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Abstract

Extracellular vesicles are small lipid-based membrane-bound entities shed by cells under both
physiological and pathological conditions. Their discovery as intercellular communicators through
transfer of nucleic acid- and protein-based cargos between cells locally and at distance in a highly
specific manner has created recent excitement. The information they transport and their
composition may vary depending on the cell of origin as well as the eliciting stimulus. Such
sensitive changes in vesicle characteristics hold significant promise for the improved diagnosis of
pathological conditions, including infections and neoplastic lesions in a minimally invasive way.
Similarly, these cell-derived vesicles exhibit promising characteristics that could enhance drug
targeting efficiencies. Recent developments in the field have aimed at studying EVs as novel drug
carriers due to their natural composition, biological function and selective cell interaction. In this
review, we discuss new research avenues in diagnostics and drug therapy based on extracellular
vesicles. We show how cell-derived vesicles can be harvested and engineered to meet application-
specific design requirements. We finally discuss potential risks encountered when translating
extracellular vesicle based approaches into (pre)clinical applications.

Extracellular vesicles (EVs) are small membrane particles that are shed by cells under both
physiological and pathological conditions [1]. EVs, which are sometimes referred to as
natural liposomes, consist of a lipid bilayer membrane (e.g., various phospholipids,
cholesterol) decorated with surface and membrane proteins (Figure 1), and have been shown
to transport protein-, RNA- and DNA-based cargoes [2, 3]. In addition to soluble factors and
direct cell-cell interactions, these cell-derived particles are pivotal mediators of intercellular
communication and transfer information within complex multicellular systems [4]. While
EVs were initially described as platelet dust almost five decades ago [5], it is nowadays
known that EVs are produced by (almost) all cell types both in vitroand in vivo.
Importantly, the secretion of EVs is not only limited to eukaryotic cells but they are also
present in bacteria and other prokaryotes [6, 7]. It has also become increasingly evident that
EVs play a major role in a multitude of physiological processes and pathologies, which has
triggered new developments in the fields of diagnostics and targeted drug delivery.
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Here review recent developments in the EV field, in particular EV-based diagnostics and the
use of EVs as targeted drug delivery vectors. We discuss the advantages and drawbacks of
natural EVs compared to synthetic liposomes and highlight potential strategies by which to
engineer EVs to meet application-specific design requirements (Box 1). This review also
includes a short tutorial on the isolation and characterisation of EVs that can be used as an
initial parameter set to explore new diagnostic and drug delivery strategies. We hope such a
tutorial makes EV-based approaches more accessible to a broader scientific community.
Finally, we critically discuss strategies to overcome the hurdles associated with the use of
these cell-derived vesicles in preclinical and clinical environments.

Exosomes, shedding microvesicles and apoptotic bodies

There are three major categories of EVs: (1) apoptotic bodies; (2) shedding microvesicles
(SMVs); and (3) exosomes. Each of these show a different mechanism of release and are
morphologically and biochemically different (Figure 1).

Apoptotic bodies are released when cells die and represent a heterogeneous population of
vesicles with a wide size range of 50-5000 nm. They usually carry extensive amounts of
phosphatidylserine in their membranes because this lipid is enriched in the outer membrane
of apoptotic cells. Both SMVs and exosomes serve for the intercellular transfer of lipids,
RNA, and cytosolic proteins [8]. However, a very recent study suggested that SMVs and
exosomes have distinct differences in the functional transfer of loaded reporter molecules to
target cells [9].

SMVs bud directly off the cell membrane following a stimulus and are reported to have sizes
of 80-1000 nm depending on the cell source and separation method [11]. Although SMVs
generally appear to be a heterogeneous population, common biochemical features have been
indentified between SMVs from different sources such as surface markers (CD40 ligands,
integrins and selectins) and the enrichment of phosphatidylserine in their membrane.
Interestingly, the general membrane composition does not always reflect the one of the
mother cell, although the mechanism for this phenomenon is not fully clarified [12]. The
membrane shedding of SMVs can be influenced through various triggers such as Ca2*
influx, phorbol esters, ATP, or through a P2Y receptor [13]. Exosomes are reported to be a
more homogeneous population of vesicles and their size range is around 50-120 nm [14].
Their biogenesis occurs within a multivesicular body (MVB) by invagination of the
endosomal membrane. After transit of the MVB to the cell membrane, exosomes are relased
upon MVB-membrane fusion with the cellular membrane. Exosomes often comprise of a
specific set of membrane and surface proteins (e.g., tetraspanin CD9, CD63, CD81 [15]) and
a nucleic acid based cargo. The endosomal cell sorting complex is mainly responsible for the
biogenesis of exosomes and the incorporation of these cargos [16], although other pathways
independent of this sorting mechanism have also been found [17]. In general, exosomes are
considered to be transporters of miRNA which regulate specific intracellular mRNA activity
[18]. A recent study reported that miRNA may not be as abundant in exosomes as previously
estimated [19]. It was shown that most exosomes from standard preparations contained on
average less than one copy of miRNA per vesicle. Although efforts for the harmonisation of
EV nomenclature are currently underway (http://www.exocarta.org), the use of the terms
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SMVs and exosomes in already published studies is still not consistent. Reasons for this are
limited knowledge on EV biogenesis, variations in isolation protocols and methods, and
insufficient EV characterisation. In the following discussion, SMVs and exosomes will be
uniformly termed as EVs.

Cell-derived vesicles in physiological and pathological conditions

EVs are shed by most cells constitutively as well as in response to endogenous and
exogenous triggers. EVs are involved in the orchestration of intercellular communication
under both physiological and pathophysiological conditions [20]. They have been isolated
from numerous body fluids including blood, urine, saliva, amniotic fluid, ascites fluid,
bronochoalveolar lavage fluid, cerebrospinal fluid, bile, breast milk, and semen [8]. Under
physiological conditions, EVs are vital for cell-to-cell and inter-tissural communication and
exhibit important regulatory functions in homeostasis by mediating phenotype adjustments
in a variety of conditions [8, 11]. The EV cargo can be transmitted to target cells which then
modify the cell’s physiology, e.g., the horizontal transfer of RNA is then translated by the
recipient cell [21]. While this process is essential for tissue homeostasis, lateral information
transfer may have a detrimental impact in pathological conditions.

EVs have recently been shown to substantially contribute to various disease states including
tumorigenesis and metastasis [22], inflammation [23], and activation of the immune system
[24]. It is now increasingly being recognised that EVs are key mediators in pathological
processes and can act locally as well at a systemic level. While a few proteins (e.g., integrin
B1) and lipids have so far been found in all EVs investigated, EVs derived from immune and
tumour cells have been shown to be enriched in proteolytic enzymes. Such enzymes are
capable of digesting the extracellular matrix, which in turn enables downstream processes in
inflammation (tissue migration of immune cells) and tumour progression (angiogenesis,
tumour growth, and metastasis). EVs shed by cancer cells have a critical yet poorly
understood role in remodelling the extracellular matrix, the tumour microenvironment, and
metastatic processes.

Tumour-derived EVs may interfere with the host immune system by activating apoptosis in
activated anti-tumour T cells and impair the differentiation of monocytes into dendritic cells
or induce myeloid suppressive cells. EVs with immunosuppressive and angiogenic
properties have been detected in the body fluids of cancer patients, a finding which suggests
a critical involvement of EVs in disease progression [25]. Skog et al. [26] showed that
glioblastoma-derived EVs are taken up by normal host cells such as brain microvascular
endothelial cells, and that messages delivered by (tumour-derived) microvesicles are
translated by recipient cells. Additionally, pro-angiogenic factors contained in these vesicles
have been shown to promote endothelial tubule formation, which assists in the remodelling
of the tumour-microenvironment. Similarly, it has been demonstrated in a mouse cancer cell
model that EVs activate and chemoattract stroma fibroblasts and endothelial cells, and
induce expression of pro-angiopoietic factors in stromal cells [27]. Taken together, these
findings demonstrate a pivotal involvement of tumour-derived EVs in cancer progression.
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Another EV subclass with known pathological relevance is platelet-derived EVs with
procoagulant activity. Platelet-derived EVs are involved in pathological (inflammatory)
processes including stroke [11], cardiovascular diseases [28], acute respiratory distress
syndrome (ARDS) [29, 30], disseminated intravascular coagulation [31], and
(meningococcal) sepsis [32]. This creates an environment that potentially aggravates the
patient’s clinical condition by interfering with the coagulation cascade [31].

While cell-derived EVs induced during pathological conditions may have detrimental effects
on a patient’s health, the detection of vesicles with disease-specific properties in body fluids
is intriguing and may allow for the early, non-invasive detection of neoplastic lesions and
inflammation-mediated pathologies. In order to become early diagnostic markers in clinical
practice, pathology-induced changes of EV populations need to be carefully evaluated in the
clinical setting. This relies heavily on standardised sample collection and EV
characterisation as to their origin, cargo, and functional properties.

Extracellular vesicles as diagnostic probes

There is growing evidence that EVs contain a unique signature and that their size,
(membrane) composition, and cargo depend on both the cellular origin but also the eliciting
stimulus (Figure 2A,B and Table 1). As a result, EV characterisation are an attractive
candidate as a non-invasive diagnostic probe for hard-to-reach tissues, neoplastic lesions too
small for detection, or screening approaches where invasive procedures are not justifiable.
An analysis of EV concentrations and properties has been shown to give access to
characteristic fingerprint information about the donor cell. This holds great potential for
novel diagnostic approaches where microvesicle populations diagnose the presence or
absence of pathological conditions, or may form the basis for further testing. The most likely
diagnostic applications include the rapid probing of (distant) tissue sites without involving
invasive (and potentially painful and risky) procedures such as biopsies. Shao et al. have
demonstrated that glioblastoma can be diagnosed and therapy can be real-time monitored
based on circulating tumour-derived EV signatures [33]. For an overview on EVs as
potential cancer biomarkers, we refer readers to a comprehensive recent review [34].

Isolation and profiling of EVs from easily accessible patient body fluids (urine, blood,
bronchoalveolar lavage [BAL], cerebrospinal fluid) has repeatedly been shown to give
access to previously unobtainable information. In order for EVs to be a reliable diagnostic
tool, they must be accessed in a consistent manner since the collection, processing, and
storage of body fluids has been reported to affect EV concentration and properties. Recent
efforts have focussed on establishing standardised processing protocols for clinical sample
collection (anticoagulant, needle size) and processing (centrifugation speed, storage
conditions) [35]. Following adequate sample collection, EV analysis and characterisation is
performed (Figure 2C). Dynamic Light Scattering (DLS), Nanoparticle Tracking Analysis
(NTA) and Tuneable Resistive Pulse Sensing (e.g., qNano) can be employed to study EV
size and concentration. The mean size of EVs, particularly in blood sera, is typically at the
lower nm scale and difficult to measure by standard flow cytometry protocols. Van der Vlist
et al. recently published a protocol for a more standardised analysis of EVs by flow
cytometry [36] . Liquid chromatography and mass spectrometry allow for the analysis of EV
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lipid composition. However, >90% of plasma-derived EV are platelet-derived and cannot be
easily separated, which makes screening and detection of other EV-populations challenging.
Evaluating EV formation under uniform /n vitro conditions and involving a minimal number
of cell types has been shown to be a valid approach for the reduction of matrix complexity
and the validation of clinically observed findings.

Taken together, EV-mediated intercellular communication is clearly important for tissue
homeostasis. However, numerous pathological conditions have been shown to involve
intercellular information transport mediated by EVs. While phenotypic shifts in EV
populations may serve as early diagnostic markers, the alteration of paracrine signalling
mediated by EVs and due to underlying pathological conditions is likely to have detrimental
effects on a patient’s health. As a result, controlling EV-based intercellular communication
will be important to halt disease progression. Additionally, EVs have shown to have high
tissue specificity and home to target preferential tissues [14, 37]. This opens the possibility
of using EVs as Trojan-horse-like drug delivery vehicles, as outlined in the second part of
this review.

Inhibition and interaction with EVs as a therapeutic avenue

Due to their extensive involvement in disease onset and progression, EVs are very attractive
therapeutic targets. Inhibition of their biogenesis and release and hindrance of their cellular
uptake are the most straightforward ways of drug interference (Figure 3A and Table 1). No
universal mechanisms of secretion and cellular interaction of EVs have yet been observed.
Differences in cell types will make it necessary to target the biogenesis of EVs differently.
Some of the first reports summarising potential ways of modulating the secretion of EVs
mentioned various treatments such as abciximab (a monoclonal antibody antagonising
integrin apP3) [38], nifedipine (calcium channel blocker) [39], high doses of vitamin C
[40], or inhibitors of membrane lipid raft formation [20]. However, those drugs are
unspecific and/or are being used for other indications, which is a severe drawback in a
therapeutic setting due to potential side effects. Sphingolipid ceramide is involved in the
biogenesis of EVs and thus it has been suggested that blocking sphingomyelinase (the
enzyme that generates ceramide from sphingomyelin) could be a viable treatment strategy
[17]. Indeed, inhibition or depletion of sphingomyelinase using an inhibitor or RNAI has
significantly reduced exosome biogenesis and release [17]. Other potential targets are the
GTPase Rab27a and Rab27b which affect intracellular trafficking and induce exosome
secretion in HeLa (cervical cancer) cells [41]. Silencing of these Rab27 isoforms has been
shown to inhibit the release of exosomes [41] and tumour growth in mouse models of
mammary carcinoma [42]. In addition, Rab27 RNA interference induced the reduction of
exosome secretion and was associated with reduced tumour metastasis [42, 43]. Given these
findings, interference with Rab27 appears to be a promising target for preclinical
assessments. However, as for many other therapeutic systems, the success of this approach
will also depend on the selection of a suitable drug delivery carrier to deliver the RNA-based
drug to the desired tissue [44].

Although several potential targets of interference with EV biogenesis, secretion or uptake
have been identified, none of these approaches have yet progressed to the preclinical status.
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It is important to remember that any treatment interacting with basic biological signalling
pathways bears a significant risk of unwanted side effects. Therefore, a strict and
comprehensive risk and safety analysis is necessary when developing drugs interacting with
EVs in a therapeutic setting.

Extracellular vesicles as smart drug carriers

In recent years, EVs have attracted significant attention in regenerative medicine and for
immune modulation due to their inherent biological activity (Figure 3B and Table 1). A
detailed discussion of these properties is beyond the scope of this review. In the field of drug
delivery, excitement was created because of EVs’ natural role in transporting bioactive
entities between cells. This has formed the concept of using EVs as a “Trojan horse” through
harnessing their natural targeting properties for selective drug delivery [12] (Figure 3C). The
composition of EVs’ surface and membrane proteins is one of the key factors for their
specific cell interactions. For example, EVs from T cells are transferred unidirectional to
antigen-presenting cells [37] while platelet-derived EVs interact with endothelial cells and
macrophages, but not neutrophils [61]. EVs have been reported to be less immunogenic than
artificial nanoparticulate carriers (particularly if harvested from autologous cells) due to
their natural composition [62, 63]. In addition, EVs can potentially bypass complement
activation and interactions with coagulation factors, which leads to better stability in blood
circulation [64]. EVs have also been proposed to specifically recognise their target cells [37,
65], a feature that would reduce off-target effects. Moreover, they have been proposed to
cross the blood-brain-barrier following systemic injection [66]. Finally, their small size of
100-200 nm would allow EVs to pass the fenestration in leaky blood vessels of cancer tissue
and may take advantage of the enhanced permeation and retention (EPR) effect [67]. In
order to employ EV-mediated delivery, drugs have to be loaded into these particles. Drug
encapsulation can be performed endogenously or exogenously. For endogenous loading,
cells are transfected or engineered to shed the desired drug/molecule directly into EVs
(Figure 3C). This method is convenient and requires very few manipulation steps. However,
this approach only works for protein- and nucleic acid-based drugs as these molecules can
be produced by cells. Exogenous loading techniques require the encapsulation of drugs into
pre-assembled EVs (Figure 3D). They are usually labour-intensive but offer a wider choice
of drugs. Independent of the loading method, EVs need to be harvested and purified first. A
variety of isolation and purification methods exist including filtration, ultracentrifugation,
density gradients, immunoaffinity, gel chromatography and commercially available kits
(e.g., ExoQuick™, Total Exosome Isolation reagent) [62]. Although some of these
techniques are evaluated in more detail (e.g., ultracentrifugation) it remains often unclear
what effect on EV size, morphology or biological activity the different methods may have
[68, 69]. There is nevertheless an ongoing effort for standardisation of these isolation and
purification avenues [70].

Some of the first examples of exosome-mediated delivery of therapeutic RNA indicated that
microRNA (miRNA) was secreted into human blood cell derived EVs [71]. MiRNA is a
class of non-coding RNA which is involved in regulation of posttranscriptional gene
expression. These RNA loaded vesicles were able to transfer their payload to human
microvascular endothelial cells. In a similar study, monocytes were transfected with RNA or

Nano Today. Author manuscript; available in PMC 2017 April 28.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Fuhrmann et al.

Page 7

chemically modified RNA. Subsequent shedding of microvesicles with RNA cargo was
observed both /n vitro and after systemic administration of transfected cells in nude mice
[72]. Both these studies established a basis for the first successful application of exosomes in
a therapeutic context /7 vivo [53]. Mouse dendritic cells were transfected to express a
neuronal targeting protein. Purified exosomes were loaded with siRNA by electroporation
and assessed in wild-type mice. Due to their targeting surface protein, EVs were able to
migrate across the blood-brain-barrier and they decreased expression levels of an Alzheimer
associated gene (BACEL) by 60%. Moreover, exosomes appeared to be non-immunogenic as
indicated by unchanged levels of serum interleukin-6, interferon gamma-induced protein 10,
tumour necrosis factor alpha, and interferon alpha concentrations.

Other studies have since shown that efficient gene silencing can be obtained after loading
nucleic acid-based drugs into EVs by means of electroporation [73, 74]. A protocol on
nucleic acid loading using electroporation has been published [75]. However, recently
another mechanism was put forward, suggesting that this technique may induce possible
side-effects [76]. It has been shown that precipitate formation can occur when RNA drugs
are electroporated without EVs. Even though the drug delivery efficiency of electroporated
EVs has been shown in a number of studies, these findings should be interpreted with
caution due to potential electroporation by-products which may influence the exosomal
delivery. In early studies, passive co-incubation was employed to load small molecules into
EVs [77]. EV loading by this technique has been proven with therapeutically relevant drugs
[78], but passive incubation would likely only work for rather hydrophobic entities. As a
consequence, electroporation has been proposed as a means by which to load small molecule
drugs into EVs for improved cancer and photodynamic therapy [54, 79]. We showed that
depending on the hydrophobicity of the drug, electroporation can improve its encapsulation
into EVs [54]. Moreover, drug loaded vesicles significantly improved the cellular uptake
compared to free drug and even liposomal formulations [54]. This same study also
investigated other active loading methods and found that saponin-assisted loading of EVs
increased the encapsulation efficiency of hydrophilic drugs 11-fold compared to passive
loading and without compromising the EVs’ delivery activity [54].

Recently, strategies have been developed using EVs from sources other than mammalian
cells and have been called “EV-mimetics” (Figure 3E). One of these strategies employed
bacterial outer membrane vesicles (OMVSs) as therapeutic carriers in a mouse cancer model
[56]. OMVs were derived from a mutant £. co/f strain and shed with a human epidermal
growth factor receptor 2 (HER2)-specific affibody in the membrane to enable active
targeting. Upon systemic administration of OMVs loaded with siRNA, efficient tumour
growth inhibition was observed. Although the bacterial vesicles were shown to be of low
immunogenicity and reduced endotoxicity towards human cells, safety concerns may still
arise due to the bacterial origin of the particles. Preclinical evaluation in an in vivo setting
would be beneficial to help clarify this question. Another strategy of EV-inspired drug
delivery systems was evaluating exosome-mimetic nanoparticles prepared by extrusion/
disintegration of human monocytes and macrophages [55]. In this study, vesicles were
loaded with chemotherapeutics (doxorubicin) and injected into tumour-bearing mice. Both
accumulations in the tumour and inhibition of cancer growth were observed. Another
advantage of the mimetics strategy is the high yield with which these particles can be
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obtained. The authors claimed that exosome-mimetics helps preserve the targeting properties
from their cellular origin. However, it is worth speculating whether membrane proteins and
receptors rearrange correctly following the harsh extrusion process. The immunogeniceity
aspects of these particles should also be considered for future applications. It has further
been suggested that exosome-mimetics could be prepared artificially [80]. Such
biotechnologically-tailored particles consist of all the necessary EV components for stability
and targeting (proteins and nucleic acids) and are incorporated into synthetic vesicles [12,
80]. Nevertheless, it appears to be rather complex to identify all required elements and it is
supposedly difficult to incorporate them in their natural conformation (in particular
membrane proteins). Not only exosomes and SMVs for drug delivery, a recent study
reported the use of cytostatic drugs loaded into apoptotic bodies [57]. Tumour cells were
incubated with the drug and irradiated with UV light to induce shedding of apoptotic bodies.
These vesicles induced tumour killing both /n vitroand in vivo. However, cancer cell origin
and the apoptotic nature of these vesicles are likely to preclude further clinical testing.

Together, these studies demonstrate that the preclinical evaluation of EVs and their loading
is well underway. Another important issue is the uptake mechanism of EVs by target cells
(Figure 3F). Current studies discuss endosomal uptake or direct fusion and cargo release into
the cytosol. Further evaluation may clarify these questions and be instrumental when
developing EVs as drug carriers. Appropriate safety and efficiency analyses under in vivo
conditions will further indicate whether the “Trojan horse” paradigm is valid and whether
EVs can act as smart drug carriers for future treatment options.

Perspectives

In summary, the field of EV-based diagnostics and therapeutics holds significant promise to
enable earlier diagnosis and targeted drug delivery with superior efficiency. However, many
aspects of EV-based systems, particularly the off-target effects, remain unknown. In order to
make the field of EV-based systems more accessible to a broader research community and
trigger interdisciplinary approaches, this review contains a brief road map that outlines the
key steps involved in the evaluation and design of EV-based diagnostic and therapeutic
systems. Figure 4 includes a typical set of parameters that can be used as an initial setting
for the isolation of EVs from either clinical samples or cell culture media and may then be
further optimized depending on the application. Sample collection and storage procedures
need to be standardised to prevent the occurrence of artefacts (e.g., contaminations by
apoptotic bodies) due to inadequate sample processing.

Before EV-based strategies can be translated to the clinic, several major hurdles need to be
overcome. These include the reproducibility required to meet good manufacturing practice
(GMP) standards (e.g., cell-based material, batch-to-batch variations) along with a scaling-
up of the production process to produce EVs at a pharmaceutically relevant scale that meet
quality requirements and are stable for storage (e.g., shelf life). Once a GMP-compliant
manufacturing process has been established, the approval for clinical evaluations will largely
depend on the risk profile of the pharmaceutical formulation. It is expected that a better
understanding of both on-target and off-target effects and the mechanism of action is vital
before the first clinical evaluations of EVs can be initiated. Sensitive disease detection and
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selective therapy with reduced side-effects are major challenges in the field of diagnostics
and drug delivery. The earliest and most accurate detection of a disease state followed by
efficient pharmacotherapy with as little drug as necessary is the most desirable scenario.
EVs have created excitement in the research field of theranostics (combining therapy and
diagnostics) because of their potential to achieve this goal. EV-based diagnostics constitute a
rapidly evolving field, particularly for early cancer diagnosis and recent studies suggest a
promising future for EV-based diagnostic systems. In the area of drug delivery, EVs also
show great promise. Studies have shown that EVs can be loaded with molecules of choice
and are at least equally efficient at delivering their cargo than artificial carriers, including
through physiological barriers. However, it remains to be determined whether cell-derived
EVs can be made safe for widespread clinical use. It will be a challenge to control the exact
composition of cell-derived natural EVs and then understand their complex interactions
inside whole organisms. While immunological and toxicological responses can be evaluated
using state-of-the-art tests, more studies are needed before cell-derived microvesicles can be
translated to the clinic. Even though autologous EVs may be considered as a safer
alternative, a lack of suitable risk assessment strategies to evaluate difficult-to-assess
pleiotropic effects currently precludes the clinical evaluation of cell-derived vesicles.
However, recent studies indicated that EVs from human mesenchymal stem cells may be
harnessed as a safe and new avenue for the treatment of severe forms of graft-versus-host
disease [81]. These results using natural EVs in preclinical settings indicate that these
vesicles constitute a very promising approach for the development of bio-inspired drug
delivery and therapy systems. Such preclinical investigations will allow a better
understanding of natural targeted delivery mechanisms and homing, and will enable
sophisticated bio-inspired drug delivery systems with high specificity.
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Box 1

Advantages (+) and limitations (-) of state of the art approaches for
diagnostics and drug delivery compared with the potential of extracellular
vesicles.

State of the art

Extracellular vesicles

Diagnostics Body fluid diagnostics + potentially increased specificity
+ established procedures + access to cell-specific information
+ clinical data available + minimally invasive
- can have limited specificity + information is spatially stored (cargo,
Biopsies membrane, size, etc)
+ established procedures + monitoring of drug efficacy (e.g.,
+ histological information chemotherapy)
+ genetic information - sample collection and processing not
- invasive standardized
- risk of dissemination, collateral - long-term sample stability unknown
damage - little clinical data available
- painful
- restricted to well-accessible tissue
sites
Theranostics - few to no theranostic systems + allow integrated approach combining
available diagnostics, therapy and therapy efficacy
monitoring
- no systems have reached clinical stage yet
Drug Delivery Nanoparticulate carrier + size 50-200 nm

(e.g., liposomes, micelles, polymer
nanoparticles, efc)

+ size 10-200 nm

+ (high) drug loading efficiency

+ various loading methods

+ targeting ligands can be attached
+ large scale production

+ uptake/drug release well studied
+ (bio)chemically well defined

- activation immune system

- circulation time often limited
upon repeated administration

- potential toxicity

- limited (pre)clinical success

+ naturally-derived composition

+ stability in biological fluids

+ potentially reduced immunogenicity

+ cell-cell communicators

+ (unidirectional) targeting

+ inherent biological activity

+ various drug encapsulation methods
underway

+ clinical trials for cancer vaccines ongoing
- cell-derived isolation

- scale-up production difficult

- detailed /n vivo data lacking

- production/uptake mechanism yet poorly
described

- analysis of biochemical composition
ongoing

- (pre)clinical evaluation for drug delivery
lacking
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| ( 2@ Phospholipids
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Figure 1. Biogenesis and char acteristics of major classes of EVs.
EVs are cell-derived particles composed of a phospholipid bilayer membrane, decorated

with surface and membrane proteins, and carrying nucleic acid or protein-based cargos.
There are three major classes of EVs: apoptotic bodies, shedding microvesicles (SMVs) and
exosomes. Apoptotic bodies are released when cells die (indicated by purple upper part of
cell). These bodies contain DNA, histone and organelle fragments, are up to 5 um in size,
and possess a buoyant density of 1.16-1.28 g/mL [10]. SMV originate from the budding of
cytoplasmic protrusions and the fission of their stalks. Thus, their lipid content is often
closely related to their mother cell’s membrane composition. Exosomes are usually
generated by invagination of the multivesicular bodies’ (MVB) membrane. Fusion of the
MVB membrane with the outer cell membrane leads to release of exosomes into the
extracellular space. The endosomal sorting complex required for transport (ESCRT) is
involved in cargo and (membrane) protein integration into exosomes. Both SMVs and
exosomes can have a size in the lower nanometre scale but they feature significant
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differences in their physico-chemical characteristics (i.e., size, density) and their lipid and
protein (i.e., surface markers) composition.
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Figure 2. EV characteristics under physiological and pathological conditions and methods of
characterisation.

EVs are shed by most cells in the body and are subject to endogenous and exogenous
changes. Most body fluids (e.g., blood, urine, saliva, amniotic fluid, ascites fluid,
bronochoalveolar lavage fluid, cerebrospinal fluid, bile, breast milk, semen) contain
characteristic EV populations. Injuries such as trauma, inflammatory or infectious processes,
as well as neoplastic lesions can affect EV properties (e.g., concentration, size, composition,
cargo) and clearance. Changes in EV properties can be characterised by means of various
analytical techniques including light scattering, flow cytometry, and biochemical assays.
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Figure 3. Current concepts employing EVsand EV-inspired systemsfor drug therapy.
There are several ways by which to interact with EVs or harness their delivery potential in a

therapeutic setting. (A) EVs could serve as a therapeutic target by inhibition of their
biogenesis, release or cellular uptake. (B) The use of EVs for immune modulatory purposes
is currently being exploited. Depending on their cellular origin (e.g., B cells or dendritic
cells), EVs may carry molecules from the major histocompatibility complex which enables
innate immunomodulatory ability [45, 46]. Exosomes could be employed for vaccination
because they are transporters of antigens and MHC molecules [24], and they have been

EV-inspired
particles
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shown to selectively transfer information between T cells and antigen presenting cells
(APCs) [37]. Vaccination strategies have proven successful for tumour rejection [47, 48],
mycobaterial [49], and parasite [50] infections. EVs with highly immunogenic potential are
ideal cell-free options for vaccination and particularly for antigens with low
immunogenicity. Exosomes can transfer and amplify interferon-induced antiviral activity
[51]. The potential of EVs to enhance tissue regeneration has also been studied in detail both
in vitro and in vivo. Due to their bioactive payload and their specific cellular interaction,
EVs have improved kidney function in a mouse model of chronic kidney disease [52] and
enhanced the survival of mouse haematopoetic stem/progenitor cells [21]. (C,D) On the
other hand, EVs are being used as drug carriers with advantageous biological properties and
delivery functionalities. For drug loading, (C) endogenous (i.e., incorporation of therapeutic
entity by cell [53]) and (D) exogenous (i.e., encapsulation after purification of native EVs
[54]) strategies are being investigated including passive loading, pretreatment of EVs with
surfactants or electroporation (indicated by dashed EV membrane and lightning). (E) In
addition to cell-derived vesicles, EV-inspired carriers are being developed. These include
exosome-mimetics [55], bacterial derived vesicles [56], and drug loaded apoptotic bodies
[57]. Following transfer to the target cell, EVs are taken up after direct interaction with the
cell membrane and fusion or via receptor-mediated internalisation. However, it is not known
whether EVs deliver their payload directly into the cytosol [58, 59] or whether vesicles
follow the endosomal pathway [60].
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EV based diagnostics | | EV mediated drug therapy

Normal culture of cells of interest according to opti-

Selection of pathological condition of interest o
mal conditions

v v

Culture in serum free medium or in FBS-containing
medium previously spun down
(to exclude FBS-derived EVs)

Selection of patient cohort
according to relevant criteria

v

Sample collection (e.g., blood, urine etc.) and stor-
age

v

Sequential centrifugation of medium/sample to remove cells and cell debris
(e.g., 500 and 4500 x g for 20-30 min each

)

Ultracentrifugation (e.g., 100,000-120,000 x g

Filtration through membrane filter (e.g., 0.1-0.4 ym) for 60-120 min)

Resuspension of retentate or pellet in PBS or equivalent buffer

\

» Size distribution and yield (dynamic light scattering and nanoparticle tracking analysis)
* Membrane/surface proteins (flow cytometry)
« Other physiochemical characterisation (e.g., buoyant density, lipodomics, proteomics)

¥\

Diagnostic assay design: Drug encapsulation using various methods:
« Functional activity measurement » Passive incubation (hydrophobic drugs)
* Assay development » Electroporation (protein- or RNA-based drugs)
* Assay validation + Other methods (e.g., extrusion, saponin)

v v

Pre-clinical evaluation and clinical implementation

Figure 4. EV isolation and processing for diagnostic and therapeutic applications.
The tutorial gives a general overview on the isolation and characterisation of EVs for both

diagnostic and therapeutic purposes. Experimental details (e.g., time and speed of
centrifugation, etc.) are recommendations from broadly established protocols but conditions
can be adjusted to fulfil the experimental needs of individual studies.
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Table 1
Extracellular vesiclesfor diagnostics and drug delivery applications.

syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

Type/source of EV

Application

Reference

Diagnostic applications EVs

Diagnostic application
of EVs for cancer and
other dispositions

Glioblastoma-derived microvesicles

Microvesicles transport RNA
and proteins that promote
tumour growth and provide
diagnostic biomarkers

Skog (2008) [82]

L ung adenocar cinoma-derived exosomes

Total exosome and miRNA
levels in lung cancer patients
employed as diagnostic measure

Rabinowits (2008) [83]

Ovarian cancer-derived exosomes

MicroRNA signatures of tumor-
derived exosomes are diagnostic
biomarkers of ovarian cancer

Taylor (2008) [84]

Prostate cancer-derived urine exosomes

Prostate cancer biomarkers in
exosomes isolated from urine as
diagnostic measure

Skog (2009) [85]

M elanoma-derived exosomes

Plasma levels of exosomes
(CD63 and Caveolin-1) are
increased in tumour patients

Logozzi (2009) [86]

Glioblastoma-derived microvesicles

Circulating microvesicles allow
profiling and real-time
monitoring of glioblastoma
therapy

Shao (2012) [33]

Hepatocyte-derived exosomes

Circulating microRNAs in
exosomes for detection of
inflammation in alcoholic, drug-
induced, and inflammatory liver
diseases

Bala (2012) [87]

Therapeutic applications EVs

Therapeutic
applications by
inhibition of EV release

Platelets

Calcium channel blocker
(nifedipine) reduce platelet
microparticle production in
patients with transient ischemic
attack

Lee (1993) [39]

Platelets

Murine/human chimeric
monoclonal antibody fragment
blocks integrin GPIIb/Illa and
decreases platelet microparticle
production in ischemic high risk
patients

Reverter (1996) [38]

M ouse oligodendroglial cell (Oli-neu)

Endosomal membrane sorting
and exosome release require
sphingolipid ceramide

Trajkovic (2008) [17]

Mouse dendritic cells (DC) and various tumor
cell lines (B16F10, MCA101, TS/A, 4T1,
M B49)

Blockage of GTPase Rab27a in
mammary carcinoma cells
decreases exosome secretion,
primary tumor growth and
dissemination of metastatic
carcinoma (4T1)

Bobrie (2012) [42],
Ostrowski (2010) [41]

Therapeutic application
using EV as drug
carrier — endogenous
loading and transfer of
nucleic acid cargo

Mouse and human mast cell lines (MC/9 and
HMC-1)

EVs carry mRNA which can be
delivered to human mast cells
and translated into new proteins
(“exosomal shuttle RNA”
(esRNA))

Valadi (2007) [18]

Human blood cells and human monocytic
leukemia cells (THP-1)

Functional miRNA secreted into
EVs are delivered to human
microvascular endothelial cells
(HMEC-1)

Zhuang (2010) [88]
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Type/source of EV

Application

Reference

Dendritic cells

Loading of siRNA into
exosomes improves brain
delivery in mice

Alvarez-Erviti (2011) [53]

THP-1cells

RNA-transfected cells shed
microvesicles containing
miRNA (/n vitroand in vivo)

Akao (2011) [72]

Human and mouse liver cells, primary
human B cells

Transfer of RNA interference
(RNAI) is independent of cell-
cell contact and partially
mediated by exosomes

Pan (2012) [89]

HEK-293T cells

Engineered microvesicles carry
suicide gene for treatment of
nerve sheath tumors
(schwannomas) in mice

Mizrak (2013) [90]

HEK-293 cells

Exosomes can deliver
microRNA to epidermal growth
factor receptor-expressing
breast cancer cells

Ohno (2013) [91]

Therapeutic
applications using EV
as drug carrier —
exogenous drug
loading

Mouse lymphoma cell line (EL-4)

Loading of cumin into
ex0somes improves its
pharmacokinetic and anti-
inflammatory properties in mice

Sun (2010) [77], Zhuang
(2011) [78]

Human embryonic kidney HEK cells (293T)

Incorporation of Adeno-
associated virus vectors into
EVs (vexosomes) display
improved transduction
efficiency

Maguire (2012) [92]

Human peripheral blood mononuclear cells

Exosomes loaded with SiRNA
using electroporation deliver
cargo to monocytes and
lymphocytes

Wahlgren (2012) [73]

Cancer cells(HelL a) and ascites

Exosomes are loaded with
siRNA using electroporation
and lipofectamine

Shtam (2013) [74]

M ouseimmature dendritic cells

Loading of doxorubicin into
RGD-harbouring exosomes
inhibit integrin-positive breast
cancer growth /n vitroand in
vivo

Tian (2014) [79]

Human umbilical vein endothelial cells
(HUVEC), breast cancer cells (MDA-MB231),
human mesenchymal and embryonic stem
cells (hM SC and hESC)

Loading of photoactive
porphyrins improves their
uptake and therapeutic
efficiency in cancer cells

Fuhrmann (2014) [54]

Therapeutic
applications using EV-
mimetics

Bacterial outer membrane vesicles

Engineered low
immunogenicity vesicles
improve siRNA delivery in a
mouse cancer model

Gujrati (2014) [56]

Exosome-mimetics from human monocytes
and macrophages

Extrusion of cells in presence of
doxorubicin creates exosome-
like nanoparticles with
improved cancer targeting

Jang (2013 and 2014) [55,
93]

Apoptotic bodies from mouse
hepatocarcinoma tumour cells (H22)

Packaging of methotrexate into
apoptotic bodies improves drug
activity in a murine tumour
model

Tang (2012) [57]
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