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A B S T R A C T

RNA interfering (RNAi), mediated by small interfering RNAs and microRNAs, is currently

one of the most promising tools of gene therapy. Small RNAs are capable of inducing spe-

cific post-transcriptional gene silencing, providing a potentially effective platform for the

treatment of a wide array of diseases. However, similar to other nucleic acid-based drugs,

the major hurdle of RNAi therapy is lack of efficient and non-immunogenic delivery ve-

hicles. Currently, viruses, synthetic polymers, and lipid-based carriers are among the most

widely studied vehicles for small RNA delivery. However, many drawbacks are reported to

be associated with these delivery vehicles. There is a pressing need to replace them with

more efficient and better-tolerated approaches. Exosomes secreted from the endocytic com-

partment of live cells, are a subtype of endogenous extracellular vesicles that transfer genetic

and biochemical information among different cells, thus playing an important role in cell-

cell communication. Recently, accumulating attention has been focused on harnessing

exosomes as nanaocarriers for small RNAs delivery. Due to their natural role in shuttling

endogenous nucleic acid in our body, exosomes may exhibit higher delivery efficiency, lower

immunogenicity, and better compatibility than existing foreign RNA carriers. Importantly,

exosomes own intrinsic homing capacity that can guide small RNAs across natural mem-

branous barriers. Moreover, such a capacity can be further improved by adding appropriate

targeting moieties. In this manuscript, we briefly review the progress and challenges of RNAi

therapy, and discuss the potential of exosomes’ applications in small RNA delivery with focus

on the most recent advances in exosome-based small RNA delivery for disease therapy.

© 2018 Shenyang Pharmaceutical University. Production and hosting by Elsevier B.V. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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1. Introduction

Gene therapy, including RNAi, has long been fascinating both
scientific community and general public because of the po-
tential for treating a diseases at its genetic roots [1]. RNAi
mediated by small RNA molecules including small interfer-
ing RNA (siRNA) and micro RNA (miRNA), is a potent and
specific post-transcriptional gene silencing tool by either
catalytical degradation or translation arrest of targeted RNA,
RNAi offers several advantages over conventional therapeu-
tics based on small molecules or proteins. First, the mechanisms
of gene silencing is well-known and consistent for each
target [2]. Second, the binding of small RNAs with lead com-
pound is relatively fast with high selectivity [3]. Third, RNAi
therapeutics could target any genes, including those coding
for undrugable protein products [2,3]. In addition, RNAi
therapeutics are more potent and specific than antisense oli-
gonucleotides [4,5]. Last but not the least, the production of
small RNA molecules is relatively simple and efficient, as it does
not involve with cellular expression systems, and compli-
cated protein purification and refolding processes [6,7]. Since
the discovery of RNAi, small RNA-based therapeutics have
brought gene therapy to the forefront as one of the most pow-
erful tools for therapeutic applications in various refractory
diseases, such as cancers and neurological disorders [8].

However, the major hurdle to move RNAi therapy from bench
to bedside is the delivery issue. Naked small RNAs are hydro-
philic and negative-charged, which prohibit them from crossing
biological membranes. Apart from the biological barriers, small
RNAs exhibit high sensitivity to RNases and may undergo rapid
enzymatic degradation in vivo. Furthermore, the possibility of
inducing immune responses and off-target gene silencing
hinders the clinical application of RNA molecules. Over the past
few decades, relentless search for efficient and safe delivery
vectors has been done to improve the delivery efficiency of
small RNAs. Virus vectors or synthetic polymeric nanoparticles
and liposomes are among the most extensively explored ve-
hicles. However, in spite of major advances in the delivery of
RNAi, only a small number of clinical trials have been carried
out. To date, there are still several disadvantages with these
vehicles, such as issues related to delivery efficiency, immu-
nogenicity, and toxicity. For example, poor safety profile, risk
of insertional oncogenesis and immunogenicity, and high pro-
duction cost limit the utilization of viral vectors for small RNA
delivery. As for non-viral nanocarriers, low transfection
efficiency, harmful immune responses, and poor biocompat-
ibility have been reported [9]. As an example, when applying
polyethylenimine (PEI), a promising polycationic polymer, for
gene transfection, PEI with high molecular weight may achieve
high transfection efficiency but also display high cytotoxic-
ity. While PEI with low molecular weight shows lower
cytotoxicity but also has limited transfection efficiency [10].

An emerging novel small RNA delivery vehicle is known as
exosomes. There is asubtype of nanosized membrane vesicles
secreted by almost all endogenous cells. Especially following
the finding that exosomes are naturally-occurring RNA carri-
ers that regulate the gene expression of recipient cells [11], the
interest in exosomes for small RNA delivery has exploded.
Exosomes compensate for the disadvantages of existing small

RNA delivery systems and may represent a new avenue for
future small RNA based therapeutics.These advantages include
higher delivery efficiency, membrane permeation capacity, better
biocompatibility, non-immunogenicity/toxicity, and better safety
[12–15]. Moreover, owing to the specific lipid and protein com-
position, exosomes have the inherent ability to fuse with cell
membranes and directly deliver vesicular cargoes into the
cytosol [13]. Therefore, this mode of internalization largely by-
passes the endocytic pathway. Owing to these unique properties,
exosomes offer a new avenue of opportunities for coping with
the delivery dilemma of small RNAs.

In this review, we first give an overview of the progress and
challenge of RNAi therapy. Then we discuss the potential role
of exosomes in small RNA delivery with focus on the most
recent advances and knowledge gaps in the area of exosome-
based small RNA delivery for disease therapy.

2. Overview of RNAi therapy

RNAi is a widespread and natural process found in prokary-
otic and eukaryotic organisms [16]. Initially, RNAs were identified
to be intermediates carrying information between DNAs and
proteins. About two decades ago, the functional repertoire of
RNAs was expanded after the discovery that double-stranded
RNAs (dsRNAs) could bind to complementary mRNAs and
induce sequence-specific post-transcriptional gene silencing,
and the term “RNAi” was first introduced [17]. Shortly there-
after, short dsRNAs or siRNAs could be synthesized artificially
and their therapeutic potentials were soon realized and ex-
panded. Since then, the knowledge that small RNAs play an
important role in regulating gene expression has exerted a tre-
mendous impact on the basic and applied research of RNAi
therapeutics. The first clinical trial of RNAi therapeutics was
conducted in 2004, where Bevasiranib, a vascular endothelial
growth factor (VEGF) siRNA was tested for the repression of
retinal neovascularization in patients with wet age-related
macular degeneration (AMD) [18]. Moreover, with the devel-
opment of RNAi technology, the first clinical trial of siRNA
therapeutics via systematic administration for the treatment
of tumor was carried out in 2010 [19]. Currently, Macugen, an
anti-VEGF aptamer for the therapy of AMD and diabetic edema,
is approved as the first therapeutic RNA aptamer [20]. These
results suggested that much progress has been made in the
realm of small RNA therapy over the last two decades, and RNAi
therapy could be a powerful approach for disease therapy.

RNAi can be triggered by various source of RNA mol-
ecules, including siRNA, miRNA, long dsRNA, and short hairpin
RNA (shRNA) [16]. Long dsRNA with a sequence length of 500
to 1000 is often utilized to study gene functions, and shRNAs
is transcribed from a DNA vector in the nucleus of cell [3]. Long
dsRNA and shRNA are not commonly used for therapeutic
therapy, because dsRNA is prone to activate Dicer-related an-
tiviral pathways and elicit antiviral immune response [16].
ShRNA is a DNA-based strategy depending on viral vectors
which has a potential risk of genetic deregulation and inser-
tional mutagenesis, thus leaving a safety concern to clinical
application [21,22]. Therefore, therapeutically investigated
RNAi is mainly triggered by siRNA and miRNA, especially siRNA,
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as the most widely explored RNAi molecules for therapeutic
use. In this review, small RNAs refer to siRNA and miRNA.

SiRNA is derived from exogenous dsRNA that enters cells
via vectors, while miRNA is a naturally occurring non-coding
RNA derived from primary miRNA (pre-miRNA) which is tran-
scribed from endogenous miRNA gene in the nucleus [23]. After
being processed into the cytoplasm of the cells, both dsRNA
and pre-miRNA are processed by enzyme Dicer into mature
siRNA (around 21 to 23 nucleotides in length) and miRNA
(around 18 to 25 nucleotides in length), respectively. After siRNA
or miRNA being incorporated into RNA-induced silencing
complex (RISC), the sense strands (also called the passenger
strand) undergo enzymatic degradation, whereas the anti-
sense strand (also called the guide strand) could lead activated
RISC to target mRNAs via complementary binding [22,23].
There is an obvious difference in the binding characteristics
between siRNA and miRNA. The antisense of siRNA could bind
completely complementary to the target mRNA, leading to gene
silencing via the cleavage of target mRNA. Unlike siRNA,
miRNA binds partially complementary to the target mRNA
and usually do not cleave the target mRNA, but instead sup-
presses mRNA translation by translational repression or mRNA
deadenylation [24,25].

Small RNA-based therapeutics have been regarded as the
current “method of choice” and have several advantages over
DNA based gene correction, since the latter may have a risk
of inducing mutations [26]. Moreover, RNAi therapeutics are
preferred from the delivery perspective, because it only re-
quires the delivery of RNAi molecules into the cytoplasma for
binding their intracellular target (RISC complex), which obvi-
ates the need for nuclear entry.

3. Challenges of RNAi therapy

Despite of many advances in RNAi therapy, only few clinical
trials have been conducted. RNAi delivery issue remains the
Achilles’ heel for the clinical transformation of RNA therapeu-
tics. For the treatment of different kinds of diseases, small RNAs
need to go pass through both extracellular and intracellular
membranous barriers to reach their target sites in the cyto-
plasm. First, small RNA molecules are susceptible to RNases
and may undergo rapid enzymatic degradation in biological
fluids. Indeed, unmodified small RNAs are reported to have an
extremely short half-life of less than 15 minutes in the circu-
lation system [27]. In addition, several physicochemical
characteristics of naked RNA molecules, including large size,
hydrophilicity, and negative charge make them essentially im-
permeable across plasma membranes.

Following reaching the interior of target cells, small RNA
molecules need to overcome intracellular barriers. A broad range
of endocytic mechanisms involve in the uptake of small RNA
molecules, which directly influence their intracellular fate
[28,29]. Small RNA molecules are probably entrapped in the
lysosomes as their final intracellular destinations, where pro-
gressively acidic degradation may occur [30]. Therefore, these
RNA molecules should escape from endosomes to prevent being
rapidly degraded in the acidic environment. In addition to these
delivery issues, the presence of specific sequences in small RNA

molecules may cause possible immune responses or off-
target side effects [31]. These issues largely challenge the
therapeutic application of small RNAs.

In order to overcome these challenges, various delivery strat-
egies have been examined for boosting the cellular uptake of
small RNA molecules. Currently, viral and non-viral delivery
systems have been developed to improve the bioavailability of
small RNAs. However, there are still safety concerns for viral
vectors. While non-viral delivery vectors mainly include cat-
ionic polymers and liposomes which have been extensively
reviewed [32–34]. Even though these delivery strategies have
displayed some successes in gene silencing, as previously dis-
cussed, the promise of these systems are substantially nullified
by issues such as immunogenicity and toxicity, low cellular
uptake efficiency, and non-specificity [35,36].

4. Exosomes offer a new avenue of
opportunities for small RNA delivery

Almost all prokaryotic and eukaryotic cells secrete extracel-
lular vesicles, a heterogeneous population of membrane derived
vesicles that efficiently transfer their enclosed genetic and bio-
chemical molecules from the cell of origin to the recipient cells
for information exchange [37]. Exosomes are nanosized ex-
tracellular vesicles (40–100 nm) of endosomal origin. Specifically,
exosomes are formed by inward budding of endosomal mem-
brane, which generates multivesicular body (MVBs) containing
multiple intraluminal vesicles (ILVs) [38]. Then, ILVs are re-
leased upon the fusion of MVBs with plasma membrane, and
the released ILVs are called exosomes. The schematic repre-
sentation of exosome biogenesis and secretion is shown in
Fig. 1. Kowal et al. [39], provided a comprehensive review of
current knowledge on the biogenesis and secretion of exosomes.
Exosomes are present in almost all biological fluids (e.g., plasma,
urine, saliva, cerebrospinal fluid) and conditioned cell cul-
tured media [40]. Once targeting to recipient cells, exosomes
uptake can be mediated by endocytosis and/or fusion with cell
membrane for delivering their cargoes into the cytosol of target

Fig. 1 – Schematic representation of exosome biogenesis
and secretion. Exosomes are formed as ILVs by inward
budding of endosomal membrane and released upon the
fusion of MVBs with plasma membrane.
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cells. The schematic picture of cellular uptake pathways of
exosomes loaded with siRNA or miRNA is shown in Fig. 2 [41].
Accumulation studies indicated that exosomes play key roles
in various physiological and pathological processes, includ-
ing induction of stimulatory and suppressive immune
responses, tumorigenesis, establishment of pre-metastatic
tumor niche, virus spread, and neurodegenerative diseases pro-
gression [42–44]. Exosomes involve in these processes by ferrying
different types of RNAs (mRNAs and noncoding regulatory
RNAs), cytoplasmic proteins, membranous proteins, and lipids
among different cell, tissues, and organs.

The great interest of harnessing exosomes for small RNA
delivery derives from the intrinsic ability of exosomes to shuttle
small RNA molecules among different cells. A number of
advantageous features, including unique structure and physi-
cochemical characteristics, high stability in circulation, intrinsic
capacity to traverse biological barriers, potential targeting abili-
ties, efficient cellular entry, lower immunogenicity and toxicity,
enable exosomes to be a promising delivery system [45,46].
Similar to liposomes, exosomes possess a lipid bilayer vesicu-
lar structure with an aqueous core and a lipophilic shell. The
special structure enables exosomes to deliver both hydro-
philic and hydrophobic payloads, which is quite desirable for
the delivery of small RNA molecules. In addition, exosomes have
an ideal particle size of 40 to 100 nm, making them possible
to avoid rapid renal clearance and phagocytosis by mononuclear
phagocyte system, and to enhance tumor accumulation via

permeability and retention effect (EPR) [47]. It was demon-
strated that charged nanoparticles, especially those positive-
charged, are prone to be rapidly opsonized by reticuloendothelial
systems. In contrast, neutral or slightly negative-charged
nanoparticles are less possible to be cleared by reticuloendo-
thelial systems [48]. Exosomes are shown to be slightly negative
charged [49,50], which offers explanations for their improved
stability in blood circulation. Moreover, as natural biological de-
livery vehicles, exosomes are more compatible with the immune
system and less likely to cause immune response and toxic-
ity than artificially synthesized nanocarriers when used in vivo.
Generally, delivery of pharmaceutical molecules into brain is
challenging because of the selective nature of blood-brain barrier
(BBB).Virtually, BBB prevents about 98% of all potent drugs from
localizing in the brain [51]. Given that exosomes have the ex-
ceptional ability to pass across biological barriers, such as the
BBB, the utilization of exosomes as nanocarriers of small RNAs
may achieve a breakthrough for the treatment of neurologi-
cal disorders. Additionally, exosomes possess intrinsic homing
properties that can guide therapeutic cargoes to target tumors
without eliciting immune responses and off-target adverse
effects [52,53]. Importantly, the highly expression of tetraspanin
CD9 on the surface of exosomes derived from dendritic cells
facilitates direct membrane fusion with target cells and cargo
delivery into the cytosol, which largely bypasses the endocytic
pathway and evades endosomal escape issues [13]. Finally, it
worth mentioning that the safety of exosomes has been ex-
tensively tested and exosomes were shown to be relatively safe
in numerous clinical trials [54,55].

5. Exosomes for small RNA delivery – proof
of concept

As described above, harnessing exosomes for the delivery of
small RNA molecules is a promising strategy to cope with the
obstacles of RNAi technology. To date, numerous studies have
employed exosomes as carriers of small RNAs to treat various
diseases, especially brain diseases and tumors. Due to the ca-
pacity to pass across the BBB, exosome are extensively tested
as carriers of small RNAs for the treatment of neurological dis-
eases. Similarly, exosomes have been widely tested to deliver
small RNAs in cancer therapy due to their intrinsic homing se-
lectivity. Furthermore, interest in treating other diseases,
including ocular, liver, and kidney diseases, has exploded while
incorporating multi-faceted unique properties of exosomes. In
this section, we will provide an update and overview of new
findings in exosome-based small RNA delivery for the treat-
ment of these diseases. The current repertoire of diseases
treated with exosome-based small RNA delivery systems is dis-
played in Fig. 3.

5.1. Exosomes as carriers of small RNAs for the
treatment of neurological disorders

The BBB is a tightly regulated biological barrier, composed of
several cell types, including endothelial cells, basement
membrane, pericytes, and astrocytes, that separate the blood
from the brain parenchyma [56]. It is established that four

Fig. 2 – Schematic representation of uptake pathways of
exosomes by recipient cells. Exosomes may either directly
fuse with plasma membrane of recipient cells or be
endocytosed by recipient cells followed by backfusion with
the limiting membrane of endocyticcompartment. Both
pathways lead to the release of small RNAs and mediate
RNA interfering.
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fundamental properties of endothelalial cells, the central cells
in the BBB, mainly contributes to BBB impermeability [56,57].
First, brain endothelial cells tightly interconnect via tight junc-
tions, forming an impermeable barrier against almost all
substances, including small hydrophilic molecules and ions.
Second, brain endothelial cells display low rate of transcytosis.
Third, high levels of drug efflux proteins that prevent the entry
of toxic substances are expressed in brain endothelial cells.
Finally, pericytes provide structural support to vasculature by
wrapping the entire surface of the BBB.

A growing pool of evidence suggests that many central
nervous system diseases, such as Parkinson’s disease,
Alzheimer’s disease, and Huntington’s diseases, are caused by

genetic abnormalities [58]. However, central nervous system-
targeting delivery is notoriously difficult due to the imperme-
ability of the BBB to most therapeutic agents. The inherent
ability to cross the BBB makes exosomes an ideal delivery system
for the targeting delivery of small RNAs into the brain. Given
small particle size, exosomes pose little risk of embolism, en-
abling them advantageous for penetrating the BBB [59]. Yang
et al. [60], recently demonstrated the capacity of exosomes to
deliver paclitaxel and doxorubicin across the BBB in a zebra
fish model. They reported that when administered free doxo-
rubicin or paclitaxel, both drugs remained localized in the
vasculature and did not penetrate the BBB, whereas exosomes
significantly facilitated the two drugs across the BBB and in-
hibited tumor progression. In addition, several other studies
have demonstrated the capacity of exosomes to traverse the
BBB and deliver small RNAs into central nervous system for
the treatment of neurological diseases [61–63]. In principle, two
known mechanisms are proposed to be involved in exosomes
entry into the brain [64]. First, exosome may enter brain en-
dothelial cells via transcytosis.That is, after internalization into
the MVB of recipient cells, exosomes could be released, and
then enter the MVB of another receptor cells. As a conse-
quence, exosomes successfully traverse the thick biobarriers
via “jump”mode similar to some viruses.Alternatively,exosomes
may be internalized by endothelial cells through intercellular
junctions [64]. However, currently, there is no direct experi-
mental proof to support these two modes of internalization.

Much progress has been made in utilizing exosomes to
deliver small RNAs across the BBB during the past few years.
An overview of current exosome-based small RNA delivery
systems for the treatment of neurological diseases is shown
in Table 1. Yang et al. [63], very recently performed a study

Fig. 3 – The current repertoire of diseases treated with
exosome-based small RNA delivery systems.

Table 1 – Exosome-based small RNA delivery for the treatment of neurological diseases.

Authors Exosome-based small
RNA delivery systems

Neurological
diseases

In vitro/in vivo Therapeutic outcomes
achieved

Ref.

Alvarez-Erviti
(2011)

RVG-exosomes from mouse
dendritic cells loaded with
siRNA

Alzheimer’s
disease

In vivo Strong knockdown of target mRNA and
protein in Alzheimer’s disease model

[15]

Liu (2015) RVG-exosomes from HEK
293T cells loaded with MOR
siRNA

Morphine relapse In vivo Specifically delivered MOR siRNA to the
brain; Down-regulated MOR mRNA and
protein level

[65]

Yang (2017) RVG-exosomes from
murine BM-MSCs loaded
with miR-124

Brain infarct In vivo MiR-124 was specifically ferried to the
ischemic region;
Protect against ischemic injury by robust
cortical neurogenesis

[66]

Lee (2017) Exosomes from HEK 293
cells loaded with miR-124

Huntington’s
disease

In vivo Expression of target gene was reduced;
However, no significant behavioral
improvement was observed after exosomes
miR-124 treatment

[62]

Yang (2017) Exosomes from brain
endothelial bEND.3 cells
loaded with VEGF siRNA

U-87 Glioblatoma In vivo Significant knockdown of VEGF gene in brain
neuronal glioblastoma-astrocytoma cells;
Effective inhibition of the aggregation of
xenotransplanted cancer cells in zebrafish.

[63]

Katakowski
(2012)

Exosomes derived from
miR-146-expressing MSCs

Glioma In vivo Significant reduction of glioma xenograft
growth in rat model of glioma

[67]

Munoz (2013) MSC derived exosomes
loaded with anti-miR-9

Glioblastoma
multiforme

In vitro Significantly reversed the chemoresistance of
bioblastoma multiforme cells

[68]

RVG: rabies virus glycoprotein peptide; MOR: opioid receptor mu; VEGF: vascular endothelial growth factor; MSC: marrow stromal cell; HEK:
human embryonic kidney.
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employing brain endothelial exosomes to deliver siRNA across
the BBB in zebra fish model of U87 glioblastoma. The in vitro
and in vivo results showed that siRNA delivered by exosomes
was efficiently transported across the BBB, significantly reduced
VEGF gene level in brain neuronal glioblastoma-astrocytoma
cells and inhibited the aggregation of xenograft brain tumors
in zebrafish.These results indicated brain endothelial exosomes
could deliver exogenous siRNA to the targeted site in the brain
for the treatment of brain cancer. To improve the capacity of
CNS-targeting, many studies engineered exosomes to express
rabies virus glycoprotein peptide (RVG), a 29-mer peptide se-
quence that specifically binds to acetylcholine receptors
expressed on neurological cells [69]. Generally, targeting moi-
eties could either be expressed in the donor cells or directly
fused onto exosome membrane surface. Alvarez-Erviti and co-
workers [15], provided the first proof-of-concept of exploiting
the RNA-transporting capacity of modified exosomes for the
delivery of exogenous siRNA across the BBB. Given that siRNA
lacks efficient carriers to traverse the BBB, the study set out
to target small RNAs delivery into the brain via exosomes. Tar-
geting of nerve cells was achieved by fusing exosomal protein
lysosome-associated membrane glycoprotein 2b (Lamp2b)
to brain-specific RVG peptide. Targeting exosomes were
subsequently loaded with siRNA by electroporation. After in-
travenously injection, siRNA was specifically delivered to
neurons, microglia, oligodendrocytes in the brain, and led to
specific knockdown of target gene in these regions. Further-
more, the ability of targeting siRNA to the brain via RVG-
exosomes was further tested by the delivery of BACE-1 siRNA
(targeting the enzyme β-secretase, a therapeutic site in Al-
zheimer’s disease). Strong RNAi responses were observed with
up to 60% mRNA and protein knockdown of BACE1. Of note,
RVG-exosomes were shown to almost completely bypass liver,
displaying minor or no immunogenicity even after repeated
administration. This is a critical feature for developing RNAi-
based therapeutics. In a similar study by Liu et al. [65], neuron-
specific RVG was also engineered onto exosome encapsulating
siRNA via Lamp2b. The targeting exosomes were utilized to
deliver opioid receptor mu (MOR) siRNA to the brain for the
therapy of morphine addiction. After intravenously injection,
MOR siRNA delivered by RVG-targeted exosomes strongly sup-
pressed morphine relapse via down-regulation of MOR
expression level in the brain. The results convincingly dem-
onstrated that targeted RVG exosomes can efficiently and
specifically deliver siRNA to the central nervous system for the
therapy of drug relapse.

In addition to siRNA, exosomes can also be used for the brain
delivery of miRNA. Recently, another research group evalu-
ated the delivery capacity of exosomes to target exogenous
miRNA to the brain for promoting neurogenesis after isch-
emia (i.e. brain infarction) [66]. Targeting exosomes, with RVG
fused to Lamp2b, were then loaded with miR-124, which has
a neuroprotective and neurorestorative potential against stroke.
After systemically administered to mice, miR-124 was specifi-
cally ferried to the ischemic region, resulting in strong RNAi
response and amelioration of brain injury caused by stroke [66].
MiR-146 has a potential of inhibiting the expression of EGFR
and the malignant phenotype in glioma cell [67]. Katakowski
et al. [67], found that exosomes released by miR-146-expressing
marrow stromal cells (MSCs) significantly reduced glioma

xenograft growth in a rat model of primary brain tumor. MiR-9
was observed to involve in the expression of p-glycoprotein,
a drug efflux transporter [68]. Munoz et al. [68], found that MSCs
derived exosomes could deliver anti-miR-9 to glioblastoma
multiforme cells (GBM) and reversed the expression of
p-glycoprotein, which improved the chemosensitivity of
temozolomide against GBM. Given that Huntington’s disease
is a genetic neurodegenerative disease caused by abnormal gene
regulation and altered miRNA expression, the delivery of being
downregulated miRNAs might restore normal gene regula-
tion. Recently, Lee et al. [62], harnessed exosomes as the delivery
vehicles of miR-124, which was downregulated in Hunting-
ton’s disease. MiR-124 incorporated with exosomes (Exo-124)
were harvested from miR-124 overexpressing human embry-
onic kidney (HEK) 293 cells. After the injection into the striatum
of transgenic Huntington’s disease mice, Exo-124 could inhibit
the expression of target gene, but could not produce signifi-
cant behavioral improvement. Overall, the study provided a
proof of concept for the therapeutic delivery of miR-124 in Hun-
tington’s disease model. However, it is recommended that the
repression efficiency of target gene could be further com-
pared with that from systemic administration.

The studies outlined above collectively revealed that
exosome-based small RNA delivery systems have potentials
to be a versatile strategy to treat neurological disease. In ad-
dition, the target efficiency of natural exosomes could be further
improved by engineering exosomes to express specific surface
ligands. The conjugation of exosomes to desirable surface moi-
eties, such as RVG is an effective strategy to facilitate exosomes’
penetration across the BBB. However, there exist several bar-
riers that need to be overcome before clinical use. To date, a
number of reports that exploit exosomes for the systemic de-
livery of therapeutic small RNAs to the brain still remain
insufficient. Although the capacity of exosomes to traverse the
BBB has been demonstrated, the exact mechanism of how they
do it is not fully understood. Moreover, the CNS-targeting ca-
pacity of exosomes would be greatly enhanced by identifying
more novel targeting moieties, other than RVG, specific for the
brain. In this case, monoclonal antibodies against receptors or
adhesion molecules that generally expressed on the BBB may
be promising candidates. Overall, exosome-based small RNA
delivery vehicles provide enormous potentials for the clinical
application of RNAi in the treatment of brain disorders.

5.2. Exosomes as carriers of small RNAs for the
treatment of tumors

Small RNAs are key regulators of gene expression in cancers
[70]. Given that exosomes are able to transport nucleic acids
to target cells, interest is fast growing in utilizing exosomes
as vehicles to deliver therapeutic nucleic acids for the treat-
ment of cancers. As a natural RNA carrier in our bodies,
exosomes have high stability in the circulation and intrinsic
homing ability, which is therapeutically advantageous com-
pared to conventional anti-tumor delivery systems [71]. As a
result, exosomes can help in the protection and specifically de-
livery of small RNAs to the targeted tumor cells when employed
as therapeutic vehicles. In addition to the natural capacity to
deliver RNAs, exosomes are non-viable, thus posing less risk
of tumor formation [72]. Moreover, in contrast to viral vectors,

6 a s i an j o u rna l o f p h a rma c eu t i c a l s c i e n c e s 1 3 ( 2 0 1 8 ) 1 – 1 1



exosomes delivery is notably safe without the risk of inser-
tional oncogenesis [72]. Finally, the surface of exosomes may
be modified to improve tumor-specific or even patient-specific
capacity [73]. The current utilization of exosomes in RNAi for
cancer therapy mainly focuses on testing their capacity to target
small RNAs to the “disease sites”, alter gene expression in
certain diseases, and enhance genetic therapy. A summary of
research articles tailoring exosomes as delivery vehicles of small
RNAs for treatment of tumors is provided in Table 2.

Shtam et al. [14], for example, reported the use of exosomes
to deliver siRNA against RAD51 (a prospective therapeutic target
of cancer cells) to target cells. Successful siRNA delivery to re-
cipient cells was observed by using confocal microscopy and
flow cytometry. Moreover, the strong knockdown of pathologi-
cally relevant oncogenes, considerable reduction in RAD51
protein level, and massive death of cancer cells further dem-
onstrated the efficient delivery of siRNA into target cells. Overall,
the study provided in vivo evidence to use exosomes as carri-
ers of small RNAs in cancer therapy. In another study, Banizs
et al. [74], explored the capacity of endothelial exosomes to
deliver exogenous siRNA to endothelial cells in vitro. After in-
cubating luciferase-expression endothelial cells with siRNA
containing exosomes, the expression of luciferase was sup-
pressed by more than 40%, which was significantly lower than
that from siRNA alone or control siRNA. Although exosomes
from different cell lines can deliver exogenous siRNA to cancer
cells in vitro, however, it remains largely unknown that whether
exosomes are capable of systemically delivering siRNA to cancer
cells and induce gene silencing effects. In a study by Zhang
et al [75], exosomes were systematically employed to deliver
transforming growth factor β1 (TGF-β1, a potential therapeu-
tic target of cancers) siRNA for the suppression of tumor growth
in mice. In this study, mouse fibroblast L929 cells were trans-
fected with TGF-β1 siRNA via transfected agents. Exosomes
containing TGF-β1 siRNA were then harvested from cell su-
pernatant and tested for the inhibitory effect on the growth
and metastasis of murine sarcomas cells in vitro and in vivo.
The author found that exosomes containing TGF-β1 siRNA sig-
nificantly reduced TGF-β1 level in the recipient tumor cells
compared with free TGF-β1 siRNA and efficiently decreased the
viability and migration of implanted mouse sarcomas 180 cells.

In line with the in vivo results, the systemic anti-tumor activ-
ity was further confirmed by the effective inhibition of the
growth and lung metastases of tumor cells in tumor bearing
mice. Therefore, the study suggested that exosomes are effec-
tive carrier of therapeutic siRNA for the systemic suppression
of tumor growth in mice, which pave the way for the clinical
application of exosome-based RNAi therapeutics in control-
ling tumor cell growth and metastasis.

In addition to siRNA, exosomes can also be used as carriers
of miRNA. A growing pool of studies suggest cancer progres-
sion is intimately related to the gain or loss-of functional
mutations of miRNA [78]. For example, reduced expression level
of let-7a has been observed in many cancer cells, such as lung,
breast, colon, and ovary cells [78]. This, together with the natural
role of shuttling miRNA, makes exosomes an attractive vehicle
for miRNA in the miRNA replacement therapy of malignant
neoplasms. Multiple research groups have gained successful
results. For example, in a study performed by Ohno et al. [76],
exosomes were used to deliver exogenous let-7a miRNA (a tumor
inhibitor that suppresses the malignant growth of cancer cells)
to epidermal growth factor receptor (EGFR) expressing breast
cancer cells. In order to achieve targeting effect, EGFR-specific
peptide (GE11) with the ability to bind specifically to EGFR, was
incorporated onto the surfaces of exosomes.The in vitro assay
results showed that, exosomes were taken up by various breast
cancer cells, including HCC70, HCC1954, and MCF-7, via an EGFR-
dependent mechanism.After intravenous injection into tumor-
bearing RAG2-/- mice, let-7a miRNA delivered by exosome EGFR
was observed to localize at xenograft breast cancer tissue and
strongly inhibit tumor growth. These results indicated that
exosomes targeted to EGFR-expressing cells may serve as a novel
platform for miRNA replacement therapies in cancer treat-
ment.All these studies collectively demonstrated the potential
of exosomes to specifically deliver siRNA and exert gene si-
lencing effects in cancerous tissues.

5.3. The potential of exosome-based small RNA delivery
for the treatment of ocular diseases

Delivery of small RNA to the retina is a major challenge because
it needs to circumvent physical and biochemical barriers to

Table 2 – Exosome-based small RNA delivery for the treatment of tumors.

Authors Exosome-based small
RNA delivery systems

Tumors In vitro/in vivo Therapeutic outcomes
achieved

Ref.

Shtam (2013) Exosomes from Hela and
HT1080 human fibosarcoma
cells loaded with siRNA

- In vitro Exosome-mediated siRNA delivery caused
significant knockdown of target protein, and
massive death of target cancer cells

[14]

Banizs (2014) Endothelial exosomes loaded
with siRNA against luciferase

- In vitro Exosomes containing siRNA inhibited
luciferase expression in target cells

[74]

Zhang (2014) Exosomes from mouse
fibroblast L929 cells loaded
with TGF-β1 siRNA

Mouse sarcomas
(S180)

In vivo Strong suppression of TGF-β1 expression;
Inhibition the growth and metastases of
tumor cells in tumor bearing mice

[75]

Ohno (2012) Exosomes from HEK293 cells
loaded with let-7a miRNA

Breast cancer In vivo Exosomes mediated specifically delivery of
Let-7a miRNA to xenograft breast cancer
tissue and strongly inhibited tumor growth

[76]

Fonsato (2012) HLSCs derived exosomes
loaded with miRNA

hepatocellular
carcinoma

In vivo Inhibit the growth and survival of
hepatocellular carcinoma in mice

[77]

TGF-β1: transforming growth factor β1; HLSCs: human adult liver stem cells.
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enter and diffuse throughout retinal tissues. In addition, it re-
quires a delivery vehicle with better-compatibility and less
immunogenicity in the eye. As exosomes have been shown to
traverse biological barriers and display minor immunogenic-
ity upon systemic administration, it is feasible to hypothesize
that exosomes could efficiently and safely facilitate the per-
meation of small RNAs through ocular barriers, such as vitreous
humour and inner limiting membrane. Adeno-associated viral
vectors (AAVs) have been validated as powerful delivery ve-
hicles for the treatment of retinal disorders [79]. However,
intravitreal injection of AAV vectors often result in low deliv-
ery efficiency and high inflammatory risk from vectors or
transgene antigens [79]. Very recently, Wassmer et al. [80],
packaged AAV2 into exosomes and formed exosome-associated
AAV2 vector (called vexosomes). The retinal tropism of
vexosomes was evaluated by fundus image analysis and qRT-
PCR.Vexosomes exhibited an increased level of retinal cell gene
transduction compared with conventional AAV2, as vexosomes
penetrated deeply in the retina and efficiently reached the inner
nuclear and outer plexiform. Furthermore, these vexosomes
were resistant to neutralizing antibodies due to the shielding
of the AAV by exosomal membrane. In summary, the ability
to improve delivery efficiency and reduce immunogenicity
enables vexosomes to be an exciting and robust tool for retinal
gene delivery and as such, could facilitate research on the treat-
ment of ocular diseases.

5.4. Exosomes as potential carriers of small RNAs for the
treatment of liver diseases

As important mediators that involve in liver physiology and
pathophysiology, exosomes hold great potential as novel thera-
peutic modalities to treat liver diseases. It was reported that
human adult liver stem cells (HLSC) derived exosomes loaded
with a specific subset of mRNA could induce proliferation and
apoptosis resistance of human and rat hepatocytes in vitro, and
accelerate the hepatic regeneration in hepatectomized rats [81].
Another study by Fonsato et al. indicated the delivery of miRNA
by HLSC derived exosomes could suppress the growth of
hepatocellular carcinoma cells in vitro and induce the regres-
sion of ecptomic tumors in SCID mice after intratumor
administration [77]. Pan et al. found that exosomes released
from human hepatoma cells could shuttle siRNA against viral
entry receptor CD8 between liver cells, and caused the sup-
pression of CD81 expression in mouse hepatocytes without
induction of obvious toxic responses [82]. These observa-
tions potentially extend the therapeutic realm of exosome-
based small RNA delivery in the therapy of hepatocellular
carcinoma, viral hepatitis, and other liver diseases.

5.5. Exosomes as potential carriers of small RNAs for the
treatment of kidney diseases

Emerging evidences have showed that miRNA is responsible
for post-transcriptional regulation of gene expression in the
pathogenesis of chronic kidney diseases (CKD) [83]. In certain
instances, up-regulation or down-regulation of miRNA has been
identified in models of kidney fibrosis. MiRNA has a capacity
to reduce fibrosis by modulating targets associated with col-
lagen and extracellular matrix accumulation [83]. Therefore,

exosome mediated delivery of miRNA may provide great
promise for the treatment of kidney fibrosis. For example, let-7
was identified to be able to attenuate renal fibrosis by the re-
pression of transforming growth factor beta (TGF-β) [84].
Moreover, according to Koh et al., MSC derived exosomes ex-
hibited a high expression in let-7 family [85]. This allowed for
the considerable potential of delivering let-7 miRNA by MSC-
derived exosomes, where let-7 could be protected and delivered
across the membrane of targeted cells and exert functional re-
sponse. Recently, Wang et al. [86], reported that exosomes
secreted from MSCs overexpressing let-7c miRNA could se-
lectively transfer let-7c to damaged kidneys, up-regulate let-
7c gene expression and reduce renal fibrosis.This finding could
pave the way for therapeutic application of exosomes for small
RNA delivery in treating kidney diseases.

6. Conclusion and perspectives

Over the last decades, RNAi technology has been rapidly de-
veloped. Parallelly, there has been an increasing interest in the
therapeutic application of small RNAs for the treatment of a
wide array of diseases. Although great outcomes have been ac-
complished, many obstacles still remain unsettled for small
RNA delivery, such as fast clearance, low cellular uptake effi-
ciency, and harmful immunogenicity, and toxicity. The concept
of employing exosomes as carriers for small RNA delivery is
fascinating due to multi-faceted nature of exosomes, includ-
ing unique structure and physicochemical characteristics,
increased stability in circulation, intrinsic traversing biologi-
cal barriers ability, efficient cellular entry, inherent targeting
ability, and low immunogenicity and toxicity. Currently,
exosomes have been successfully tailored for small RNA de-
livery to treat various diseases, including neurological disorders,
tumors, ocular, liver, and kidney diseases. However, to maxi-
mize the clinical potential of exosomes, further studies are
pressingly needed to solve many contentious issues. Existing
challenges for transforming exosome-based small RNA deliv-
ery from bench to bedside include choosing correct cell line,
exploring isolation techniques with high efficiency and robust
yield, scalable production, efficient loading methods without
damaging exosome integrity, gaining an improved insight into
the molecular mechanisms of such systems, and examining
possible strategies to improve targeting ability. In addition, the
potential application of exosome-based small RNA delivery to
treat other diseases requires to be explored. Nevertheless, since
the wisdom of nature inspired researchers to harness exosomes
for nucleic acid delivery, the exciting research field is advanc-
ing rapidly. Given the enormous interest and continuous
technological advancements, exosome-mediated delivery of
small RNAs is firmly believed to reach the clinic in the future.
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