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ARTICLE INFO ABSTRACT

Extracellular vesicles (EVs) are small lipid-enclosed particles that can carry various types of cargo, including
proteins, nucleic acids and metabolites. They are known to be released by all cell types and can be taken up by
other cells, leading to the transfer of the cargo they carry. As such, they represent an important type of inter-
cellular signalling and a natural mechanism for transferring macromolecules between cells. This ability to

Keywords:
Extracellular vesicles
Drug delivery
Targeted therapeutics

gz:;::;;zles transfer cargo could be harnessed to deliver therapeutic molecules. Indeed, a growing body of work has de-
Uptake scribed the attempt by the field to utilise EVs to deliver a range of therapeutics including RNAi, CRISPR/Cas9

and chemotherapeutics, to a specific target tissue. However, there are numerous barriers associated with the use
of EVs as therapeutic vehicles, including the challenge of efficiently loading therapeutics into EVs, avoiding
clearance of the EVs from circulation, targeting the correct tissue type and the inefficiency of internalisation and
functional delivery of the cargo. Despite these difficulties, EVs represent a tremendous therapeutic opportunity,
both for the delivery of exogenous cargo, as well as the therapeutic benefit of targeting aberrant EV signalling or
treating patients with natural EVs, such as those released by mesenchymal stem cells. This review describes
current knowledge on the therapeutic potential of EVs and the challenges faced by the field. Many of these
challenges are due to a lack of complete understanding of EV function, but further research in this area should
continue to yield new solutions that will lead to the use of EVs in the clinic.

1. Introduction (as reviewed in [2,6]); exosomes, which are formed as intraluminal

vesicles in multivesicular bodies (MVB) and released when this fuses

Extracellular vesicles (EVs) are emerging as invaluable tools for the
delivery of therapeutics to cells. EVs are endogenously released from
nearly all reported cell types and are used to communicate to nearby or
distant cells [1]. They can act as signalling devices in themselves,
presenting antigens on the EV surface to cells, binding to receptors and
providing trophic support [2,3]. They can also successfully deliver
functional cargo to recipient cells. EV cargo is encapsulated within a
lipid membrane and is composed of a combination of proteins, carbo-
hydrates and various nucleic acids including DNA, mRNA and non-
coding RNA native to the donor cell. EV cargo transfer can result in
induction of cell signalling [4], de novo gene expression, posttransla-
tional modification or translation of new transcripts depending on what
cargo is successfully delivered to the recipient cell [5].

There are three main classifications of EVs based on their biogenesis

with the plasma membrane, microvesicles, which bud off the plasma
membrane, and apoptotic bodies, which are released by cells under-
going apoptosis. Typically, EVs sizes range from 30 - 1000 nm. EVs are
involved in a wide range of biological processes from development,
immune modulation, to evolving drug resistance [7-11]. EVs have been
heavily implicated in cancer, amongst other pathologies, and have roles
in every stage of the metastatic cascade (reviewed in [12,13]). In ad-
dition, there is a particular interest for the diagnostic and prognostic
value of EVs as biomarkers [14,15].

2. The therapeutic potential of EVs

As the body of evidence for EVs being important mediators of in-
tercellular signalling has been growing, so has their interest for
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therapeutic use. The potential of using EVs in therapies can be sum-
marised as follows: 1) Using endogenous EVs that possess innate ther-
apeutic benefits, 2) EVs as therapeutic targets, 3) Modifying EVs for
specific drug delivery systems.

2.1. Using endogenous EVs that possess innate therapeutic benefits

EVs harvested from numerous cell types have shown a remarkable
capability to induce tissue regeneration and repair. Within the EV re-
generative medicine field, there has been a particular focus on in-
vestigating EVs harvested from mesenchymal stem cells (MSCs). MSC-
derived EVs have been implicated in the regeneration of, amongst
others: bone and cartilage [16], cardiac tissue after myocardial infarc-
tion [17], renal tissue in models of acute and chronic kidney injury
[18], and hepatic tissue after drug induced fibrosis [19]. Again, the
functional effect of the EVs in most of these studies was attributed to the
functional transfer of protective cargo to the injured cell. Similarly, EVs
from embryonic stem cells can transfer early pluripotent transcription
factors to hematopoietic progenitors to promote proliferation and sur-
vival [20]. Other non-stem cell derived EVs have demonstrated re-
generative potential; for example, osteoblast derived EVs promoted
osteogenic differentiation and biomineralisation in bone marrow MSCs
[21], and stimulated antigen-presenting dendritic cells promoted EV-
mediated oligodendrocyte myelination [22]. In addition, some studies
have shown that EVs can indirectly elicit repair through EV-mediated
immune regulation [23]. Similarly, EVs could modulate immune re-
sponses thereby giving a more favourable environment to promote
healing or graft acceptance [24].

Some studies have even suggested that MSC-derived EVs may pos-
sess just as much regenerative promise as cell-based therapies [18].
Indeed, EVs may display innate potent regenerative potential without
having the immunogenic, tumourigenic and shelf-life caveats that come
with using MSC-based therapies [25]. There has been much interest in
developing techniques for reproducible, sterile, large-scale EV pur-
ifications from MSCs for clinical applications [26,27]. There is also a
growing interest in developing efficient ways of harvesting patient-
specific EVs, where patient derived stem cells could be harvested,
grown up and used to isolate patient specific regenerative EVs, which
could be then used for matched regenerative purposes without risk of
contamination or immune-rejection. There has been some success in
clinical trials using autologous MSC-EVs to treat graft versus host dis-
ease [28], giving hope for the future therapeutic use of endogenous EVs
in the clinic; however, there are no data available on the long-term
patient consequences of EV treatments.

2.2. EVs as novel therapeutic targets

There are many reports of aberrant EV signalling in diseases. A
greater understanding of the roles of EVs in pathogenesis could lead to
novel EV therapeutics to exogenously block harmful, or restore pro-
tective, EV signalling. Within many cancer studies, EVs have produced
pro-tumourigenic effects by transferring oncogenic nucleic acids and
proteins (reviewed in [12]). EVs have been shown to contribute to-
wards many pathogenic processes in cancer, including acquiring
therapy resistance [29-31], stromal-tumour crosstalk [32], angiogen-
esis [4,33], establishing premetastatic niches [34,35] and modulating
immune support [36]. In these cases, inhibiting the production, release
or uptake of specific pro-tumourigenic EVs in the tumour micro-
environment may be beneficial to halting metastasis and preventing
invasive phenotypes. The silencing of Rab27a, a key Rab-GTPase in-
volved in EV biogenesis, in various mouse tumour models was able to
reduce tumour growth and metastasis, suggesting modulating EV sig-
nalling could be an effective therapeutic strategy [34,37]. In addition,
GW4869, an inhibitor of neutral sphingomyelinase, is commonly used
to block EV biogenesis in studies. However, both GW4869 and Rab27a
silencing, are accompanied by off target effects such as altering
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homeostatic signalling and preventing lysosome/ lysosome-related or-
ganelle secretion [38], therefore they can interfere with normal cellular
physiology. Alternatively, using pharmacological inhibitors of en-
docytosis to inhibit EV uptake may also be a therapeutic avenue to
explore (as reviewed in [39-41]). However, any of these pharmacolo-
gical inhibitors would be non-specific, both in terms of terms of their
inability to distinguish between ‘normal’ and ‘pathogenic’ activity of
EVs, as well as their off-target effects in non-EV related biological
processes. A better understanding of the specific uptake mechanisms of
EV subpopulations is therefore required to develop novel ways of tar-
geting pathogenic EV communication.

2.3. EVs as drug delivery systems

EVs can deliver functional cargo to recipient cells, making them
ideal candidates to be utilised as carriers for drug delivery. Similar to
other synthetic nanocarriers, such as liposomes, polymersomes or lipid
nanoparticles, they are able to encapsulate hydrophobic drugs and
protect RNA/ protein cargo from enzymatic degradation to improve a
drug’s half-life in circulation by increasing the solubility, stability and
persistence in the blood [42]. Endogenous EVs can reflect the lipid,
protein and carbohydrate make up of parent cells; they therefore have
low vehicle toxicity and low immunoreactivity. They boast several
advantages over other synthetic nanocarriers, as they offer the unique
intrinsic ability to cross biological barriers such as the blood brain
barrier [43], have markers that reduce their immune clearance [42,44],
and in some cases have innate targeting capability [35,45].

There has been some success in preclinical studies using EVs to
deliver novel targeted therapies for cancers. MSC-EVs loaded with
shRNA targeting an oncogenic form of KRAS [44] were able to reduce
orthotopic human pancreas ductal adenocarcinoma growth in mice.
Chemotherapeutic paclitaxel (PTX) containing EVs can be taken up by
human pancreatic adenocarcinoma and prostate cancer cell lines to
inhibit proliferation and induce cell death respectively [46,47]. In ad-
dition, doxorubicin loaded EVs are able to cross the blood brain barrier
in a zebrafish cancer model to reduce the number of cancer cells [48].
In addition, there are a small number of ongoing clinical trials using
EVs from dendritic cells (DCs) loaded with tumour-associated antigens
for the treatment of malignancies (metastatic melanoma and non-small
cell lung cancer [49,50]); these have passed safety trials and showed
some therapeutic potential [51]. However, in order for endogenous or
engineered EVs to be effective in the clinic, there is still much ground to
uncover in the understanding of EV biology [52].

In addition to developing anti-cancer therapies, EVs are being ex-
plored in other therapeutic avenues. Recent developments include
using EVs to deliver antibiotics [53] to treat localised infections, sSiRNA
to target Huntington related genes [54], and antigens for vaccine de-
velopment [55,56]. EVs have also successfully delivered CRISPR/Cas9
machinery [57] to recipient cells, to knock down specific genes paving
the way for EVs to be used in the future for targeted gene editing.

Work is ongoing to improve the efficiency of using EVs as drug
delivery systems. One way to do this is to increase the encapsulation
efficiency of desired cargo into the EV. Like with other nanoparticles,
pharmaceuticals can be passively or actively loaded into EVs. Passive
techniques include simply incubating the desired cargo with the har-
vested EVs [47], or treating/transfecting a cell with a particular drug/
RNA and allowing the cell’s own endosomal machinery to package
cargo into EVs [46]. Alternatively, EVs can be actively loaded by
electroporation, transfection, sonication, or extrusion (reviewed in
[58,59]). Some novel active loading strategies have been developed,
such as ‘Targeted and Modular EV loading platform’ (TAMEL), where
the authors fused an EV-enriched protein (for example: CD63, Lamp2b,
or Vesicular stomatitis virus glycoprotein; VSVG) to an RNA-binding
domain (such as MS2 bacteriophage coat protein dimer), to load and
deliver specific RNA to cells [60]. So far, EV loading strategies require
further optimisation, they currently have variable encapsulation
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Fig. 1. Biological barriers to overcome to ensure therapeutic efficacy of EVs. Therapeutic EVs need to avoid rapid immune clearance and sequential bioaccumulation
in non-targeted tissues, such as the liver, lungs, spleen and kidneys. EVs must persist in circulation, travel to their desired tissue destination, and cross the plasma
membrane of their target cell by endocytosis or direct membrane fusion. Once endocytosed, EVs need to escape the endosomal compartment, and avoid lysosomal
degradation before they can release their cargo. This cargo can then have the desired functional effect in the recipient cell, for example translation of protein.

efficiencies, and some active loading techniques interfere with the EV
integrity, for example electroporation [61], which may disturb EV up-
take or downstream functionality. A more thorough understanding of
the molecular mechanisms of EV loading, uptake and utilisation of
bioactive cargo is crucial to harness the full pharmaceutical potential of
EVs.

3. Targeting and clearance of EVs

In order for EVs to be successfully applied as therapeutic vehicles
there are several barriers and challenges which must be overcome
(Fig. 1). These include: 1) Avoiding rapid clearance from the body, 2)
Gaining access to the desired target tissue, 3) Being efficiently taken up
by target cells, 4) Avoiding lysosomal degradation of the therapeutic
cargo.

Understanding normal clearance and biodistribution of EVs is im-
portant for developing a more cohesive strategy for therapeutic de-
livery. Numerous studies have demonstrated that injection of EVs into
the circulation of an animal leads to rapid clearance (within tens of
minutes) from circulation [62,63]. Macrophage depletion can also re-
sult in an increased circulation time for EVs [64]. The primary sites of
EV accumulation are the liver, spleen and lungs, where phagocytic cells
remove EVs from circulation. This is also consistent with studies using
injected nanoparticles [58,65]. Addition of ‘don’t eat me’ signals such
as CD47 [44] or PEGylation of EVs [66] can increase time in circula-
tion. Most exogenous biodistribution studies rely on a bolus injection of
large quantities of EVs, which might not represent typical in vivo lo-
calisation of EVs. Interestingly, the sites of EV accumulation may vary
according to the location of administration [67]. For example, whereas
tail vein injections lead to EV clearance in the spleen and liver, sub-
cutaneously administered EVs are more likely to amass in the lymphatic
system [62,67-69]. In addition, there is evidence EVs being excreted
from the urinary and digestive system [70,71], suggesting that ther-
apeutic EVs may also be cleared by these mechanisms. To increase
accumulation of therapeutic EVs at the target site further, research is
needed to understand how different EVs (endogenous vs modified; and
different subpopulations) are cleared from circulation in these different
ways.

Therapeutic EVs must successfully reach their target tissue to have
their intended effect. Depending on the site of administration this may
involve traversing the systemic circulation to capillaries where they can
extravasate [72] or transcytose through the vascular endothelium,
however how EVs achieve this is not well characterised. EVs have been
shown to roll, and attach to vascular endothelium, before being en-
docytosed, in live EV tracking zebrafish studies [3,73], however how
these EVs manage to escape the endothelium to reach deeper tissues is
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largely unknown. In addition, several studies have shown EVs suc-
cessfully delivering cargo to the neuronal tissue across the blood brain
barrier [43,48,72]. Understanding how EVs can cross other biological
barriers such as epithelium, deep muscle and skin, is important to de-
velop targeted EV therapies without local administration.

Increased delivery to diseased tissue has been observed in some
studies. For example, increased levels of inflammation has been shown
to increase the ability of EVs to cross the blood brain barrier [72] and
be taken up by neuronal cells [74,75]. Myocardial infarction also leads
to increased inflammation and vascular leakiness which leads to in-
creased access for EVs [76]. Some studies have also shown an increase
in EV uptake in xenografted tumours compared to surrounding healthy
tissue, mostly likely caused by increased vascular fenestration around
the tumour [67]. Nevertheless, the numbers of EVs that accumulate in
such sites is still much lower than those being cleared in the liver and
spleen. Therefore, specific targeting strategies are being developed to
increase the probability that EVs reach the target tissue.

To increase the likelihood of EVs accumulating at a desired location,
EVs can be modified in a variety of ways, which lead to stronger affi-
nities for target cells [77]. Using an engineered protein containing a
phosphatidylserine (PS) binding module and a nanobody with specifi-
city for epidermal growth factor receptor (EGFR), Koojimans and col-
leagues (2018) were able to decorate the surface of EVs (via the specific
binding of the PS-binding module) and increase the ability of the EVs to
be specifically taken up by EGFR-overexpressing cells [78]. Similarly,
engineered EVs containing PS-binding and HER2-targeting proteins
have been shown to increase delivery to HER2-expressing cells [79].
Alternative cloaking strategies have involved the use of streptavidin
and biotin to anchor specific target modalities to EVs [80] or glyco-
sylphosphatidylinositol (GPI)-anchored moieties [81]. Using an alter-
native targeting method of fusing Lamp2b (an EV protein) to a neu-
ronal-specific rabies virus glycoprotein (RVG), it was shown that
systemically delivered RVG EVs loaded with a BACE-1 siRNA were
successfully delivered to mice cortices [43]. Such studies are beginning
to show that it may be feasible to specifically target EVs to desired
tissues. Several studies have revealed EVs have endogenous proteins on
their surfaces which result in natural specific targeting. Integrins on EVs
have been shown to predict where which site malignant cells may
metastasise to [35]. The presence of specific integrins on the EVs al-
lowed targeting to specific cells in the lungs, liver or brain. In addition,
members of the tetraspanin family have been implicated in integrin
targeting to specific tissue, Tspan8 coupled with a4 integrin was able to
direct EVs to the CD54 positive pancreatic cells [82]. Better under-
standing of these ‘rules of endogenous targeting’ should also lead to
improved specificity of engineered EVs.
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4. The barriers of uptake and delivery

The next barrier that EVs must traverse is the plasma membrane.
There are numerous ways in which EVs are internalised by cells, in-
cluding clathrin-mediated endocytosis, caveolin-mediated endocytosis,
macropinocytosis, phagocytosis and direct fusion [39,40]. EV uptake
studies have collectively shown that internalisation is an active process,
which uses a combination of classical endocytic pathways. Many stu-
dies have utilised a combination of RNAi, antibodies and pharmacolo-
gical inhibitors to inhibit the classical endocytic pathways and pinpoint
the exact contribution of each type of endocytosis. However, the cur-
rent evidence points to not one individual but a combination of uptake
mechanisms that facilitate EVs uptake. Discrepancies between studies
may be due to differences in the cell types being used and the precise
methodological approach. Therefore, much work is needed to fully
understand the mechanisms of their internalisation.

Another factor to consider in EV uptake is the role of heterogeneity.
EV preparations are inherently heterogeneous [83-85], and what is not
currently known is whether all EV subtypes are able to access cells
through the same uptake mechanisms, or whether the different entry
mechanisms restrict access to specific subtypes. Loading therapeutic
molecules into one EV subtype may therefore restrict entry of the cargo
to specific endocytic pathways.

Whilst much is known about the mechanisms of EV uptake, how EV
cargo escapes the endosomal compartment is less well characterised.
Several studies have demonstrated that EV cargo can be functionally
delivered, leading to, for example, translation of mRNAs and repression
of miRNA targets [4,5]. However, the EV cargo transfer efficiency ap-
pears to be low [60,86]. Despite having some knowledge of the cell
machinery required in the donor cell, for endogenous EV loading (re-
viewed in [40]), there is little known about the exact molecular ma-
chinery required in the recipient cell to unload selected EV cargo. One
study has shown that EVs are able to track along the cytoskeleton and
towards the endoplasmic reticulum [87]; the mechanisms and func-
tional consequences of this are not clear. Most studies have shown that
following endocytic uptake, EVs are delivered to the early endosome,
which then matures into the late endosome [60,86,88]. The late en-
dosome can further mature into a multivesicular body and can fuse with
the lysosome, leading to the lysosomal degradation of its contents.
Some in vivo studies have shown the accumulation of EVs in endo-ly-
sosomal compartments [3,73]. It is not clear how the EV can avoid this
lysosome-mediated destruction of its cargo. One possibility is that the
EV can fuse with the endosomal membrane prior to lysosomal delivery.
However, how this is regulated remains to be delineated. Bacteria and
viruses have known mechanisms to escape the endosome (reviewed in
[89]). They undergo membrane pore formation and fusion events at
lower late-endosomal pHs, which are mediated by fusogenic proteins or
agents such as haemagglutinin, gp41, TAT, polyethylenimine (PEI), and
cholera toxin. New avenues for engineered EVs could explore the use of
viral/ bacterial proteins that are capable of enforcing endosomal es-
cape.

5. Future outlook for EV-mediated drug delivery

As has been described above, there are numerous technical chal-
lenges that need to be overcome for the potential of EV-mediated drug
delivery to be realised. These include better loading of therapeutics into
vesicles, avoidance of clearance from circulation, targeting to specific
cells and efficient uptake and delivery of the therapeutic cargo. These
are technical challenges that require more basic and applied research.

There are also a number of challenges associated with working on
EVs in general [90]. There is an urgent need for standardisation of the
isolation, quantification and characterisation of EVs [91]. The method
of isolation can influence the purity of EV preparations, and could
potentially affect their suitability for efficiency of therapeutic loading
and/or their efficacy in the in vivo setting. The choice of EV type as a
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carrier is also important, particularly when considering the need to
scale up production. Indeed, one of the major challenges for translating
EVs successfully into the clinic is to ensure efficient scale up of clini-
cally effective EVs. Currently the EV field lacks reproducible ways of
generating large batches of EVs isolated from a single source. Techno-
logical advances of sterile isolation methods, which are low on im-
purities of bacterial/viral/ host contaminants should be a priority.
Some studies have been attempting to address this issue [26].

Recent advances in our understanding of EVs and EV-like nano-
particles reveal that the EV field is more complex than previously
thought. Larger oncosomes, EVs between 1-10 pm in size that possess
pro-tumourigenic activity, have challenged the field’s previously held
view on the size limits of EVs [92]. Conversely, exomeres, sub-50 nm
non-membrane bound nanoparticles, have also been recently high-
lighted as an additional class of EVs [93]. However, it is too early to
know if exomeres or oncosomes hold therapeutic benefit in their own
right. In addition, recent studies have challenged previously held views
about EV cargo and biogenesis [85,94], including the absence of DNA
in EVs. Clearly, further understanding of EV biology would help us to
harness their true therapeutic potential.

Another important challenge is to ensure that EV-based therapeutics
meet the rigorous requirements for clinical approval by regulatory
bodies. As EV-based therapeutics are less mature than other types of
nanomedicine, the regulatory considerations have not been tackled as
thoroughly to date [95]. However, consideration of the needs for clin-
ical assays and therapeutic products in the EV field is emerging [26,96].
Methods of EV production, batch-to-batch uniformity and the use of
activity assays for standardising production are all important con-
siderations for the therapeutic use of EVs [52,97-99]. This area needs to
be further developed to ensure the regulatory needs of EV-based ther-
apeutics are met.

EVs are the cells’ own mechanism for transferring various types of
cargo all in one package. It makes sense to harness their potential in the
therapeutic setting. Whilst numerous technical challenges exist to en-
sure efficient delivery of therapeutics, the progress that has been made
in the last decade makes this a feasible and exciting approach for many
diseases.

6. Declarations of interest
None.
Funding

This work was supported by the Biotechnology and Biological
Sciences Research Council BB/P006205/1.

References

[1] R. Nieuwland, J.M. Falcon-Perez, C. Soekmadji, E. Boilard, D. Carter, E.I. Buzas,
Essentials of extracellular vesicles: posters on basic and clinical aspects of extra-
cellular vesicles, J. Extracell. Vesicles. 7 (2018), https://doi.org/10.1080/
20013078.2018.1548234.

G. van Niel, G. D’Angelo, G. Raposo, Shedding light on the cell biology of extra-
cellular vesicles, Nat. Rev. Mol. Cell Biol. 19 (2018) 213-228, https://doi.org/10.
1038/nrm.2017.125.

F.J. Verweij, C. Revenu, G. Arras, F. Dingli, D. Loew, M.D. Pegtel, G. Follain,

G. Allio, J.G. Goetz, P. Zimmermann, P. Herbomel, F. Del Bene, G. Raposo, G. van
Niel, Live Tracking of Inter-organ Communication by Endogenous Exosomes In
Vivo, Dev. Cell. (2019) 1-17, https://doi.org/10.1016/j.devcel.2019.01.004.

K. Al-nedawi, B. Meehan, R.S. Kerbel, A.C. Allison, J. Rak, Endothelial expression of
autocrine VEGF upon the uptake of tumor-derived microvesicles containing onco-
genic EGFR, Proc Natl Acad Sci U S A. 106 (2009) 3794-3799, https://doi.org/10.
1073/pnas.0804543106.

H. Valadi, K. Ekstrém, A. Bossios, M. Sjostrand, J.J. Lee, J.O. Létvall, Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic ex-
change between cells, Nat. Cell Biol. 9 (2007) 654-659, https://doi.org/10.1038/
ncb1596.

G. Raposo, W. Stoorvogel, Extracellular vesicles: Exosomes, microvesicles, and
friends, J. Cell Biol. 200 (2013) 373-383, https://doi.org/10.1083/jcb.201211138.
M. Yanez-Mo, M. Sammar, S. Laitinen, E. Casal, N.H.H. Heegaard, M. Helena

[2]

[3

[4

[5

[6

[71


https://doi.org/10.1080/20013078.2018.1548234
https://doi.org/10.1080/20013078.2018.1548234
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1016/j.devcel.2019.01.004
https://doi.org/10.1073/pnas.0804543106
https://doi.org/10.1073/pnas.0804543106
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/ncb1596
https://doi.org/10.1083/jcb.201211138

G.E. Melling, et al.

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Vasconcelos, P. Kierulf, I. Nazarenko, M. Gimona, K. Schallmoser, M.H.M. Wauben,
T.A. Nyman, M. Olivan, O. De Wever, J.M. Falcon-Perez, M. Gursel, S.G. Van der
Grein, A. Hendrix, E. Colés, M. Rigau, 1. Gursel, A. Llorente, E.-M. Krédmer-Albers,
M. Graner, M. Yanez-Mo, F. Sdnchez-Madrid, A. Marcilla, M. Mittelbrunn,

M. Kosanovic, E. Rohde, A. Bedina Zavec, L. O’Driscoll, E. Ligeti, G. Lipps,

E. Pallinger, P.R.M. Siljander, F. Cappello, J. Reventds, J. Carvalho, C. Lisser,

C. Oliveira, M. Stampe Ostenfeld, B. Giebel, A. Cordeiro-da Silva, K. Kokubun,

K. Buzas, E.N.M. Nolte-‘t Hoen, R. Stukelj, T. Lener, M. Mancek-Keber, S. Fais,
I.M. Ghobrial, Z. Andreu, A. Ling, V. Kralj-Iglic, N. Santarém, F.E. Borras, H.A. del
Portillo, E.I. Buzas, W. Stoorvogel, J. Lotvall, Biological properties of extracellular
vesicles and their physiological functions, J. Extracell. Vesic. 4 (1) (2015) 27066,
https://doi.org/10.3402/jev.v4.27066.

N. Mc Namee, L. O’Driscoll, Extracellular vesicles and anti-cancer drug resistance,
Biochim. Biophys. Acta - Rev. Cancer. (1870 (2018)) 123-136, https://doi.org/10.
1016/j.bbcan.2018.07.003.

P.D. Robbins, A.E. Morelli, Regulation of Immune Responses by Extracellular
Vesicles, Nat Rev Immunol. 2014 (14) (2014) 195-208, https://doi.org/10.1038/
nri3622.

R.C. Pink, A.A. Elmusrati, D. Lambert, D.R.F. Carter, Royal society scientific
meeting: Extracellular vesicles in the tumour microenvironment, Philos. Trans. R.
Soc. B Biol. Sci. 373 (2018), https://doi.org/10.1098/rstb.2017.0066.

P. Samuel, M. Fabbri, D.R.F. Carter, Mechanisms of Drug Resistance in Cancer: The
Role of Extracellular Vesicles, Proteomics. 17 (2017), https://doi.org/10.1002/
pmic.201600375.

A. Becker, B.K. Thakur, J.M. Weiss, H.S. Kim, H. Peinado, D. Lyden, Extracellular
Vesicles in Cancer: Cell-to-Cell Mediators of Metastasis, Cancer Cell. 30 (2016)
836-848, https://doi.org/10.1016/j.ccell.2016.10.009.

M.P. Bebelman, M.J. Smit, D.M. Pegtel, S.R. Baglio, Biogenesis and function of
extracellular vesicles in cancer, Pharmacol. Ther. 188 (2018) 1-11, https://doi.org/
10.1016/j.pharmthera.2018.02.013.

E. Carollo, B. Paris, P. Samuel, P. Pantazi, T.F. Bartelli, E. Dias-Neto, S.A. Brooks,
R.C. Pink, D.R.F. Carter, Detecting ovarian cancer using extracellular vesicles:
progress and possibilities, Biochem. Soc. Trans. 47 (2019) 295-304, https://doi.
org/10.1042/BST20180286.

A. Clayton, D. Buschmann, J.B. Byrd, D.R.F. Carter, L. Cheng, C. Compton,

G. Daaboul, A. Devitt, J.M. Falcon-Perez, C. Gardiner, D. Gustafson, P. Harrison,
C. Helmbrecht, A. Hendrix, A. Hill, A. Hoffman, J.C. Jones, R. Kalluri, J.Y. Kang,
B. Kirchner, C. Lisser, C. Lawson, M. Lenassi, C. Levin, A. Llorente, E.S. Martens-
Uzunova, A. Moller, L. Musante, T. Ochiya, R.C. Pink, H. Tahara, M.H.M. Wauben,
J.P. Webber, J.A. Welsh, K.W. Witwer, H. Yin, R. Nieuwland, Summary of the ISEV
workshop on extracellular vesicles as disease biomarkers, held in Birmingham, UK,
during December 2017, J. Extracell. Vesicles. 7 (2018), https://doi.org/10.1080/
20013078.2018.1473707.

S. Zhang, W.C. Chu, R.C. Lai, S.K. Lim, J.H.P. Hui, W.S. Toh, Exosomes derived from
human embryonic mesenchymal stem cells promote osteochondral regeneration,
Osteoarthr. Cartil. 24 (2016) 2135-2140, https://doi.org/10.1016/j.joca.2016.06.
022.

R.C. Lai, F. Arslan, M.M. Lee, N.S.K. Sze, A. Choo, T.S. Chen, M. Salto-Tellez,

L. Timmers, C.N. Lee, R.M. El Oakley, G. Pasterkamp, D.P.V. de Kleijn, S.K. Lim,
Exosome secreted by MSC reduces myocardial ischemia/reperfusion injury, Stem
Cell Res. 4 (2010) 214-222, https://doi.org/10.1016/j.5cr.2009.12.003.

S. Gatti, S. Bruno, M.C. Deregibus, A. Sordi, V. Cantaluppi, C. Tetta, G. Camussi,
Microvesicles derived from human adult mesenchymal stem cells protect against
ischaemia-reperfusion-induced acute and chronic kidney injury, Nephrol. Dial.
Transplant. 26 (2011) 1474-1483, https://doi.org/10.1093/ndt/gfr015.

C.Y. Tan, R.C. Lai, W. Wong, Y.Y. Dan, S.K. Lim, H.K. Ho, Mesenchymal stem cell-
derived exosomes promote hepatic regeneration in drug-induced liver injury
models, Stem Cell Res. Ther. 5 (2014) 1-14, https://doi.org/10.1186/scrt465.

J. Ratajczak, K. Miekus, M. Kucia, J. Zhang, R. Reca, P. Dvorak, M.Z. Ratajczak,
Embryonic stem cell-derived microvesicles reprogram hematopoietic progenitors:
Evidence for horizontal transfer of mRNA and protein delivery, Leukemia. 20
(2006) 847-856, https://doi.org/10.1038/sj.1leu.2404132.

O.G. Davies, S.C. Cox, R.L. Williams, D. Tsaroucha, R.M. Dorrepaal, M.P. Lewis,
L.M. Grover, Annexin-enriched osteoblast-derived vesicles act as an extracellular
site of mineral nucleation within developing stem cell cultures, Sci. Rep. 7 (2017)
1-13, https://doi.org/10.1038/s41598-017-13027-6.

A.D. Pusic, K.M. Pusic, B.L.L. Clayton, R.P. Kraig, IFNy-stimulated dendritic cell
exosomes as a potential therapeutic for remyelination, J. Neuroimmunol. 266
(2014) 12-23, https://doi.org/10.1016/j.jneuroim.2013.10.014.

C.S. Chamberlain, A.E.B. Clements, J.A. Kink, U. Choi, G.S. Baer, M.A. Halanski,
P. Hematti, R. Vanderby, Extracellular Vesicle-Educated Macrophages Promote
Early Achilles Tendon Healing, Stem Cells. (2019) 1-11, https://doi.org/10.1002/
stem.2988.

X. Li, J.J. Li, J.Y. Yang, D.S. Wang, W. Zhao, W.J. Song, W.M. Li, J.F. Wang, W. Han,
Z.C. Zhang, Y. Yu, D.Y. Cao, K.F. Dou, Tolerance Induction by Exosomes from
Immature Dendritic Cells and Rapamycin in a Mouse Cardiac Allograft Model, PLoS
One. 7 (2012), https://doi.org/10.1371/journal.pone.0044045.

A. Fuster-Matanzo, F. Gessler, T. Leonardi, N. Iraci, S. Pluchino, Acellular ap-
proaches for regenerative medicine: On the verge of clinical trials with extracellular
membrane vesicles? Extracellular vesicles and regenerative medicine, Stem Cell
Res. Ther. 6 (2015) 1-10, https://doi.org/10.1186/5s13287-015-0232-9.

M. Mendt, S. Kamerkar, H. Sugimoto, K.M. McAndrews, C.-C. Wu, M. Gagea,

S. Yang, E.V.R. Blanko, Q. Peng, X. Ma, J.R. Marszalek, A. Maitra, C. Yee,

K. Rezvani, E. Shpall, V.S. LeBleu, R. Kalluri, Generation and testing of clinical-
grade exosomes for pancreatic cancer, JCI Insight. 3 (2018) 1-28, https://doi.org/
10.1172/jci.insight.99263.

54

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

European Journal of Pharmaceutics and Biopharmaceutics 144 (2019) 50-56

A.K. Ludwig, K. De Miroschedji, T.R. Doeppner, V. Borger, J. Ruesing, V. Rebmann,
S. Durst, S. Jansen, M. Bremer, E. Behrmann, B.B. Singer, H. Jastrow,

J.D. Kuhlmann, F. El Magraoui, H.E. Meyer, D.M. Hermann, B. Opalka, S. Raunser,
M. Epple, P.A. Horn, B. Giebel, Precipitation with polyethylene glycol followed by
washing and pelleting by ultracentrifugation enriches extracellular vesicles from
tissue culture supernatants in small and large scales, J. Extracell. Vesicles. 7 (2018),
https://doi.org/10.1080/20013078.2018.1528109.

L. Kordelas, V. Rebmann, A.-K. Ludwig, S. Radtke, J. Ruesing, T.R. Doeppner,

M. Epple, P.A. Horn, D.W. Beelen, B. Giebel, MSC-derived exosomes: a novel tool to
treat therapy-refractory graft-versus-host disease, Leukemia. 28 (2014) 970-973,
https://doi.org/10.1038/leu.2014.41.

P. Sansone, C. Savini, I. Kurelac, Q. Chang, L.B. Amato, A. Strillacci, A. Stepanova,
L. lommarini, C. Mastroleo, L. Daly, A. Galkin, B.K. Thakur, N. Soplop, K. Uryu,
A. Hoshino, L. Norton, M. Bonafé, M. Cricca, G. Gasparre, D. Lyden, J. Bromberg,
Packaging and transfer of mitochondrial DNA via exosomes regulate escape from
dormancy in hormonal therapy-resistant breast cancer, Proc. Natl. Acad. Sci. 114
(2017) E9066-E9075, https://doi.org/10.1073/pnas.1704862114.

P. Samuel, L.A. Mulcahy, F. Furlong, H.O. McCarthy, S.A. Brooks, M. Fabbri,

R.C. Pink, D.R. Francisco Carter, Cisplatin induces the release of extracellular ve-
sicles from ovarian cancer cells that can induce invasiveness and drug resistance in
bystander cells, Philos. Trans. R. Soc. B Biol. Sci. 373 (2018), https://doi.org/10.
1098/rstb.2017.0065.

F. Bewicke-Copley, L.A. Mulcahy, L.A. Jacobs, P. Samuel, N. Akbar, R.C. Pink,
D.R.F. Carter, Extracellular vesicles released following heat stress induce bystander
effect in unstressed populations, J. Extracell. Vesicles. 6 (2017), https://doi.org/10.
1080/20013078.2017.1340746.

J.P. Webber, L.K. Spary, A.J. Sanders, R. Chowdhury, W.G. Jiang, R. Steadman,
J. Wymant, A.T. Jones, H. Kynaston, M.D. Mason, Z. Tabi, A. Clayton,
Differentiation of tumour-promoting stromal myofibroblasts by cancer exosomes,
Oncogene. 34 (2015) 319-333, https://doi.org/10.1038/0nc.2013.560.

Q. Feng, C. Zhang, D. Lum, J.E. Druso, B. Blank, K.F. Wilson, A. Welm,

M.A. Antonyak, R.A. Cerione, A class of extracellular vesicles from breast cancer
cells activates VEGF receptors and tumour angiogenesis, Nat. Commun. 8 (2017)
1-17, https://doi.org/10.1038/ncomms14450.

H. Peinado, M. AlecKovic, S. Lavotshkin, I. Matei, B. Costa-Silva, G. Moreno-bueno,
M. Hergueta-redondo, C. Williams, G. Garcia-, A. Nitadori-hoshino, C. Hoffman,
K. Badal, B.a. Garcia, M.K. Callahan, J. Yuan, V.R. Martins, J. Skog, N. Rosandra,
M.S. Brady, J.D. Wolchok, P.B. Chapman, Y. Kang, J. Bromberg, D. Lyden,
Melanoma exosomes educate bone marrow progenitor cells toward a pro-metastatic
phenotype through MET, Nat. Med. 18 (2013) 883-891, https://doi.org/10.1038/
nm.2753.

A. Hoshino, B. Costa-Silva, T.-L. Shen, G. Rodrigues, A. Hashimoto, M. Tesic Mark,
H. Molina, S. Kohsaka, A. Di Giannatale, S. Ceder, S. Singh, C. Williams, N. Soplop,
K. Uryu, L. Pharmer, T. King, L. Bojmar, A.E. Davies, Y. Ararso, T. Zhang, H. Zhang,
J. Hernandez, J.W. Weiss, V.D. Dumont-Cole, K. Kramer, L.H. Wexler, A.
Narendran, G.K. Schwartz, J.H. Healey, P. Sandstorm, K.J. Labori, E.H. Kure, P.M.
Grandgenett, M.A. Hollingsworth, M. de Sousa, S. Kaur, M. Jain, K. Mallya, S.K.
Batra, W.R. Jarnagin, M.S. Brady, O. Fodstad, V. Muller, K. Pantel, A.J. Minn, M.J.
Bissell, B. a Garcia, Y. Kang, V.K. Rajasekhar, C.M. Ghajar, I. Matei, H. Peinado, J.
Bromberg, D. Lyden, Tumour exosome integrins determine organotropic metastasis,
527 (2015) 329-335. doi: 10.1038/nature15756.

L. Zitvogel, A. Regnault, A. Lozier, J. Wolfers, C. Flament, D. Tenza, P. Ricciardi-
Castagnoli, G. Raposa, S. Amigorena, Eradication of established murine tumors
using a novel cell-free vaccine: dendritic cell derived exosomes, Nat. Med. 4 (1998)
594-600, https://doi.org/10.1038/nm0598-594.

A. Bobrie, S. Krumeich, F. Reyal, C. Recchi, L.F. Moita, M.C. Seabra, M. Ostrowski,
C. Théry, Rab27a supports exosome-dependent and -independent mechanisms that
modify the tumor microenvironment and can promote tumor progression, Cancer
Res. 72 (2012) 4920-4930, https://doi.org/10.1158/0008-5472.CAN-12-0925.
J.P. Luzio, Y. Hackmann, N.M.G. Dieckmann, G.M. Griffiths, Lysosome-Related
Organelles, Cold Spring Harb. Perspect. Biol. 6 (2014) 1-17, https://doi.org/10.
1101/cshperspect.a016840.

L.A. Mulcahy, R.C. Pink, D.R.F. Carter, Routes and mechanisms of extracellular
vesicle uptake, J. Extracell. Vesicles. 3 (2014) 1-14, https://doi.org/10.3402/jev.
v3.24641.

M. Mathieu, L. Martin-Jaular, G. Lavieu, C. Théry, Specificities of secretion and
uptake of exosomes and other extracellular vesicles for cell-to-cell communication,
Nat. Cell Biol. 21 (2019) 9-17, https://doi.org/10.1038/541556-018-0250-9.

E.R. Abels, X.0. Breakefield, Introduction to Extracellular Vesicles: Biogenesis, RNA
Cargo Selection, Content, Release, and Uptake, Cell. Mol. Neurobiol. 36 (2016)
301-312, https://doi.org/10.1007/510571-016-0366-z.

D. Sun, X. Zhuang, X. Xiang, Y. Liu, S. Zhang, C. Liu, S. Barnes, W. Grizzle, D. Miller,
H.G. Zhang, A novel nanoparticle drug delivery system: The anti-inflammatory
activity of curcumin is enhanced when encapsulated in exosomes, Mol. Ther. 18
(2010) 1606-1614, https://doi.org/10.1038/mt.2010.105.

L. Alvarez-Erviti, Y. Seow, H. Yin, C. Betts, S. Lakhal, M.J.A. Wood, Delivery of
siRNA to the mouse brain by systemic injection of targeted exosomes, Nat.
Biotechnol. 29 (2011) 341-345, https://doi.org/10.1038/nbt.1807.

S. Kamerkar, V.S. LeBleu, H. Sugimoto, S. Yang, C.F. Ruivo, S.A. Melo, J.J. Lee,
R. Kalluri, Exosomes Facilitate Therapeutic Targeting of Oncogenic Kras in
Pancreatic Cancer, Nature. 546 (2017) 498-503, https://doi.org/10.1186/s40945-
017-0033-9.

S. Rana, M. Zoller, Exosome target cell selection and the importance of exosomal
tetraspanins: a hypothesis, Biochem. Soc. Trans. 39 (2011) 559-562, https://doi.
org/10.1042/BST0390559.

L. Pascucci, V. Coccé, A. Bonomi, D. Ami, P. Ceccarelli, E. Ciusani, L. Vigano,


https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.1016/j.bbcan.2018.07.003
https://doi.org/10.1016/j.bbcan.2018.07.003
https://doi.org/10.1038/nri3622
https://doi.org/10.1038/nri3622
https://doi.org/10.1098/rstb.2017.0066
https://doi.org/10.1002/pmic.201600375
https://doi.org/10.1002/pmic.201600375
https://doi.org/10.1016/j.ccell.2016.10.009
https://doi.org/10.1016/j.pharmthera.2018.02.013
https://doi.org/10.1016/j.pharmthera.2018.02.013
https://doi.org/10.1042/BST20180286
https://doi.org/10.1042/BST20180286
https://doi.org/10.1080/20013078.2018.1473707
https://doi.org/10.1080/20013078.2018.1473707
https://doi.org/10.1016/j.joca.2016.06.022
https://doi.org/10.1016/j.joca.2016.06.022
https://doi.org/10.1016/j.scr.2009.12.003
https://doi.org/10.1093/ndt/gfr015
https://doi.org/10.1186/scrt465
https://doi.org/10.1038/sj.leu.2404132
https://doi.org/10.1038/s41598-017-13027-6
https://doi.org/10.1016/j.jneuroim.2013.10.014
https://doi.org/10.1002/stem.2988
https://doi.org/10.1002/stem.2988
https://doi.org/10.1371/journal.pone.0044045
https://doi.org/10.1186/s13287-015-0232-9
https://doi.org/10.1172/jci.insight.99263
https://doi.org/10.1172/jci.insight.99263
https://doi.org/10.1080/20013078.2018.1528109
https://doi.org/10.1038/leu.2014.41
https://doi.org/10.1073/pnas.1704862114
https://doi.org/10.1098/rstb.2017.0065
https://doi.org/10.1098/rstb.2017.0065
https://doi.org/10.1080/20013078.2017.1340746
https://doi.org/10.1080/20013078.2017.1340746
https://doi.org/10.1038/onc.2013.560
https://doi.org/10.1038/ncomms14450
https://doi.org/10.1038/nm.2753
https://doi.org/10.1038/nm.2753
https://doi.org/10.1038/nm0598-594
https://doi.org/10.1158/0008-5472.CAN-12-0925
https://doi.org/10.1101/cshperspect.a016840
https://doi.org/10.1101/cshperspect.a016840
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1007/s10571-016-0366-z
https://doi.org/10.1038/mt.2010.105
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1186/s40945-017-0033-9
https://doi.org/10.1186/s40945-017-0033-9
https://doi.org/10.1042/BST0390559
https://doi.org/10.1042/BST0390559

G.E. Melling, et al.

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

A. Locatelli, F. Sisto, S.M. Doglia, E. Parati, M.E. Bernardo, M. Muraca,

G. Alessandri, G. Bondiolotti, A. Pessina, Paclitaxel is incorporated by mesenchymal
stromal cells and released in exosomes that inhibit in vitro tumor growth: A new
approach for drug delivery, J. Control. Release. 192 (2014) 262-270, https://doi.
0rg/10.1016/j.jconrel.2014.07.042.

H. Saari, E. Lazaro-Ibanez, T. Viitala, E. Vuorimaa-Laukkanen, P. Siljander,

M. Yliperttula, Microvesicle- and exosome-mediated drug delivery enhances the
cytotoxicity of Paclitaxel in autologous prostate cancer cells, J. Control. Release.
220 (2015) 727-737, https://doi.org/10.1016/j.jconrel.2015.09.031.

T. Yang, P. Martin, B. Forgarty, A. Brown, K. Schurman, R. Phipps, V.P. Yin,

P. Lockman, S. Bai, Exosome Delivered Anticancer Drugs Across the Blood-Brain
Barrier for Brain Cancer Therapy in Danio Rerio, Pharm. Res. 29 (2015) 920-927,
https://doi.org/10.1007/5s11095-014-1593-y.

M.A. Morse, J. Garst, T. Osada, S. Khan, A. Hobeika, T.M. Clay, N. Valente,

R. Shreeniwas, M.A. Sutton, A. Delcayre, D.H. Hsu, J.B. Le Pecq, H.K. Lyerly, A
phase I study of dexosome immunotherapy in patients with advanced non-small cell
lung cancer, J. Transl. Med. 3 (2005) 1-8, https://doi.org/10.1186/1479-5876-3-9.
B. Escudier, T. Dorval, N. Chaput, F. André, M.P. Caby, S. Novault, C. Flament,

C. Leboulaire, C. Borg, S. Amigorena, C. Boccaccio, C. Bonnerot, O. Dhellin,

M. Movassagh, S. Piperno, C. Robert, V. Serra, N. Valente, J.B. Le Pecq, A. Spatz,
O. Lantz, T. Tursz, E. Angevin, L. Zitvogel, Vaccination of metastatic melanoma
patients with autologous dendritic cell (DC) derived-exosomes: Results of the first
phase 1 clinical trial, J. Transl. Med. 3 (2005) 1-13, https://doi.org/10.1186,/1479-
5876-3-10.

R.E. Veerman, G. Giicliiler Akpinar, M. Eldh, S. Gabrielsson, Immune Cell-Derived
Extracellular Vesicles — Functions and Therapeutic, Applications, Trends Mol. Med.
25 (2019) 382-394, https://doi.org/10.1016/j.molmed.2019.02.003.

A.T. Reiner, K.W. Witwer, B.W.M. Van Balkom, J. De Beer, C. Brodie, R.L. Corteling,
S. Gabrielsson, M. Gimona, A.G. Ibrahim, D. De Kleijn, C.P. Lai, J. Lo Tvall, H.A. Del
Portillo, I.G. Reischl, M. Riazifar, C. Salomon, H. Tahara, W.S. Toh,

M.H.M. Wauben, V.K. Yang, Y. Yang, R.W.Y. Yeo, H. Yin, B. Giebel, E. Rohde,
S.K. Lim, Concise review: Developing best-practice models for the therapeutic use of
extracellular vesicles, Stem Cells Transl. Med. 6 (2017) 1730-1739, https://doi.
org/10.1002/sctm.17-0055.

X. Yang, G. Shi, J. Guo, C. Wang, Y. He, Exosome-encapsulated antibiotic against
intracellular infections of methicillin-resistant Staphylococcus aureus, Int. J.
Nanomedicine. 13 (2018) 8095-8104, https://doi.org/10.2147/1JN.S179380.
R.A. Haraszti, R. Miller, M.-C. Didiot, A. Biscans, J.F. Alterman, M.R. Hassler,

L. Roux, D. Escheverria, E. Sapp, M. DiFiglia, N. Aronin, A. Khvorova, Optimized
Cholesterol-siRNA Chemistry Improves Productive Loading onto Extracellular
Vesicles, Mol. Ther. 26 (2018) 1973-1982, https://doi.org/10.1016/j.ymthe.2018.
05.024.

C. Beauvillian, S. Ruiz, R. Guiton, D. Bout, I. Dimier-Poisson, A vaccine based on
exosomes secreted by a dendritic cell line confers protection against T. gondii in-
fection in syngeneic and allogeneic mice, Microbes Infect. 9 (2007) 1614-1622,
https://doi.org/10.1016/j.micinf.2007.07.002.

C. Rabu, L. Rangan, L. Florenceau, A. Fortun, M. Charpentier, E. Dupré, L. Paolini,
C. Beauvillain, E. Dupel, J.B. Latouche, O. Adotevi, N. Labarriére, F. Lang, Cancer
vaccines: designing artificial synthetic long peptides to improve presentation of
class I and class II T cell epitopes by dendritic cells, Oncoimmunology. 8 (2019)
1-10, https://doi.org/10.1080/2162402X.2018.1560919.

D. Lain$¢ek, L. Kadunc, M.M. Keber, I.H. Bratkovi¢, R. Romih, R. Jerala, Delivery of
an Artificial Transcription Regulator dCas9-VPR by Extracellular Vesicles for
Therapeutic Gene Activation, ACS Synth. Biol. 7 (2018) 2715-2725, https://doi.
org/10.1021/acssynbio.8b00192.

M.H.A.M. Fens, O. Eniola-Adefeso, R.M. Schiffelers, R. van der Meel, P. Vader,
W.W. van Solinge, Extracellular vesicles as drug delivery systems: Lessons from the
liposome field, J. Control. Release. 195 (2014) 72-85, https://doi.org/10.1016/j.
jeonrel.2014.07.049.

P. Vader, E.A. Mol, G. Pasterkamp, R.M. Schiffelers, Extracellular vesicles for drug
delivery, Adv. Drug Deliv. Rev. 106 (2016) 148-156, https://doi.org/10.1016/j.
addr.2016.02.006.

M.E. Hung, J.N. Leonard, A platform for actively loading cargo RNA to elucidate
limiting steps in EV-mediated delivery, J. Extracell. Vesicles. 5 (2016) 1-13,
https://doi.org/10.3402/jev.v5.31027.

M.A.C. Pomatto, B. Bussolati, S. D’Antico, S. Ghiotto, C. Tetta, M.F. Brizzi,

G. Camussi, Improved Loading of Plasma-Derived Extracellular Vesicles to
Encapsulate Antitumor miRNAs, Mol. Ther. - Methods Clin. Dev. 13 (2019)
133-144, https://doi.org/10.1016/j.0mtm.2019.01.001.

C.P. Lai, O. Mardini, M. Ericsson, S. Prabhakar, C. Maguire, J.W. Chew,

B.A. Tannous, X.O. Breakefield, Dynamic biodistribution of extracellular vesicles in
vivo using a multimodal imaging reporter, ACS Nano. 8 (2014) 483-494, https://
doi.org/10.1021/nn404945r.

Y. Takahashi, M. Nishikawa, H. Shinotsuka, Y. Matsui, S. Ohara, T. Imai,

Y. Takakura, Visualization and in vivo tracking of the exosomes of murine mela-
noma B16-BL6 cells in mice after intravenous injection, J. Biotechnol. 165 (2013)
77-84, https://doi.org/10.1016/j.jbiotec.2013.03.013.

T. Imai, Y. Takahashi, M. Nishikawa, K. Kato, M. Morishita, T. Yamashita,

A. Matsumoto, C. Charoenviriyakul, Y. Takakura, Macrophage-dependent clearance
of systemically administered B16BL6-derived exosomes from the blood circulation
in mice, J. Extracell. Vesicles. 4 (2015) 26238, https://doi.org/10.3402/jev.v4.
26238.

D.J. Lundy, K.H. Chen, E.K.W. Toh, P.C.H. Hsieh, Distribution of systemically ad-
ministered nanoparticles reveals a size-dependent effect immediately following
cardiac ischaemia-reperfusion injury, Sci. Rep. 6 (2016) 1-10, https://doi.org/10.
1038/srep25613.

55

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

European Journal of Pharmaceutics and Biopharmaceutics 144 (2019) 50-56

S.A.A. Kooijmans, L.A.L. Fliervoet, R. van der Meelac, M.H.A.M. Fens,

H.F.G. Heijnen, P.M.P. van Bergen en Henegouwend, P. Vader, R.M. Schiffelers,
PEGylated and targeted extracellular vesicles display enhanced cell specificity and
circulation time, J. Control. Release. 224 (2016) 77-85, https://doi.org/10.1016/j.
jconrel.2016.01.009.

O.P.B. Wiklander, J.Z. Nordin, A. O’Loughlin, Y. Gustafsson, G. Corso, I. Méger,
P. Vader, Y. Lee, H. Sork, Y. Seow, N. Heldring, L. Alvarez-Erviti, C.E. Smith, K. Le
Blanc, P. Macchiarini, P. Jungebluth, M.J.A. Wood, S. El Andaloussi, Extracellular
vesicle in vivo biodistribution is determined by cell source, route of administration
and targeting, J. Extracell. Vesicles. 4 (2015) 26316, https://doi.org/10.3402/jev.
v4.26316.

F. Royo, U. Cossio, A. Ruiz De Angulo, J. Llop, J.M. Falcon-Perez, Modification of
the glycosylation of extracellular vesicles alters their biodistribution in mice,
Nanoscale. 11 (2019) 1531-1537, https://doi.org/10.1039/c¢8nr03900c.

L. Hu, S.A. Wickline, J.L. Hood, Magnetic Resonance Imaging of Melanoma
Exosomes in Lymph Nodes, Magn. Reson. Med. 74 (2015) 266-271, https://doi.
org/10.1002/mrm.25376.

G. Wang, E.S.-Y. Chan, B.C.-H. Kwan, P.K.-T. Li, S.K.-H. Yip, C.-C. Szeto, C.-F. Ng,
Expression of microRNAs in the urine of patients with bladder cancer, Clin.
Genitourin. Cancer. 10 (2012) 106-113, https://doi.org/10.1016/j.clgc.2012.01.
001.

M. Santiana, S. Ghosh, B.A. Ho, V. Rajasekaran, W.L. Du, Y. Mutsafi, D.A. De Jésus-
Diaz, S.V. Sosnovtsev, E.A. Levenson, G.I. Parra, P.M. Takvorian, A. Cali, C. Bleck,
AN. Vlasova, L.J. Saif, J.T. Patton, P. Lopalco, A. Corcelli, K.Y. Green, N. Altan-
Bonnet, Vesicle-Cloaked Virus Clusters Are Optimal Units for Inter-organismal Viral
Transmission, Cell Host Microbe. 24 (2018) 208-220.e8, https://doi.org/10.1016/
j.chom.2018.07.006.

J. Matsumoto, T. Stewart, L. Sheng, N. Li, K. Bullock, N. Song, M. Shi, W.A. Banks,
J. Zhang, Transmission of a-synuclein-containing erythrocyte-derived extracellular
vesicles across the blood-brain barrier via adsorptive mediated transcytosis: another
mechanism for initiation and progression of Parkinson’s disease? Acta Neuropathol.
Commun. 5 (2017) 71, https://doi.org/10.1186/s40478-017-0470-4.

V. Hyenne, S. Ghoroghi, M. Collot, J. Bons, G. Follain, S. Harlepp, B. Mary, J. Bauer,
L. Mercier, 1. Busnelli, O. Lefebvre, N. Fekonja, M.J. Garcia-Leon, P. Machado,

F. Delalande, A.A. Lépez, S.G. Silva, F.J. Verweij, G. van Niel, F. Djouad,

H. Peinado, C. Carapito, A.S. Klymchenko, J.G. Goetz, Studying the Fate of Tumor
Extracellular Vesicles at High Spatiotemporal Resolution Using the Zebrafish
Embryo, Dev. Cell. (2019) 1-19, https://doi.org/10.1016/J.DEVCEL.2019.01.014.
K. Ridder, S. Keller, M. Dams, A.K. Rupp, J. Schlaudraff, D. Del Turco, J. Starmann,
J. Macas, D. Karpova, K. Devraj, C. Depboylu, B. Landfried, B. Arnold, K.H. Plate,
G. Hoglinger, H. Siiltmann, P. Altevogt, S. Momma, Extracellular Vesicle-Mediated
Transfer of Genetic Information between the Hematopoietic System and the Brain in
Response to Inflammation, PLoS Biol. 12 (2014), https://doi.org/10.1371/journal.
pbio.1001874.

S. Balusu, E. Van Wonterghem, R. De Rycke, K. Raemdonck, S. Stremersch,

K. Gevaert, M. Brkic, D. Demeestere, V. Vanhooren, A. Hendrix, C. Libert,

R.E. Vandenbroucke, Identification of a novel mechanism of blood-brain commu-
nication during peripheral inflammation via choroid plexus-derived extracellular
vesicles, EMBO Mol. Med. 8 (2016) 1162-1183, https://doi.org/10.15252/emmm.
201606271.

LE. Allijna, B.M.S. Czarny, X. Wang, S. Yen Chong, M. Weiler, A.E. de Silva,

J.M. Metselaar, C.S.P. Lam, G. Pastorin, D.P.V. de Kleijn, G. Storm, J.W. Wang,
Liposome encapsulated berberine treatment attenuates cardiac dysfunction after
myocardial infarction, J. Control. Release. 247 (2017) 127-133, https://doi.org/10.
1016/j.jconrel.2016.12.042.

D.E. Murphy, O.G. de Jong, M. Brouwer, M.J. Wood, G. Lavieu, R.M. Schiffelers,
P. Vader, Extracellular vesicle-based therapeutics: natural versus engineered tar-
geting and trafficking, Exp. Mol. Med. 51 (2019) 32, https://doi.org/10.1038/
s12276-019-0223-5.

S.A.A. Kooijmans, J.J.J.M. Gitz-Francois, R.M. Schiffelers, P. Vader, Recombinant
phosphatidylserine-binding nanobodies for targeting of extracellular vesicles to
tumor cells: A plug-and-play approach, Nanoscale. 10 (2018) 2413-2426, https://
doi.org/10.1039/c7nr06966a.

J.-H. Wang, A.V. Forterre, J. Zhao, D.O. Frimannsson, A. Delcayre, T.J. Antes,

B. Efron, S.S. Jeffrey, M.D. Pegram, A.C. Matin, Anti-HER2 scFv-Directed
Extracellular Vesicle-Mediated mRNA-Based Gene Delivery Inhibits Growth of
HER2-Positive Human Breast Tumor Xenografts by Prodrug Activation, Mol. Cancer
Ther. 17 (2018) 1133-1142, https://doi.org/10.1158/1535-7163.MCT-17-0827.
T.J. Antes, R.C. Middleton, K.M. Luther, T. Ijichi, K.A. Peck, W.J. Liu, J. Valle,
AK. Echavez, E. Marban, Targeting extracellular vesicles to injured tissue using
membrane cloaking and surface display, J. Nanobiotechnology. 16 (2018) 1-15,
https://doi.org/10.1186/512951-018-0388-4.

S.A.A. Kooijmans, C.G. Aleza, S.R. Roffler, W.W. van Solinge, P. Vader,

R.M. Schiffelers, Display of GPI-anchored anti-EGFR nanobodies on extracellular
vesicles promotes tumour cell targeting, J. Extracell. Vesicles. 5 (2016) 1-11,
https://doi.org/10.3402/jev.v5.31053.

S. Rana, S. Yue, D. Stadel, M. Zoller, Toward tailored exosomes: The exosomal
tetraspanin web contributes to target cell selection, Int. J. Biochem. Cell Biol. 44
(2012) 1574-1584, https://doi.org/10.1016/j.biocel.2012.06.018.

E. Willms, C. Cabanas, 1. Méger, M.J.A. Wood, P. Vader, Extracellular vesicle het-
erogeneity: Subpopulations, isolation techniques, and diverse functions in cancer
progression, Front. Immunol. 9 (2018), https://doi.org/10.3389/fimmu.2018.
00738.

J. Kowal, G. Arras, M. Colombo, M. Jouve, J.P. Morath, B. Primdal-Bengtson,

F. Dingli, D. Loew, M. Tkach, C. Théry, Proteomic comparison defines novel mar-
kers to characterize heterogeneous populations of extracellular vesicle subtypes,


https://doi.org/10.1016/j.jconrel.2014.07.042
https://doi.org/10.1016/j.jconrel.2014.07.042
https://doi.org/10.1016/j.jconrel.2015.09.031
https://doi.org/10.1007/s11095-014-1593-y
https://doi.org/10.1186/1479-5876-3-9
https://doi.org/10.1186/1479-5876-3-10
https://doi.org/10.1186/1479-5876-3-10
https://doi.org/10.1016/j.molmed.2019.02.003
https://doi.org/10.1002/sctm.17-0055
https://doi.org/10.1002/sctm.17-0055
https://doi.org/10.2147/IJN.S179380
https://doi.org/10.1016/j.ymthe.2018.05.024
https://doi.org/10.1016/j.ymthe.2018.05.024
https://doi.org/10.1016/j.micinf.2007.07.002
https://doi.org/10.1080/2162402X.2018.1560919
https://doi.org/10.1021/acssynbio.8b00192
https://doi.org/10.1021/acssynbio.8b00192
https://doi.org/10.1016/j.jconrel.2014.07.049
https://doi.org/10.1016/j.jconrel.2014.07.049
https://doi.org/10.1016/j.addr.2016.02.006
https://doi.org/10.1016/j.addr.2016.02.006
https://doi.org/10.3402/jev.v5.31027
https://doi.org/10.1016/j.omtm.2019.01.001
https://doi.org/10.1021/nn404945r
https://doi.org/10.1021/nn404945r
https://doi.org/10.1016/j.jbiotec.2013.03.013
https://doi.org/10.3402/jev.v4.26238
https://doi.org/10.3402/jev.v4.26238
https://doi.org/10.1038/srep25613
https://doi.org/10.1038/srep25613
https://doi.org/10.1016/j.jconrel.2016.01.009
https://doi.org/10.1016/j.jconrel.2016.01.009
https://doi.org/10.3402/jev.v4.26316
https://doi.org/10.3402/jev.v4.26316
https://doi.org/10.1039/c8nr03900c
https://doi.org/10.1002/mrm.25376
https://doi.org/10.1002/mrm.25376
https://doi.org/10.1016/j.clgc.2012.01.001
https://doi.org/10.1016/j.clgc.2012.01.001
https://doi.org/10.1016/j.chom.2018.07.006
https://doi.org/10.1016/j.chom.2018.07.006
https://doi.org/10.1186/s40478-017-0470-4
https://doi.org/10.1016/J.DEVCEL.2019.01.014
https://doi.org/10.1371/journal.pbio.1001874
https://doi.org/10.1371/journal.pbio.1001874
https://doi.org/10.15252/emmm.201606271
https://doi.org/10.15252/emmm.201606271
https://doi.org/10.1016/j.jconrel.2016.12.042
https://doi.org/10.1016/j.jconrel.2016.12.042
https://doi.org/10.1038/s12276-019-0223-5
https://doi.org/10.1038/s12276-019-0223-5
https://doi.org/10.1039/c7nr06966a
https://doi.org/10.1039/c7nr06966a
https://doi.org/10.1158/1535-7163.MCT-17-0827
https://doi.org/10.1186/s12951-018-0388-4
https://doi.org/10.3402/jev.v5.31053
https://doi.org/10.1016/j.biocel.2012.06.018
https://doi.org/10.3389/fimmu.2018.00738
https://doi.org/10.3389/fimmu.2018.00738

G.E. Melling, et al.

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Proc. Natl. Acad. Sci. 113 (2016) E968-E977, https://doi.org/10.1073/pnas.
1521230113.

D.K. Jeppesen, A.M. Fenix, J.L. Franklin, J.N. Higginbotham, Q. Zhang,

L.J. Zimmerman, D.C. Liebler, J. Ping, Q. Liu, R. Evans, W.H. Fissell, J.G. Patton,
L.H. Rome, D.T. Burnette, R.J. Coffey, Reassessment of Exosome Composition, Cell.
177 (2019) 428-445.e18, https://doi.org/10.1016/j.cell.2019.02.029.

M. Kanada, M.H. Bachmann, J.W. Hardy, D.O. Frimannson, L. Bronsart, A. Wang,
M.D. Sylvester, T.L. Schmidt, R.L. Kaspar, M.J. Butte, A.C. Matin, C.H. Contag,
Differential fates of biomolecules delivered to target cells via extracellular vesicles,
Proc. Natl. Acad. Sci. 201418401 (2015), https://doi.org/10.1073/pnas.
1418401112.

W. Heusermann, J. Hean, D. Trojer, E. Steib, S. von Bueren, A. Graff-Meyer,

C. Genoud, K. Martin, N. Pizzato, J. Voshol, D.V. Morrissey, S.E.L. Andaloussi,
M.J. Wood, N.C. Meisner-Kober, Exosomes surf on filopodia to enter cells at en-
docytic hot spots, traffic within endosomes, and are targeted to the ER, J. Cell Biol.
213 (2016) 173-184, https://doi.org/10.1083/jcb.201506084.

T. Tian, Y. Wang, H. Wang, Z. Zhu, Z. Xiao, Visualizing of the cellular uptake and
intracellular trafficking of exosomes by live-cell microscopy, J. Cell. Biochem. 111
(2010) 488-496, https://doi.org/10.1002/jcb.22733.

A K. Varkouhi, M. Scholte, G. Storm, H.J. Haisma, Endosomal escape pathways for
delivery of biologicals, J. Control. Release. 151 (2011) 220-228, https://doi.org/
10.1016/j.jconrel.2010.11.004.

M.I. Ramirez, M.G. Amorim, C. Gadelha, 1. Milic, J.A. Welsh, V.M. Freitas,

M. Nawaz, N. Akbar, Y. Couch, L. Makin, F. Cooke, A.L. Vettore, P.X. Batista,

R. Freezor, J.A. Pezuk, L. Rosa-Fernandes, A.C.O. Carreira, A. Devitt, L. Jacobs,
L.T. Silva, G. Coakley, D.N. Nunes, D. Carter, G. Palmisano, E. Dias-Neto, Technical
challenges of working with extracellular vesicles, Nanoscale. 10 (2018) 881-906,
https://doi.org/10.1039/c7nr08360b.

C. Théry, K.W. Witwer, E. Aikawa, M.J. Alcaraz, J.D. Anderson, R.
Andriantsitohaina, A. Antoniou, T. Arab, F. Archer, G.K. Atkin-Smith, D.C. Ayre, J.
M. Bach, D. Bachurski, H. Baharvand, L. Balaj, S. Baldacchino, N.N. Bauer, A.A.
Baxter, M. Bebawy, C. Beckham, A. Bedina Zavec, A. Benmoussa, A.C. Berardi, P.
Bergese, E. Bielska, C. Blenkiron, S. Bobis-Wozowicz, E. Boilard, W. Boireau, A.
Bongiovanni, F.E. Borras, S. Bosch, C.M. Boulanger, X. Breakefield, A.M. Breglio, M.
Brennan, D.R. Brigstock, A. Brisson, M.L.D. Broekman, J.F. Bromberg, P. Bryl-
Gorecka, S. Buch, A.H. Buck, D. Burger, S. Busatto, D. Buschmann, B. Bussolati, E.I.
Buzas, J.B. Byrd, G. Camussi, D.R.F. Carter, S. Caruso, L.W. Chamley, Y.T. Chang, A.
D. Chaudhuri, C. Chen, S. Chen, L. Cheng, A.R. Chin, A. Clayton, S.P. Clerici, A.
Cocks, E. Cocucci, R.J. Coffey, A. Cordeiro-da-Silva, Y. Couch, F.A.W. Coumans, B.
Coyle, R. Crescitelli, M.F. Criado, C. D’Souza-Schorey, S. Das, P. de Candia, E.F. De
Santana, O. De Wever, H.A. del Portillo, T. Demaret, S. Deville, A. Devitt, B. Dhondt,
D. Di Vizio, L.C. Dieterich, V. Dolo, A.P. Dominguez Rubio, M. Dominici, M.R.
Dourado, T.A.P. Driedonks, F. V. Duarte, H.M. Duncan, R.M. Eichenberger, K.
Ekstrom, S. EL Andaloussi, C. Elie-Caille, U. Erdbriigger, J.M. Falcon-Pérez, F.
Fatima, J.E. Fish, M. Flores-Bellver, A. Forsonits, A. Frelet-Barrand, F. Fricke, G.
Fuhrmann, S. Gabrielsson, A. Gdmez-Valero, C. Gardiner, K. Gartner, R. Gaudin, Y.
S. Gho, B. Giebel, C. Gilbert, M. Gimona, I. Giusti, D.C.I. Goberdhan, A. Gorgens, S.
M. Gorski, D.W. Greening, J.C. Gross, A. Gualerzi, G.N. Gupta, D. Gustafson, A.
Handberg, R.A. Haraszti, P. Harrison, H. Hegyesi, A. Hendrix, A.F. Hill, F.H.
Hochberg, K.F. Hoffmann, B. Holder, H. Holthofer, B. Hosseinkhani, G. Hu, Y.
Huang, V. Huber, S. Hunt, A.G.E. Ibrahim, T. Ikezu, J.M. Inal, M. Isin, A. Ivanova,
H.K. Jackson, S. Jacobsen, S.M. Jay, M. Jayachandran, G. Jenster, L. Jiang, S.M.
Johnson, J.C. Jones, A. Jong, T. Jovanovic-Talisman, S. Jung, R. Kalluri, S. ichi
Kano, S. Kaur, Y. Kawamura, E.T. Keller, D. Khamari, E. Khomyakova, A. Khvorova,
P. Kierulf, K.P. Kim, T. Kislinger, M. Klingeborn, D.J. Klinke, M. Kornek, M.M.
Kosanovié, A.F. Kovécs, E.M. Krimer-Albers, S. Krasemann, M. Krause, L. V.
Kurochkin, G.D. Kusuma, S. Kuypers, S. Laitinen, S.M. Langevin, L.R. Languino, J.
Lannigan, C. Lasser, L.C. Laurent, G. Lavieu, E. Lazaro-Ibanez, S. Le Lay, M.S. Lee, Y.
X.F. Lee, D.S. Lemos, M. Lenassi, A. Leszczynska, I.T.S. Li, K. Liao, S.F. Libregts, E.
Ligeti, R. Lim, S.K. Lim, A. Liné, K. Linnemannst6ns, A. Llorente, C.A. Lombard, M.
J. Lorenowicz, A.M. Lérincz, J. Létvall, J. Lovett, M.C. Lowry, X. Loyer, Q. Lu, B.
Lukomska, T.R. Lunavat, S.L.N. Maas, H. Malhi, A. Marcilla, J. Mariani, J. Mariscal,
E.S. Martens-Uzunova, L. Martin-Jaular, M.C. Martinez, V.R. Martins, M. Mathieu,
S. Mathivanan, M. Maugeri, L.K. McGinnis, M.J. McVey, D.G. Meckes, K.L. Meehan,
1. Mertens, V.R. Minciacchi, A. Moéller, M. Mgller Jgrgensen, A. Morales-Kastresana,
J. Morhayim, F. Mullier, M. Muraca, L. Musante, V. Mussack, D.C. Muth, K.H.
Myburgh, T. Najrana, M. Nawaz, 1. Nazarenko, P. Nejsum, C. Neri, T. Neri, R.
Nieuwland, L. Nimrichter, J.P. Nolan, E.N.M. Nolte-’t Hoen, N. Noren Hooten, L.
O’Driscoll, T. O’Grady, A. O’Loghlen, T. Ochiya, M. Olivier, A. Ortiz, L.A. Ortiz, X.

56

[92]

[93]

[94]

[95]

[96]

[971

[98]

[99]

European Journal of Pharmaceutics and Biopharmaceutics 144 (2019) 50-56

Osteikoetxea, O. Ostegaard, M. Ostrowski, J. Park, D.M. Pegtel, H. Peinado, F.
Perut, M.W. Pfaffl, D.G. Phinney, B.C.H. Pieters, R.C. Pink, D.S. Pisetsky, E. Pogge
von Strandmann, 1. Polakovicova, .K.H. Poon, B.H. Powell, 1. Prada, L. Pulliam, P.
Quesenberry, A. Radeghieri, R.L. Raffai, S. Raimondo, J. Rak, M.I. Ramirez, G.
Raposo, M.S. Rayyan, N. Regev-Rudzki, F.L. Ricklefs, P.D. Robbins, D.D. Roberts, S.
C. Rodrigues, E. Rohde, S. Rome, K.M.A. Rouschop, A. Rughetti, A.E. Russell, P. Sad,
S. Sahoo, E. Salas-Huenuleo, C. Sanchez, J.A. Saugstad, M.J. Saul, R.M. Schiffelers,
R. Schneider, T.H. Schgyen, A. Scott, E. Shahaj, S. Sharma, O. Shatnyeva, F. Shekari,
G.V. Shelke, A.K. Shetty, K. Shiba, P.R.M. Siljander, A.M. Silva, A. Skowronek, O.L.
Snyder, R.P. Soares, B.W. Sédar, C. Soekmadji, J. Sotillo, P.D. Stahl, W. Stoorvogel,
S.L. Stott, E.F. Strasser, S. Swift, H. Tahara, M. Tewari, K. Timms, S. Tiwari, R.
Tixeira, M. Tkach, W.S. Toh, R. Tomasini, A.C. Torrecilhas, J.P. Tosar, V. Toxavidis,
L. Urbanelli, P. Vader, B.W.M. van Balkom, S.G. van der Grein, J. Van Deun, M.J.C.
van Herwijnen, K. Van Keuren-Jensen, G. van Niel, M.E. van Royen, A.J. van
Wijnen, M.H. Vasconcelos, 1.J. Vechetti, T.D. Veit, L.J. Vella, E. Velot, F.J. Verweij,
B. Vestad, J.L. Vinas, T. Visnovitz, K. V. Vukman, J. Wahlgren, D.C. Watson, M.H.M.
Wauben, A. Weaver, J.P. Webber, V. Weber, A.M. Wehman, D.J. Weiss, J.A. Welsh,
S. Wendt, A.M. Wheelock, Z. Wiener, L. Witte, J. Wolfram, A. Xagorari, P. Xander, J.
Xu, X. Yan, M. Yéafiez-M6, H. Yin, Y. Yuana, V. Zappulli, J. Zarubova, V. Zékas, J. ye
Zhang, Z. Zhao, L. Zheng, A.R. Zheutlin, A.M. Zickler, P. Zimmermann, A.M.
Zivkovic, D. Zocco, E.K. Zuba-Surma, Minimal information for studies of extra-
cellular vesicles 2018 (MISEV2018): a position statement of the International
Society for Extracellular Vesicles and update of the MISEV2014 guidelines, J.
Extracell. Vesicles. 7 (2018). doi:10.1080,/20013078.2018.1535750.

D. Di Vizio, M. Morello, A.C. Dudley, P.W. Schow, R.M. Adam, S. Morley,

D. Mulholland, M. Rotinen, M.H. Hager, L. Insabato, M.A. Moses, F. Demichelis,
M.P. Lisanti, H. Wu, M. Klagsbrun, N.A. Bhowmick, M.A. Rubin, C. D’Souza-
Schorey, M.R. Freeman, Large oncosomes in human prostate cancer tissues and in
the circulation of mice with metastatic disease, Am. J. Pathol. 181 (2012)
1573-1584, https://doi.org/10.1016/j.ajpath.2012.07.030.

H. Zhang, D. Freitas, H.S. Kim, K. Fabijanic, Z. Li, H. Chen, M.T. Mark, H. Molina,
A.B. Martin, L. Bojmar, J. Fang, S. Rampersaud, A. Hoshino, I. Matei, C.M. Kenific,
M. Nakajima, A.P. Mutvei, P. Sansone, W. Buehring, H. Wang, J.P. Jimenez,

L. Cohen-Gould, N. Paknejad, M. Brendel, K. Manova-Todorova, A. Magalhaes,
J.A. Ferreira, H. Osério, A.M. Silva, A. Massey, J.R. Cubillos-Ruiz, G. Galletti,

P. Giannakakou, A.M. Cuervo, J. Blenis, R. Schwartz, M.S. Brady, H. Peinado,

J. Bromberg, H. Matsui, C.A. Reis, D. Lyden, Identification of distinct nanoparticles
and subsets of extracellular vesicles by asymmetric flow field-flow fractionation,
Nat. Cell Biol. 20 (2018) 332-343, https://doi.org/10.1038/s41556-018-0040-4.
D. Zabeo, A. Cvjetkovic, C. Lasser, M. Schorb, J. Létvall, J.L. H66g, Exosomes
purified from a single cell type have diverse morphology, J. Extracell. Vesicles. 6
(2017), https://doi.org/10.1080/20013078.2017.1329476.

S. Miihlebach, G. Borchard, S. Yildiz, Regulatory challenges and approaches to
characterize nanomedicines and their follow-on similars, Nanomedicine. 10 (2015)
659-674, https://doi.org/10.2217/nnm.14.189.

L. Ayers, R. Pink, D.R.F. Carter, R. Nieuwland, Clinical requirements for extra-
cellular vesicle assays, J. Extracell. Vesicles. 8 (2019), https://doi.org/10.1080/
20013078.2019.1593755.

M. Gimona, K. Pachler, S. Laner-Plamberger, K. Schallmoser, E. Rohde,
Manufacturing of human extracellular vesicle-based therapeutics for clinical use,
Int. J. Mol. Sci. 18 (2017), https://doi.org/10.3390/ijms18061190.

K. Pachler, T. Lener, D. Streif, Z.A. Dunai, A. Desgeorges, M. Feichtner, M. Oller,
K. Schallmoser, E. Rohde, M. Gimona, A Good Manufacturing Practice-grade
standard protocol for exclusively human mesenchymal stromal cell-derived extra-
cellular vesicles, Cytotherapy. 19 (2017) 458-472, https://doi.org/10.1016/j.jcyt.
2017.01.001.

T. Lener, M. Gimona, L. Aigner, V. Borger, E. Buzas, G. Camussi, N. Chaput,

D. Chatterjee, F.A. Court, H.A. del Portillo, L. O’Driscoll, S. Fais, J.M. Falcon-Perez,
U. Felderhoff-Mueser, L. Fraile, Y.S. Gho, A. Gorgens, R.C. Gupta, A. Hendrix,
D.M. Hermann, A.F. Hill, F. Hochberg, P.A. Horn, D. Kleijn, L. Kordelas,

B.W. Kramer, E.-M. Kramer-Albers, S. Laner-Plamberger, S. Laitinen, T. Leonardi,
M.J. Lorenowicz, S.K. Lim, J. Lotvall, C.A. Maguire, A. Marcilla, I. Nazarenko,

T. Ochiya, T. Patel, S. Pedersen, G. Pocsfalvi, S. Pluchino, P. Quesenberry,

1.G. Reischl, F.J. Rivera, R. Sanzenbacher, K. Schallmoser, I. Slaper-Cortenbach,
D. Strunk, T. Tonn, P. Vader, B.W.M. van Balkom, M. Wauben, S. El Andaloussi,
C. Thery, E. Rohde, Applying extracellular vesicles based therapeutics in clinical
trials - An ISEV position paper, J. Extracell. Vesicles. 4 (2015) 30087, https://doi.
org/10.3402/jev.v4.30087.


https://doi.org/10.1073/pnas.1521230113
https://doi.org/10.1073/pnas.1521230113
https://doi.org/10.1016/j.cell.2019.02.029
https://doi.org/10.1073/pnas.1418401112
https://doi.org/10.1073/pnas.1418401112
https://doi.org/10.1083/jcb.201506084
https://doi.org/10.1002/jcb.22733
https://doi.org/10.1016/j.jconrel.2010.11.004
https://doi.org/10.1016/j.jconrel.2010.11.004
https://doi.org/10.1039/c7nr08360b
https://doi.org/10.1016/j.ajpath.2012.07.030
https://doi.org/10.1038/s41556-018-0040-4
https://doi.org/10.1080/20013078.2017.1329476
https://doi.org/10.2217/nnm.14.189
https://doi.org/10.1080/20013078.2019.1593755
https://doi.org/10.1080/20013078.2019.1593755
https://doi.org/10.3390/ijms18061190
https://doi.org/10.1016/j.jcyt.2017.01.001
https://doi.org/10.1016/j.jcyt.2017.01.001
https://doi.org/10.3402/jev.v4.30087
https://doi.org/10.3402/jev.v4.30087

	The Challenges and Possibilities of Extracellular Vesicles as Therapeutic Vehicles
	Introduction
	The therapeutic potential of EVs
	Using endogenous EVs that possess innate therapeutic benefits
	EVs as novel therapeutic targets
	EVs as drug delivery systems

	Targeting and clearance of EVs
	The barriers of uptake and delivery
	Future outlook for EV-mediated drug delivery
	Declarations of interest
	Funding
	References




