
In 2009, at the example of an acute renal 
damage model and in 2010, at the example 
of a myocardial infarction model, and by 
using di�erent preparation methods, two 
groups demonstrated that the active com-

ponent is located in fractions of processed 
culture supernatant that contain high 
concentrations of vesicular structures. At 
that time these vesicles were called mi-
crovesicles or exosomes, respectively; to-
day, one would correctly refer to them as 
extracellular vesicles (EVs) [11, 12].

Extracellular vesicles

As described in article 1 of this issue, 
EVs are entities that mediate intercellular 
communication over long distances, EV 
are delivered by di�erent cells and are 
detectable in all bodily �uids [13]. �ey 
are composed of a heterogeneous collec-
tion of lipids, proteins and RNAs. As 
non-self-replicating units that according 
to their small size (70-150 nm) can be 
sterilized by �ltration, small EVs have in 
principle signi�cant advantages over cells 
for therapeutic applications.

MSC-EVs

Indeed, EVs derived from MSC culture 
supernatants have been already success-

fully used in an individual treatment at-
tempt of a steroid refractory gra�-versus-
host disease (GvHD) patient and in a 
clinical trial to treat chronic kidney disease 
[14, 15]. In both settings promising thera-
peutic e�ects have been observed without 
any reported or detected side e�ects. More 
recently, a �rst-in-man approach of topical 
MSC-EV administration has been per-
formed to improve the implantation-in-
duced injury that occurs during the surgi-
cal procedure of cochlea electrode inser-
tion. Like in the other two applications no 
adverse reactions were recorded, however, 
the hearing capability of the treated patient 
was signi�cantly improved (Warnecke, 
Gimona, Rohde et al., in preparation).

Irrespective of how MSC-EVs have 
assisted in improving the symptoms in 
aforementioned patients, their therapeutic 
potential is also documented in an increas-
ing amount of di�erent preclinical models. 
In addition to the initial reports on the 
therapeutic potential of MSC-EVs in the 
acute renal damage and cardiac infarction 
models, positive e�ects of MSC-EVs were 
con�rmed in acute and chronic renal 
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Figure 1:  MSCs can be e�ciently generated from bone marrow aspirates. Traditionally, expanded MSCs are used 
as cellular therapeutics. An increasing number of studies have reported that EVs prepared from culture superna-
tants (SN) of MSCs exert comparable therapeutic e�ects than the cells themselves. Accordingly, an increasing 
number of research groups and companies aim to translate MSC-EVs into the clinics to be used as therapeutic 
agents in regenerative medicine and immune therapy in the future.
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damage models by independent groups 
[16-18]. Positive e�ects have also been re-
ported on liver, lung and muscle regenera-
tion [19-21]. Furthermore, MSC-EVs were 
found to promote blood circulation in a rat 
model of critical limb ischemia, the heal-
ing of skin burns, and the survival of al-
logeneic skin gra�s [22-24]. Within the 
nervous system, positive e�ects were ob-
served on ischemic stroke symptoms in rat 
and mouse models as well as on the regen-
eration of sciatic nerves in rats [25-27].

MSC-EVs can act via di�erent mecha-
nisms to improve the symptoms of respec-
tive diseases. �eir exact modes of action 
have not been unraveled, yet. However, it 
appears that their capability to modulate 
immune responses and switch the im-
mune system from the acute in�amma-
tory into its regulatory state, i.e. to switch 
from defense to tolerance, is one of their 
key-functions [28, 29]. An important as-
pect in translating MSC-EVs into the 
clinic is the consideration that individual 
MSC-EV preparation may vary in their 
therapeutic e�ectiveness. To this end, 
MSCs have already been recognized as a 
heterogeneous cell entity. Independent of 
their origin, MSCs from given sources can 
di�er in size and in the expression level of 
bona �de MSC cell surface antigens [30, 
31]. Accordingly, it can be assumed that 
there are di�erent MSC subtypes, which 
very likely di�er in their therapeutic po-
tentials. In this context, we are not aware 
of any generally accepted criteria to dis-
criminate di�erent MSC subtypes. In line 
with the postulated functional heterogene-
ity of MSCs many groups reported positive 
clinical e�ects following MSC administra-
tion, however, there are also several reports 
which could not reproduce observed ef-
fects [32]. Indeed, a phase III clinical trial 
in which GvHD patients were treated with 

MSCs ("Osiris Study", NCT00366145), 
failed to show e�cacy [33]. �us, to avoid 
such drawbacks in the MSC-EV �eld it is 
mandatory to de�ne criteria to discrimi-
nate therapeutic active from less active and 
nonactive MSC-EV preparations. For now, 
it is one of the mayor challenges of the �eld 
to set up functional assays which re�ect 
the therapeutic potency of MSC-EV prep-
arations.

Furthermore, MSC-EVs need to be 
manufactured under GMP-compliant 
conditions, preferably in a scalable man-
ner. Due to the novelty of the �eld, how-
ever, there are still some technical hurdles. 
So far, there are no standardized proce-
dures to prepare EVs in larger quantities. 
Furthermore, there is a lack of quali�ed 
techniques to study EVs at the single-par-
ticle level similar to cells using �ow cytom-
etry. As device manufacturers and the 
pharmaceutical industry become increas-
ingly aware of the potential of the EV �eld, 
we expect that preparative and analytical 
methods will improve signi�cantly in the 
coming years. Also, the regulatory require-
ments, which for now have been formu-
lated by only some national regulatory 
authorities, might get harmonized. We are 
involved in international activities to pro-
mote MSC-EVs and other EV products 
e�ectively into the clinics, and have pub-
lished a number of manuscripts discussing 
the current state of the art in more details 
as well as strategies to address challenges 
in the translational �eld [34-36].

Conclusion

MSCs have been and are widely used 
in regenerative and immunotherapies. 
Recent �ndings suggest that their thera-
peutic e�ect is mediated, at least in part, 
by EVs. Because EVs can be sterilized by 

�ltration and do not replicate themselves, 
EV therapies o�er signi�cant advantages 
over cell therapies. It appears that MSC-
EVs mediate immunosuppressive func-
tions and promote angiogenesis; direct 
in�uences on somatic stem cells can be 
assumed. Even though no side e�ects 
have been described so far in the pre-
clinical models or in the individual ther-
apeutic treatment’s attempts, safety eval-
uation in early clinical trials are needed 
to �nd or exclude pro-tumorigenic, im-
munologic or other potentially harmful 
adverse events. �e future will show 
whether MSC-EVs can a�rm themselves 
as safe and potent cell-free therapeutics. 
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Andreas Spittler and André Görgens

Analysis of extracellular vesicles by 
ow cytometry – basics, limitations 
and prospects 

The essential basics of ow 
cytometry

For a better understanding we �rst 
want to illustrate the principles of �ow 
cytometry (FCM). Flow cytometry has 
evolved over the last few decades and 
nowadays is a well-established technique 
that determines events based on their 
physical and/or chemical characteristics. 
Samples containing single events (classi-
cally cells) are injected into a �ow cytom-
eter and pass one or more laser beams in 
a �uid stream. �e resulting light signals 
are then detected, quanti�ed and dis-
played in a so�ware a�er appropriate 

processing. Typically, depending on the 
type of �ow cytometer used, between 
10,000 and 40,000 events per second can 
be analyzed.

Classically, �ow cytometry is used to 
measure cells and analyze di�erent pa-
rameters such as surface protein expres-
sion, cell cycle or viability, but within re-
cent years instruments and methods have 
been developed which also allow for the 
detection of much smaller particles such 
as extracellular vesicles (EVs) or viruses 
[reviewed in [1, 2]]. Flow cytometry was 
initially developed in the 1960s and espe-
cially a�er �uorochrome-conjugated an-
tibodies have become available, it has been 

used for numerous applications for basic 
biological and especially immunological 
and hematological research. �ree dec-
ades later, it reached clinical breakthrough 
with HIV and leukemia/lymphoma diag-
nostics becoming mainstream. Today, 
�ow cytometry has become indispensable 
in research and clinical diagnostics and it 
is one of the most impressive and versatile 
techniques for characterizing single cells 
in a high-throughput, multi-parametric 
manner [reviewed in [3]].

For the sake of simplicity and for bet-
ter understanding, we here �rst describe 
the basic principle of the technique of 
�ow cytometry on cells [4]. As we will see 

Flow cytometry is a well-established technique that classically is used to detect cells and quantify related parame-
ters on the cellular surface, e. g. the expression of surface protein markers. Within the last few years, there also 
have been considerable advances of using ow cytometry to detect extracellular vesicles (EVs) in the size-range of 
exosomes and quantify their concentration and surface marker expression in EV-containing samples such as cell 
culture supernatant or biological uids. Of note, such analyses of EVs within a size range well beyond <300 nm are 
still challenging and require a suitable instrumentation and a certain level of expertise to make sure essential con-
trols are included and to ensure that resulting datasets can be interpreted appropriately. After giving a brief, basic 
introduction into ow cytometry which is essential especially for non-experienced readers in order to understand 
submicron particle ow cytometry data, we will give a concise overview about current possibilities and methods 
available in the eld.

Keywords: Flow cytometry, Extracellular vesicle, Surface markers, Exosome, Microvesicle
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later, the preliminary preparative and 
analytical methods suitable for analyzing 
extracellular vesicles are fundamentally 
di�erent from that used for cells. �e light 
signals generated by cells passing lasers 
lead to light scattering around the cell and 
also to the excitation of �uorescent dyes 
(�uorochromes), which then emit a cor-
responding light signal. As already men-
tioned, �ow cytometric analyses of cells 
can be performed to collect a variety of 
di�erent information, the most prevailing 
information being if a surface protein is 
present on the cellular surface or not, by 
using a �uorochrome-conjugated anti-
body speci�cally raised against that sur-
face protein. Furthermore, cells can be 
also classi�ed based on di�erences of how 
they scatter light. Blood cells, for example, 
can roughly be divided into three basic 
groups (lymphocytes, monocytes, and 
granulocytes) merely based on how they 
scatter light, since these cell types have 
di�erent sizes and a di�erent granularity 
(Fig. 1A). If these cells are then addition-
ally labelled with antibodies which are 
directed against certain proteins on the 
cellular surface, it becomes possible to 
further identify subtypes within those 
groups, such as B cells (CD19 positive) 
versus T cells (CD3 positive) within the 
lymphocyte population (Fig. 1B). �e 
prerequisite is that the antibodies used for 
this are conjugated with di�erent �uoro-
chromes which can be distinguished by 
the instrument used. Overall, the deter-
mination of various cell populations is 
facilitated through the usage of di�erent 
�uorochromes, which give di�erent light 
properties a�er laser light excitation. 
�us, in our example, if antibodies recog-
nizing a surface protein speci�cally ex-
pressed on T lymphocytes (CD3) are la-
belled with a �uorochrome with distinct 

spectral properties than antibodies being 
used to recognize a B cell-speci�c surface 
marker (CD19), both cell populations can 
be accurately identi�ed and quanti�ed in 
the same sample (Fig. 1B). 

�e use of lasers of di�erent wave-
lengths and the availability of a very large 
number of �uorochromes have increased 
the combinatorial options being available 
to label and identify di�erent cellular sub-
sets within one sample over time. Nowa-
days, 30 or even more parameters can be 
captured simultaneously from one cell with 
more advanced instruments allowing such 
high-dimensional analyses [5].

A brief introduction into EV 
ow cytometry

As mentioned above, �ow cytometry 
can be performed in a relatively simple 
way with cells. However, it becomes much 
more di�cult when EVs are sought to be 
analyzed due to various reasons. Cells can 
be as small as 2-4 micrometers (such as 
platelets), and they also can have diame-
ters of 20 µm (e.g. monocytes) or even be 

bigger. Extracellular vesicles, however, are 
much smaller and subsequently much 
more challenging to analyze by �ow cy-
tometry. �e diameter of an exosome-
sized EV (~100 nm) is about 100-fold 
smaller than a 10 µm-sized leukocyte (Fig. 
2). �is means that the surface area of a 
small EV is about 10,000 times smaller 
and its volume approximately 1 million 
times smaller than that of a typical cell [6]. 
As already mentioned, �ow cytometry 
“only” detects the light properties of 

Figure 1: Whole blood was stained with APC-750 labelled anti-CD3 antibodies speci�cally staining T-cells and 
ECD-labelled anti-CD19 antibodies speci�cally staining B-cells. Subsequently red blood cells were lysed and re-
maining leukocytes were analyzed using scatter parameters (A). For cellular analysis, forward scatter indicates 
size and side scatter describes the granularity of the cells. Populations of lymphocytes (red), monocytes (green) 
and neutrophils (blue) can be distinguished based on light scattering properties. (B) A�erwards the lymphocyte 
population was analyzed for their surface expression of CD3 (T-cells, grey box) and CD19 (B-cells, yellow box) by 
using APC-750 or ECD conjugated antibodies, respectively. �ese two di�erent �uorochromes result in emission 
of light of a di�erent wavelength and color following laser excitation.

10 µm cell

300 nm particle

Figure 2: �is �gure illustrates the size ratio between 
a 10μm sized cell and a 300nm small particle. It im-
pressively underlines which special requirements in 
terms of sensitivity �ow cytometers have to meet in 
order to be able to detect these smallest particles.



42 Trillium Extracellular Vesicles 2019; 1(1)

Extracellular vesicles ow cytometry analysis

events, and thus it is clear that very small 
particles with diameters beyond the wave-
length of visible light (~380-700 nm) are 
very challenging to detect [7]. �ose 
events scatter only very small amounts of 
light compared to cells, and only few an-
tibodies can bind to a single EV, meaning 
that that the sensitivity of the method re-
quired to detect such small amounts of 
light will require methods or instruments 
with very high sensitivity. It is therefore 
also understandable that older, conven-
tional �ow cytometers, which have lower 
photosensitivity due to their hardware 
speci�cations, can only recognize signi�-
cantly fewer extracellular vesicles with a 
bias towards brighter or bigger events than 
newer devices that are signi�cantly more 
sensitive. A comparison between various 
conventional �ow cytometers published 
in 2018 demonstrated that only 21 out of 
46 �ow cytometers tested could detect EVs 
in a range between 600 - 1,200 nm and not 
smaller [8]. �erefore only few instrument 
are sensitive enough to detect particles 
below sizes of around 300 nm [9] and thus 
would only be suitable to analyze a sub-
fraction of the submicron particles in a 
given sample. Consequently smaller 
events would be just missed and would not 
be detected above background levels in 
that case. In worst case, one would just 
detect the ‘tip of the iceberg’ and miss all 
other EVs that are just below the limit of 
detection when using conventional and 
rather insensitive instruments.

Sometimes EVs can come in 
swarms

Another critical factor is the design 
type of the �ow cytometer and the inher-
ent increased likeliness of EVs ‘coming in 
swarms’ which can lead to data misinter-

pretation as you will read below. Depend-
ing on the �ow cytometer being used, the 
generated laser beam can have a height of 
up to a few micrometers. If cells of a size 
of about 10 µm pass the laser beam, it is 
relatively likely that only one cell passes 
the laser beam during laser excitation, and 
thus will be recognized as a single cell. For 
EVs this is much di�erent. �ey have a size 
that is far below the height of the laser 
beam. Consequently, several particles or 
EVs can pass the laser beam at the same 
time especially when the sample is rela-
tively high concentrated, but the com-
puter does not recognize the incoming 
signal as a signal of several particles, but 
instead interprets the signal as one single 
‘event’. �is e�ect also called coincidence 
and in severe cases ‘swarm e�ect’ [10, 11]. 
�e swarm e�ect is thus not only respon-
sible for not correctly reproducing the 
exact concentration of EVs per unit vol-
ume, but also for detecting signals re-
ceived from individual EVs. Several events 
with di�erent �uorescence characteristics 
are not detected as individual events and 
therefore �uorescence signals of all parti-
cles measured as one event are cumula-
tively quanti�ed, resulting in higher �uo-
rescence intensities. �us, suddenly par-
ticles in a sample containing distinct 
populations of EVs with exclusive marker 
expression can be detected as double 
positive events which actually do not exist. 
However, coincidence or swarm detection 
can be avoided by relatively simple means, 
namely by measuring unknown samples 
in serial dilutions. If the dilution factors 
lead to the expected reduced number of 
measured EVs, the risk for coincidence or 
swarm detection is minimized and one 
can make sure that samples are analyzed 
while being in a linear range of signal 
detection for the respective sample type 

(Fig. 3). �us, samples should always be 
measured at the lowest concentration pos-
sible. In addition, to avoid coincident 
events and to improve instrument sensi-
tivity, EV measurements should generally 
be performed at the lowest possible meas-
urement/�ow speed. Higher measurement 
speeds o�en also increase the diameter of 
the core stream or sample stream which 
may increase the likeliness of coincidence 
detection to happen [10]. When using 
imaging �ow cytometry (IFCM) for EV 
analysis di�erent options how to process 
the images and quantify the number of 
distinguishable dots per event/image al-
lows for additional accuracy to quantify 
coincidence or only include true single 
events in the EV quanti�cation [9, 11]. 

Higher sensitivity also  
comes with higher back-
ground

Another source of potential errors 
that can lead to data misinterpretation 
can come from �uorescently labelled 
antibodies when using them to detect EV 

Figure 3: Samples were measured for 1 minute. �e total 
amount of detected particles was calculated. As can be 
seen the amount of particles are identical between pure 
PFP and 1:100 dilution which clearly indicates coincident 
events or swarm detection. Further dilution from 1:200 
up to 1:1000 shows the number of particles in a linear 
range corresponding to the dilution steps.
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surface markers. When staining cells 
with antibodies, it’s relatively easy to de-
tect signals since in most cases quite some 
antigens of a certain surface protein are 
available on the surface of one cell, and 
it’s relatively easy to wash away unbound 
antibodies by slow-speed centrifugation. 
Also, protocols for measurement of cells 
make it quite easy to exclude small parti-
cles or ‘background’ from the analysis 
just by setting a region to de�ne the main 
cell population, or a threshold. When 
antibodies, however, are sought to be used 
to detect surface markers on EVs, this can 
lead to certain limitations. First of all, the 
composition of surface proteins present 
on the surface of EVs o�en resembles the 
surface protein signature of the cells re-
leasing them. For example, EVs derived 
from platelets carry platelet-related sur-
face markers such as CD41, and EVs re-
leased from red blood cells also carry 
erythrocyte-specific surface markers 
such as CD235a or GlycophorinA (Fig. 4). 
However, because the surface of EVs is 

signi�cantly smaller than the surface of 
cells, signi�cantly fewer antibodies can be 
bound to the surface of a single vesicle. 
�is, in turn, means that the �uorescence 
detection of the instrument used has to 
be sensitive enough to detect the signals 
of only few �uorochromes, or relatively 
few antibodies bound to a single EV. As 
mentioned before, several commercially 
available �ow cytometers are sensitive 
enough to achieve this [9, 12-15].

However, this increased sensitivity 
and therefore the really low detection 
limit leads to another potential pitfall for 
such antibody-based assays: Commer-
cially available �uorescence-conjugated 
antibodies presently are not validated for 
EV �ow cytometry, and di�erent groups 
have reported that the usage of such anti-
bodies can lead to a considerable amount 
of background which is probably related 
to protein complexes or antibody aggre-
gates [9, 16, 17]. To account for this, it is 
therefore essentially required to include 
so-called ‘bu�er controls’ containing the 
antibodies in PBS at the same concentra-
tions as in the sample of interest (but 
without any EVs), and it is also strongly 
recommended to centrifuge or �lter anti-
body solutions before usage to reduce this 
kind of background. Other recommenda-
tions for example comprise a detergent 
lysis control to demonstrate that actual 
membranous vesicles are measured [9, 
18-20].

Does size matter?

�e brief answer to this question is 
de�nitely yes. Firstly, di�erences in size 
can relate to di�erent EV subsets with 
distinct functions, e.g. small EVs like 
exosomes or small microvesicles might be 
more relevant for a therapeutic or diag-

nostic approach than bigger EVs. Sec-
ondly, knowing the accurate size of EVs 
in a sample or the size range a certain 
method can measure can be very impor-
tant to make appropriate conclusions and 
to compare data between labs or instru-
ments. EV size nowadays in most cases is 
measured by a method called Nanoparti-
cle Tracking Analysis (NTA) which is 
based on the detection of scattered light 
of particles and their movement in solu-
tion [21]. In the last decade, there also 
have been several studies using polysty-
rene or silicate beads to set size gates for 
EV �ow cytometry experiments [22]. 
Meanwhile it is well known in the �eld 
that a proper size determination by sim-
ply using such beads as reference mate-
rial is not valid since the refractive index, 
which describes the light scattering prop-
erties of a particle, drastically di�ers de-
pending on the material and thus is very 
much di�erent between a polystyrene 
(PS) bead and a biological vesicle. For 
example, Chandler et al. demonstrated 
that – in terms of their light scattering 
properties - 0.4 µm PS beads re�ect EVs 
with a size >1µm [23]. �erefore, cur-
rently available beads have a refractive 
index which, depending on the type of 
beads used, is more or less far away from 
the refractive index of biological material, 
making accurate sizing almost impossi-
ble. Of note, two recent studies have de-
scribed how measured scatter signals can 
be converted to absolute size by using 
appropriate scatter calibration standards 
and modelling based on Mie theory [13, 
24]. Another group recently showed that 
viruses might represent another promis-
ing biological reference material for EV 
size calibration [22]. Taken together, these 
works demonstrate that it is generally 
possible to combine multiparameter �uo-

Figure 4: Platelet free plasma (PFP) was stained with 
AlexaFluor647-labelled Lactadherin as well as with 
PE-Cy7-labelled anti-CD41 antibodies recognizing 
platelet-derived EVs and PE-labelled anti-CD235a 
antibodies speci�cally recognizing red blood cell de-
rived EVs. Triggering signal was set according to the 
Lactadherin negative control sample (Data not shown). 
Lactadherin positive events were gated and subse-
quently analysed for CD41 and CD235a surface expres-
sion. PE and PE-Cy7 are two di�erent �uorochromes 
which result in distinguishable emitted light a�er laser 
excitation.
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rescence detection with absolute sizing 
for single EVs by �ow cytometry, which 
overall underlines the promising poten-
tial of EV �ow cytometry.

In addition, calibration of �uores-
cence intensities also has come up rela-
tively recently in the EV �eld and is re-
quired to achieve a generally great com-
parability between results from di�erent 
labs or generated with di�erent methods 
or instruments [9, 14]. In relation to that, 
it has become clear that the �eld highly 
desires more suitable or improved refer-
ence and calibration materials such as 
beads made from more EV-like materials 
or biological reference materials [9, 25, 
26], since most materials being used 
nowadays were designed and produced 
for cell-based �ow cytometry assays. In a 
recent publication for example, we have 
used GFP-tagged EVs as biological refer-
ence material to optimize a method called 
imaging �ow cytometry for the accurate 
analysis of single �uorescent EVs [9]. 
Nowadays, there is consensus in the �eld 
that EV �ow experiments require detailed 
reporting of all steps and parameters, 
calibrated instruments, and the inclusion 
of all recommended controls.

Pitfalls and limitations all 
over? Still, it’s worth it!

Despite all the aforementioned pitfalls 
and limitations, and despite all required 
controls, validations and calibrations, 
why would someone aim to use �ow cy-
tometry for EV analysis? �e answer is 
relatively simple: Because the prospects, 
promises and the potential of EV �ow 
cytometry are worth it. �e most impor-
tant advantage of �ow cytometry lies in 
high throughput single EV analysis and 
in the possibility of simultaneous detec-

tion of di�erent antigens on the surface of 
thousands of single particles in a rela-
tively short time. In contrast, other meth-
ods o�en only o�er bulk analysis or are 
not very quantitative. �us, EV FCM 
makes it possible to rapidly detect co-
expressing markers and quantify both the 
frequency of such an EV population volu-
metrically and their brightness in terms 
of absolute units of �uorescence. For il-
lustration, the following approach has 
been adopted as a standard method in the 
core facility in Vienna: Some of the cell 
membrane-derived EVs are endowed 
with a protein on the cell surface called 
phosphatidylserine (PS) [27]. PS can be 
detected in relatively simple ways by �ow 
cytometry by using �uorescent probes. 
However, as already mentioned, the sur-
face of EVs is relatively small and enough 
expressed �uorescence labelled PS mole-
cules must be excited, so that an appro-
priately measurable signal occurs. If this 
signal exceeds a certain threshold and 
thus lies within the detection range, this 
signal is used as a primary input signal for 
the detection of all other bound antibod-
ies (Fig. 4). But even with this standard-
ized method we have to compromise for 
now. On the one hand we need the men-
tioned signal above the detection limit for 
the method and instrument we use, on 
the other hand we use this method to 
capture only a part of the EVs. Based on 
previous reports, about 70% of all EVs do 
not carry PS on their surface and there-
fore cannot be detected by the method 
described as such [27]. Obviously, these 
PS negative EVs can be just as important 
and should be included in this analysis 
ideally. Ongoing approaches attempt to 
include these PS-negative EVs by using 
dyes that are either incorporated into the 
particle membrane or absorbed by the 

particles. �e absorbed, initially non-
�uorescent substances are then converted 
into a �uorescent dye via active enzy-
matic processes within the vesicle. Unfor-
tunately there is no “universal” dye for EV 
staining available yet and therefore also 
the usage of such dyes has limitations. 
However regardless of the limitations, the 
combination of such dyes and the PS 
might allow the determination of a larger 
amount of particles. �is example dem-
onstrates that generally assays can al-
ready be used even despite limitations, 
but there are always ideas and potential 
solutions to improve them. 

Conclusion

In summary, several studies using 
high-resolution �ow cytometers have 
demonstrated proof-of-concept that �ow 
cytometry facilitates the analysis of sub-
sets of extracellular vesicles also down to 
the size-range of exosomes [9, 12, 14, 15], 
and also the separation of subsets by �ow 
cytometry based sorting [12, 15] within 
recent years. �e development of more 
suitable instruments with more sensitive 
detectors, lower background noise and 
brighter, more clean and more speci�c 
probes will surely further improve such 
methods in the near future. Despite these 
advances for �ow cytometry based single 
EV analysis methods, a valid alternative 
for labs currently lacking access to suita-
ble high resolution instruments could be 
bead-based �ow cytometry assays which 
are suitable to collect information about 
the surface markers being expressed on 
bulk EVs of interest [28, 29]. Also, next 
generation reference materials including 
biological reference materials [9, 25, 30, 
31] and re�ned methods for instrument 
calibration [9, 13, 24] will collectively 
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contribute to the development of stand-
ardized assays which ultimately also will 
suit the requirement for clinical or diag-
nostic procedures to detect relevant EV 
based biomarker for various diseases. 
Finally, several international societies 
publish both position papers and frame-
work papers, which are regularly updated 
and can alert interested people to the 
ongoing process of EV research [18, 19].

References
1. Lannigan, J., J. P. Nolan, and R. Zucker, Measure-
ment of extracellular vesicles and other submicron 
size particles by ow cytometry. Cytometry Part A, 
2016. 89(2): p. 109-110.
2. Nolan, J.P., Flow Cytometry of Extracellular Vesi-
cles: Potential, Pitfalls, and Prospects. Curr Protoc 
Cytom, 2015. 73: p. 13 14 1-16.
3. Jaye, D.L., et al., Translational Applications of 
Flow Cytometry in Clinical Practice. The Journal of 
Immunology, 2012. 188(10): p. 4715-4719.
4. Shapiro, H.M., Practical Flow Cytometry. 2005: 
Wiley.
5. Brummelman, J., et al., Development, application 
and computational analysis of high-dimensional 
uorescent antibody panels for single-cell ow 
cytometry. Nature Protocols, 2019. 14(7): p. 1946-
1969.
6. Nolan, J.P. and E. Duggan, Analysis of Individual 
Extracellular Vesicles by Flow Cytometry, in Flow 
Cytometry Protocols, T.S. Hawley and R.G. Hawley, 
Editors. 2018, Springer New York: New York, NY. p. 
79-92.
7. Ramirez, M.I., et al., Technical challenges of work-
ing with extracellular vesicles. Nanoscale, 2018. 
10(3): p. 881-906.
8. van der Pol, E., et al., Standardization of extracel-
lular vesicle measurements by ow cytometry 
through vesicle diameter approximation. J Thromb 
Haemost, 2018. 16(6): p. 1236-1245.
9. Gorgens, A., et al., Optimisation of imaging ow 
cytometry for the analysis of single extracellular 
vesicles by using uorescence-tagged vesicles as bio-
logical reference material. J Extracell Vesicles, 2019. 
8(1): p. 1587567.
10. van der Pol, E., et al., Single vs. swarm detection 
of microparticles and exosomes by ow cytometry. J 
Thromb Haemost, 2012. 10(5): p. 919-30.
11. Erdbrugger, U., et al., Imaging ow cytometry 
elucidates limitations of microparticle analysis by 
conventional ow cytometry. Cytometry A, 2014. 
85(9): p. 756-70.
12. Morales-Kastresana, A., et al., High-delity 
detection and sorting of nanoscale vesicles in viral 
disease and cancer. J Extracell Vesicles, 2019. 8(1): p. 
1597603.
13. van der Pol, E., et al., Absolute sizing and label-
free identication of extracellular vesicles by ow 
cytometry. Nanomedicine, 2018. 14(3): p. 801-810.
14. Stoner, S.A., et al., High sensitivity ow cytometry 
of membrane vesicles. Cytometry A, 2016. 89(2): p. 
196-206.
15. Nolte-'t Hoen, E.N., et al., Quantitative and 
qualitative ow cytometric analysis of nanosized 

cell-derived membrane vesicles. Nanomedicine, 
2012. 8(5): p. 712-20.
16. Inglis, H.C., et al., Techniques to improve detec-
tion and analysis of extracellular vesicles using 
ow cytometry. Cytometry Part A, 2015. 87(11): p. 
1052-1063.
17. Gyorgy, B., et al., Detection and isolation of 
cell-derived microparticles are compromised by 
protein complexes resulting from shared biophysical 
parameters. Blood, 2011. 117(4): p. e39-48.
18. Thery, C., et al., Minimal information for studies 
of extracellular vesicles 2018 (MISEV2018): a position 
statement of the International Society for Extracellu-
lar Vesicles and update of the MISEV2014 guidelines. 
J Extracell Vesicles, 2018. 7(1): p. 1535750.
19. Coumans, F.A.W., et al., Methodological Guide-
lines to Study Extracellular Vesicles. Circ Res, 2017. 
120(10): p. 1632-1648.
20. Osteikoetxea, X., et al., Dierential detergent 
sensitivity of extracellular vesicle subpopulations. 
Org Biomol Chem, 2015. 13(38): p. 9775-82.
21. Sokolova, V., et al., Characterisation of exosomes 
derived from human cells by nanoparticle tracking 
analysis and scanning electron microscopy. Colloids 
Surf B Biointerfaces, 2011. 87(1): p. 146-50.
22. Tang, V.A., et al., Single-Particle Discrimination of 
Retroviruses from Extracellular Vesicles by Nanoscale 
Flow Cytometry. Sci Rep, 2017. 7(1): p. 17769.
23. Chandler, W.L., W. Yeung, and J.F. Tait, A new 
microparticle size calibration standard for use 
in measuring smaller microparticles using a new 
ow cytometer. J Thromb Haemost, 2011. 9(6): p. 
1216-24.
24. Welsh, J.A., et al., FCMPASS Software Aids 
Extracellular Vesicle Light Scatter Standardization. 
Cytometry A, 2019.
25. Geeurickx, E., et al., The generation and use of 
recombinant extracellular vesicles as biological refer-
ence material. Nat Commun, 2019. 10(1): p. 3288.
26. Varga, Z., et al., Hollow organosilica beads as 
reference particles for optical detection of extracel-
lular vesicles. J Thromb Haemost, 2018.
27. Arraud, N., et al., Fluorescence triggering: A 
general strategy for enumerating and phenotyping 
extracellular vesicles by ow cytometry. Cytometry 
Part A, 2015: p. n/a-n/a.
28. Wiklander, O.P.B., et al., Systematic Methodo-
logical Evaluation of a Multiplex Bead-Based Flow 
Cytometry Assay for Detection of Extracellular 
Vesicle Surface Signatures. Front Immunol, 2018. 
9(1326): p. 1326.
29. Volgers, C., et al., Bead-based ow-cytometry for 
semi-quantitative analysis of complex membrane 
vesicle populations released by bacteria and host 
cells. Microbiological Research, 2017. 200: p. 25-32.
30. Lozano-Andrés, E., et al., Tetraspanin-decorated 
extracellular vesicle-mimetics as a novel adaptable 
reference material. Journal of Extracellular Vesicles, 
2019. 8(1): p. 1573052.
31. Valkonen, S., et al., Biological reference materials 
for extracellular vesicle studies. Eur J Pharm Sci, 
2017. 98: p. 4-16.

Andreas Spittler1,2

andreas.spittler@meduniwien.ac.at

André Görgens3,4

andre.gorgens@ki.se

1Department of Surgery,  
Research Laboratories, Medical University of 

Vienna, Vienna, Austria.

2Core Facility Flow Cytometry, Medical Uni-
versity of Vienna, Vienna, Austria.

3Clinical Research Center, Department of 
Laboratory Medicine, Karolinska Institute, 

Stockholm, Sweden

4University Hospital Essen, University of 
Duisburg-Essen, Essen, Germany

Extracellular vesicles ow cytometry analysis



46 Trillium Extracellular Vesicles 2019; 1(1)

Extracellular vesicles in transkingdom communication
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Extracellular vesicles in plant  
host-microbe interaction

Introduction

In 2015, a satellite workshop at the 
International Symposium on Extracel-
lular Vesicles (ISEV) in Sao Paulo, Brazil, 
emphasized on the potential signi�cance 
of EVs in cross-kingdom communication 
in hosts, microbes and parasites (1). As an 
important conclusion of this meeting, the 
necessity to develop robust protocols for 
EV isolation and the identi�cation of suit-
able biomarkers for the di�erent types of 
EVs was pointed out, in order to advance 

the study of speci�c roles of EVs in host-
pathogen interactions. In August 2018, 
around 50 scientists from all over the 
world came together for a mini-symposi-
um on EVs in inter-organismal commu-
nication in Munich, at the Ludwig-Max-
imilians University. �e scienti�c discus-
sions included new �ndings of EVs dis-
covered in plant, fungal, oomycete, 
nematode and bacterial systems, as well 
as exchange of current opinions on how 
to integrate such discoveries into the cur-
rent concepts of EVs in inter-species and 

cross-kingdom communication (2). As 
two important goals for the future, the 
participants de�ned a better understand-
ing of EV biology across kingdoms, and 
the extension of our knowledge on how 
EVs participate in plant immunity and in 
plant-pathogen interaction. 

Plants recognise by pattern recogni-
tion receptors (PRRs) pathogen molecu-
lar patterns located at the cell periphery, 
which activate cellular immune signal-
ling. Host-adapted plant pathogens se-
crete small peptides, called e�ectors that 

Extracellular vesicles (EVs) are secreted lipid bilayer membrane particles that are increasingly drawing attention due 
to their potential role in intercellular communication. EVs have been mainly reported in mammalian systems, but 
are also found in non-mammalian classes, such as Archeae, bacteria, fungi, oomycetes, protozoa, invertebrates and 
plants. Over the last decade, EV research on mammalian systems has been massively advanced driven by the inte-
rests and applications of the biomedical eld, while research on non-mammalian EVs that aims to understand the 
biological origins and functions of EVs remains rather descriptive and premature. Nevertheless, recent pioneering 
works resulted in novel concepts that place EVs carrying regulatory small RNAs as central players in inter-species 
and cross-kingdom communication with emphasis on host-pathogen, host-parasite and host-microbiome interac-
tions. EVs transport small RNAs from microbe/pathogen/parasite to animal or plant hosts, and vice versa, which 
results in the manipulation of host immunity or microbial virulence, respectively. This article highlights some of 
the latest discoveries regarding EV-mediated communication across species and kingdoms with a special focus on 
plants and their interacting microbes.

Keywords: Extracellular vesicles, outermembrane vesicles, bacteria, fungi, plants, inter-species, cross-kingdom, 
small RNAs
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interact with, and sometimes enter, plant 
cells to suppress host immunity. In de-
fence, plants evolve nucleotide-binding 
domain leucine-rich repeat containing 
(NLR) receptors that perceive pathogen 
e�ectors and mount an e�ector-triggered 
immunity. To escape recognition, patho-
gens co-evolve their e�ector repertoires, 
leading to a continual molecular arms 
race between pathogens and host plants 
(3). During plant-pathogen interactions, 
pathogen e�ectors and plant antimicro-
bial molecules must be transported 
through the extracellular space between 
plant and pathogen cells, without getting 
degraded or diluted, to be functional. 
Extracellular vesicles (EVs) �t perfectly to 
take over this function (Figure 1). Indeed, 
EVs mediate intra-organismal cell-to-cell 
communication in mammals with impact 
on disease progression, cancer develop-

ment as well as on immune activation (4). 
Important to note, the biogenesis of EVs 
is conserved over the entire tree of life 
including Archaea, bacteria, fungi, oomy-
cetes, protozoa, animals, and plants. And 
this fact clearly shows on the one hand the 
ubiquitous prevalence of EVs in biology, 
and on the other hand the possibility that 
EVs serve as communication channel 
between hosts and microbes with bene�-
cial or pathogenic outcomes (5-8). Here, 
we discuss the state-of-the-art regarding 
potential roles of EVs for host-pathogen 
interaction by highlighting signi�cant 
achievements and by summarizing recent 
discussions on conceptual open ques-
tions, for instance: Where do EVs come 
from? What molecules do EVs transport? 
How are cargo molecules loaded into 
EVs? How do EVs pass across cellular 
barriers and extracellular matrices? What 

is the biological function of EVs in host-
pathogen interactions?

Where do EVs come from?

EVs are lipid bilayer particles that are 
synthesized and released by cells via un-
conventional secretion pathways (9). In 
mammals, exosome-like EVs derive from 
intracellular multivesicular bodies 
(MVB) that fuse to the cytoplasm mem-
brane and release EVs into the periplasm 
and the extracellular lumen. A recent 
study also links EVs of the model plant 
Arabidopsis thaliana to MVBs (10), indi-
cating that biogenesis of EVs seems to be 
well conserved in plants and animals. 
Moreover, tetraspanins that are EV trans-
membrane spanning proteins in mam-
malian exosome-like EVs are also de-
tected in Arabidopsis EVs (10), suggesting 
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Figure 1: �e potential roles of EVs in plant immunity and pathogen virulence. Upon pathogen attack, plants activate two layers of immunity. First, conserved pathogen-
associated molecular patterns (PAMPs), such as fungal chitin and bacterial �agellin, are perceived by cell membrane-spanning pattern recognition receptors (PRRs) that 
mediate activation of PAMP-triggered immunity (PTI). As part of the defence response, plants release EVs containing antimicrobial substances. Fungal/oomycete and 
bacterial pathogens secrete plant cell-damaging enzymes and deliver e�ector molecules into plant cells to suppress plant immunity for infection. Pathogen-released EVs or 
outer membrane vesicles (OMVs) might deliver plant cell-damaging enzymes and e�ectors. Plants can recognise pathogen e�ectors via intracellular receptor proteins (NLRs) 
and mount e�ector-triggered immunity (ETI) including release of plant antimicrobial EVs. Pathogen e�ectors and other EV cargo molecules might counteract PTI and ETI 
to succeed infection.
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that plant EVs are true exosomes. An-
other study reported on the syntaxin 
PEN1 being enriched in Arabidopsis EVs. 
PEN1 is a known factor of intracellular 
membrane tra�cking and endo/exocyto-
sis, and has been described to participate 
in plant immune response (11). 

In microbes, biogenesis of EVs is in-
adequately understood. Fungi and oomy-
cetes form MVBs, suggesting that exo-
some-like EVs may also exist in eukaryote 
microbes (12). Since bacteria do not pos-
sess endomembrane organelles, EV re-
lease is considered to appear via outer-
membrane budding, thus EVs are o�en 
called outer-membrane vesicles (OMVs) 
(13). Genetic manipulation strategies (e.g. 
gene knockout) in microbes have not 
delivered any EV null mutant strain, 
which could genetically link secretion 
pathways to EV biogenesis and release, 
but mutants only exhibited moderate, 
quantitative di�erences in EV number or 
size (14, 15). In fact, EV populations are 
rather heterogeneous in size, concentra-
tion and cargo composition indicating 
that di�erent secretion pathways of EVs 
might be in place. And this o�ers an ex-
planation why a single gene mutation 
does not consequently lead to a “zero EV” 
phenotype. To deepen our understanding 
of EV biogenesis and its connection to the 
secretory pathways, attempts that com-
bine genetics with biochemical inhibitors 
that speci�cally block certain steps in a 
secretion process are de�nitely worth 
trying.

What is transported in EVs?

Over the last years, mass spectrome-
try and high-throughput sequencing 
analyses allowed identi�cation of several 
proteins and nucleic acids, mainly mes-

senger RNAs (mRNAs) and non-coding 
small RNAs (sRNAs), as EV cargoes. For 
instance, comparative analysis of EV 
proteomes from di�erent fungal species 
revealed common sets of molecular func-
tion or biological process, such as cell wall 
modelling, indicating a conserved role of 
EVs in fungi (16). Frequently, known 
virulence-associated proteins were de-
scribed in EVs isolated from pathogenic 
bacteria and fungi, suggesting EVs as 
translocation vehicles for virulence fac-
tors towards the host (16, 17). Moreover, 
antimicrobial proteins have been deter-
mined in plant EVs upon bacterial infec-
tion (11). Beside proteins, diverse RNA 
species in bacterial, fungal and plant EVs 
and have been detected and analysed by 
next generation sequencing. In particular, 
gene-regulatory RNAs were discovered 
and are suggested to mediate gene regula-
tion in cells and organisms that incorpo-
rate EV-RNAs during host-pathogen in-
teraction (11, 18). Other types of RNAs 
were also discovered in EVs, such as 
mRNAs or long non-coding RNAs that 
might be functional in host-microbe 
communication, too. Nevertheless, the 
importance of EV proteins and RNAs in 
host-pathogen interactions needs to be 
explored in greater detail.

EVs in host-pathogen inter-
actions

To test the function of pathogen EVs 
for infection, host cells and tissues are 
o�en treated with pathogen EV extracts 
in culture. Fluorescence labelling of EVs 
may allow visualization of EV-uptake by 
host cells or tissues. Several immunomod-
ulatory e�ects were found in di�erent 
mammalian host cell types upon patho-
gen EV treatment. For instance, EVs of 

human pathogenic fungi and bacteria can 
stimulate or repress host immunity by 
redirecting immunity-related factors, 
such as cytokines, in macrophages and 
other immunity-related cell types (5, 6). 
�ese examples indicate that pathogens 
use EVs as virulence factors, while host 
cells have evolved recognition of pathogen 
EVs for immune activation. However, 
from the basic research point of view, in-
vitro culture assays provide only limited 
insights into how important EVs are dur-
ing host-pathogen interaction at the or-
ganismal level. To further address this 
open question, EVs should be studied di-
rectly at the host-pathogen interface, with 
blocking their production or activity dur-
ing infection to reveal their real biological 
signi�cance. 

EV-mediated delivery of small RNAs 
(sRNAs) that trigger inter-species or even 
cross-kingdom RNA interference (ckR-
NAi) has been documented in animal-
parasite and plant-fungal interactions (19). 
For example, EVs of parasitic nematodes 
carry conserved microRNAs that mediate 
type-II immune suppression in mice (20). 
Moreover, aggressive fungal plant patho-
gens, such as Botrytis cinerea, deliver sR-
NAs into host plant cells that hijack the 
plant RNAi pathway to silence host im-
munity genes for infection (21). However, 
whether fungal sRNAs are transported 
into plants via EVs needs to be demon-
strated. �is phenomenon of ckRNAi is 
bi-directional, because plants transfer 
small interfering RNAs (siRNAs) into at-
tacking fungal pathogens, too, that sup-
press fungal virulence genes. Hereby, 
plant siRNAs are transported into infect-
ing pathogens by exosome-like EVs (9). 
Plant host-induced gene silencing (HIGS) 
re�ects yet another RNAi-based commu-
nication between plants and pathogens 

Extracellular vesicles in transkingdom communication
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and is a tool to engineer crop plant resist-
ance against notorious plant pathogens/
pests (22). HIGS has been employed even 
before the discovery of natural ckRNAi, 
inspired by environmental RNAi found in 
nematodes (23). How important EVs are 
for the delivery of plant HIGS RNAs into 
pathogens/pests is not known, yet. Taken 
together, these observations suggest that 
EVs are a central player in inter-species 
and cross-kingdom RNA communication 
(Figure 2).

An interesting new direction of EV-
mediated communication during infec-
tion is reported at the microbial popula-
tion level. EVs play a functional role in the 
“division of labour” phenomenon ob-
served in Cryptococcus neoformans var. 
gattii that is critical to activate infectivity. 
In this regard, EVs are a communication 
channel between phagocytosed crypto-
coccal individuals and the extracellular 
Cryptococcus population (24). Moreover, 
recent reports indicate that microbiota-
derived vesicles might be protective 
against diseases in the gut system (25). 
Furthermore, diet-consumed plant-de-
rived exosome-like EVs (sometimes called 
dietary EVs) might be taken up by the gut 
microbiota with e�ects on the host well-
being (26). �ese latest observations open 
new perspectives onto EVs as pluripotent 
multi-organismal communication media 
to direct microbial organisation con-
nected to plant and animal host �tness.

How do EVs pass cellular 
barriers? 

Cellular release of EVs by bacterial, 
fungal and plant cells raise the question 
of how do lipid membrane particles of 
50-500 nanometres in diameter pass 
complex cellular barriers, such as the 

periplasmic matrix and the cell wall. Is 
the plasticity of the cell wall way higher 
than formerly expected? �e shape and 
size of EVs might be �exible as well, thus, 
EVs might �t through cell wall pores and 
channels despite the EV size (27). �is is 
supported by observations made by scan-
ning EM showing the transfer of AmBi-
some® particles, a commercial antifungal 
liposome formulation, through the fungal 
cell wall (28). EM tomography at the 
fungal-plant interface revealed multiple 
morphologies of extracellular lipid for-
mations, from round-shaped individual 

particles to interconnected tube-like 
membrane structures and networks (29, 
30). Cell wall remodelling enzymes that 
have been identi�ed as part of the EV 
cargo in fungi might break down local 
cell wall structures to facilitate passage of 
EVs in particular through these tight 
matrices. Finally, plant pathogens, such 
as B. cinerea, release cell wall-degrading 
enzymes during host colonization, which 
so�en the plant cell wall and thus might 
promote fungal EV entry into plant cells. 
Other types of plant-interacting microbes 
can form intimate cell/cell contacts with 

Figure 2: �e role of EVs in cross-kingdom RNA communication. During infection, eukaryotic pathogens including 
fungi/oomycetes secrete EVs loaded with small regulatory RNAs. Fungal/oomycete/plant EVs are likely secreted 
from the Trans-Golgi network (TGN) via multivesicular bodies (MVBs). Secreted small RNAs of fungal plant 
pathogens can enter plant cells and hijack the host RNA-induced silencing complex (RISC) to suppress important 
immunity genes. As part of the host defence, plants release antimicrobial EVs containing small RNAs. Antifungal 
EVs contain tetraspanins integrated into the vesicle membrane. Other types of antimicrobial plant-secreted EVs 
include the syntaxin PEN1 that also accumulates at the local cell sites of fungal and oomycete infection. Antifun-
gal exosome-like EVs carry plant siRNAs that can induce gene suppression of virulence genes in the attacking 
fungi/oomycetes.

Bs irulence

Es Es

R

unity

R

Bs

plant

ungus ooycete

all R

etraspanins

PE
yntaxin





R R-induced 
silencing coplex

B ultiesicular 
ody

 rans-olgi 
netor

nucleus

nucleus



50 Trillium Extracellular Vesicles 2019; 1(1)

Extracellular vesicles in transkingdom communication

accommodating host plants, at which cell 
walls are largely removed, such as the 
haustorium of pathogens, the arbuscle of 
plant-mycorrhizal fungi, or the nodule of 
nitrogen-�xing bacteria. �ese interfaces 
enable extensive bi-directional molecular 
exchanges, possibly through microbial 
and plant EVs.

Conclusion

EVs attract growing attention in the 
�eld of molecular plant-microbe interac-
tions. �e transport of pathogenic pro-
teins and sRNAs into host plant cells by 
EVs o�ers an answer to a longstanding 
question regarding the mechanism of ef-
fector delivery. Moreover, EVs are pres-
ently secreted by all types of living cells, 
pathogenic or not, and EV-transmitted 
regulatory RNAs can serve as a unique 
message understood by all life forms, as 
it largely relies “only” on nucleobase pair-
ing (18).

In order to advance our understand-
ing in the biological function of EVs in 
host-microbe interactions, the develop-
ment of reliable protocols and standards 
for EV puri�cation, visualization, and 
identi�cation via proper EV biomarkers 
as well as the analysis of their molecular 
composition are required. Only then, 
investigation of EVs in situ will become a 
key to decode the communication code of 
EVs between cells to achieve accommoda-
tion, infection, or immunity that will 
extend our views on EVs in host-microbe 
interactions. 
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