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Modularized Extracellular Vesicles: The Dawn of
Prospective Personalized and Precision Medicine

Shi-Cong Tao, Shang-Chun Guo,* and Chang-Qing Zhang*

Extracellular vesicles (EVs) are ubiquitous nanosized membrane vesicles
consisting of a lipid bilayer enclosing proteins and nucleic acids, which are
active in intercellular communications. EVs are increasingly seen as a vital
component of many biological functions that were once considered to require
the direct participation of stem cells. Consequently, transplantation of EVs

is gradually becoming considered an alternative to stem cell transplantation
due to their significant advantages, including their relatively low probability of
neoplastic transformation and abnormal differentiation. However, as research
has progressed, it is realized that EVs derived from native-source cells may
have various shortcomings, which can be corrected by modification and
optimization. To date, attempts are made to modify or improve almost all the
components of EVs, including the lipid bilayer, proteins, and nucleic acids,
launching a new era of modularized EV therapy through the “modular design”
of EV components. One high-yield technique, generating EV mimetic nan-
ovesicles, will help to make industrial production of modularized EVs a reality.
These modularized EVs have highly customized “modular design” compo-
nents related to biological function and targeted delivery and are proposed as
a promising approach to achieve personalized and precision medicine.

1. Introduction

In a variety of organisms, both prokaryotic and eukaryotic, almost
all cells communicate with neighboring or distant cells through
the secretion of extracellular vesicles (EVs), which consist of a lipid
bilayer and membrane proteins that enclose proteins and nucleic
acids, including messenger RNA (mRNA), microRNA (miRNA),
and other noncoding RNAs (Figure 1).3 According to their sub-
cellular origin, EVs can be mainly classified into two categories:
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microvesicles (MVs, also known as ecto-
somes or microparticles, 100-1000 nm in
diameter), which are released after forma-
tion by budding from the cytomembrane,
and exosomes (Exos, 30-100 nm in diam-
eter), which are produced inside multivesic-
ular bodies (MVBs) and released after fusion
of the MVBs with the cytomembrane.l*
In addition, apoptotic bodies (800-5000 nm
in diameter), which are shed into the extra-
cellular environment from apoptotic cells,
have several characteristics in common
with MVs but are rarely involved in intracel-
lular communication compared to MVs.l
One current hypothesis suggests that apop-
totic bodies are promptly phagocytosed by
phagocytes.[*7]

EVs were initially regarded as mem-
brane debris without any real biological
significance, but in 1996, Raposo et al.l®!
found that EVs participate in the immune
response. Since then, EVs have attracted
more and more attention as a natural
method of intercellular communication.!

The tiny diameter of EVs provides several clinical benefits,
including preventing vessel blockages,” reducing phagocy-
tosis by macrophages,!'” and making injection easier. The
structure of EVs also provides a number of therapeutic advan-
tages in transferring information between cells. For example,
EVs offer high physicochemical and biological stability,'!
which may be due to the isolating ability of the phospholipid
layer, protecting the contents of EVs from exposure to the
external environment (Figure 2).'2 As a result, EVs can exist
in almost all body fluids, including blood plasma,**l saliva,*
urine,™ bile,[®! synovial fluid,”! semen,/® and breast milk.[""!
By expressing different surface proteins, EVs can have different
targeting abilities.’”) Because of these properties, EVs have
become a popular focus in precision and personalized medicine.

It has already been demonstrated that EVs can be derived from
almost all mammalian cell types, including healthy cellsi?}22
and cancerous cells.*>?*l The composition of cancer-derived EVs
(C-EVs) is markedly changed compared to EVs from healthy
cells, and C-EVs can therefore be used as diagnostic biomarkers
of cancers.?>2 As key players in the field of liquid biopsies,
C-EVs are potential biological markers that can detect the exist-
ence of tumor cells, even in very early stages, and can be used
to monitor the progression of malignant tumors.?”8 In addi-
tion to studies showing that EVs are characterized by specific
membrane proteins,?”! the nucleic acid contents of C-EVs in the
plasma/serum from malignant tumor patients are also markedly
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Figure 1. Structure and components of EVs.

different than those from healthy controls, indicating that the
specific nucleic acid content in C-EVs should be the focus of
greater attention in the search for new tumor biomarkers.%31
Recently, EVs have come to be considered effective diagnostic
and predictive tools for patients suffering from malignant
tumors, such as breast and prostate cancers.?>*3 In addition to
tumors, EVs show potential in the diagnosis of infectious dis-
eases and even in the assessment of disease progression.*-36l

In cancer progression (Figure 3), C-EVs can create a suit-
able microenvironment by promoting angiogenesis, regulating
immunity, and remodeling surrounding tissue, or by laying the
foundation for metastasis by forming a premetastatic niche.?’~40
It appears that cancers co-opt EVs, a natural nanodelivery
system, to transfer damaging information by altering the com-
position of EVs; this ability has inspired scientists to design
novel drug therapeutics through reverse engineering.

The development of EV-based medicine is a direct logical evo-
lution from cell-based therapies, especially stem cell therapies.*!!
Specifically, the therapeutic effects, which were once attributed
to the direct participation of stem cells via proliferation and dif-
ferentiation, are now known to be induced by a paracrine effect
mediated by EVs.Yl However, completely natural EVs may not
be sufficient to provide treatments for all kinds of disease con-
ditions; modified EVs have therefore been developed, indi-
cating the beginning of the era of modularized EVs. A variety of
modified EVs, including EVs specifically enriched in mRNA,*2
miRNA,I24] and small interfering RNA (siRNA),2%*I EVs with
membrane modification,*#¢] and EVs carrying small molecule
drugst*”! and superparamagnetic iron oxide nanoparticles*®l have
been developed. As the era of personalized and precision medi-
cine continues to develop, the demands of both the targeting
ability toward pathological organization combined with limited
damage to normal tissues*) to minimize side effects (precision
medicine) and freely assembled agents based on a patient’s per-
sonalized databasel®*!l to maximize therapeutic effects (personal-
ized medicine) will continually increase.

Recently, EV mimetic nanovesicles (EVMs), which have as
much as a 120-fold higher production yield compared to EVs from
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the same number of source cells, have been created by breaking
down cells through serial extrusion.’? Furthermore, it has gradu-
ally been revealed that EVMs show similar properties to EVs;>3>#
therefore, the method of producing EVMs might be a much
more effective way to manufacture modularized EVs.

In this review, we highlight and discuss the growing trend
of development of modularized EVs with a special focus on
the latest discoveries in the field of EV-based nanodelivery
systems.

2. Biogenesis and Release of EVs

2.1. Exosomes

One class of EVs is the Exos, “inward-budding” vesicles that
are generated in MVBs and secreted when the MVBs fuse with

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. The isolating ability of the phospholipid layer protects the contents of EVs from
exposure to components of the external environment, including acidic and alkaline conditions,

proteases, and nucleases.

the cytomembrane.l>5% The biogenesis and release of Exos is
a complex symphony involving a series of factors, representa-
tively including the endosomal sorting complexes required for
transport (ESCRT), ALIX (also known as programed cell death
6-interacting protein), phospholipase, vacuolar protein sorting-
associated 4 (VPS4), Rab GTPase proteins, sphingomyelinase,
and ceramide.’>
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The classic mechanism involves a reverse-
topology membrane scission event medi-
ated by an ESCRT-dependent mechanism.>’!
The ESCRT machinery, which is formed by
four ESCRT proteins (ESCRT-0, ESCRT-,
ESCRT-I, and ESCRT-II) and accessory
proteins  including ALIX and VPS4,
assemble components of Exos together by
forming intraluminal vesicles.’) ESCRT-I
is a claviform heterotetramer of tumor
susceptibility gene 101, vacuolar protein
sorting-associated protein 28 (VPS28), the
VPS37 Homolog (VPS37A/B/C/D), and
one of the multivesicular body subunit
12A° (MVB12A), MVBI2B, or ubiquitin-

H" associated protein 1.61621 ESCRTII is a
bifurcate heterotetramer consisting of one
molecule each of VPS22 and VPS36 and
two molecules of VPS25.65%] The VPS28
subunit of ESCRT-I and the VPS36 subunit
of ESCRT-II participate in the connection of
the two complexes.®6-68 ESCRT-III directly
participates in remodeling and abscission of
the membranes; ultimately, VPS4, the recy-
cling machine, extracts ESCRT-III monomers
from the assembly to recycle the ESCRT-III
subunits.’” An ESCRT-independent mecha-
nism involves the ceramide-triggered budding
of Exos into MVBs, which is preferentially
dependent on certain cargoes.®”) Another
ESCRT-independent mechanism involves tetraspanin (for
example, CD63)-mediated organization of particular proteins.”"l

After assembling, the MVBs fuse with the plasma membrane
to release Exos, or with lysosomes to recycle their lipids, proteins,
and nucleotides, to shut down an autocrine signal (Figure 4)."!]
The process of fusing, and even the entire spatiotemporal
traffic of Exos, is regulated by Rab GTPase proteins.l’73l
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Figure 3. A suitable microenvironment created by C-EVs. C-EVs promote tumor progression by promoting angiogenesis, regulating immunity, and
remodeling surrounding tissues, or laying the foundation for distant metastasis by forming a premetastatic niche.
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Figure 4. Biogenesis of Exos and MVs. After Exos are generated in MVBs by an ESCRT-dependent mechanism, the MVBs fuse with the plasma mem-
brane to release Exos or with lysosomes to recycle their contained lipids, proteins, and nucleotides.

2.2. Microvesicles

Another class of EVs is the MVs, “outward-budding” vesicles that
are formed by budding from the surface of the plasma mem-
brane and are simultaneously released.” The mechanisms of
MYV biogenesis still require further study. One accepted mecha-
nism mediated by ESCRT machinery (Figure 4), which is similar
to the classic mechanism of Exos biogenesis, showed that MVs
could be formed via the recruitment of ESCRT-III proteins.476l
In addition to the ESCRT-dependent mechanism, it has been
hypothesized that there is also an ESCRT-independent mech-
anism of MV biogenesis. For instance, in cancer cells, the
Rho-associated kinase (ROCK)-dependent signaling pathway
appears to play an important role in generating MVs.”]

3. Achievements and Limitations of Cell-Free
Therapy Using Native EVs

Scientists currently recognize that many biological functions,
once considered to require the direct participation of stem cells,
are actually mediated in a paracrine manner via the secretome,
of which EVs are a vital component.*!]

One typical representative stem cell population, mesenchymal
stem cells (MSCs), have been used in the treatment of diverse
pathological conditions and are preferred because the procedure
for their isolation and culture is easy, they can be isolated from
a variety of tissues, including bone marrow, adipose, placenta,
and umbilical cord blood, and their probability of neoplastic
transformation or abnormal differentiation is relatively low.’87"]

Adv. Sci. 2018, 5, 1700449 1700449 (4 of 12)

In recent years, the therapeutic properties of MSCs have been
considered to be due to the therapeutic effect of the secretome,
especially EVs.B% A number of preclinical studies, including
of ischemia, neurodegenerative diseases, fibrotic liver, and
acute kidney injury, have explored the potential efficacy of
MSC-derived EVs in tissue regeneration.®1-#% In addition, the
immune-suppressive capacity of MSC-derived EVs, as a result
of the proteins and RNAs they transport, has been recognized
to regulate immunity via the release of anti-inflammatory
cytokines or modulation of the Toll-like receptor signaling
pathway./

Other stem cells have shown a variety of common or unique
biological functions. Human embryonic stem cell-(hESC)-
derived EVs can induce dedifferentiation and pluripotency in
their target cells.® For instance, hESC-derived EVs targeting
retinal Miiller cells can lead to alteration of the gene expression
level and the epigenetic state by selectively transferring mRNA
(Oct4 and Sox2), miRNA, and proteins, thus enhancing retinal
regeneration.® Moreover, endothelial progenitor cell-derived
EVs can activate the functions of endothelial cells to provide
support for revascularization in injured tissues by transferring
specific mRNAs and miRNAs.® In addition, human cardiac
progenitor cell-derived EVs can promote the regeneration of
injured heart tissue by increasing the proliferation of cells in/
around damaged areas, including cardiomyocytes and endothe-
lial cells, and inhibiting apoptosis of these cells.[”) In addition,
EVs of non-nuclear origin, including platelets, also have incred-
ible potential in regenerative medicine.[288]

In tumor immunotherapy, the potency of dendritic cell (DC)-
EVs and C-EVs, as components of a cell-free tumor vaccine,
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has been receiving increasing attention.®%% Initially, DC-EVs
were found to play a role in antigen presentation by triggering a
T cell-dependent immune response, thus annihilating tumors.®’!
DC-EVs were subsequently found to promote the activation of
natural killer cells®!l and B cells.’?l Additionally, C-EVs, after
internalization by DCs, can further lead to the rejection of
tumors via CD8+ T-cell-dependent antitumor effects.[*"]

However, the latest opinions tend to consider that although
EVs derived from different native source cells have their respec-
tive advantages, they cannot meet all the requirements of the
increasing treatment needs of various diseases. For instance,
synovial MSCs can enhance the proliferative and migratory
abilities of chondrocytes but also seriously reduce the secre-
tion of extracellular matrix.'"”! The solution to this problem is
to enhance the expression level of miR-140-5p in EVs derived
from synovial MSCs.'2 It is easy to understand that EVs
derived from native source cells will not serve as an “omnip-
otent catholicon” and thus artificial optimization of EVs, with
the ultimate aim of modular design of EVs, will be the primary
future directions of therapy.

4. Modular Design of the Lipid Bilayer

Lipophilicity is commonly utilized to modify EVs. Small lipo-
philic molecules, such as antioxidants, curcumin, and anti-
cancer agents, can be passively loaded into EVs or EVMs by
simple incubation.’293%* Drugs, including curcumin, show
advanced stability and bioavailability when encapsulated com-
pared to free-state drugs and have been successfully used in
preclinical research.®®! Furthermore, siRNA, a frequently used
genetic interference tool,*® can be conjugated with a lipid such
as cholesterol to take advantage of its lipophilic properties to
facilitate the packaging of siRNA into EVs."’]
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In addition to direct incubation with EVs or EVMs, small
molecules can be effectively loaded into the parental cells to
obtain EVs in conditioned medium. For instance, EVs or EVMs
loaded with anticancer drugs were obtained after the parental
cells were incubated with this drug.”>°®%°l Furthermore, fluo-
rescent lipophilic dyes are generally used as a tracer of EVs
from conditioned medium after the parental cells have been
labeled.[100:101]

In addition to lipophilic drug loading, the lipid bilayer can
also be profoundly modified, utilizing the amphiphilic mol-
ecules, to accomplish targeted delivery. Based on the fact that
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine—poly(ethylene
glycol) (DSPE-PEG), an amphiphilic molecule, can self-
assemble into lipid bilayers, Zhang et al. obtained biotin-
and folate- (FA)-modified EVs (FA/biotin-EVs) by culturing
the source cells in medium supplemented with biotinylated
DSPE-PEG (DSPE-PEG-Biotin) and FA-modified DSPE-PEG
(DSPE-PEG-FA). After conjugation with streptavidin-conju-
gated iron oxide nanoparticles, the FA/biotin-EVs were isolated
from culture medium using a magnetic field and demonstrated
magnetic steering targeting ability, while magnetic nanopar-
ticles have great potential in diagnosis and treatment.192-104]
We believe that such amphiphilic molecules will be at the fron-
tier of targeted delivery of EVs, as well as studies of isolation
and tracing. Conceptual diagrams showing the modular design
of the lipid bilayer at present are shown in Figure 5.

5. Modular Design of Surface Proteins

One method commonly used to modify the surface proteins of
EVs is called the “binding method,” which involves combining
the “cargo” protein with a protein localized on the surface of
the EVs by gene modification.219-1971 Already used binding
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Figure 5. Methods based on lipophilicity and amphiphilicity for modular design of the lipid bilayer.
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segments include the C1C2 domain of milk fat globule-EGF
factor 8 protein,[1%>1%! the transmembrane domain of platelet-
derived growth factor receptor,!””l and the extraexosomal
N-terminal of Lamp2b.2% Another method is called the “mem-
brane-anchored method” and involves anchoring the “cargo”
protein to the membrane by fusing it to oligomeric membrane-
anchored proteins instead of certain EV-related proteins.[1%
This method has been used in anchoring green fluorescent pro-
tein to EVs.1%) Conceptual diagrams outlining these methods
are shown in Figure 6.

Research has shown that most nanosized particles are
eliminated by the liver and kidneys, or phagocytosed by mac-
rophages.'””] The purpose of surface protein modification is
to specifically change the in vivo distribution by regulating the
targeting ability of EVs to not only enhance the specific effects
on target cells but also to reduce off-target effects. For instance,
EVs expressing the rabies viral glycoprotein (RVG), a central
nervous system-specific peptide, via binding to the acetylcholine
receptor have been shown to selectively deliver siRNA to neural
cells, whereas EVs without RVG cannot.?% EVs with ov inte-
grin-specific arginine—glycine—aspartic acid peptides and loaded
with doxorubicin selectively inhibited breast cancer progres-
sion, whereas unmodified EVs were mostly eliminated without
affecting the tumor.*”) Modified EVs have also demonstrated
potential in specific targeting of oncogenic KRAS for tumor
therapy.'®” Recently, tumor necrosis factor (TNF)-related apop-
tosis-inducing ligand (TRAIL) was attached to the membrane of
EVs, and these TRAIL-armed EVs were found to inhibit tumor
growth via transmission of proapoptotic signals.['1¥!

In tracing the target cells of EVs, transmembrane proteins
fused to luciferase or fluorescent proteins in EVs can be used as
tracers, and the luciferase or fluorescent activity of distant cells
can be measured to trace the effects of EVs.[#2111]

6. Modular Design of Internal Contents

As described above, the biogenic process of EVs occurs via pro-
tein-mediated budding, and internalized substances, especially
nucleic acids and proteins, are enveloped by the EVs for secre-
tion. Because of these properties, functional improvement of
EVs via modification of the internal nucleic acids and proteins
could be realized through cell engineering, a field in which the
currently available techniques are relatively advanced.

Binding Method

www.advancedscience.com

Recent studies have revealed that EVs can carry nucleic acids,
including mRNA, miRNA, and other noncoding RNAs, such as
long noncoding RNA (IncRNA).[2>112] Tt has been proven that
cells can package implanted mRNAs into EVs (Figure 7), and
transgenic protein expression is then induced after fusion with
target cells.'?] Furthermore, the protein expression induced by
mRNA in EVs has been demonstrated to have valid bioactivity.
A study showed that tumor growth was significantly reduced
after transfection with EVs loaded with mRNA encoding a
prodrug-converting enzyme, along with systemic administra-
tion of the nontoxic prodrug.['4l

Asfornoncoding RNA, the miRNAs, which are comparatively
well understood among all noncoding RNAs, have been proven
to enhance the therapeutic effects of native EVs (Figure 7),
provide new features, and reduce their side effects when spe-
cific miRNAs are loaded into EVs.1243115] Furthermore, in an
unpublished study, we successfully packed IncRNA into EVMs
and found that they could regulate the competing endogenous
RNA (ceRNA) network of target cells.

To transport intracellular proteins, ESCRT machinery is
commonly utilized. In a recent report, late-domain (L-domain)
proteins, which are involved in the recruitment of ALIX,
could be used to load specific exogenous intracellular pro-
teins with a WW tag for recognition by L-domain proteins into
EVs (Figure 8).''°l Although ubiquitination and the ESCRT
machinery have attracted the attention of many researchers
and the underlying mechanisms have become increasingly
clear, the packaging of proteins taking advantage of this fea-
ture still requires further investigation. We predict that uti-
lizing the ESCRT machinery has the potential to be the major
method of protein packaging.

In addition to the above functions, RNA-modified EVs
have also been used to trace the target cells of EVs. Lai et al.
designed a practical tool, EVs containing fluorescently labeled
mRNA to confirm the internalization of EVs by measuring
the signal.*?l Another effective and more proven method uti-
lizes the Cre-LoxP system, in which transgenic mice express
the LacZ reporter gene with a STOP sequence, which can be
excised by Cre to subsequently exhibit LacZ expression after
transfection with EVs containing Cre mRNA.I'"3I This method
has been successfully used several times.[7:118]

In addition to cell engineering, another serviceable strategy
for creating modularized EVs is to directly transfer RNAs into
EVs, including by electroporation. Leaders in this research area,

&
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Membrane-anchored Method

Figure 6. Two dominant strategies, including the “binding method” and the “membrane-anchored method,” for the modular design of surface proteins.
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Figure 7. Modification of nucleic acids in EVs via cell engineering.

such as Alvarez-Erviti et al., have transferred siRNA into EVs via
electroporation; subsequent experiments have demonstrated
that these electroporated EVs could significantly inhibit expres-
sion of the target gene (Figure 9).2% Electroporation to gen-
erate siRNA-loaded EVs was successfully verified by follow-up
studies.11%129] However, it appears that electroporation might
not be efficacious for transferring all types of RNA directly
into EVs without modifying the “source cells.”l'”] Simple elec-
troporation might not be sufficiently efficient, and more in-
depth studies are needed.'?!] The latest theory suggests that
integrating the advantages of two vesicular systems, liposomes
and EVs, will be a potential solution to realize a superior siRNA
delivery strategy (Figure 10).['?2]

Interestingly, there are several reports indicating the possi-
bility that proteins can be directly transferred into EVs without
modifying the “source cells.” A large protein, (My 240 kDa),
has been effectively loaded into EVs (over 20% loading capacity)
using several protocols, including sonication, extrusion, and
permeabilization with saponin.[23]

Furthermore, the aforementioned methods could also be uti-
lized for loading other imaging or therapeutic agents, such as
gold nanoparticles.!'?*]
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Figure 8. Transportation of intracellular proteins using ESCRT machinery.
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Figure 9. Direct transfer using physical or chemical methods, including
electroporation.

7. High-Yield Tactics: Extracellular Vesicle-Mimetic
Nanovesicles

The primary technique to generate EVMs, crushing cells via
serial extrusion through nanopore filter membranes with gradu-
ally reduced pore sizes (10, 5, and 1 um) followed by isolation via
two-step density gradient ultracentrifugation, has been devel-
oped by Gho and co-workers.’? In our unpublished work, we
have added an extra extrusion step, using a 0.2 um nanopore
filter membrane immediately following the 1 pm nanopore
filter membrane. The most fascinating feature of EVMs is that
the production yield of EVMs is =120-fold higher compared to
EVs produced from the same number of cells.?

Although EVMs exhibit characteristics extremely similar to
Exos,3*124 the actual identity of EVMs needs to be clarified
by further investigation.

By analyzing the procedures used to generate EVMs, we con-
clude that it is highly likely that EVMs mainly begin as Exos in
MVBs before they are naturally released or eliminated via lys-
osomes. This hypothesis could explain both the high yield and
the similarity to Exos. The size of most normal mammalian cells
is over 10 uml'2>126l; therefore, extrusion through a 10 pm nano-
pore filter membrane would cause the cells to be destroyed and
the organelles to be released. Mitochondria have a diameter of
over 1 um,"””I so they could be subsequently removed with a
1 um nanopore filter membrane, as could organelles such as the
nucleus, endoplasmic reticulum, and Golgi apparatus, which are
larger than mitochondria. The remaining Exos, proteins, and
debris could then be distinguished by a two-step density gradient
ultracentrifugation due to their different densities. However,
more in-depth research is still needed. Once EVM production is
proven to be a useful method to obtain a large quantity of EVs
with rather simple steps, this method could be seamlessly con-
nected to the modularized EVs to produce modularized EVs with
high yields for clinical use or industrial production.

8. Outlook for Personalized and Precision
Medicine

The foundation of personalized and precision medicine is the
acquisition of a massive amount of personalized information from

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

s :

AX r

3 e
“\«b\\t‘( LQJ?XX_U)(‘QLL‘(W
Oooooooocoa

EVs

&

¢ & 752N
p—\' 5:%5 & \*5

& e

g g =
9 8_ Cargo é @
Q=8 2-5g9
45 o B0
Q % ’k; :
0.7 S5
Q. (oW i gg.)' Or;

f i T
%‘:{»\\ oo™ (4_'9?
oy el
00000
Liposomes

Figure 10. Integration of two vesicular systems, liposomes and EVs.

patients that can then be used to set up a precisely tailored thera-
peutic plan. For example, the application of human induced pluri-
potent stem cells (iPSCs), which could store personalized big data,
could be an important component in personalized medicine—a
patient’s personalized database.”*! With the tremendous advances
in “next-generation” diagnostic techniques, thousands of mutations
have been found and the origin of many diseases understood in
greater depth.?®! In addition, over the past few years, the arrival of
liquid biopsy technology has made the acquisition of a database of
tumors much easier, including DNA/chromatin mutations, meth-
ylation changes, and even information concerning C-EVs.[12130)

Based on access to sufficient personalized big data, the key
concept of precision medicine is the treatment or “ablation” of
the pathological condition with limited damage to normal tis-
sues.*’! With adequate information from the database, it would
be possible to assemble the needed cargo, including DNA, RNA,
oligonucleotides, proteins, and drugs, into the modularized EVs
using the technology described above, to maximize the thera-
peutic effect. Meanwhile, with highly customizable surface
molecules, modularized EVs will have excellent targeting ability
to avoid damage to normal tissues. As a consequence, modular-
ized EVs will prove particularly effective in the field of prospec-
tive personalized and precision medicine.

9. Discussion and Conclusion

As two different kinds of lipid-based delivery systems, liposomes
and EVs show similar advantages while also having their own
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respective advantages and disadvantages. First, lipid nanoparti-
cles exhibit high multifunctionality and biocompatibility among
the nanoparticles that have been explored and have been proven
to be safe and effective.'3!] EVs are good at carrying therapeutic
agents, which could be genetically modified in parental cells by
transfection.32] More precisely, EVs are serviceable for carrying
proteins, especially membrane proteins for targeting delivery,
and nucleic acids, which are hard to directly synthesize but easy
to generate using bioengineered cells.33l However, liposomes
are more appropriate for direct loading, as the adverse effects of
directly loading contents into EVs including causing the aggre-
gation of EVs[!32 or the possibility of relatively low efficiency, as
mentioned earlier.’2!l A major reason for optimism is that the
integration of liposomes and EVs will enhance their advantages
and avoid their disadvantages.

In addition to EVs and liposomes, intelligent organic nan-
oparticles, such as semiconducting polymer nanoparticles
(SPNs), are also available.3*138] SPNs constitute not only
a new generation of organic nanoparticles for sensing and
imaging[®*-3l but also a noninvasive remote control method
with a near-infrared absorbing property to regulate in vivo gene
expression and cellular signals.3>14214 What is particularly
exciting is their potential in optimized cancer therapy.[4>146l
The prospective integration of EVs and SPNs will have inte-
grated superiority, such as targeting and controllability, just like
the integration of liposomes and EVs, making them star per-
formers in personalized and precision medicine.

Although the biogenesis of Exos and MVs are different, in
most research into the function of EVs, their intracellular origin
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Figure 11. Concept and blueprint of the prospective modularized EVs.

is not strictly distinguished. Instead, small-sized EVs, isolated
by 0.22 um pore filters or ultracentrifugation, are regarded as
Exos."7148] Therefore, other than explaining the biogenesis of
EVs, we have avoided discussing them in detail in this review,
similar to most EV-related reviews.l] For therapeutic usage,
Zhuang et al. have carried out pioneering work to provide a
detailed comparison between the two main classes of EVs, Exos
and MVs, as drug carriers, and they showed that Exos could
be more effective due to their accumulation in the treatment
area.'®] Another kind of nanoparticle is the liposome, which
has the longest circulation time, when with a particle size
between 80 and 150 nm, instead of being quickly eliminated
by the liver or spleen.® If EVs behave in the same way, the
superior effect of Exos (or small EVs) for therapeutic use could
be due to the peak of Exos particle size distribution being in the
80-150 nm range.?®151 However, further study of EV subtypes
is still needed.

In summary, the field of modularized EV-based medicine
holds significant promise for the realization of targeted and
personalized drug delivery. As knowledge of the field further
develops, scientists have begun to realize that EVs derived from
native source cells cannot provide the answer for every condi-
tion and have certain deficiencies. Further study with respect
to modification and optimization of EVs has gradually shown
potential, just as a single spark is able to start a prairie fire.
Almost all the components of EVs, including the lipid bilayer,
surface proteins, internal proteins, and nucleic acids, can be
modified and improved, and such modifications have been
reported in increasing numbers. We expect that the ultimate
research direction will be the “modular design” of every compo-
nent of EVs, and the ability to obtain modularized EVs will be
the ultimate therapeutic strategy (Figure 11). If the essence of
EVMs can be thoroughly understood, it will be easier to achieve
industrial production of modularized EVs and thus meet the
huge clinical demand for the needs of personalized and pre-
cision medicine in the future. However, there is still a long
way to go to thoroughly study and more fully understand the
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biogenesis of EVs and to investigate more advanced, more effi-
cient, and easier ways to achieve their “modular design’”.

Acknowledgements

This work was supported by the National Natural Science Foundation
of China (Grant Nos. 81301589 and 81472066). This work was also
supported by the Joint Project Funding for Major Diseases in Shanghai
(Grant No.2014ZY)B0301) and the NHFPC Special Fund for Health
Scientific Research in the Public Welfare (No. 201402016). S.-C.T.
planned and wrote the paper. S.-C.G. helped with planning and writing.
C.-Q.Z. provided advice and suggestions. All authors reviewed the paper.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

drug delivery, extracellular vesicles, modular design, nanovesicles,
nucleic acids, targeting

Received: August 3, 2017
Revised: September 18, 2017
Published online: January 2, 2018

[1] M. Tkach, C. Thery, Cell 2016, 164, 1226.
[2] S. Liu, A. Hossinger, S. Gobbels, I. M. Vorberg, Prion 2017, 11,

98.

[3] T. Kinoshita, K. W. Yip, T. Spence, F. F. Liu, J. Hum. Genet. 2017,
62, 67.

[4] V. Budnik, C. Ruiz-Canada, F. Wendler, Nat. Rev. Neurosci. 2016,
17, 160.

[5] S. Tan, T. Wu, D. Zhang, Z. Zhang, Theranostics 2015, 5, 863.

[6] N. Raab-Traub, D. P. Dittmer, Nat. Rev. Microbiol. 2017, 15, 559.

[7] S. C. Tao, S. C. Guo, C. Q. Zhang, Int. J. Biol. Sci. 2017, 13, 828.

[8] G. Raposo, H. W. Nijman, W. Stoorvogel, R. Liejendekker,
C. V. Harding, C. ). Melief, H. |. Geuze, J. Exp. Med. 1996, 183,
1161.

[9] S. El Andaloussi, I. Mager, X. O. Breakefield, M. ]. Wood, Nat. Rev.
Drug Discovery 2013, 12, 347.

[10] ). G. van den Boorn, M. Schlee, C. Coch, G. Hartmann, Nat. Bio-
technol. 2011, 29, 325.

[17] A. Clayton, C. L. Harris, J. Court, M. D. Mason, B. P. Morgan, Eur.
J. Immunol. 2003, 33, 522.

[12] S. C. Tao, T. Yuan, Y. L. Zhang, W. J. Yin, S. C. Guo, C. Q. Zhang,
Theranostics 2017, 7, 180.

[13] M. P. Caby, D. Lankar, C. Vincendeau-Scherrer, G. Raposo,
C. Bonnerot, Int. Immunol. 2005, 17, 879.

[14] Y. Ogawa, Y. Miura, A. Harazono, M. Kanai-Azuma, Y. Akimoto,
H. Kawakami, T. Yamaguchi, T. Toda, T. Endo, M. Tsubuki,
R. Yanoshita, Biol. Pharm. Bull. 2011, 34, 13.

[15] T. Pisitkun, R. F. Shen, M. A. Knepper, Proc. Natl. Acad. Sci. USA
2004, 701, 13368.

[16] A. I. Masyuk, B. Q. Huang, C. J. Ward, S. A. Gradilone,
J. M. Banales, T. V. Masyuk, B. Radtke, P. L. Splinter, N. F. LaRusso,
Am. J. Physiol.: Gastrointest. Liver Physiol. 2010, 299, G990.

[17] K. Skriner, K. Adolph, P. R. Jungblut, G. R. Burmester, Arthritis
Rheum. 2006, 54, 3809.

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[18] G. Ronquist, I. Brody, Biochim. Biophys. Acta 1985, 822, 203.

[19] C. Admyre, S. M. Johansson, K. R. Qazi, J. ]. Filen, R. Lahesmaa,

M. Norman, E. P. Neve, A. Scheynius, S. Gabrielsson, J. Immunol.

2007, 179, 1969.

L. Alvarez-Erviti, Y. Seow, H. Yin, C. Betts, S. Lakhal, M. J. Wood,

Nat. Biotechnol. 2011, 29, 341.

[21] J. Ratajczak, K. Miekus, M. Kucia, J. Zhang, R. Reca, P. Dvorak,

M. Z. Ratajczak, Leukemia 2006, 20, 847.

R. C. Lai, T. S. Chen, S. K. Lim, Regener. Med. 2011, 6, 481.

K. Al-Nedawi, B. Meehan, . Micallef, V. Lhotak, L. May, A. Guha,

J. Rak, Nat. Cell Biol. 2008, 10, 619.

K. Al-Nedawi, B. Meehan, R. S. Kerbel, A. C. Allison, J. Rak, Proc.

Natl. Acad. Sci. USA 2009, 106, 3794.

K. Mahmoudi, A. Ezrin, C. Hadjipanayis, Mol. Aspects Med. 2015,

45, 97.

D. Xiang, S. Shigdar, G. Qiao, T. Wang, A. Z. Kouzani, S. F. Zhou,

L. Kong, Y. Li, C. Pu, W. Duan, Theranostics 2015, 5, 23.

D. Choi, ). Lee, G. Go, Y. Kim, Y. S. Gho, Mol. Diagn. Ther. 2013,

17, 265.

H. Peinado, M. Aleckovic, S. Lavotshkin, I. Matei, B. Costa-Silva,

G. Moreno-Bueno, M. Hergueta-Redondo, C. Williams,

G. Garcia-Santos, C. Ghajar, A. Nitadori-Hoshino, C. Hoffman,

K. Badal, B. A. Garcia, M. K. Callahan, ). Yuan, V. R. Martins,

J. Skog, R. N. Kaplan, M. S. Brady, J. D. Wolchok, P. B. Chapman,

Y. Kang, J. Bromberg, D. Lyden, Nat. Med. 2012, 18, 883.

[29] T. Yamashita, H. Kamada, S. Kanasaki, Y. Maeda, K. Nagano,

Y. Abe, M. Inoue, Y. Yoshioka, Y. Tsutsumi, S. Katayama, Pharmazie

2013, 68, 969.

M. Noerholm, L. Balaj, T. Limperg, A. Salehi, L. D. Zhu,

F. H. Hochberg, X. O. Breakefield, B. S. Carter, ). Skog, BMC

Cancer 2012, 12, 22.

[31] C. Lasser, Expert Opin. Biol. Ther. 2012, 12, S189.

[32] J. Nilsson, J. Skog, A. Nordstrand, V. Baranov, L. Minchevanilsson,
X. O. Breakefield, A. Widmark, Br. J. Cancer 2009, 100, 1603.

[33] C. Corcoran, A. M. Friel, M. ). Duffy, J. Crown, L. Odriscoll,
Clin. Chem. 2011, 57, 18.

[34] A. V. Vlassov, S. Magdaleno, R. Setterquist, R. Conrad, Biochim.
Biophys. Acta 2012, 1820, 940.

[35] J. S. Schorey, C. V. Harding, J. Clin. Invest. 2016, 126, 1181.

[36] L. Barile, G. Vassalli, Pharmacol. Ther. 2017, 174, 63.

[37] C. Ciardiello, L. Cavallini, C. Spinelli, J. Yang, M. Reis-Sobreiro,
P. de Candia, V. R. Minciacchi, D. Di Vizio, Int. J. Mol. Sci. 2016,
17,175.

[38] H. Peinado, S. Lavotshkin, D. Lyden, Semin. Cancer Biol. 2011, 21,
139.

[39] ). Ratajczak, M. Wysoczynski, F. Hayek, A. Janowska-Wieczorek,
M. Z. Ratajczak, Leukemia 2006, 20, 1487.

[40] E. van der Pol, A. N. Boing, P. Harrison, A. Sturk, R. Nieuwland,
Pharmacol. Rev. 2012, 64, 676.

[41] M. Gnecchi, H. He, O. D. Liang, L. G. Melo, F. Morello, H. Mu,
N. Noiseux, L. Zhang, R. E. Pratt, ). S. Ingwall, V. J. Dzau,
Nat. Med. 2005, 11, 367.

[42] C. P. Lai, E. Y. Kim, C. E. Badr, R. Weissleder, T. R. Mempel,
B. A. Tannous, X. O. Breakefield, Nat. Commun. 2015, 6, 7029.

[43] S. C. Tao, S. C. Guo, M. Li, Q. F. Ke, Y. P. Guo, C. Q. Zhang, Stem
Cells Transl. Med. 2017, 6, 736.

[44] J. M. Cooper, P. B. Wiklander, ). Z. Nordin, R. Al-Shawi,
M. J. Wood, M. Vithlani, A. H. Schapira, ). P. Simons,
S. El-Andaloussi, L. Alvarez-Erviti, Mov. Disord. 2014, 29, 1476.

[45] T. Smyth, K. Petrova, N. M. Payton, |. Persaud, J. S. Redzic,
M. W. Graner, P. Smith-Jones, T. ]. Anchordoquy, Bioconjugate
Chem. 2014, 25,1777.

[46] I. Nakase, S. Futaki, Sci. Rep. 2015, 5, 10112.

[47] Y. Tian, S. Li, J. Song, T. Ji, M. Zhu, G. J. Anderson, ). Wei, G. Nie,
Biomaterials 2014, 35, 2383.

(20]

(22]
(23]

(24]
(23]
26]
(27]

(28]

(3]

Adv. Sci. 2018, 5, 1700449

1700449 (10 of 12)

www.advancedscience.com

[48] ). L. Hood, M. J. Scott, S. A. Wickline, Anal. Biochem. 2014, 448,
41.

[49] M. Baumann, M. Krause, ). Overgaard, ). Debus, S. M. Bentzen,
J. Daartz, C. Richter, D. Zips, T. Bortfeld, Nat. Rev. Cancer 2016, 16,
234,

[50] S. Barlas, P T 2015, 40, 340.

[51] E. Matsa, . H. Ahrens, ). C. Wu, Physiol. Rev. 2016, 96, 1093.

[52] S. C. Jang, O. Y. Kim, C. M. Yoon, D. S. Choi, T. Y. Roh, J. Park,
J. Nilsson, J. Lotvall, Y. K. Kim, Y. S. Gho, ACS Nano 2013, 7,
7698.

[53] K. Oh, S. R. Kim, D. K. Kim, M. W. Seo, C. Lee, H. M. Lee, |. E. Oh,
E. Y. Choi, D. S. Lee, Y. S. Gho, K. S. Park, ACS Nano 2015, 9,
11718.

[54] D. W. Hwang, H. Choi, S. C. Jang, M. Y. Yoo, J. Y. Park, N. E. Choi,
H. ). Oh, S. Ha, Y. S. Lee, J. M. Jeong, Y. S. Gho, D. S. Lee, Sci. Rep.
2015, 5, 15636.

[55] M. Colombo, G. Raposo, C. Thery, Annu. Rev. Cell Dev. Biol. 2014,
30, 255.

[56] A. Villasante, A. Marturano-Kruik, S. R. Ambati, Z. Liu,
A. Godier-Furnemont, H. Parsa, B. W. Lee, M. A. Moore,
G. Vunjak-Novakovic, Theranostics 2016, 6, 1119.

[57] M. P. Zaborowski, L. Balaj, X. O. Breakefield, C. P. Lai, Bioscience
2015, 65, 783.

[58] K. Junker, J. Heinzelmann, C. Beckham, T. Ochiya, G. Jenster,
Eur. Urol. 2016, 70, 323.

[59] J. Schoneberg, I. H. Lee, J. H. Iwasa, J. H. Hurley, Nat. Rev. Mol.
Cell Biol. 2017, 18, 5.

[60] L. Christ, C. Raiborg, E. M. Wenzel, C. Campsteijn, H. Stenmark,
Trends Biochem. Sci. 2017, 42, 42.

[61] D.J. Katzmann, M. Babst, S. D. Emr, Cell 2001, 106, 145.

[62] M. S. Kostelansky, C. Schluter, Y. Y. Tam, S. Lee, R. Ghirlando,
B. Beach, E. Conibear, ). H. Hurley, Cell 2007, 129, 485.

[63] M. Babst, D. J. Katzmann, W. B. Snyder, B. Wendland, S. D. Emr,
Dev. Cell 2002, 3, 283.

[64] A. Hierro, J. Sun, A. S. Rusnak, J. Kim, G. Prag, S. D. Emr,
J. H. Hurley, Nature 2004, 431, 221.

[65] Y. ). Im, ). H. Hurley, Dev. Cell 2008, 14, 902.

[66] M. S. Kostelansky, J. Sun, S. Lee, J. Kim, R. Ghirlando, A. Hierro,

S. D. Emr, J. H. Hurley, Cell 2006, 125, 113.

D. ). Gill, H. Teo, J. Sun, O. Perisic, D. B. Veprintsev, S. D. Emr,

R. L. Williams, EMBO J. 2007, 26, 600.

E. Boura, B. Rozycki, H. S. Chung, D. Z. Herrick, B. Canagarajah,

D. S. Cafiso, W. A. Eaton, G. Hummer, . H. Hurley, Structure 2012,

20, 874.

K. Trajkovic, C. Hsu, S. Chiantia, L. Rajendran, D. Wenzel,

F. T. Wieland, P. Schwille, B. Brugger, M. Simons, Science 2008,

319, 1244,

[70] G. van Niel, S. Charrin, S. Simoes, M. Romao, L. Rochin, P. Saftig,
M. S. Marks, E. Rubinstein, G. Raposo, Dev. Cell 2011, 21, 708.

[71] S. L. Maas, X. O. Breakefield, A. M. Weaver, Trends Cell Biol. 2017,
27,172.

[72] S. R. Pfeffer, Nat. Cell Biol. 2010, 12, 3.

[73] H. Stenmark, Nat. Rev. Mol. Cell Biol. 2009, 10, 513.

[74] N. Chiaruttini, L. Redondo-Morata, A. Colom, F. Humbert,
M. Lenz, S. Scheuring, A. Roux, Cell 2015, 763, 866.

[75] J. McCullough, A. K. Clippinger, N. Talledge, M. L. Skowyra,

M. G. Saunders, T. V. Naismith, L. A. Colf, P. Afonine, C. Arthur,

W. I. Sundquist, P. I. Hanson, A. Frost, Science 2015, 350, 1548.

I. H. Lee, H. Kai, L. A. Carlson, J. T. Groves, J. H. Hurley, Proc.

Natl. Acad. Sci. USA 2015, 112, 15892.

B. Li, M. A. Antonyak, ). Zhang, R. A. Cerione, Oncogene 2012, 31,

4740.

[78] D. W. Stuckey, K. Shah, Nat. Rev. Cancer 2014, 14, 633.

[79] Y. Shuai, L. Liao, X. Su, Y. Yu, B. Shao, H. Jing, X. Zhang, Z. Deng,
Y. Jin, Theranostics 2016, 6, 1899.

(67]

(68]

(69]

[76]

[77)

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[80] S. R. Baglio, K. Rooijers, D. Koppers-Lalic, F. J. Verweij, M. Perez
Lanzon, N. Zini, B. Naaijkens, F. Perut, H. W. Niessen, N. Baldini,
D. M. Pegtel, Stem Cell Res. Ther. 2015, 6, 127.

[81] S. Bian, L. Zhang, L. Duan, X. Wang, Y. Min, H. Yu, J. Mol. Med.
2014, 92, 387.

[82] Y. Zhou, H. Xu, W. Xu, B. Wang, H. Wu, Y. Tao, B. Zhang,
M. Wang, F. Mao, Y. Yan, S. Gao, H. Gu, W. Zhu, H. Qian, Stem
Cell Res. Ther. 2013, 4, 34.

[83] S. R. Baglio, D. M. Pegtel, N. Baldini, Front. Physiol. 2012, 3,
359.

[84] B. Zhang, Y. Yin, R. C. Lai, S. S. Tan, A. B. Choo, S. K. Lim, Stem
Cells Dev. 2014, 23, 1233.

[85] D. Katsman, E. J. Stackpole, D. R. Domin, D. B. Farber, PLoS One
2012, 7, e50417.

[86] V. Cantaluppi, L. Biancone, F. Figliolini, S. Beltramo, D. Medica,
M. C. Deregibus, F. Galimi, R. Romagnoli, M. Salizzoni, C. Tetta,
G. P. Segoloni, G. Camussi, Cell Transplant. 2012, 21, 1305.

[87] A. G. Ibrahim, K. Cheng, E. Marban, Stem Cell Rep. 2014, 2, 606.

[88] S. C. Guo, S. C. Tao, W. J. Yin, X. Qi, T. Yuan, C. Q. Zhang, Thera-
nostics 2017, 7, 81.

[89] L. Zitvogel, A. Regnault, A. Lozier, J. Wolfers, C. Flament, D. Tenza,
P. Ricciardicastagnoli, G. Raposo, S. Amigorena, Nat. Med. 1998,
4, 594,

[90] J. Wolfers, A. Lozier, G. Raposo, A. Regnault, C. Thery, C. Masurier,
C. Flament, S. Pouzieux, F. Faure, T. Tursz, Nat. Med. 2001, 7, 297.

[91] S. Viaud, M. Terme, C. Flament, |. Taieb, F. André, S. Novault,
B. Escudier, C. Robert, S. Caillatzucman, T. Tursz, L. Zitvogel,
N. Chaput, PLoS One 2009, 4, e4942.

[92] T. I. Naslund, U. Gehrmann, K. R. Qazi, M. C. I
S. Gabrielsson, J. Immunol. 2013, 190, 2712.

[93] A. Kalani, P. K. Kamat, P. Chaturvedi, S. C. Tyagi, N. Tyagi, Life Sci.
2014, 107, 1.

[94] S. Rani, A. E. Ryan, M. D. Griffin, T. Ritter, Mol. Ther. 2015, 23, 812.
[95] D. Sun, X. Zhuang, X. Xiang, Y. Liu, S. Zhang, C. Liu, S. Barnes,
W. Grizzle, D. Miller, H. G. Zhang, Mol. Ther. 2010, 18, 1606.

[96] C. Yang, L. Nilsson, M. U. Cheema, Y. Wang, . Frokiaer, S. Gao,

J. Kjems, R. Norregaard, Theranostics 2015, 5, 110.
[97] A. ). O'Loughlin, I. Mager, O. G. de Jong, M. A. Varela,
R. M. Schiffelers, S. El Andaloussi, M. J. A. Wood, P. Vader,
Mol. Ther. 2017, 25, 1580.
[98] L. Pascucci, V. Cocce, A. Bonomi, D. Ami, P. Ceccarelli,
E. Ciusani, L. Vigano, A. Locatelli, F. Sisto, S. M. Doglia, E. Parati,
M. E. Bernardo, M. Muraca, G. Alessandri, G. Bondiolotti,
A. Pessina, J. Controlled Release 2014, 192, 262.
[99] J. Lee, J. Kim, M. Jeong, H. Lee, U. Goh, H. Kim, B. Kim, . H. Park,
Nano Lett. 2015, 15, 2938.
[100] S. C. Guo, S. C. Tao, W. J. Yin, X. Qi, ). G. Sheng, C. Q. Zhang,
Int. J. Biol. Sci. 2016, 12, 1262.
[101] A. Morales-Kastresana, B. Telford, T. A. Musich, K. McKinnon,
C. Clayborne, Z. Braig, A. Rosner, T. Demberg, D. C. Watson,
T. S. Karpova, G. ). Freeman, R. H. DeKruyff, G. N. Pavlakis,
M. Terabe, M. Robert-Guroff, |. A. Berzofsky, ). C. Jones, Sci. Rep.
2017, 7, 1878.
[102] W. Zhang, Z. L. Yu, M. Wu, J. G. Ren, H. F. Xia, G. L. Sa, . Y. Zhu,
D. W. Pang, Y. F. Zhao, G. Chen, ACS Nano 2017, 11, 277.
[103] O.L.Gobbo, K. Sjaastad, M. W. Radomski, Y. Volkov, A. Prina-Mello,
Theranostics 2015, 5, 1249.
[104] C. H. Fan, Y. H. Cheng, C. Y. Ting, Y. J. Ho, P. H. Hsu, H. L. Liu,
C. K. Yeh, Theranostics 2016, 6, 1542.
[105] I. S. Zeelenberg, M. Ostrowski, S. Krumeich, A. Bobrie, C. Jancic,
A. Boissonnas, A. Delcayre, |. B. Le Pecq, B. Combadiere,
S. Amigorena, C. Thery, Cancer Res. 2008, 68, 1228.
[106] Z. C. Hartman, ). Wei, O. K. Glass, H. Guo, G. Lei, X. Y. Yang,
T. Osada, A. Hobeika, A. Delcayre, J. B. Le Pecg, M. A. Morse,
T. M. Clay, H. K. Lyerly, Vaccine 2011, 29, 9361.

Karlsson,

Adv. Sci. 2018, 5, 1700449 1700449 (11 of 12)

www.advancedscience.com

[107] S. Ohno, M. Takanashi, K. Sudo, S. Ueda, A. Ishikawa,
N. Matsuyama, K. Fujita, T. Mizutani, T. Ohgi, T. Ochiya, N. Gotoh,
M. Kuroda, Mol. Ther. 2013, 21, 185.

[108] B. Shen, N. Wu, J. M. Yang, S. J. Gould, J. Biol. Chem. 2011, 286,
14383.

[109] S. Kamerkar, V. S. LeBleu, H. Sugimoto, S. Yang, C. F. Ruivo,
S. A. Melo, |. ). Lee, R. Kalluri, Nature 2017, 546, 498.

[170] L. Rivoltini, C. Chiodoni, P. Squarcina, M. Tortoreto, A. Villa,
B. Vergani, M. Burdek, L. Botti, I. Arioli, A. Cova, Clin. Cancer Res.
2016, 22, 3499.

[117] C. P. Lai, O. Mardini, M. Ericsson, S. Prabhakar, C. A. Maguire,
J. W. Chen, B. A. Tannous, X. O. Breakefield, ACS Nano 2014, 8, 483.

[172] L. Brown, ). M. Wolf, R. Prados-Rosales, A. Casadevall, Nat. Rev.

Microbiol. 2015, 13, 620.

K. Ridder, S. Keller, M. Dams, A. K. Rupp, ). Schlaudraff,

D. Del Turco, ). Starmann, J. Macas, D. Karpova, K. Devraj,

C. Depboylu, B. Landfried, B. Arnold, K. H. Plate, G. Hoglinger,
H. Sultmann, P. Altevogt, S. Momma, PLoS Biol. 2014, 12, e1001874.

[114] A. Mizrak, M. F. Bolukbasi, G. B. Ozdener, G. |. Brenner,
S. Madlener, E. P. Erkan, T. Strobel, X. O. Breakefield, O. Saydam,
Mol. Ther. 2013, 21, 101.

[115] G. Bertoli, C. Cava, |. Castiglioni, Theranostics 2015, 5, 1122.

[176] U. Sterzenbach, U. Putz, L. H. Low, J. Silke, S. S. Tan, J. Howitt,
Mol. Ther. 2017, 25, 1269.

[117] A. Zomer, C. Maynard, F. J. Verweij, A. Kamermans, R. Schafer,
E. Beerling, R. M. Schiffelers, E. de Wit, |. Berenguer,
S. I. Ellenbroek, T. Wurdinger, D. M. Pegtel, |. van Rheenen, Cell
2015, 161, 1046.

[118] K. Ridder, A. Sevko, J. Heide, M. Dams, A. K. Rupp, J. Macas,
J. Starmann, M. Tjwa, K. H. Plate, H. Sultmann, P. Altevogt,
V. Umansky, S. Momma, Oncoimmunology 2015, 4, e1008371.

[179] J. Wahlgren, L. K. T. De, M. Brisslert, F. Vaziri Sani, E. Telemo,
P. Sunnerhagen, H. Valadi, Nucleic Acids Res. 2012, 40, e130.

[120] S. El-Andaloussi, Y. Lee, S. Lakhal-Littleton, J. Li, Y. Seow,
C. Gardiner, L. Alvarez-Erviti, I. L. Sargent, M. J. Wood, Nat. Protoc.
2012, 7, 2112.

[121] S. A. Kooijmans, S. Stremersch, K. Braeckmans, S. C. de Smedt,
A. Hendrix, M. J. Wood, R. M. Schiffelers, K. Raemdonck, P. Vader,
J. Controlled Release 2013, 172, 229.

[122] S. Antimisiaris, S. Mourtas, K. Papadia, Int. J. Pharm. 2017, 525,
293.

[123] M. J. Haney, N. L. Klyachko, Y. Zhao, R. Gupta, E. G. Plotnikova,
Z. He, T. Patel, A. Piroyan, M. Sokolsky, A. V. Kabanov,
E. V. Batrakova, J. Controlled Release 2015, 207, 18.

[124] T. R. Lunavat, S. C. Jang, L. Nilsson, H. T. Park, G. Repiska,
C. Lasser, ). A. Nilsson, Y. S. Gho, . Lotvall, Biomaterials 2016,
102, 231.

[125] M. B. Ginzberg, R. Kafri, M. Kirschner, Science 2015, 348, 1245075.

[126] K. Yamamoto, T. W. Mak, Dev., Growth Differ. 2017, 59, 33.

[127] L. Wiemerslage, D. Lee, J. Neurosci. Methods 2016, 262, 56.

[128] A. A. Friedman, A. Letai, D. E. Fisher, K. T. Flaherty, Nat. Rev.
Cancer 2015, 15, 747.

[129] J. C. Wan, C. Massie, J. Garcia-Corbacho, F. Mouliere,
J. D. Brenton, C. Caldas, S. Pacey, R. Baird, N. Rosenfeld, Nat. Rev.
Cancer 2017, 17, 223.

[130] E. Crowley, F. Di Nicolantonio, F. Loupakis, A. Bardelli, Nat. Rev.
Clin. Oncol. 2013, 10, 472.

[131] E. Desmet, M. Van Gele, |. Lambert, Expert Opin. Drug Delivery
2017, 14, 109.

[132] Y. T. Sato, K. Umezaki, S. Sawada, S. A. Mukai, Y. Sasaki,
N. Harada, H. Shiku, K. Akiyoshi, Sci. Rep. 2016, 6, 21933.

[133] S. C. Jang, Y. S. Gho, Nanomedicine 2014, 9, 177.

[134] Y. Lyu, K. Pu, Adv. Sci. 2017, 4, 1600481.

[135] Y. Lyu, D. Cui, H. Sun, Y. Miao, H. Duan, K. Pu, Angew. Chem., Int.
Ed. Engl. 2017, 56, 9155.

[113]

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[136] D. Cui, C. Xie, K. Pu, Macromol. Rapid Commun. 2017, 38,
1700125.

[137] Y. Lyu, X. Zhen, Y. Miao, K. Pu, ACS Nano 2017, 11, 358.

[138] X. Zhen, C. Zhang, C. Xie, Q. Miao, K. L. Lim, K. Pu, ACS Nano
2016, 70, 6400.

[139] K. Pu, N. Chattopadhyay, J. Rao, J. Controlled Release 2016, 240,
312.

[140] J. Zhang, X. Zhen, P. K. Upputuri, M. Pramanik, P. Chen, K. Pu,
Adv. Mater. 2017, 29, 1604764.

[141] C. Xie, P. K. Upputuri, X. Zhen, M. Pramanik, K. Pu, Biomaterials
2017, 119, 1.

[142] Y. Lyu, C. Xie, S. A. Chechetka, E. Miyako, K. Pu, J. Am. Chem. Soc.
2016, 7138, 9049.

[143] Q. Miao, Y. Lyu,
3662.

[144] C.Yin, X. Zhen, H. Zhao, Y. Tang, Y. Ji, Y. Lyu, Q. Fan, W. Huang,
K. Pu, ACS Appl. Mater. Interfaces 2017, 9, 12332.

D. Ding, K. Pu, Adv. Mater. 2016, 28,

Adv. Sci. 2018, 5, 1700449 1700449 (12 of 12)

www.advancedscience.com

[145] H. Zhu, Y. Fang, Q. Miao, X. Qi, D. Ding, P. Chen, K. Pu, ACS
Nano 2017, 11, 8998.

[146] Y. Lyu, Y. Fang, Q. Miao, X. Zhen, D. Ding, K. Pu, ACS Nano 2016,
10, 4472.

[147] S. ). Gould, G. Raposo, J. Extracell. Vesicles 2013, 2, 20389.

[148] J. Kowal, G. Arras, M. Colombo, M. Jouve, ). P. Morath,
B. Primdal-Bengtson, F. Dingli, D. Loew, M. Tkach, C. Thery,
Proc. Natl. Acad. Sci. USA 2016, 113, E968.

[149] X. Zhuang, X. Xiang, W. E. Grizzle, D. Sun, S. Zhang, R. C. Axtell,
S.Ju, ). Mu, L. Zhang, L. Steinman, Mol. Ther. 2011, 19, 1769.

[150] R. van der Meel, M. H. Fens, P. Vader, W. W. van Solinge,
O. Eniola-Adefeso, R. M. Schiffelers, J. Controlled Release 2014,
195, 72.

[151] S. A. Melo, L. B. Luecke, C. Kahlert, A. F. Fernandez,
S. T. Gammon, J. Kaye, V. S. LeBleu, E. A. Mittendorf, |. Weitz,
N. Rahbari, C. Reissfelder, C. Pilarsky, M. F. Fraga, D. Piwnica-Worms,
R. Kalluri, Nature 2015, 523, 177.

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



