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A B S T R A C T

We are now entering a new era of RNA therapies, such that mRNA-based vaccines and RNA interference ap-
proaches such as siRNA have already been launched on the pharmaceutical market. However, there are no FDA-
approved RNA-based therapeutics for cancer treatment. Among RNA molecules, miRNAs represent a promising
solution against cancer. Despite the ability to target multiple pathways, miRNA-based therapeutics struggle to
reach phase 3 clinical trial. A reason of this delay is linked to complications of selective administration of miRNAs
to their target, the tumor cell. Because of this, an efficient delivery system is necessary. In this sense, exosomes are
considered the most promising miRNA-based therapeutic carriers in terms of safety and efficient cargo delivery.
Furthermore, researchers have developed a new strategy to overcome the tumor capacity by using exosomes to
release unnecessary miRNAs, shedding light on a new generation therapy of cancer treatment. The review de-
scribes recent advances in the application of miRNAs in the treatment of cancer, the use of exosomes for miRNA
delivery, focusing on new approaches to overcome the limits of miRNA-loaded exosomes in clinical applications.
1. Introduction

RNA-based therapies, including messenger RNA (mRNA), RNA
interference (RNAi) such as small interfering RNA (siRNA) and micro-
RNA (miRNA) therapeutics, are promising approaches for treating
several diseases (Damase et al., 2021). These treatments have been
demonstrated to have greater therapeutic efficiency than DNA-based
drugs and, compared with protein-based therapeutics, are more
cost-effective (Li et al., 2021). Currently, four siRNA and two
mRNA-based drugs have been approved and are on the market. However,
none of them has been applied for cancer treatment. This is attributable
to the complicated pathophysiological environment of cancer including
the dense tumor stroma, unstructured blood vessels, immunosuppres-
sion, multidrug resistance, and hypoxia (Heinrich et al., 2021). Indeed,
several issues need to be addressed to obtain therapeutic effect. In the
circulation, ‘naked’ RNA molecules must avoid enzymatic degradation,
renal clearance, and phagocytic entrapment because of their small size,
poor stability, and immunogenicity (Kulkarni et al., 2019). Inside the
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tumor, the physicochemical properties of RNA molecules such as a high
molecular weight, negative charge, and high hydrophilicity do not allow
them to efficiently cross negatively charged biological membranes and
enter the cancer cells. Finally, even after internalization, few RNA mol-
ecules can escape endosomal entrapment, since exogenous agents are
internalized through endocytic and endo-lysosomal pathways likely
resulting in RNA degradation (Singh et al., 2020).

Multiple chemical modifications have been proposed to improve the
stability and reduce the immunogenicity of RNA therapies. The formu-
lations approved in clinical practice, Givosiran (GIVLAARI® Inc.),
Lumasiran (OXLUMO® Inc.), and Inclisiran (LEQVIO® Inc.), are con-
structed by conjugating siRNA to N-acetylgalactosamine molecules.
However, endosomal escape remains an issue (Dammes and Peer, 2020).

The mRNA-based coronavirus disease 2019 vaccines highlighted the
role played by drug delivery systems in RNA-based therapies. Lipid
nanoparticles (LNPs) for the delivery of nucleic acid- and mRNA-based
therapeutics, are well established. It was reported that mRNA trans-
lation after administration of mRNA/LNPs occurred primarily in the liver
(Mukai et al., 2022). Therefore, efficient delivery of RNA molecules to
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Abbreviations

20-F 20-fluoro
20-O-MOE 20-methoxyethyl
20-O-Me 20-O-methyl
ADSC Adipose-derived stem cell
AEs Adverse events
AMD Age-related macular degeneration
ASOs Antisense oligonucleotides
CNS Central nervous system
CCL2 Chemokine C–C motif-ligand 2
CARPA Complement activation related pseudo-allergy
CTCL Cutaneous T-cell lymphoma
CXCL12 CXC chemokine ligand
CMV Cytomegalovirus
ESCRT Endosomal sorting complex required for transport
EGFR Epidermal growth factor receptor
EVs Extracellular vehicles
FDA Food and Drug Administration
GBM Glioblastoma multiforme
HTLV-1þ Human lymphotropic virus type 1
hTERT Human telomerase reverse transcriptase
ILVs Intraluminal vesicles
IP Intraperitoneally
IV Intravenously
KTZ Ketoconazole
LNPs Lipid nanoparticles
LKB1 Liver kinase B1
LNAs Locked nucleic acids
LDL Low-density lipoprotein
LDLR Low-density lipoprotein receptor
MPM Malignant pleural mesothelioma
MSC Mesenchymal stem cells

mRNA Messenger RNA
miRNA MicroRNA
MVs Microvesicles
mMCAI Middle cerebral artery infarct
mSWAT Modified severity-weighted assessment tool
MLSMR Molecular libraries small molecule repository
MSC-EXOS MSC-derived exosome
MM Multiple myeloma
MVBs Multivesicular bodies
MF Mycosis fungoides
NPC NCGC pharmaceutical collection
nSMase Neutral sphingomyelinase
PR Partial response
PHS Phosphatidylserine
PS Phosphorothioated
PD Progressive disease
PKN3 Protein kinase N3
Rab Ras-associated binding
RME Receptor-mediated endocytosis
RNAi RNA interference
RISC RNA-induced silencing complex
ssRNA Single-strand RNA
siRNA Small interfering RNA
SL Sphingolipid
SMA Spinal muscular atrophy
SD Stable disease
SELEX Systematic evolution of ligands by exponential enrichment
Tf Transferrin
TfR Transferrin receptor
TDEs Tumor-derived exosomes
TME Tumor microenvironment
UTR Untranslated regions
VEGF Vascular endothelial growth factor
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tumor site while avoiding accumulation in the liver is the main challenge.
The off-target effects, which can induce serious side effects and reduce
the therapeutic efficacy, may result from non-specific delivery and
inability of LNP to avoid immune surveillance.

Different to mRNA-based therapies, which act by upregulating
expression of targeted proteins, RNAi therapies including miRNA and
siRNA act by complexing with the RNA-induced silencing complex
(RISC) in the cytoplasm to induce cleavage of the mRNA sequence and
thus to downregulate the expression of checkpoint proteins for disease
treatment (Thody et al., 2020). Therefore, an ideal RNA delivery system
for cancer treatment should protect RNA degradation and should possess
endosomal escape capability to release RNAs into the cytosol. Moreover,
tumor targeting ability and immune system surveillance escape are
fundamental features to consider in developing an efficient nanocarrier.

In this review, we provide an overview of current RNA applications in
cancer therapy, focusing on miRNA-based therapeutics currently in
clinical trials, and discuss recent advances in the use of exosomes as
miRNA transfer vehicles. New approaches to overcome the limits of
miRNA-loaded exosomes in clinical applications will be described.

2. RNA in therapy

RNA-based therapies present a rapidly expanding class of new drugs
that, due to their role in biological processes, have promising clinical
applications for prevention and treatment of various human diseases. It is
well known that only 1.5% of the human genome encodes proteins, and
of these only 10–15% are druggable using conventional proteins or small
molecules (Hopkins and Groom, 2002). Compared with established
drugs, RNA therapeutics can be used to bind “undruggable” or mutated
2

targets and can be designed to affect any gene or region within the
genome, including non-coding transcriptomes (Yu et al., 2019).

Although RNA therapy has many advantages over existing therapies,
only a limited number of RNA-based drugs have been approved for
clinical use. The development of therapeutic RNAs has required over-
coming several major hurdles including unfavourable physico-chemical
properties (negative charge, large molecular mass and size), instability
and short circulating half-life, and strong immunogenicity (Damase et al.,
2021). For this purpose, several chemical modifications of the saccharide
and/or phosphodiester backbone are required. In majority of therapeutic
oligonucleotides, phosphodiester linkages are replaced with phosphor-
othioate (PS) to protect them from nuclease degradation and enhance
their stability, and to facilitate their cellular uptake in vivo (Eckstein,
2014). Among the multitude of chemical modifications sugar-modified
oligonucleotides have been shown as most successful. In this regard,
modification at the 20-position of the ribose increases their binding af-
finity and nuclease resistance (Prakash, 2011). Furthermore, therapeutic
RNAs must be encapsulated in appropriate delivery systems to protect
RNAs from degradation and to deliver them efficiently into target tissues
and cells, and to ensure cellular uptake. To achieve these goals, a variety
of selective delivery agents are being development (Bajan and Hut-
vagner, 2020).

Most RNA therapeutics fall into three broad categories: RNA mole-
cules that target nucleic acids (DNAs or RNAs), RNA drugs that target
proteins (aptamers) and RNA drugs that are translated into proteins
(mRNAs). The first category includes single-stranded RNAs (antisense
RNA) and double-stranded RNAs (small interfering RNAs) (Lieberman,
2018).
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2.1. Antisense RNAs

Antisense oligonucleotides (ASOs) are short (15–20 bp) synthetic,
single-stranded RNA/DNA molecules, fully complementary to the target
RNA sequence. ASOs binding to a specific RNA via Watson–Crick base
pairing can alter gene expression via two types of mechanisms: RNA
cleavage (RNase H-dependent ASOs) and RNA blockage (RNase H-in-
dependent ASOs) (Crooke, 2004). The mode of ASO action depends on
the target sequence and the ASO chemistry. The first is more commonly
used and is more efficient for inducing protein knockdown. ASOs target
RNA, forming ASO-RNA hybrids, with RNase H recognizing and cleaving
the RNA strand of the RNA-ASO duplex (Wu et al., 2004; Wada et al.,
2021). By contrast, non-RNase-mediated mechanisms result in down-
regulation of target protein expression by steric hindrance of ribosomal,
destabilization of pre-mRNA (inhibition of 50 cap formation) or alteration
of splicing (splice-switching) (Chan et al., 2006).

ASOs are chemically modified to enhance stability, delivery, targeting
and pharmacological properties (Kurreck, 2003; Bennett et al., 2017).
These modifications can occur within the ASO backbone or on its side
chains; moreover, many ASOs are designed as chimeras, as they contain a
mixture of nucleotides with different chemistries (Scoles et al., 2019). In
this regard, in the first-generation ASOs, the phosphodiester linkages
were replaced with PS, whereas in second-generation ASOs, in addition
to a PS backbone, the –OH group at the 20-position has been substituted
with 20-O-methyl (20-O-Me) or 20-fluoro (20-F) (Eckstein, 2014; Khvorova
and Watts, 2017, 2017stergaard et al., 2017). In the third generation, the
use of C30-endo conformation by connecting 20-oxygen and 40-carbon of
the ribose with a bond bridge, represents a remarkable progress by
creating locked nucleic acids (LNAs)-modified antimiRs, characterised by
increased binding specificity and resistance to nucleases (Rupaimoole
and Slack, 2017). Furthermore, to ensure efficient delivery of antisense
oligonucleotides to the target cells, ASOs must be encapsulate in nano-
particles, such as liposomes, polymeric nanocarriers, and metallic parti-
cles, or conjugated with various peptides (Yang et al., 2020).

ASOs are not only a useful tool for studies of loss-of-gene function, but
they represent a promising therapeutic strategy to treat diseases with
dysregulated protein expression, such as cancer, diabetes, AIDS, and
cholesterol-linked syndromes (Crooke et al., 2018). For instance, Fomi-
virsen (Vitravene) is the first drug using antisense technology approved
by the Food and Drug Administration (FDA) for the treatment of cyto-
megalovirus (CMV) retinitis. The drug prevents viral replication, block-
ing translation of early CMV proteins (Jabs and Griffiths, 2002). Other
ASOs approved by FDA include Mipomersen (Kynamro® Inc.) for the
treatment of familial hypercholesterolemia (Duell et al., 2016), eteplirsen
(Sarepta Therapeutics® Inc.) for treatment of Duchenne muscular dys-
trophy (Mendell et al., 2013), and nusinersen (Spinraza® Inc.) for
treatment of spinal muscular atrophy (SMA) (Khorkova and Wahlestedt,
2017). Although no FDA-approved ASOs exist for cancer therapy, results
obtained in pre-clinical studies and clinical trials are encouraging (Xiong
et al., 2021).

The antisense technology, based on mRNA of the target protein, may
solve the problem of “undruggable” proteins. Thus, ASOs are more ver-
satile, customizable and specific than conventional small drugs. Anti-
sense drugs can be produced quickly and can be targeted into
pathological tissues without harming healthy cells. However, disadvan-
tages include toxic side-effects, targeted tissue-delivery (i.e., ASOs
generally do not cross the blood-brain barrier), and difficulty of deter-
mine the optimal dosage, plus the high cost (Xiong et al., 2021; Crooke
et al., 2021).

2.2. RNA aptamers

RNA aptamers are short single-stranded RNAs that bind to a target
with high specificity and affinity, and block or alter its function. For these
properties, RNA aptamers act as molecular mimics of antibodies (Germer
et al., 2013). Aptamers with affinity for a desired target are identified
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from random pools of RNA by a method named Systematic Evolution of
Ligands by Exponential enrichment (SELEX) (Zhuo et al., 2017). RNA
aptamers have been developed against a wide variety of targets including
small molecules, peptides, proteins, carbohydrates, toxins, and even live
cells. Rather than the primary sequence, aptamer binding is determined
by its tertiary structure. In fact, RNA molecules fold into various and
complex tertiary structures that interact with the target ligand by means
of hydrophobic and electrostatic interactions, van der Waals forces,
hydrogen bonding, and base stacking (Zhang et al., 2021a).

RNA aptamers represent a viable alternative to antibodies, and they
can be used for analytic, diagnostic and therapeutic purposes, and for
target validation and drug discovery. The use of RNA aptamers for
therapeutic purposes has many advantages over the use of antibodies,
such as lack of immunogenicity, better stability, greater structural flexi-
bility, simpler modification, and lower manufacturing costs and time.
Furthermore, compared to antibodies, RNA aptamers can bind non-
immunogenic molecules (such as small targets or toxins) or poorly
accessible binding domains, and to enter biological compartments more
easily (e.g., tissues and cells) (Keefe et al., 2010; Lakhin et al., 2013). At
the same time, the small size makes RNA aptamers susceptible to renal
filtration and to nuclease-degradation. Therefore, therapeutic aptamers
are chemically modified to improve the pharmacokinetic profile and the
circulating half-life in vivo (Kovacevic et al., 2018). In this context,
conjugation with polyethylene glycol (PEG) reduces their renal excre-
tion, while modification of the 30 and 5’ ends confer their resistance to
exonucleases (Adachi and Nakamura, 2019).

Therapeutic RNA aptamers have been developed against specific
targets to treat a wide range of human diseases such as tumors, macular
degeneration, viral infection, inflammation, diabetes, and cardiovascular
and coagulation complications (Xiao et al., 2021). Although many RNA
aptamers have been identified, to date only nine RNA aptamers have
undergone clinical trials. Pegaptanib (Macugen: Eyetech Pharmaceuti-
cals® Inc.), the only aptamer-based drug approved by the FDA, is an RNA
aptamer against vascular endothelial growth factor (VEGF), being used
for the treatment of age-related macular degeneration (AMD) (Ng and
Adamis, 2006). Other RNA aptamers, currently evaluated in clinical tri-
als, are NOX-E36 against the chemokine C–C motif-ligand 2 (CCL2) to
treat type 2 diabetes mellitus, NOX-A12 that binds the CXC chemokine
ligand (CXCL12) to reduce lymphocytic leukemia cell motility, REG1 that
targets factor IX, a protein implicated in coronary artery disease, and
ARC1905 acting against complement component 5 for the treatment of
AMD (Kaur et al., 2018; Byun, 2021). Despite promising results, further
investigation is needed, and several limitations, including their safety
and inability to cross the plasma membrane by passive diffusion, must be
overcome.

2.3. Messenger RNAs (mRNAs) as therapeutics

Therapeutic mRNA is a synthetic or in vitro-translated mRNA that
mimics natural mRNA and acts as an intermediate to deliver genetic in-
formation to the translational machinery to induce expression of a spe-
cific protein (Shin et al., 2018). Structurally, mRNA consists of a
single-stranded open reading frame flanked by untranslated regions
(UTRs), with a cap at the 50 end and a 30 poly(A) tail (Sahin et al., 2014).
Main approaches of mRNA-based therapy consist of: replacement ther-
apy, where mRNA is delivered into the patient's cells to compensate for a
defective or missing protein; vaccination, where mRNA encodes for an-
tigen(s) that activate(s) the immune system to produce antibodies against
a specific pathogen or to recognize pathological cells (i.e., cancer cells);
cell therapy, where target cells are manipulated ex vivo to introduce
therapeutic mRNA (Ouranidis et al., 2021).

mRNA as a therapeutic offers numerous advantages compared to
conventional small molecules or recombinant proteins such as low
manufacturing cost and time, adjustable gene expression, fast protein
production, and the possibility of personalized therapy (Wadhwa et al.,
2020). Furthermore, compared with DNA as a therapeutic, mRNA-based
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therapy provides greater safety due to lack of genomic integration, no
persistence in vivo, lack of exogenous elements in the RNA sequence and
simple downstream purification (Orlandini von Niessen et al., 2019).
Despite this, the use of mRNA for therapeutic application exhibits several
problems including short half-life, susceptibility to enzymatic degrada-
tion, inefficient delivery to target cells and adverse immune reactions.
Therapeutic mRNAs are designed and chemically modified to enhance
intracellular stability, protection from nuclease degradation, translation
efficiency and specificity, in order to achieve desirable immunogenicity
for specific applications (To and Cho, 2021). Interestingly, UTRs can be
modified to encode regulatory elements in order to control RNA
expression in a cell-specific manner (Wroblewska et al., 2015). At the
same time, some RNA base modifications, such as
N1-methyl-pseudouridine, increase mRNA translation and reduce its
immune-stimulatory activity (Andries et al., 2015). In addition, encap-
sulation of therapeutic mRNAs in nanocarriers (such as lipidic, polymeric
and polypeptidic systems, gold and silica nanoparticles, and dendrimers)
may provide more favourable half-life, better-controlled release, and cell
type- and organ site-specificity (Lee et al., 2022).

Therapeutic mRNA appears a highly promising and innovative
approach for the treatment of many diseases, including cancer, infection,
rare diseases, metabolic, cardiovascular and immunology disorders, and
any other disorder associated with functional loss of proteins (Weissman
and Karik�o, 2015; Xiong et al., 2018). The mRNA technology has been
used in numerous pre-clinical studies and a low number of clinical trials.
Indeed, although the use of mRNA as a therapeutic was discovered a
while ago, its development has been slow. Currently, most mRNA-based
ongoing clinical trials are still in Phase 1 or 2, and the only two
mRNA-based therapies approved by the FDA are vaccines against
SARS-CoV-2 (G�omez-Aguado et al., 2020; Pawlowski et al., 2021).
However, the development and worldwide utilization of mRNA these
mRNA vaccines showcase the enormous potential of mRNA technology.
Finally, satisfactory results have been obtained with
anticancer-mRNA-based vaccines that stimulate and activate anti-tumor
immune responses via different immunotherapeutic approaches, such
as the use of therapeutic mRNA encoding tumor antigen, antibodies, or
immunomodulators (cytokines and co-stimulatory) (Beck et al., 2021).

Even though promising results have been obtained using mRNAs as
therapeutics in pre-clinical and clinical studies and in the fight against
SARS-CoV-2, several obstacles, including stability and delivery, need to
be overcome.

2.4. Small interfering RNAs (siRNAs)

siRNAs are double-stranded non-coding RNAs, usually 20–25 base
pairs in length, that inhibit gene expression by binding complementary
mRNA targets (Dana et al., 2017). Although siRNAs share many simi-
larities with miRNAs, including similar physicochemical properties and
the ability to gene silencing through a mechanism called RNAi, they are
two different classes of RNA with distinct functions and mechanisms of
action (Davidson and McCray, 2011). Compared to miRNAs, siRNAs are
produced from long dsRNAs and inhibit the expression of one specific
mRNA target. Furthermore, siRNAs induce nuclease cleavage of full
complementary mRNAs, while miRNAs repress translation, as they usu-
ally partially interact with the target mRNA (Lam et al., 2015). As a
result, therapeutic applications of siRNAs and miRNAs are different:
siRNA, inhibiting the expression of a specific mRNA, are used to produce
a gene silencing effect. By contrast, miRNA-based therapy comprises two
approaches: miRNA inhibition and miRNA replacement (Hu et al., 2020).

Successful siRNA-based therapy requires the design of siRNA-
molecules with high activity and specificity relative to the desired
target. Various strategies and chemical modifications are being investi-
gated to improve siRNA-properties, such as stability, efficacy, potency,
resistance to nucleases and circulating half-life, and to minimize immu-
nogenic and toxic effects (Watts et al., 2008). In this regard, it has been
observed that the presence of two-nucleotide overhangs at the 30-end
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(usually TT or UU) promotes recognition by the RNAi machinery (Walton
et al., 2010), while increased dsRNA-length enhances its potency (Kim
et al., 2005). Moreover, as already observed for other types of therapeutic
RNA, substitution of the ribose 20-OH group with 20-O-Me, 20-F or
20-methoxyethyl (20-O-MOE) group increases stability and reduces im-
mune system activation (Cekaite et al., 2007). For therapeutic applica-
tion, the use of siRNA requires the development of safe and effective
‘carriers’ to deliver it to its site of action. There are two types of vectors,
viral and non-viral (such as lipid-based carriers, peptides, polymers, and
dendrimers) (Wang et al., 2010). A plausible strategy is bio-conjunction
of squalene (SQ) to siRNA to obtain siRNA efficient nanoparticles
(Massaad-Massade et al., 2018). Compared to conventional drugs, there
are advantages of siRNAs as therapeutics, including the unrestricted
choice of targets, safety, and high specificity and efficacy to suppress
gene expression (Xu et al., 2019). The efficacy siRNA-based therapy has
been evaluated in diverse diseases, including diabetes, hypercholester-
olemia, macular degeneration, respiratory diseases, metabolic disorders,
rare diseases, hepatitis, virus infections, and cancer. Several siRNA
therapeutics have been investigated clinically, mostly for loco-regional
treatments such as intravitreal and intranasal administration.

Currently, there are three FDA-approved siRNA drugs (patisiran,
givosiran, and lumasiran) and seven siRNAs in late stages of Phase 3
clinical trials (Zhang et al., 2021b). Moreover, encouraging results were
obtained using siRNAs in clinical trials involving a wide range of cancer.
In this regard, Atu027, a siRNA-based lipid nanoparticle that inhibits the
expression of protein kinase N3 (PKN3), has been tested in advanced or
metastatic pancreatic cancer (Phase I2completed) and solid tumors
(Phase 1), showing good feasibility, safety, and satisfaction, DCR-MYC, a
synthetic double-stranded RNA encapsulated within lipid nanoparticles
directed against MYC, has been used to treat solid tumors, multiple
myeloma, non-Hodgkins lymphoma, and pancreatic neuroendocrine tu-
mors (Phase 2 completed) (Hattab et al., 2021).

Despite the high therapeutic potential of siRNAs, several factors limit
its clinical use, such as stability, poor cellular uptake, off-target effects,
and immune responses.

2.5. Ribozymes

Ribozymes are RNAmolecules with site-specific cleavage activity and
catalytic potential. Ribozymes have been used successfully to inhibit
gene expression in vitro and in vivo to treat many diseases including
cancer. In this regard, Ad5CRT is a ribozyme that targets human telo-
merase reverse transcriptase (hTERT)-encoding RNAs in gastrointestinal
cancer patients (Lee et al., 2019), and RPI.4610, an anti-VEGFR-1 ribo-
zyme in conjunction with carboplatin and paclitaxel, to treat advanced
solid tumor (Morrow et al., 2012). Despite initial success, further in-
vestigations are required to improve stability, efficacy, safety, delivery,
and long-term expression (Khan, 2006).

2.6. miRNA

MiRNAs are ~22 nt in length, single-strand RNA (ssRNA) molecules,
first discovered in 1993 in C. elegans (Lee et al., 1993) and recognised to
target mRNA, causing its degradation or translation inhibition by sup-
pressing protein expression (Bartel, 2018). At molecular level, miRNAs
suppress protein expression mainly by binding to the 30-UTR of mRNA
targets. Indeed, a perfect pairing complementarity between miRNAs and
target mRNAs leads to mRNA degradation, while imperfect matching
promotes inhibition of protein translation. Consequently, a specific
miRNA sequence may target several mRNAs, thereby affecting related
cellular pathways. Therefore, although miRNAs are recognised
non-coded transcripts, they orchestrate several biological processes
involved in cellular homeostasis and organismal development (Bartel,
2018). Indeed, impaired miRNAs biogenesis results in dysregulation of
their level, which has been demonstrated by scientific evidence to be
correlated with severe disorders such as cancer (Peng and Croce, 2016).
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Thus, it is important to understand the mechanism behind miRNA
dysregulation, including chromosomal abnormalities, transcriptional
miss-regulation and epigenetic alterations. These negative events repre-
sent the hallmarks of cancer pathologies, whereby the communication
between tumor and other cellular components forming the stroma takes
place via miRNAs distribution throughout the tumor microenvironment
(TME) by directing cancer progression stages (Raue et al., 2021). More-
over, miRNAs exert either paracrine or endocrine signalling functions by
circulating in blood and other biofluids. For this reason, the detection
and evaluation of miRNA levels in extracellular milieu has been largely
studied in pre-clinical and clinical trials for the timely diagnosis of
several types of cancer (Wang et al., 2018a). If on one hand miRNAs
present good biomarkers by identifying tumors in their early stage, on the
other hand, circulating miRNAs show low specificity and issues con-
cerning sensitivity, namely differences in their levels in individual pa-
tients, and similar miRNA levels in both malignant and benign tumors
(Wang et al., 2018a).

Although miRNAs have been widely investigated as cancer bio-
markers, there are still no FDA-approved miRNA therapies. As reported
above, the ability of miRNAs to target multiple or single components in
cellular pathways opens the possibility of exploiting both miRNA mimics
and inhibitors (antimiRs) to re-establish altered miRNAs levels in TME.
The first are double-stranded synthetic oligonucleotide copies of their
specific miRNA counterparts, projected to restore reduced miRNA levels
detected in TME. The second are antisense ssRNA molecules that have
been designed on the basis of ASOs, developed to hybridize specific
miRNA sequences by preventing their pairing with target mRNAs
(Rupaimoole and Slack, 2017) (Fig. 1). Below, we elucidate the ongoing
status of miRNA in clinical application as potential cancer therapeutics.

3. MiRNA-based therapies in clinic trials

Since their discovery, miRNAs have triggered interest as biomarkers
and, over time, the scientific community started to understand their
potential in clinical applications. Even though, great advances have been
accomplished in miRNA molecules manipulation and their loading on
delivery systems, miRNA-based therapies have not yet reached the phase
5

3 clinical trial. Indeed, diagnostic products specialised on miRNAs
detection are already available in the pharmaceutical market (Ciarletto
et al., 2021). By contrast, oncological miRNA drugs struggle to pass from
bench to bedside. Nonetheless, investments towards miRNA-based
therapies by pharmaceutical companies are increasing year by year
(Chakraborty et al., 2020), indicating that this biotechnology is not far
from entering the therapeutic market. In this paragraph we describe
cancer therapeutics based on miRNA mimics and antimiRs currently in
clinical trials listed in Table 1.
3.1. MiRNA mimics

An important step for miRNA mimics in entering clinical trials was
accomplished with MRX34. MRX34 (Mirna Therapeutic Inc.) is formu-
lated by an ionizable liposome identified as NOV340 (SMARTICLES®,
Marina Biotech, Bothell, WA; Mirna Therapeutics Inc., 2011) loaded with
a miR-34 mimic, recognised as a tumor suppressor miRNA. MiR-34 tar-
gets various oncogenes, whereby inhibiting tumor growth. Given that
TME is characterised by a low pH, when NOV340 is near the tumor, it
acquires positive charge resulting in its association with cancer cells
(Bader, 2012). Following promising results in tumor suppression in a
lung cancer mouse model (Wiggins et al., 2010; Trang et al., 2011),
MRX34 was tested in a phase 1 clinical trial in which the complex was
infused intravenously in patients with primary liver cancer, small cell
lung cancer, lymphoma, melanoma, multiple myeloma, or renal cell
carcinoma. Of 66 patients, 16 had stable disease (SD) for�4 cycles with a
median duration of 19 weeks, while 3 patients had partial response (PR)
and 31 had progressive disease (PD). Despite the majority of reported
adverse events (AEs) being of grade 1 and 2, the test was suspended due
to immune-related AEs that caused death in 4 patients (NCT01829971;
NCT02862145) (Beg et al., 2017; Hong et al., 2020). Whether the serious
immune response was triggered by the liposome carrier, GC-rich seed
sequence of miR-34 (Gao et al., 2018) or by the impact of miR-34 on
immune cells signalling (Hart et al., 2020), is still not clear.

Little progress has been achieved by a collaboration between EnGe-
neIC and the Asbestos Diseases Research Institute (Sydney, NSW,
Australia), in which an miRNA mimic based on miR-16, a downregulated
Fig. 1. MiRNA-based therapy. Double strand
miRNA mimic molecules introduced into the target
cell undergoes the passenger strand degradation. Af-
terwards the mimic leading strand integrated with
RISC complex binds the 30-UTR of mRNA target by
inhibiting its translational activity (A). After cell
internalization, the single strand antimiR oligonucle-
otide hybridizes with a specific miRNA sequence by
preventing its pairing with mRNA target and protein
translation is active (B). Protein AASDHPPT PDB 2byd
image is licensed under the Creative Commons
Attribution-Share Alike 3.0 Unported license. Protein
AASDHPPT PDB 2byd image source: https://commo
ns.wikimedia.org/wiki/File:Protein_AASDHPPT_PDB
_2byd.png.

https://commons.wikimedia.org/wiki/File:Protein_AASDHPPT_PDB_2byd.png
https://commons.wikimedia.org/wiki/File:Protein_AASDHPPT_PDB_2byd.png
https://commons.wikimedia.org/wiki/File:Protein_AASDHPPT_PDB_2byd.png


Table 1
MiRNA therapeutics - clinical trials.

MiRNA drug Company MiRNA Delivery
system

Cancer
disease

Clinical trial
phase

Clinical outcome Adverse effects Clinical trial Ref.

MRX34 Mirna
Therapeutic
inc.

miR-34a
mimic

Ionizable
liposome

Solid
tumors

Phase I -
suspended

3 patients had PRs; 4
patients had SD � 4
cycles (median, 19
weeks, range,
11–55).

G3 AEs in all 85
enrolled patients; 4
deaths due to immune-
mediated AEs;

NCT01829971
NCT02862145

Hong
et al., 2020

MesomiR 1 EnGeneIC þ
ADRI

miR-16
mimic

Bacterial
minicell

MPM,
NSCLC

Phase I -
completed

1/22 patient had OR
of 32 weeks; SD in 15
patients;

2 patients: infusion-
related inflammatory
symptoms and
coronary ischaemia;

NCT02369198 van
Zandwijk
et al., 2017

2 patients:
anaphylaxis and
cardiomyopathy;
1 patient: non-cardiac
pain;

Cobomarsen/
MRG-106

MiRagen
Therapeutics
inc.

miR-
155
antimiR

Naked
LNA

Mycosis
fungoides

Phase I –
completed;
Phase II –
terminated
(business
problems);

29 out of 32 (91%)
had improvement in
mSWAt score; 11
receiving 6 doses,
achieved 50%
reduction in mSWAT
score;

No serious AEs; NCT02580552 Querfeld
et al., 20182 AEs were deemed

dose limiting
toxicities: Grade 3
worsening ruritus and
Grade 3 tumor flare.

NCT03713320

ADRI ¼ Asbestos Diseases Research Institute; MPM ¼ Malignant pleural mesothelioma; NSCLC ¼ Non-small-cell lung carcinoma; PR ¼ Partial response; SD ¼ Stable
disease; OR ¼ Objective response; mSWAT ¼ Modified Severity-Weighted Assessment Tool; AE ¼ Adverse effect.
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miRNA in malignant pleural mesothelioma (MPM), has been loaded in a
minicell conjugated with anti-EGFR antibody named targomiR. This
targeted minicell containing miR-16, dubbed MesomiR-1, reached a
phase 1 clinical trial (NCT02369198). Of 27 recruited patients, 22 pa-
tients showed an objective response, and 15 patients showed SD. Based
on pre-clinical data, the authors suggested a phase 2 clinical trial to test
MesomiR-1 in combination with chemotherapeutics and immune
checkpoint inhibitors. However, several AEs have been described in the
study, such as lymphopenia, inflammatory symptoms, and cardiac-
circulatory problems (van Zandwijk et al., 2017).

3.2. AntimiRs

The unique antimiR used for cancer treatment and currently in clin-
ical trial phase is represented by Cobomarsen (MRG-106), developed by
MiRagen Therapeutics Inc. Cobomarsen is an LNA and inhibits miR-155.
Up-regulation of miR-155 has been associated with uncontrolled immune
cell proliferation and survival in cutaneous T-cell lymphoma (CTCL) and
mycosis fungoides (MF). Due to a modified chemical structure, Cobo-
marsen is specially taken up by CD4þ T and mycosis fungoides cells. In
vitro studies on human lymphotropic virus type 1 (HTLV-1þ) CTCL and
MF cell lines shows that Cobomarsen inhibits cellular proliferation and
induced apoptosis (Seto et al., 2018). A phase 1 clinical trial
(NCT02580552) showed that 38 enrolled patients who received Cobo-
marsen reported no serious AEs and 29 of them registered an improve-
ment of the Modified Severity-Weighted Assessment Tool (mSWAT)
score. Duration of the study was 22 months and it investigated CTCL
population, in a phase 2 clinical trial that was terminated due to eco-
nomic problems (NCT03713320).

Of notes, an anti-miR-10b designed by Regulus Therapeutics Inc.
(Carlsbad, CA, USA) and identified as RGLS5579 has been reported as a
good candidate for the treatment of glioblastoma multiforme (GBM) in a
clinical trial. When combined with temozolomide, this miR-10b inhibitor
exhibited a remarkable increase of the median survival from 27% to
159% in a xenograft mouse GBM model (Wang et al., 2018b). However,
this promising AntimiR is currently still in a pre-clinical phase.

4. MiRNA-based therapy strategies for cancer treatment

One of the strategies in the application of miRNA therapies is their
6

administration in the form of naked nucleic acids. However, several
challenges in terms of pharmacokinetics need to be addressed, namely
their degradation by cellular and extracellular RNases, endosomal
escape, cellular uptake, immunogenicity, and specificity in targeting
tissues (Winkle et al., 2021). To face these issues, researchers elaborated
two main solutions that comprise stabilization of miRNA drugs by means
of chemical modification (Rupaimoole and Slack, 2017) or their loading
using carriers (Roberts et al., 2020). Chemical modifications (ASO
described previously) made miRNA mimics and antimiRs more stable,
resistant to degradation and safer, however, the negative charges and
hydrophilic nature of nucleic acids contributes to problems with cellular
uptake resulting in higher dose administration that did not translate to
high efficiency, mostly in the treatment of leukemia and metastatic
cancers (Raue et al., 2021). For these reasons, an efficient delivery system
for miRNA-based therapies is needed. Concerning this aim, great ad-
vances have been accomplished by the scientific community in devel-
oping different oligonucleotide carriers, namely viral or bacterial vectors,
lipid- or polymer-based envelopes and oligonucleotide bio-conjugation
(Roberts et al., 2020).

Viral and bacterial vectors appear to be plausible nanocarriers in
terms of targeting and cellular uptake, but the risk of AE induction is still
high (van Zandwijk et al., 2017; Monahan et al., 2021). Among non-viral
vectors, lipid-based nanocarriers are the most standardized entities in
terms of production and clinical use (Hou et al., 2021). Despite their wide
use in the vaccination campaign against SARS CoV-2 virus variants,
LPNs-PEG component has been reported to cause the so-called comple-
ment activation related pseudo-allergy (CARPA) and IgM and IgG pro-
duction, thereby potentially provoking at first, an anaphylactic shock
(Zhou et al., 2021) and immune reaction in patient administered with
LNPs therapeutics and already exposed to PEG-containing products
should be monitored and studied. Regarding polymer-based nano-
carriers, considerable advances have been accomplished in terms of
efficient uptake and safety: use of biodegradable chitosan cationic
polymers as carriers exhibited less toxicity compared to previously used
polymers in vitro and in vivo (Raue et al., 2021). However, long-term
safety of polymers is still unclear as well as that of bio-conjugated oli-
gonucleotides (Ha et al., 2016). A more promising option is represented
by bio-conjugation, which consists of covalent conjugation of oligonu-
cleotides with biomolecules such as lipids, peptides and sugars, in order
to exploit their receptor-mediated endocytosis. However, the receptor
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saturation effects should be investigated (Raue et al., 2021). The
above-described miRNA delivery systems highlight favourable advan-
tages, but several drawbacks remain unsolved (Table 1). In particular,
their immunogenicity and accumulation in certain organs represent the
major concern for viral and bacterial-derived vectors (Fu et al., 2019),
while lipid- and polymer-based vehicles present low delivery efficacy,
and their long-term safety is still unclear, similar as is the case of
bio-conjugated oligonucleotides (Raue et al., 2021; Ha et al., 2016).
Considering the listed hurdles of nanocarriers, a potential solution has
been identified in exosomes. In the next sub-paragraph, we provide an
overview of this promising miRNA transfer vehicle.

5. Exosomes as miRNA delivery systems

Exosomes, as natural carriers of miRNAs, have been proposed as a
delivery system. Exosomes were discovered in 1981, known to be natu-
rally produced by all cell types including procaryotes, and found in most
biological fluids (Trams et al., 1981). Exosomes have the diameter of
30–160 nm and are classified as extracellular vehicles (EVs), a group of
nano- and micro-particles characterised by a double phospholipid bilayer
structure (Trams et al., 1981). Most EVs, such as microvesicles (MVs),
micro-particles and large vesicles, originate from cell membrane via a
budding mechanism, and they are released in the extracellular milieu.
Conversely, exosomes derive from multivesicular bodies (MVBs), which
are specialised endosomes containing intraluminal vesicles (ILVs) that
are subsequently released out of the cell as exosomes once MVBs fuse
with the cell membrane (Kalluri and LeBleu, 2020). Since their discovery,
research on exosomes has shed light on their intriguing characteristics
and important biological role (Fig. 2-upper panel). Raposo et al. (1996)
described their involvement in immune responses, while Valadi et al.
(2007) reported exosomes as natural miRNA carriers involved in inter-
cellular communication (Simons and Raposo, 2009). As important car-
riers of signaling molecules (proteins, lipids, nucleic acids), exosomes are
being developed as potential therapeutic agents or prognostic biomarkers
in multiple disease models (Pegtel and Gould, 2019). Besides, as the most
recent findings on exosomes and miRNAs has ready shown (Fig. 2), many
aspects of exosome biology can reveal natural attributes as MBTs carriers,
namely biogenesis, uptake, miRNA loading, safety profile and efficient
delivery ability.

5.1. Exosome biogenesis and release

As reported, exosomes are formed as ILVs by a process that involves
the endosomal system and are secreted upon fusion of endosomal MVBs
with the plasma membrane (Tomasetti et al., 2017). Consequently,
exosomes have the same membrane topology as donor cells, even though
they often lose transmembrane lipid asymmetry and have phosphati-
dylserine (PHS) residues externalized in the outer leaflet of the vesicle.
Fig. 2. Discovery timeline. MiRNA (upper) a

7

Currently, pathways involved in exosome biogenesis include the endo-
somal sorting complex required for transport (ESCRT)-dependent and
-independent mechanisms. ESCRT machinery comprises five complexes,
i.e. ESCRT-0, –I, –II, –III, and Vps4. These complexes are composed by
multiple subunits and orchestrate ILVs formation together with cargo
sorting (Gurung et al., 2021). In parallel, ESCRT-independent pathway
relies on sphingolipid (SL) ceramide domains present in the MVBs
membrane, and it was proposed that biogenesis of exosomes occurs via
formation of SL-enriched ceramide microdomains and their fusion into
larger domains, by promoting inward vesicle budding (Trajkovic et al.,
2008) (Fig. 3).

Ceramide and sphingosine-1-phosphate are the main SLs that act as
signaling molecules, controlling a vast number of cellular processes, such
as their growth, adhesion, migration, senescence, and cell death (Hannun
and Obeid, 2008). The role of ceramide in the biogenesis and release of
exosomes was studied by treating cells with GW4869, a specific inhibitor
of neutral sphingomyelinase (nSMase) 1/2, and by two structurally un-
related nSMase blockers, spiroepoxide and glutathione (Dinkins et al.,
2014). Exosome release was markedly reduced after treatment of the
cells with all nSMase inhibitors, which was confirmed by nSMase-2
siRNA-mediated depletion (Trajkovic et al., 2008). Exogenous
cell-permeable C6 ceramide dose-dependently increased the number of
exosomes released from multiple myeloma cells (Cheng et al., 2018).
However, exosomes are a heterogeneous population of vesicles and
blocking of nSMases does not block the release of all exosomes or impair
exosome biogenesis in all cells (Colombo et al., 2013). Of note, tetra-
spanin membrane proteins have been also described to affect exosome
biogenesis (Trajkovic et al., 2008).

The nSMase and Ras-associated binding (Rab) proteins are canonical
regulators of exosome secretion (Fig. 4). Studies have demonstrated that
Rab11 is involved in the docking of MVBs to the plasma membrane, and
upon induction of autophagy, Rab11 co-localizes with the autophagic
marker LC3, which is associated with decreased exosome release (Savina
et al., 2002). Silencing of Rab27A and Rab27B reduced exosome secre-
tion (Ostrowski et al., 2010).

5.2. Role of exosomes in cancer

It has been reported that tumor-bearing patients have increased
exosomes in their circulation compared to healthy subjects (Kharaziha
et al., 2012). Tumor-derived exosomes (TDEs) are actively produced and
released by tumor cells and carry messages from tumor cells to healthy
cells or abnormal cells, and they participate in the metastatic disease (Bai
et al., 2022a). Overexpression of EGFR in glioma cells increased secretion
of exosomes that can be taken up by other glioma cells lacking EGFR,
resulting in ‘transmission’ of oncogenic activity (Al-Nedawi et al., 2008).
Also, expression of oncogenic RAS in non-tumorigenic epithelial cells
increased secretion of exosomes carrying HRAS DNA, RNA and proteins,
nd Exosomes (down) discoveries timeline.



Fig. 3. Exosomes biogenesis. Following internali-
zation, the extracellular cargo is sorted into early en-
dosome (EE) compartment (i). The EE may back-fuse
with plasma membrane by releasing its content or it
may continue a maturation process resulting in late
endosomes (LE) formation (ii). On the LE membrane
the nSmase2 enzyme regulates the hydrolysis of
sphingomyelin into phosphorylcoline and ceramide
which self-organizes in lipid raft by determining the
initial step for intraluminar vesicles (ILVs)-forming
inward buddings which internalize the LE content and
LE matures into multi vesicular body (MVB) (iii).
Given the plasma membrane origin of endosome, ILVs
share surface proteins and lipid composition with cell
membrane. In addition, contents from cytosol and
vesicles from Golgi potentially compose ILVs cargo. At
this maturation stage, the MVB may be targeted to-
wards lysosome vesicle with consequent ILVs cargo
degradation (iv). Otherwise, the interplay between
Rab-GTPase (Rab11, Rab27 and Rab35) and SNARE
proteins regulates docking and subsequent fusion of
MVB with plasma membrane and ILVs are released as
exosomes (v).

Fig. 4. Mechanism of the MiR-126 and GW4869
combination. Exosome-mediated introduction of
miR-126 promotes autophagy through AMPK-
ULK1ser-555 pathway (i), while GW4869 inhibits
autophagy and multi vesicular body (MVB) formation
and release (ii). Thus, the prevented exosome release
leads to miR-126 accumulation within the cell by
enhancing the opposite effect to GW4869 (iii). MiR-
126 disrupts insulin signaling pathway, resulting in
lower glucose uptake (iv). This stress state induces
mitochondria to produce ROS with consequent DNA
damage and PARP-1 activation (v). Autophagy inhi-
bition by GW4869 leads to a feedback loop in which
apoptosis-inducing factor (AIF) is released from
mitochondria and PARP-1 is overactivated. When
overactivated, PARP-1 sequestrates NAD þ to mito-
chondria, thus inducing ATP depletion and subse-
quent necroptosis (vi).
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which can be transferred to recipient cells (Lee et al., 2014). Inhibition of
RAS signaling with a farnesyl transferase inhibitor (tipifarnib) or man-
umycin A decreased exosome secretion in prostate cancer (Datta et al.,
2017, 2018). Conversely, restored expression of liver kinase B1
(LKB1/STK11), a tumor suppressor frequently mutated or lost in lung
cancer, increased exosome secretion (Zhang et al., 2018).
5.3. Uptake of exosomes

In general, there are many aspects of tumor progression regulated by
cancer cells and tumor environment that can impact the exchange of
exosomes. Various mechanisms for exosome uptake have been proposed,
including clathrin- and caveolae-mediated endocytosis, phagocytosis,
8

macro-pinocytosis and plasma or endosomal membrane fusion (Mulcahy
et al., 2014), with exosome internalization being an active process.

Donor cells affect the composition of released exosomes, and lipid
rafts and proteins present on the surface of exosomes have been reported
to affect the exosome uptake rate into recipient cells (Escrevente et al.,
2011). PHS is critical in the uptake of exosomes. It has been found that
blockage of PHS sites on hypoxia-induced mesenchymal stem cells
(MSC)-MVs with Anx-V greatly reduces their incorporation into HUVECs.
The results demonstrate that PHS on hypoxia-induced MSC-MVs is a key
molecule responsible for internalization, and other surface molecules
may also play a role in the process (Wei et al., 2016).

Therefore, one may assume that different exosomal membrane
phospholipids and protein expression could play a role in tissue-selective
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exosomal uptake. By contrast, it has been reported that exosome from
A549 (lung cancer), HCT116 and COLO205 (colon cancer) cells are
incorporated into both donor and recipient cells, and irrespectively of the
donor cells, the exosome uptake level was the greatest in HCT116 cells.
This suggests that exosomal uptake capability is not dependent on the
expression of exosome marker proteins but on the recipient cells (Horibe
et al., 2018a). Indeed, exosomes from HUVECs were efficiently inter-
nalized by the donor cells themselves and by other cellular components
of the tumor environment, such as mesothelial cells, fibroblasts, and
malignant mesothelioma cells (Monaco et al., 2019). Receptor-mediated
endocytosis (RME) is another proposed mechanism of uptake. While
RME traditionally is associated with clathrin-mediated endocytosis, the
receptor/ligand interaction facilitating uptake has also been linked to
several other endocytosis categories. Some of the well described
receptor-ligand complexes include low-density lipoprotein (LDL) and its
receptor (LDLR), or transferrin (Tf) and transferrin receptor (TfR). The
LDL/LDLR complex is endocytosed and ends up in the lysosome, which
allows for LDL degradation into free cholesterol for cellular function. TfR,
on the other hand, releases its iron cargo within the endosome and is then
recycled back to the cell surface with Tf and TfR intact. The receptor and
ligand fates differ based on the receptor and the mechanism of
endocytosis.

Whether or not exosomal uptake is a cell type–specific process han
not been resolved. Some studies showed that exosomes can be taken up
by virtually every cell type tested (Svensson et al., 2013), while others
suggest that vesicular uptake is a highly specific process which can only
occur if cell and exosomes share the right combination of ligand and
receptor (Zech et al., 2012).

5.4. Exosome RNA loading

Certain miRNAs rather than others can be packed into exosomes via a
selective process. Indeed, various sorting mechanisms affect the exosome
content depending on the cell of origin and its physiological state. A key
role in this scenario is played by RNA-binding proteins (hnRNPA2B1,
Ago2, YBX-1, MEX3C, MVP, La protein) and membranous proteins
(caveolin-1 and nSMase2), which are responsible for selective sorting
during exosome biogenesis. The consequent miRNA regulatory functions
or dysregulation involved in pathogenesis depends on these mechanisms
(Groot and Lee, 2020). For example, a group studying myocardial fibrosis
reported YBX-1-mediated sorting of miR-133 into endothelial progenitor
cell-derived exosome that increased miR-133 levels in cardiac fibroblasts
by promoting mesenchymal-to-endothelial transition (Lin et al., 2019).
Another interesting work describes the tumorigenic effect and matura-
tion of pre-miRNAs within breast cancer cell-derived exosomes con-
taining the RISC-complex components that in contrast were not present
in exosomes derived from normal breast cells (Melo et al., 2014).
Recently, Ago2 selective packaging into colon cancer cell-derived exo-
somes was shown to be controlled by the KRAS-MEK signalling pathway
(McKenzie et al., 2016). Taken together, this information suggests the
possibility to enrich exosomes with specific miRNAs by exploiting donor
cell selective sorting machinery, which may also influence miRNA bio-
logical activity in target cells. Nevertheless, the proper regulation of
miRNA sorting is still unclear.

Despite many benefits, loading of RNAs into exosomes represents one
of their limits for in vivo application. There are several approaches to
incorporate RNA into exosomes for therapeutic applications (Amiri et al.,
2022). One approach includes pre-loading of RNA by transfecting donor
cells. In this case, parental cells are transfected with siRNA/miRNA and
exosomes collected. It was found that adipose-derived stem cell
(ADSC)-derived exosomes enriched with miR-126 showed a protective
effect on acute myocardial infarction (Luo et al., 2017). Transfection of
HUVECs with miR-126 mimics enhanced the miR-126 content in exo-
somes (300-fold increment), and miR-126-enriched exosomes treatment
inhibited angiogenesis and induced cell death and in vivo tumor growth
arrest in MPM (Monaco et al., 2019, 2022). In another study, exosome
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from HEK293T cells transfected with anti-miR-214 reversed cisplatin
resistance of gastric cancer (Wang et al., 2018c). Moreover,
miR-34a-loaded exosomes, after transfection of MSCs, efficiently
inhibited breast cancer cell proliferation (Vakhshiteh et al., 2021).
Although this approach seems simple and feasible, the method is limited
by cytotoxicity, poor specificity, and inefficient packaging (Liu and Su,
2019). These problems can be solved by using appropriated donor cells;
exosomes produced by donor cells that naturally package the miRNA of
interest may overcome the miRNA-induced cytotoxicity and the in-
efficiency in miRNA packaging. As reported by Monaco et al., miR-126
can be easily and efficiently loaded in HUVECs that naturally produce
and package miR-126 into exosomes (Monaco et al., 2019, 2022).

Another method to reduce the pre-loading limits is the cellular-
nanoporation procedure. This approach was established for large-scale
production of exosomes with therapeutic mRNA molecules (Zarovni
et al., 2015). The cells transfected with plasmids were provoked with
focal/transient electrical stimulations, which induce secretion of exo-
some (55-fold more vesicles) harboring transcribed mRNA (1000-fold
increment).

The post-loading of RNA procedure includes electroporation of exo-
somes, exosome transfection with specific reagents, and production of
exosome-liposome hybrids. Electroporation has been widely applied for
loading siRNA into exosomes, while this is not adequate for miRNAs,
small hairpin RNAs and mRNA insertion (Ohno et al., 2013). An alter-
native post-loading RNA approach is transfection of exosomes with
specific reagents, such as lipofectamine, or Exosome-Fect, enabling
insertion of small molecules, DNAs or RNAs into isolated exosomes.
However, the main disadvantage of this method is that exosomes cannot
be separated from the transfection reagent (Li et al., 2018). The best
performance was achieved by fusing exosomes with liposomes. The
exosome-liposomes hybrid can efficiently package the CRISPR-Cas9
expression vector as a large plasmid (Lin et al., 2018).

6. Clinical aspects of exosomes

In the previous paragraph we described exosomal features that show
their potential as natural MBT transfer vehicles. Here we discuss whether
and how exosomal features suit their clinical application.

As potential MBTs carrier for cancer treatment, exosomes must meet
specific requirements, namely high-yield production, safety, target
specificity, cargo internalization and release. In this paragraph we
describe how exosomes meet these requirements, and we also suggest
possible solutions when these needs are not satisfied. Furthermore, we
depict a new and promising interesting strategy to treat cancer, which
involves the use of miRNA-loaded exosomes and which exploits regula-
tion of exosome biogenesis within the cell.

6.1. Exosome production

Acquisition of exosomes involves a culture of the donor cells, har-
vesting from the conditioned medium, and separation or purification.
The cells mainly used in the production of exosomes include MSCs,
ADSCs, dendritic cells, and HEK293 cells. Exosomes secreted byMSCs are
rather well studied in the context of the treatment of a range of therapies.

In addition to the appropriate selection of donor cells for exosome
production, exosome isolation is the key factor for their potential clinical
applications for exosome-based therapies. Exosome isolation methods
include ultracentrifugation and density-gradient centrifugation. The
most widely used method for exosome isolation is ultracentrifugation,
which consists of multiple centrifugation steps with increasing centrifu-
gal strength to sequentially pellet cells (300 g), cell debris (10,000 g) and
exosomes (100.000 g). In addition to this method, easy-to-use precipi-
tation solutions such as ExoQuick and Total exosome Isolation have been
commercialized in the last few years with no need for expensive equip-
ment or skillful techniques. Moreover, methods using these kits have an
advantage in that they can purify exosomes from smaller volumes of cell
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culture media and blood than the ultracentrifugation method. Although
their mode of action has not been disclosed, these kits are commonly
used. However, exosome isolated by precipitation methods showed no or
low expression of exosome marker proteins such as CD63, CD9, CD81
and HSP70 (Horibe et al., 2018b).

Nevertheless, exosome production yielding needs proper starting
material and needs to be improved. A focus in this sense regards the
upregulation of proteins involved in exosome biogenesis such as STEAP3,
SDC4 and NadB (Kojima et al., 2018). Another approach involves in-
crease in exosome production by regulating the exosome release
pathway. The treatment of donor cells with monensin increased intra-
cellular calcium concentration, which in turn increased exosome secre-
tion (Savina et al., 2003). Therefore, by acting both on exosome
biogenesis and their release, exosomes can be produced on a large scale
for clinic application (Qu et al., 2023).

6.2. Exosome safety

In terms of safety, each exosomal therapeutic employment must be
evaluated to maintain the safety profile confirmed by in vivo experiments.
Indeed, immunocompetent mice showed no cytotoxic effect and no im-
mune response when administered intravenously (IV) or intraperitone-
ally (IP) with 1010 engineered and wild type HEK293-derived exosomes
for 22 days (Zhu et al., 2017). MSC-derived exosomes (MSC-EXOS) were
regularly administered in patients without side effects (Kordelas et al.,
2014). Furthermore, tumor and dendritic cells-derived exosomes have
been tested in clinical trials to activate anti-cancer immune responses
and, except one study with 10% of patients showing grade 3 or 4 toxicity
(Besse et al., 2015), no toxicity higher than grade 2 was reported (Dai
et al., 2008; Escudier et al., 2005; Morse et al., 2005). A pilot study
evaluated the safety of placental MSC-EXOS in patients affected by ma-
lignant middle cerebral artery infarct (mMCAI). Intraparenchymal im-
plantation of MSC-EXOS showed no post-interventional AEs in five
ischemic stroke patients. Local injection of exosomes for treatment of
mMCAI can be safe and in future, it may be applied as a supportive,
restorative, and preventive treatment in patients who suffer from acute
ischemic stroke and post ischemic disability (Dehghani et al., 2022). All
these studies confirm reasonable exosomal safety profile; however,
attention must be paid with exosomes obtained from tumor cells due to
their potential oncogenic cargo (Bai et al., 2022b). Tumor cells actively
produce, release, and utilize exosomes to promote tumor growth
(Whiteside, 2016).

6.3. Target specificity, cargo internalization and release

The route of administration can influence the tissue distribution of
MBTs-loaded exosome in vivo. Intravenous administration of exosomes is
an appropriate delivery route for malignancies. After intravenous injec-
tion, the pharmacokinetic profile of exosomes showed a half-life of
around 2 min in systemic circulation, with minimal presence observed
after 4 h. Although intravenous administration allows exosomes to reach
the target site, their short half-life index in circulation is one of the major
limitations of this route of administration. Another route for cancer types
is represented by intratumoral injection of exosomes loaded with a
therapeutic agent. The advantage of this approach is that direct injection
of exosomes to tumors allows specific delivery of the therapeutics
(Takahashi et al., 2013). Exosomes were detected in the liver, lungs,
kidneys, and spleen 1 h after intraperitoneal injection, while exosomes
were found distributed in brain and intestines after intranasal adminis-
tration. However, they were rapidly cleared from the systemic circulation
by the liver (Sun et al., 2010).

It has been stated that in case more nanocarriers are present in cir-
culation, there is a higher probability that they reach a specific target.
Therefore, whether the natural ability in crossing physiological barriers
(Alvarez-Erviti et al., 2011) confers longer-term half-life of exosomes or
faster clearance is still debated (Smyth et al., 2015; Lai et al., 2014;
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Kooijmans et al., 2016). Because of this, considerable effort has been
taken in exosome bioengineering to increase their concentration in target
sites, circulation time, and half-life in the body. Exosomes should be
engineered to preferably target cell types relevant to disease pathogen-
esis, e.g., rabies virus glycoprotein is used to engineer exosomes specif-
ically for central nervous system (CNS) disease (Ferrantelli et al., 2020).
Exosomes harboring the GE11 peptide on their surface efficiently deliv-
eres miRNA to EGFR-expressing cancer tissues (Ohno et al., 2013).
However, exosomes with the surface protein CD47 exhibit prevention of
phagocytosis by monocytes and macrophages by ensuring a low clear-
ance rate and extended half-life (Kamerkar et al., 2017). Moreover, to
understand exosome targeting ability, the concept of exosome hetero-
geneity needs to be addressed. As previously mentioned, depending on
cell of origin, exosomes express specific surface proteins affecting their
targeting capacity concerning the recipient cell as well as their inter-
nalization pathways and therapeutic effects (Kalluri and LeBleu, 2020).
For instance, major histocompatibility complex class II molecules are
enriched in exosomes from B lymphocytes, dendritic cells, mast cells, and
intestinal epithelial cells, whereas higher levels of growth factors and
their receptors are found in exosomes released from cancer cells (Simp-
son et al., 2008).

For allogeneic exosomal therapy, the presence of major histocom-
patibility complex proteins is problematic owing to potential immune
responses. Exosome heterogeneity allows to select cell-producing exo-
somes to target the desired tissue type by obtaining the desired thera-
peutic effect depending on the way of entrance (Ohno et al., 2013). An
efficient delivery system must accomplish a proper cargo release at
intracellular level dependent on the endosomal escape capacity of the
nanocarrier. Currently, the mechanisms of the cargo exosome delivery
are poorly understood, however it was found that during the pH drop in
the endo-lysosomal compartment, the exosome membrane undergoes
destabilization and fuses with the endo-lysosome membrane by releasing
its content in the cytoplasm through a protein-mediated mechanism
(Bonsergent and Lavieu, 2019; Joshi et al., 2020). A strategy suggested to
avoid the endosomal pathway and increase the cytosolic miRNA drug
delivery is presented by the fusion of exosome membranes with fusion
proteins such as SYCY1, SYCY2 and EFF-1 (Prada and Meldolesi, 2016).

6.4. Combination of MiRNA-exosomes and exosome-released inhibitors as
new strategy

Irrespective of the route of administration, it was observed that the
miRNA-cargo delivered by exosomes into cancer cells was immediately
released by the cell themselves in the tumor micro-environment through
exosomes themselves (Monaco et al., 2019). Exosomes have been used by
cells as disposal mechanisms for unnecessary or unwanted miRNAs (Yu
et al., 2016). Iinhibition of exosome release by an inhibitor of nSMase2
(GW4869) caused accumulation of the miRNA within the cell in a dose-
and time-dependent manner to induce cell death (Monaco et al., 2022).
This therapeutic approach may overcome the clearance problems, thus
allowing the use of low amount of exosomes in a single dose.
Tumor-suppressive miRNAs are involved in regulating cancer cell sur-
vival, and secretion of these miRNAs has been documented in malig-
nancies (Kanlikilicer et al., 2016; Munson et al., 2019). It was previously
reported that over-expression of miR-29b induces apoptosis and
caspase-3 activation in multiple myeloma (MM) cells (Zhang et al., 2011)
and that miR-15a/16 can promote MM apoptosis by suppressing
expression of the anti-apoptosis protein Bcl-2 (Li et al., 2016). MPM
significantly secrets higher levels of miR-16–5p, blocking of exosome
release using GW4869, leading to significant reductions in exosomal
miR-16–5p and significant increase cytoplasmic miR-16–5p (Munson
et al., 2019).

Adopting a new approach, Monaco et al. combined the effects of miR-
126-loaded exosomes and GW4869, and obtained promising results using
an MPM-derived spheroid model. MiR-126 induces autophagy and
autophagosome formation via the AMPK-ULK1ser-555 pathway
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activation; in contrast GW4869 inhibits autophagy. This short circuit of
autophagy induction and inhibition leads to necroptosis cell death
associated with PARP1 activation. As previously said, GW4869 prevents
exosome release with consequent amplified effect of miR-126 and
accumulation within the target cell (Monaco et al., 2022) (Fig. 4). In this
scenario, ceramide biosynthesis seems to be the meeting point between
exosome biogenesis and autophagy (Mathieu et al., 2019). These two
pathways encounter each other when MVB and autophagosome vesicles
are not degraded into the lysosome and fuse together by originating
amphistome, which is responsible for exosome secretion (Salimi et al.,
2020). Considering this, nSMase2 inhibition by GW4869 ceases the
biosynthesis of ceramide, consequently, ILV biogenesis and MVB for-
mation are repressed as well as exosome releasing via the
amphisome-forming pathway. In summary, both routes of exosome
release, by means of MVB and autophagy, are inhibited. Therefore, after
uptake of the miR-126-loaded exosome by cell targets, re-packaging and
secretion of internalized miR-126 is repressed by interfering with the
crosstalk between exosome formation and autophagy induction, and
maximum therapeutic effect of miR-126 is obtained (Fig. 4).

6.5. nSMase2 inhibitors

Given the unique role for nSMase2 in the control of ceramide-
dependent exosome release (Verderio et al., 2018), several nSMase2 in-
hibitors have gained increasing attention as a strategy to regulate cer-
amide levels in various disease conditions, including cancer (Hwang
et al., 2015). The drug GW4869 is the most widely used in research but
has poor solubility due to its highly hydrophobic nature (practically
insoluble in water with poor solubility in organic solvents such as
DMSO), which limits its clinical potential. Compared to GW4869, cam-
binol was thought to be a more attractive candidate due to its improved
solubility; however, it was found to have a poor in vivo pharmacokinetic
profile. Scyphostatin and manumycin A are known for their inhibitory
activity towards nSMase2. However, lack of information related to
specificity, potency, and physicochemical properties, limit the use of
these inhibitors in the clinic (Kumar and Kumar, 2021). A strategy to
enhance their solubility, stability, and bioavailability is that these hy-
drophobic drugs are loaded in exosomes; both the drug and the exosomes
can be incubated together so that the drug diffuses into exosomes along
the concentration gradient. The drug loading efficacy using this method
is related to the hydrophobicity of the drug because of the potential of
hydrophobic drugs to interact with lipid bilayer membranes (Butreddy
et al., 2021).

The farnesyl transferase inhibitor tipifarnib also showed an exosome
inhibitory effect (Datta et al., 2018). Janssen commenced phase 2 clinical
trials in patients with advanced non-small cell lung cancer and, phase 3
trials for potential treatment of pancreatic cancer and leukemia, and
finally phase 2 trials for RAS-dependent solid tumors. Credit Lyonnais
Securities predicted NDA filings in 2002 and 2003 for pancreatic cancer
and other cancers, respectively (Norman, 2002).

Recently, by screening 365,000 compounds from the Molecular Li-
braries Small Molecule Repository (MLSMR) and 2816 compounds from
the NCGC pharmaceutical collection (NPC) library for human nSMase2
inhibitors, DPTIP (2,6-dimethoxy-4-(5-phenyl-4-thiophen-2-yl-1H-imi-
dazol-2-yl)-phenol) was identified as the most promising compound,
based on its selectively, potency and chemical optimization feasibility
(Rojas et al., 2018). Ketoconazole (KTZ) is an FDA approved anti-fungal
medication, which has been shown to suppress exosome biogenesis and
secretion (Greenberg et al., 2021).

7. Conclusion and future perspectives

Among the RNA therapies, miRNA-based therapy has demonstrated
clinical potential for cancer treatment. Despite that the onco-suppressor
role of miRNAs is well established, a safe, effective, and targeted drug
vehicle to protect them from degradation and facilitate their targeted
11
delivery in vivo is lacking. The recent introduction of exosomes, with
their natural compartmentalization properties, have successfully ‘beaten’
the traditional vehicles to provide strong support for miRNA therapy. A
new strategy would be to introduce the miRNA in cancer cells by means
of exosomes and accumulate it within the cells themselves by inhibiting
nSMase, an enzyme involved in exosome release. This therapeutic
approach allows the miRNA to accumulate in cancer cells in a dose and
within time periods to induce cancer cell death. In addition to its role in
inhibiting exosome release, nSMase is also involved in autophagy.
Concomitant inhibition of exosome release and the autophagic process
concur to induce cell death, which was higher in cancer cells that use
autophagy for survival, such as in the case of cancer stem cells.

MiRNAs and exosomes are both used in clinical trials and are nearing
their approval by the FDA; treatment of cancer by an inhibitor of exo-
some release already FDA-approved will further increase the onco-
suppressive performance of miRNA-based therapy.

Declaration of competing interest

The authors declare no conflict of interests.

Acknowledgments

Besides J.N., who was in part supported by Czech Research Founda-
tion (21–04507X), this work did not receive any specific grant from
funding agencies in the public, commercial, or not-for-profit sectors.

References

Adachi, T., Nakamura, Y., 2019. Aptamers: a review of their chemical properties and
modifications for therapeutic application. Molecules 24 (23), 4229. https://doi.org/
10.3390/molecules24234229.

Al-Nedawi, K., Meehan, B., Micallef, J., Lhotak, V., May, L., Guha, A., Rak, J., 2008.
Intercellular transfer of the oncogenic receptor EGFRvIII by microvesicles derived
from tumor cells. Nat. Cell Biol. 10 (5), 619–624. https://doi.org/10.1038/ncb1725.

Alvarez-Erviti, L., Seow, Y., Yin, H., Betts, C., Lakhal, S., Wood, M.J., 2011. Delivery of
siRNA to the mouse brain by systemic injection of targeted exosomes. Nat.
Biotechnol. 29 (4), 341–345. https://doi.org/10.1038/nbt.1807.

Amiri, A., Bagherifar, R., Ansari Dezfouli, E., Kiaie, S.H., Jafari, R., Ramezani, R., 2022.
Exosomes as bio-inspired nanocarriers for RNA delivery: preparation and
applications. J. Transl. Med. 20 (1), 125. https://doi.org/10.1186/s12967-022-
03325-7.

Andries, O., Mc Cafferty, S., De Smedt, S.C., Weiss, R., Sanders, N.N., Kitada, T., 2015.
N(1)-methylpseudouridine-incorporated mRNA outperforms pseudouridine-
incorporated mRNA by providing enhanced protein expression and reduced
immunogenicity in mammalian cell lines and mice. J. Contr. Release : Off. J. Contr.
Release Soc. 217, 337–344. https://doi.org/10.1016/j.jconrel.2015.08.051.

Bader, A.G., 2012. miR-34 - a microRNA replacement therapy is headed to the clinic.
Front. Genet. 3, 120. https://doi.org/10.3389/fgene.2012.00120.

Bai, S., Wang, Z., Wang, M., Li, J., Wei, Y., Xu, R., Du, J., 2022a. Tumor-derived exosomes
modulate primary site tumor metastasis. Front. Cell Dev. Biol. 10, 752818. https://
doi.org/10.3389/fcell.2022.752818.

Bai, S., Wang, Z., Wang, M., Li, J., Wei, Y., Xu, R., Du, J., 2022b. Tumor-derived exosomes
modulate primary site tumor metastasis. Front. Cell Dev. Biol. 10, 752818. https://
doi.org/10.3389/fcell.2022.752818.

Bajan, S., Hutvagner, G., 2020. RNA-based therapeutics: from antisense oligonucleotides
to miRNAs. Cells 9 (1), 137. https://doi.org/10.3390/cells9010137.

Bartel, D.P., 2018. Metazoan MicroRNAs. Cell 173 (1), 20–51. https://doi.org/10.1016/
j.cell.2018.03.006.

Beck, J.D., Reidenbach, D., Salomon, N., Sahin, U., Türeci, €O., Vormehr, M., Kranz, L.M.,
2021. mRNA therapeutics in cancer immunotherapy. Mol. Cancer 20 (1), 69. https://
doi.org/10.1186/s12943-021.

Beg, M.S., Brenner, A.J., Sachdev, J., Borad, M., Kang, Y.K., Stoudemire, J., Smith, S.,
Bader, A.G., Kim, S., Hong, D.S., 2017. Phase I study of MRX34, a liposomal miR-34a
mimic, administered twice weekly in patients with advanced solid tumors. Invest. N.
Drugs 35 (2), 180–188. https://doi.org/10.1007/s10637-016-0407-y.

Bennett, C.F., Baker, B.F., Pham, N., Swayze, E., Geary, R.S., 2017. Pharmacology of
antisense drugs. Annu. Rev. Pharmacol. Toxicol. 57, 81–105. https://doi.org/
10.1146/annurev-pharmtox-010716-104846.

Besse, B., Charrier, M., Lapierre, V., Dansin, E., Lantz, O., Planchard, D., Le Chevalier, T.,
Livartoski, A., Barlesi, F., Laplanche, A., Ploix, S., Vimond, N., Peguillet, I., Th�ery, C.,
Lacroix, L., Zoernig, I., Dhodapkar, K., Dhodapkar, M., Viaud, S., Soria, J.C., et al.,
2015. Dendritic cell-derived exosomes as maintenance immunotherapy after first line
chemotherapy in NSCLC. OncoImmunology 5 (4), e1071008. https://doi.org/
10.1080/2162402X.2015.1071008.

https://doi.org/10.3390/molecules24234229
https://doi.org/10.3390/molecules24234229
https://doi.org/10.1038/ncb1725
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1186/s12967-022-03325-7
https://doi.org/10.1186/s12967-022-03325-7
https://doi.org/10.1016/j.jconrel.2015.08.051
https://doi.org/10.3389/fgene.2012.00120
https://doi.org/10.3389/fcell.2022.752818
https://doi.org/10.3389/fcell.2022.752818
https://doi.org/10.3389/fcell.2022.752818
https://doi.org/10.3389/fcell.2022.752818
https://doi.org/10.3390/cells9010137
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.1186/s12943-021
https://doi.org/10.1186/s12943-021
https://doi.org/10.1007/s10637-016-0407-y
https://doi.org/10.1146/annurev-pharmtox-010716-104846
https://doi.org/10.1146/annurev-pharmtox-010716-104846
https://doi.org/10.1080/2162402X.2015.1071008
https://doi.org/10.1080/2162402X.2015.1071008


L. Volpini et al. Aspects of Molecular Medicine 1 (2023) 100005
Bonsergent, E., Lavieu, G., 2019. Content release of extracellular vesicles in a cell-free
extract. FEBS Lett. 593 (15), 1983–1992. https://doi.org/10.1002/1873-
3468.13472.

Butreddy, A., Kommineni, N., Dudhipala, N., 2021. Exosomes as naturally occurring
vehicles for delivery of biopharmaceuticals: insights from drug delivery to clinical
perspectives. Nanomaterials 11 (6), 1481. https://doi.org/10.3390/nano11061481.

Byun, J., 2021. Recent Progress and Opportunities for Nucleic Acid Aptamers. Life (Basel,
Switzerland), p. 193. https://doi.org/10.3390/life11030193, 11(3).

Cekaite, L., Furset, G., Hovig, E., Sioud, M., 2007. Gene expression analysis in blood cells
in response to unmodified and 2'-modified siRNAs reveals TLR-dependent and
independent effects. J. Mol. Biol. 365 (1), 90–108. https://doi.org/10.1016/
j.jmb.2006.09.034.

Chakraborty, C., Sharma, A.R., Sharma, G., Lee, S.S., 2020. Therapeutic advances of
miRNAs: a preclinical and clinical update. J. Adv. Res. 28, 127–138. https://doi.org/
10.1016/j.jare.2020.08.012.

Chan, J.H., Lim, S., Wong, W.S., 2006. Antisense oligonucleotides: from design to
therapeutic application. Clin. Exp. Pharmacol. Physiol. 33 (5–6), 533–540. https://
doi.org/10.1111/j.1440-1681.2006.04403.x.

Cheng, Q., Li, X., Wang, Y., Dong, M., Zhan, F.H., Liu, J., 2018. The ceramide pathway is
involved in the survival, apoptosis and exosome functions of human multiple
myeloma cells in vitro. Acta Pharmacol. Sin. 39 (4), 561–568. https://doi.org/
10.1038/aps.2017.118.

Ciarletto, A.M., Narick, C., Malchoff, C.D., Massoll, N.A., Labourier, E., Haugh, K.,
Mireskandari, A., Finkelstein, S.D., Kumar, G., 2021. Analytical and clinical
validation of pairwise microRNA expression analysis to identify medullary thyroid
cancer in thyroid fine-needle aspiration samples. Cancer Cytopathol. 129 (3),
239–249. https://doi.org/10.1002/cncy.22365.

Colombo, M., Moita, C., van Niel, G., Kowal, J., Vigneron, J., Benaroch, P., Manel, N.,
Moita, L.F., Th�ery, C., Raposo, G., 2013. Analysis of ESCRT functions in exosome
biogenesis, composition and secretion highlights the heterogeneity of extracellular
vesicles. J. Cell Sci. 126 (Pt 24), 5553–5565. https://doi.org/10.1242/jcs.128868.

Crooke, S.T., 2004. Progress in antisense technology. Annu. Rev. Med. 55, 61–95. https://
doi.org/10.1146/annurev.med.55.091902.104408.

Crooke, S.T., Witztum, J.L., Bennett, C.F., Baker, B.F., 2018. RNA-targeted therapeutics.
Cell Metabol. 27 (4), 714–739. https://doi.org/10.1016/j.cmet.2018.03.004.

Crooke, S.T., Baker, B.F., Crooke, R.M., Liang, X.H., 2021. Antisense technology: an
overview and prospectus. Nat. Rev. Drug Discov. 20 (6), 427–453. https://doi.org/
10.1038/s41573-021-00162-z.

Dai, S., Wei, D., Wu, Z., Zhou, X., Wei, X., Huang, H., Li, G., 2008. Phase I clinical trial of
autologous ascites-derived exosomes combined with GM-CSF for colorectal cancer.
Mol. Ther. : J. Am. Soc. Gene Therapy 16 (4), 782–790. https://doi.org/10.1038/
mt.2008.1.

Damase, T.R., Sukhovershin, R., Boada, C., Taraballi, F., Pettigrew, R.I., Cooke, J.P., 2021.
The limitless future of RNA therapeutics. Front. Bioeng. Biotechnol. 9, 628137.
https://doi.org/10.3389/fbioe.2021.628137.

Dammes, N., Peer, D., 2020. Paving the road for RNA therapeutics. Trends Pharmacol.
Sci. 41 (10), 755–775. https://doi.org/10.1016/j.tips.2020.08.004.

Dana, H., Chalbatani, G.M., Mahmoodzadeh, H., Karimloo, R., Rezaiean, O.,
Moradzadeh, A., Mehmandoost, N., Moazzen, F., Mazraeh, A., Marmari, V.,
Ebrahimi, M., Rashno, M.M., Abadi, S.J., Gharagouzlo, E., 2017. Molecular
mechanisms and biological functions of siRNA. Int. J. Biomed. Sci. : IJBS 13 (2),
48–57.

Datta, A., Kim, H., Lal, M., McGee, L., Johnson, A., Moustafa, A.A., Jones, J.C.,
Mondal, D., Ferrer, M., Abdel-Mageed, A.B., 2017. Manumycin A suppresses exosome
biogenesis and secretion via targeted inhibition of Ras/Raf/ERK1/2 signaling and
hnRNP H1 in castration-resistant prostate cancer cells. Cancer Lett. 408, 73–81.
https://doi.org/10.1016/j.canlet.2017.08.020.

Datta, A., Kim, H., McGee, L., Johnson, A.E., Talwar, S., Marugan, J., Southall, N., Hu, X.,
Lal, M., Mondal, D., Ferrer, M., Abdel-Mageed, A.B., 2018. High-throughput
screening identified selective inhibitors of exosome biogenesis and secretion: a drug
repurposing strategy for advanced cancer. Sci. Rep. 8 (1), 8161. https://doi.org/
10.1038/s41598-018-26411-7.

Davidson, B.L., McCray Jr., P.B., 2011. Current prospects for RNA interference-based
therapies. Nat. Rev. Genet. 12 (5), 329–340. https://doi.org/10.1038/nrg2968.

Dehghani, L., Khojasteh, A., Soleimani, M., Oraee-Yazdani, S., Keshel, S.H., Saadatnia, M.,
Saboori, M., Zali, A., Hashemi, S.M., Soleimani, R., 2022. Safety of intraparenchymal
injection of allogenic placenta mesenchymal stem cells derived exosome in patients
undergoing decompressive craniectomy following malignant middle cerebral artery
infarct, A pilot randomized clinical trial. Int. J. Prev. Med. 13, 7. https://doi.org/
10.4103/ijpvm.ijpvm_441_21.

Dinkins, M.B., Dasgupta, S., Wang, G., Zhu, G., Bieberich, E., 2014. Exosome reduction in
vivo is associated with lower amyloid plaque load in the 5XFAD mouse model of
Alzheimer's disease. Neurobiol. Aging 35 (8), 1792–1800. https://doi.org/10.1016/
j.neurobiolaging.2014.02.012.

Duell, P.B., Santos, R.D., Kirwan, B.A., Witztum, J.L., Tsimikas, S., Kastelein, J.J.P., 2016.
Long-term mipomersen treatment is associated with a reduction in cardiovascular
events in patients with familial hypercholesterolemia. J. Clin. Lipidol. 10 (4),
1011–1021. https://doi.org/10.1016/j.jacl.2016.04.013.

Eckstein, F., 2014. Phosphorothioates, essential components of therapeutic
oligonucleotides. Nucleic Acid Therapeut. 24 (6), 374–387. https://doi.org/10.1089/
nat.2014.0506.

Escrevente, C., Keller, S., Altevogt, P., Costa, J., 2011. Interaction and uptake of exosomes
by ovarian cancer cells. BMC Cancer 11, 108. https://doi.org/10.1186/1471-2407-
11-108.

Escudier, B., Dorval, T., Chaput, N., Andr�e, F., Caby, M.P., Novault, S., Flament, C.,
Leboulaire, C., Borg, C., Amigorena, S., Boccaccio, C., Bonnerot, C., Dhellin, O.,
12
Movassagh, M., Piperno, S., Robert, C., Serra, V., Valente, N., Le Pecq, J.B., Spatz, A.,
et al., 2005. Vaccination of metastatic melanoma patients with autologous dendritic
cell (DC) derived-exosomes: results of thefirst phase I clinical trial. J. Transl. Med. 3
(1), 10. https://doi.org/10.1186/1479-5876-3-10.

Ferrantelli, F., Chiozzini, C., Leone, P., Manfredi, F., Federico, M., 2020. Engineered
extracellular vesicles/exosomes as a new tool against neurodegenerative diseases.
Pharmaceutics 12 (6), 529. https://doi.org/10.3390/pharmaceutics12060529.

Fu, Y., Chen, J., Huang, Z., 2019. Recent progress in microRNA-based delivery systems for
the treatment of human disease. ExRNA 1, 24. https://doi.org/10.1186/s41544-019-
0024-y.

Gao, Q.Q., Putzbach, W.E., Murmann, A.E., Chen, S., Sarshad, A.A., Peter, J.M.,
Bartom, E.T., Hafner, M., Peter, M.E., 2018. 6mer seed toxicity in tumor suppressive
microRNAs. Nat. Commun. 9 (1), 4504. https://doi.org/10.1038/s41467-018-
06526-1.

Germer, K., Leonard, M., Zhang, X., 2013. RNA aptamers and their therapeutic and
diagnostic applications. Int. J. Biochem. Mol. Biol. 4 (1), 27–40.

G�omez-Aguado, I., Rodríguez-Castej�on, J., Vicente-Pascual, M., Rodríguez-Gasc�on, A.,
Solinís, M.�A., Del Pozo-Rodríguez, A., 2020. Nanomedicines to deliver mRNA: state
of the art and future perspectives. Nanomaterials 10 (2), 364. https://doi.org/
10.3390/nano10020364.

Greenberg, J.W., Kim, H., Moustafa, A.A., Datta, A., Barata, P.C., Boulares, A.H., Abdel-
Mageed, A.B., Krane, L.S., 2021. Repurposing ketoconazole as an exosome directed
adjunct to sunitinib in treating renal cell carcinoma. Sci. Rep. 11 (1), 10200. https://
doi.org/10.1038/s41598-021-89655-w.

Groot, M., Lee, H., 2020. Sorting mechanisms for MicroRNAs into extracellular vesicles
and their associated diseases. Cells 9 (4), 1044. https://doi.org/10.3390/
cells9041044.

Gurung, S., Perocheau, D., Touramanidou, L., Baruteau, J., 2021. The exosome journey:
from biogenesis to uptake and intracellular signalling. Cell Commun. Signal. : CCS 19
(1), 47. https://doi.org/10.1186/s12964-021-00730-1.

Ha, D., Yang, N., Nadithe, V., 2016. Exosomes as therapeutic drug carriers and delivery
vehicles across biological membranes: current perspectives and future challenges.
Acta Pharm. Sin. B 6 (4), 287–296. https://doi.org/10.1016/j.apsb.2016.02.001.

Hannun, Y.A., Obeid, L.M., 2008. Principles of bioactive lipid signalling: lessons from
sphingolipids. Nat. Rev. Mol. Cell Biol. 9 (2), 139–150. https://doi.org/10.1038/
nrm2329.

Hart, M., Nickl, L., Walch-Rueckheim, B., Krammes, L., Rheinheimer, S., Diener, C.,
Taenzer, T., Kehl, T., Sester, M., Lenhof, H.P., Keller, A., Meese, E., 2020. Wrinkle in
the plan: miR-34a-5p impacts chemokine signaling by modulating CXCL10/CXCL11/
CXCR3-axis in CD4þ, CD8þ T cells, and M1 macrophages. J. Immunother. Canc. 8
(2), e001617. https://doi.org/10.1136/jitc-2020-001617.

Hattab, D., Gazzali, A.M., Bakhtiar, A., 2021. Clinical advances of siRNA-based
nanotherapeutics for cancer treatment. Pharmaceutics 13 (7), 1009. https://doi.org/
10.3390/pharmaceutics13071009.

Heinrich, M.A., Mostafa, A.M.R.H., Morton, J.P., Hawinkels, L.J.A.C., Prakash, J., 2021.
Translating complexity and heterogeneity of pancreatic tumor: 3D in vitro to in vivo
models. Adv. Drug Deliv. Rev. 174, 265–293. https://doi.org/10.1016/
j.addr.2021.04.018.

Hong, D.S., Kang, Y.K., Borad, M., Sachdev, J., Ejadi, S., Lim, H.Y., Brenner, A.J., Park, K.,
Lee, J.L., Kim, T.Y., Shin, S., Becerra, C.R., Falchook, G., Stoudemire, J., Martin, D.,
Kelnar, K., Peltier, H., Bonato, V., Bader, A.G., Smith, S., et al., 2020. Phase 1 study of
MRX34, a liposomal miR-34a mimic, in patients with advanced solid tumors. Br. J.
Cancer 122 (11), 1630–1637. https://doi.org/10.1038/s41416-020-0802-1.

Hopkins, A.L., Groom, C.R., 2002. The druggable genome. Nat. Rev. Drug Discov. 1 (9),
727–730. https://doi.org/10.1038/nrd892.

Horibe, S., Tanahashi, T., Kawauchi, S., Murakami, Y., Rikitake, Y., 2018a. Mechanism of
recipient cell-dependent differences in exosome uptake. BMC Cancer 18 (1), 47.
https://doi.org/10.1186/s12885-017-3958-1.

Horibe, S., Tanahashi, T., Kawauchi, S., Murakami, Y., Rikitake, Y., 2018b. Mechanism of
recipient cell-dependent differences in exosome uptake. BMC Cancer 18 (1), 47.
https://doi.org/10.1186/s12885-017-3958-1.

Hou, X., Zaks, T., Langer, R., Dong, Y., 2021. Lipid nanoparticles for mRNA delivery. Nat.
Rev. Mater. 6 (12), 1078–1094. https://doi.org/10.1038/s41578-021-00358-0.

Hu, B., Zhong, L., Weng, Y., Peng, L., Huang, Y., Zhao, Y., Liang, X.J., 2020. Therapeutic
siRNA: state of the art. Signal Transduct. Targeted Ther. 5 (1), 101. https://doi.org/
10.1038/s41392-020-0207-x.

Hwang, S.Y., Kim, T.H., Lee, H.H., 2015. Neutral sphingomyelinase and breast cancer
research. J. Menopau. Med. 21 (1), 24–27. https://doi.org/10.6118/
jmm.2015.21.1.24.

Jabs, D.A., Griffiths, P.D., 2002. Fomivirsen for the treatment of cytomegalovirus retinitis.
Am. J. Ophthalmol. 133 (4), 552–556. https://doi.org/10.1016/s0002-9394(02)
01325-9.

Joshi, B.S., de Beer, M.A., Giepmans, B.N.G., Zuhorn, I.S., 2020. Endocytosis of
extracellular vesicles and release of their cargo from endosomes. ACS Nano 14 (4),
4444–4455. https://doi.org/10.1021/acsnano.9b10033.

Kalluri, R., LeBleu, V.S., 2020. The biology, function, and biomedical applications of
exosomes. Science (New York, N.Y.) 367 (6478), eaau6977. https://doi.org/
10.1126/science.aau6977.

Kamerkar, S., LeBleu, V.S., Sugimoto, H., Yang, S., Ruivo, C.F., Melo, S.A., Lee, J.J.,
Kalluri, R., 2017. Exosomes facilitate therapeutic targeting of oncogenic KRAS in
pancreatic cancer. Nature 546 (7659), 498–503. https://doi.org/10.1038/
nature22341.

Kanlikilicer, P., Rashed, M.H., Bayraktar, R., Mitra, R., Ivan, C., Aslan, B., Zhang, X.,
Filant, J., Silva, A.M., Rodriguez-Aguayo, C., Bayraktar, E., Pichler, M., Ozpolat, B.,
Calin, G.A., Sood, A.K., Lopez-Berestein, G., 2016. Ubiquitous release of exosomal

https://doi.org/10.1002/1873-3468.13472
https://doi.org/10.1002/1873-3468.13472
https://doi.org/10.3390/nano11061481
https://doi.org/10.3390/life11030193
https://doi.org/10.1016/j.jmb.2006.09.034
https://doi.org/10.1016/j.jmb.2006.09.034
https://doi.org/10.1016/j.jare.2020.08.012
https://doi.org/10.1016/j.jare.2020.08.012
https://doi.org/10.1111/j.1440-1681.2006.04403.x
https://doi.org/10.1111/j.1440-1681.2006.04403.x
https://doi.org/10.1038/aps.2017.118
https://doi.org/10.1038/aps.2017.118
https://doi.org/10.1002/cncy.22365
https://doi.org/10.1242/jcs.128868
https://doi.org/10.1146/annurev.med.55.091902.104408
https://doi.org/10.1146/annurev.med.55.091902.104408
https://doi.org/10.1016/j.cmet.2018.03.004
https://doi.org/10.1038/s41573-021-00162-z
https://doi.org/10.1038/s41573-021-00162-z
https://doi.org/10.1038/mt.2008.1
https://doi.org/10.1038/mt.2008.1
https://doi.org/10.3389/fbioe.2021.628137
https://doi.org/10.1016/j.tips.2020.08.004
http://refhub.elsevier.com/S2949-6888(23)00005-9/sref30
http://refhub.elsevier.com/S2949-6888(23)00005-9/sref30
http://refhub.elsevier.com/S2949-6888(23)00005-9/sref30
http://refhub.elsevier.com/S2949-6888(23)00005-9/sref30
http://refhub.elsevier.com/S2949-6888(23)00005-9/sref30
http://refhub.elsevier.com/S2949-6888(23)00005-9/sref30
https://doi.org/10.1016/j.canlet.2017.08.020
https://doi.org/10.1038/s41598-018-26411-7
https://doi.org/10.1038/s41598-018-26411-7
https://doi.org/10.1038/nrg2968
https://doi.org/10.4103/ijpvm.ijpvm_441_21
https://doi.org/10.4103/ijpvm.ijpvm_441_21
https://doi.org/10.1016/j.neurobiolaging.2014.02.012
https://doi.org/10.1016/j.neurobiolaging.2014.02.012
https://doi.org/10.1016/j.jacl.2016.04.013
https://doi.org/10.1089/nat.2014.0506
https://doi.org/10.1089/nat.2014.0506
https://doi.org/10.1186/1471-2407-11-108
https://doi.org/10.1186/1471-2407-11-108
https://doi.org/10.1186/1479-5876-3-10
https://doi.org/10.3390/pharmaceutics12060529
https://doi.org/10.1186/s41544-019-0024-y
https://doi.org/10.1186/s41544-019-0024-y
https://doi.org/10.1038/s41467-018-06526-1
https://doi.org/10.1038/s41467-018-06526-1
http://refhub.elsevier.com/S2949-6888(23)00005-9/sref43
http://refhub.elsevier.com/S2949-6888(23)00005-9/sref43
http://refhub.elsevier.com/S2949-6888(23)00005-9/sref43
https://doi.org/10.3390/nano10020364
https://doi.org/10.3390/nano10020364
https://doi.org/10.1038/s41598-021-89655-w
https://doi.org/10.1038/s41598-021-89655-w
https://doi.org/10.3390/cells9041044
https://doi.org/10.3390/cells9041044
https://doi.org/10.1186/s12964-021-00730-1
https://doi.org/10.1016/j.apsb.2016.02.001
https://doi.org/10.1038/nrm2329
https://doi.org/10.1038/nrm2329
https://doi.org/10.1136/jitc-2020-001617
https://doi.org/10.3390/pharmaceutics13071009
https://doi.org/10.3390/pharmaceutics13071009
https://doi.org/10.1016/j.addr.2021.04.018
https://doi.org/10.1016/j.addr.2021.04.018
https://doi.org/10.1038/s41416-020-0802-1
https://doi.org/10.1038/nrd892
https://doi.org/10.1186/s12885-017-3958-1
https://doi.org/10.1186/s12885-017-3958-1
https://doi.org/10.1038/s41578-021-00358-0
https://doi.org/10.1038/s41392-020-0207-x
https://doi.org/10.1038/s41392-020-0207-x
https://doi.org/10.6118/jmm.2015.21.1.24
https://doi.org/10.6118/jmm.2015.21.1.24
https://doi.org/10.1016/s0002-9394(02)01325-9
https://doi.org/10.1016/s0002-9394(02)01325-9
https://doi.org/10.1021/acsnano.9b10033
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1038/nature22341
https://doi.org/10.1038/nature22341


L. Volpini et al. Aspects of Molecular Medicine 1 (2023) 100005
tumor suppressor miR-6126 from ovarian cancer cells. Cancer Res. 76 (24),
7194–7207. https://doi.org/10.1158/0008-5472.CAN-16-0714.

Kaur, H., Bruno, J.G., Kumar, A., Sharma, T.K., 2018. Aptamers in the therapeutics and
diagnostics pipelines. Theranostics 8 (15), 4016–4032. https://doi.org/10.7150/
thno.25958.

Keefe, A.D., Pai, S., Ellington, A., 2010. Aptamers as therapeutics. Nat. Rev. Drug Discov.
9 (7), 537–550. https://doi.org/10.1038/nrd3141.

Khan, A.U., 2006. Ribozyme: a clinical tool. Clinica chimica acta. Int. J. Clin. Chem. 367
(1–2), 20–27. https://doi.org/10.1016/j.cca.2005.11.023.

Kharaziha, P., Ceder, S., Li, Q., Panaretakis, T., 2012. Tumor cell-derived exosomes: a
message in a bottle. Biochim. Biophys. Acta 1826 (1), 103–111. https://doi.org/
10.1016/j.bbcan.2012.03.006.

Khorkova, O., Wahlestedt, C., 2017. Oligonucleotide therapies for disorders of the
nervous system. Nat. Biotechnol. 35 (3), 249–263. https://doi.org/10.1038/
nbt.3784.

Khvorova, A., Watts, J., 2017. The chemical evolution of oligonucleotide therapies of
clinical utility. Nat. Biotechnol. 35, 238–248. https://doi.org/10.1038/nbt.3765.

Kim, D.H., Behlke, M.A., Rose, S.D., Chang, M.S., Choi, S., Rossi, J.J., 2005. Synthetic
dsRNA Dicer substrates enhance RNAi potency and efficacy. Nat. Biotechnol. 23 (2),
222–226. https://doi.org/10.1038/nbt1051.

Kojima, R., Bojar, D., Rizzi, G., Hamri, G.C., El-Baba, M.D., Saxena, P., Ausl€ander, S.,
Tan, K.R., Fussenegger, M., 2018. Designer exosomes produced by implanted cells
intracerebrally deliver therapeutic cargo for Parkinson's disease treatment. Nat.
Commun. 9 (1), 1305. https://doi.org/10.1038/s41467-018-03733-8.

Kooijmans, S.A.A., Fliervoet, L.A.L., van der Meel, R., Fens, M.H.A.M., Heijnen, H.F.G.,
van Bergen En Henegouwen, P.M.P., Vader, P., Schiffelers, R.M., 2016. PEGylated
and targeted extracellular vesicles display enhanced cell specificity and circulation
time. J. Contr. Release : Off. J. Contr. Release Soc. 224, 77–85. https://doi.org/
10.1016/j.jconrel.2016.01.009.

Kordelas, L., Rebmann, V., Ludwig, A.K., Radtke, S., Ruesing, J., Doeppner, T.R.,
Epple, M., Horn, P.A., Beelen, D.W., Giebel, B., 2014. MSC-derived exosomes: a novel
tool to treat therapy-refractory graft-versus-host disease. Leukemia 28 (4), 970–973.
https://doi.org/10.1038/leu.2014.41.

Kovacevic, K.D., Gilbert, J.C., Jilma, B., 2018. Pharmacokinetics, pharmacodynamics and
safety of aptamers. Adv. Drug Deliv. Rev. 134, 36–50. https://doi.org/10.1016/
j.addr.2018.10.008.

Kulkarni, J.A., Witzigmann, D., Chen, S., Cullis, P.R., van der Meel, R., 2019. Lipid
nanoparticle technology for clinical translation of siRNA therapeutics. Accounts
Chem. Res. 52 (9), 2435–2444. https://doi.org/10.1021/acs.accounts.9b00368.

Kumar, A., Kumar, S., 2021. Inhibition of extracellular vesicle pathway using neutral
sphingomyelinase inhibitors as a neuroprotective treatment for brain injury. Neural
Regener. Res. 16 (12), 2349–2352. https://doi.org/10.4103/1673-5374.313014.

Kurreck, J., 2003. Antisense technologies. Eur. J. Biochem. 270, 1628–1644. https://
doi.org/10.1046/j.1432-1033.2003.03555.x.

Lai, C.P., Mardini, O., Ericsson, M., Prabhakar, S., Maguire, C., Chen, J.W., Tannous, B.A.,
Breakefield, X.O., 2014. Dynamic biodistribution of extracellular vesicles in vivo
using a multimodal imaging reporter. ACS Nano 8 (1), 483–494. https://doi.org/
10.1021/nn404945r.

Lakhin, A.V., Tarantul, V.Z., Gening, L.V., 2013. Aptamers: problems, solutions and
prospects. Acta Naturae 5 (4), 34–43.

Lam, J.K., Chow, M.Y., Zhang, Y., Leung, S.W., 2015. siRNA versus miRNA as therapeutics
for gene silencing. Molecular therapy. Nucleic acids 4 (9), e252. https://doi.org/
10.1038/mtna.2015.23.

Lee, R.C., Feinbaum, R.L., Ambros, V., 1993. The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense complementarity to lin-14. Cell 75 (5), 843–854.
https://doi.org/10.1016/0092-8674(93)90529-y.

Lee, T.H., Chennakrishnaiah, S., Audemard, E., Montermini, L., Meehan, B., Rak, J., 2014.
Oncogenic ras-driven cancer cell vesiculation leads to emission of double-stranded
DNA capable of interacting with target cells. Biochem. Biophys. Res. Commun. 451
(2), 295–301. https://doi.org/10.1016/j.bbrc.2014.07.109.

Lee, S.J., Shin, S.P., Lee, S.H., Kang, J.W., Kook, M.C., Kim, I.H., Kim, H.K., 2019. Phase I
trial of intravenous Ad5CRT in patients with liver metastasis of gastrointestinal
cancers. Cancer Gene Ther. 26 (5–6), 174–178. https://doi.org/10.1038/s41417-
018-0055-9.

Lee, M.J., Lee, I., Wang, K., 2022. Recent advances in RNA therapy and its carriers to treat
the single-gene neurological disorders. Biomedicines 10 (1), 158. https://doi.org/
10.3390/biomedicines10010158.

Li, Y., Zhang, B., Li, W., Wang, L., Yan, Z., Li, H., Yao, Y., Yao, R., Xu, K., Li, Z., 2016. MiR-
15a/16 regulates the growth of myeloma cells, angiogenesis and antitumor immunity
by inhibiting Bcl-2, VEGF-A and IL-17 expression in multiple myeloma. Leuk. Res. 49,
73–79. https://doi.org/10.1016/j.leukres.2016.08.013.

Li, S.P., Lin, Z.X., Jiang, X.Y., Yu, X.Y., 2018. Exosomal cargo-loading and synthetic
exosome-mimics as potential therapeutic tools. Acta Pharmacol. Sin. 39 (4), 542–551.
https://doi.org/10.1038/aps.2017.178.

Li, N., Sun, Y., Fu, Y., Sun, K., 2021. RNA drug delivery using biogenic nanovehicles for
cancer therapy. Front. Pharmacol. 12, 734443. https://doi.org/10.3389/
fphar.2021.734443.

Lieberman, J., 2018. Tapping the RNA world for therapeutics. Nat. Struct. Mol. Biol. 25
(5), 357–364. https://doi.org/10.1038/s41594-018-0054-4.

Lin, Y., Wu, J., Gu, W., Huang, Y., Tong, Z., Huang, L., Tan, J., 2018. Exosome-liposome
hybrid nanoparticles deliver CRISPR/Cas9 system in MSCs. Adv. Sci. 5 (4), 1700611.
https://doi.org/10.1002/advs.201700611.

Lin, F., Zeng, Z., Song, Y., Li, L., Wu, Z., Zhang, X., Li, Z., Ke, X., Hu, X., 2019. YBX-1
mediated sorting of miR-133 into hypoxia/reoxygenation-induced EPC-derived
exosomes to increase fibroblast angiogenesis and MEndoT. Stem Cell Res. Ther. 10
(1), 263. https://doi.org/10.1186/s13287-019-1377-8.
13
Liu, C., Su, C., 2019. Design strategies and application progress of therapeutic exosomes.
Theranostics 9 (4), 1015–1028. https://doi.org/10.7150/thno.30853.

Luo, Q., Guo, D., Liu, G., Chen, G., Hang, M., Jin, M., 2017. Exosomes from MiR-126-
overexpressing adscs are therapeutic in relieving acute myocardial ischaemic injury.
Cell. Physiol. Biochem. : Int. J. Exper. Cell. Physiol. Biochem. Pharmacol. 44 (6),
2105–2116. https://doi.org/10.1159/000485949.

Massaad-Massade, L., Boutary, S., Caillaud, M., Gracia, C., Parola, B., Gnaouiya, S.B.,
Stella, B., Arpicco, S., Buchy, E., Desma€ele, D., Couvreur, P., Urbinati, G., 2018. New
formulation for the delivery of oligonucleotides using "clickable" siRNA-
polyisoprenoid-conjugated nanoparticles: application to cancers harboring fusion
oncogenes. Bioconjugate Chem. 29 (6), 1961–1972. https://doi:10.1021/acs.
bioconjchem.8b00205.

Mathieu, M., Martin-Jaular, L., Lavieu, G., Th�ery, C., 2019. Specificities of secretion and
uptake of exosomes and other extracellular vesicles for cell-to-cell communication.
Nat. Cell Biol. 21 (1), 9–17. https://doi.org/10.1038/s41556-018-0250-9.

McKenzie, A.J., Hoshino, D., Hong, N.H., Cha, D.J., Franklin, J.L., Coffey, R.J.,
Patton, J.G., Weaver, A.M., 2016. KRAS-MEK signaling controls Ago2 sorting into
exosomes. Cell Rep. 15 (5), 978–987. https://doi.org/10.1016/j.celrep.2016.03.085.

Melo, S.A., Sugimoto, H., O'Connell, J.T., Kato, N., Villanueva, A., Vidal, A., Qiu, L.,
Vitkin, E., Perelman, L.T., Melo, C.A., Lucci, A., Ivan, C., Calin, G.A., Kalluri, R., 2014.
Cancer exosomes perform cell-independent microRNA biogenesis and promote
tumorigenesis. Cancer Cell 26 (5), 707–721. https://doi.org/10.1016/
j.ccell.2014.09.005.

Mendell, J.R., Rodino-Klapac, L.R., Sahenk, Z., Roush, K., Bird, L., Lowes, L.P., Alfano, L.,
Gomez, A.M., Lewis, S., Kota, J., Malik, V., Shontz, K., Walker, C.M., Flanigan, K.M.,
Corridore, M., Kean, J.R., Allen, H.D., Shilling, C., Melia, K.R., Sazani, P., et al., 2013.
Eteplirsen for the treatment of Duchenne muscular dystrophy. Ann. Neurol. 74 (5),
637–647. https://doi.org/10.1002/ana.23982.

Monaco, F., Gaetani, S., Alessandrini, F., Tagliabracci, A., Bracci, M., Valentino, M.,
Neuzil, J., Amati, M., Bovenzi, M., Tomasetti, M., Santarelli, L., 2019. Exosomal
transfer of miR-126 promotes the anti-tumor response in malignant mesothelioma:
role of miR-126 in cancer-stroma communication. Cancer Lett. 463, 27–36. https://
doi.org/10.1016/j.canlet.2019.08.001.

Monaco, F., De Conti, L., Vodret, S., Zanotta, N., Comar, M., Manzotti, S., Rubini, C.,
Graciotti, L., Fulgenzi, G., Bovenzi, M., Baralle, M., Tomasetti, M., Santarelli, L., 2022.
Force-feeding malignant mesothelioma stem-cell like with exosome-delivered miR-
126 induces tumor cell killing. Transl. Oncol. 20, 101400. https://doi.org/10.1016/
j.tranon.2022.101400.

Monahan, P.E., N�egrier, C., Tarantino, M., Valentino, L.A., Mingozzi, F., 2021. Emerging
immunogenicity and genotoxicity considerations of adeno-associated virus vector
gene therapy for hemophilia. J. Clin. Med. 10 (11), 2471. https://doi.org/10.3390/
jcm10112471.

Morrow, P.K., Murthy, R.K., Ensor, J.D., Gordon, G.S., Margolin, K.A., Elias, A.D.,
Urba, W.J., Weng, D.E., Rugo, H.S., Hortobagyi, G.N., 2012. An open-label, phase 2
trial of RPI.4610 (Angiozyme) in the treatment of metastatic breast cancer. Cancer
118 (17), 4098–4104. https://doi.org/10.1002/cncr.26730.

Morse, M.A., Garst, J., Osada, T., Khan, S., Hobeika, A., Clay, T.M., Valente, N.,
Shreeniwas, R., Sutton, M.A., Delcayre, A., Hsu, D.H., Le Pecq, J.B., Lyerly, H.K.,
2005. A phase I study of dexosome immunotherapy in patients with advanced non-
small cell lung cancer. J. Transl. Med. 3 (1), 9. https://doi.org/10.1186/1479-5876-
3-9.

Mukai, H., Ogawa, K., Kato, N., Kawakami, S., 2022. Recent advances in lipid
nanoparticles for delivery of nucleic acid, mRNA, and gene editing-based
therapeutics. Drug Metabol. Pharmacokinet. 44, 100450. https://doi.org/10.1016/
j.dmpk.2022.100450.

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

Munson, P.B., Hall, E.M., Farina, N.H., Pass, H.I., Shukla, A., 2019. Exosomal miR-16-5p
as a target for malignant mesothelioma. Sci. Rep. 9 (1), 11688. https://doi.org/
10.1038/s41598-019-48133-0.

Ng, E.W., Adamis, A.P., 2006. Anti-VEGF aptamer (pegaptanib) therapy for ocular
vascular diseases. Ann. N. Y. Acad. Sci. 1082, 151–171. https://doi.org/10.1196/
annals.1348.062.

Norman, P., 2002. Tipifarnib (janssen pharmaceutica). Curr. Opin. Investig. Drugs
(London, England 3 (2), 313–319, 2000.

Ohno, S., Takanashi, M., Sudo, K., Ueda, S., Ishikawa, A., Matsuyama, N., Fujita, K.,
Mizutani, T., Ohgi, T., Ochiya, T., Gotoh, N., Kuroda, M., 2013. Systemically injected
exosomes targeted to EGFR deliver antitumor microRNA to breast cancer cells. Mol.
Ther. : J. Am. Soc. Gene Therapy 21 (1), 185–191. https://doi.org/10.1038/
mt.2012.180.

Orlandini von Niessen, A.G., Poleganov, M.A., Rechner, C., Plaschke, A., Kranz, L.M.,
Fesser, S., Diken, M., L€ower, M., Vallazza, B., Beissert, T., Bukur, V., Kuhn, A.N.,
Türeci, €O., Sahin, U., 2019. Improving mRNA-based therapeutic gene delivery by
expression-augmenting 3' UTRs identified by cellular library screening. Mol. Ther. : J.
Am. Soc. Gene Therapy 27 (4), 824–836. https://doi.org/10.1016/
j.ymthe.2018.12.011.

Østergaard, M.E., Nichols, J., Dwight, T.A., Lima, W., Jung, M.E., Swayze, E.E., Seth, P.P.,
2017. Fluorinated nucleotide modifications modulate allele selectivity of SNP-
targeting antisense oligonucleotides. Molecular therapy. Nucleic acids 7, 20–30.
https://doi.org/10.1016/j.omtn.2017.02.001.

Ostrowski, M., Carmo, N.B., Krumeich, S., Fanget, I., Raposo, G., Savina, A., Moita, C.F.,
Schauer, K., Hume, A.N., Freitas, R.P., Goud, B., Benaroch, P., Hacohen, N.,
Fukuda, M., Desnos, C., Seabra, M.C., Darchen, F., Amigorena, S., Moita, L.F.,
Thery, C., 2010. Rab27a and Rab27b control different steps of the exosome secretion
pathway. Nat. Cell Biol. 12 (1). https://doi.org/10.1038/ncb2000, 19–13.

https://doi.org/10.1158/0008-5472.CAN-16-0714
https://doi.org/10.7150/thno.25958
https://doi.org/10.7150/thno.25958
https://doi.org/10.1038/nrd3141
https://doi.org/10.1016/j.cca.2005.11.023
https://doi.org/10.1016/j.bbcan.2012.03.006
https://doi.org/10.1016/j.bbcan.2012.03.006
https://doi.org/10.1038/nbt.3784
https://doi.org/10.1038/nbt.3784
https://doi.org/10.1038/nbt.3765
https://doi.org/10.1038/nbt1051
https://doi.org/10.1038/s41467-018-03733-8
https://doi.org/10.1016/j.jconrel.2016.01.009
https://doi.org/10.1016/j.jconrel.2016.01.009
https://doi.org/10.1038/leu.2014.41
https://doi.org/10.1016/j.addr.2018.10.008
https://doi.org/10.1016/j.addr.2018.10.008
https://doi.org/10.1021/acs.accounts.9b00368
https://doi.org/10.4103/1673-5374.313014
https://doi.org/10.1046/j.1432-1033.2003.03555.x
https://doi.org/10.1046/j.1432-1033.2003.03555.x
https://doi.org/10.1021/nn404945r
https://doi.org/10.1021/nn404945r
http://refhub.elsevier.com/S2949-6888(23)00005-9/sref80
http://refhub.elsevier.com/S2949-6888(23)00005-9/sref80
http://refhub.elsevier.com/S2949-6888(23)00005-9/sref80
https://doi.org/10.1038/mtna.2015.23
https://doi.org/10.1038/mtna.2015.23
https://doi.org/10.1016/0092-8674(93)90529-y
https://doi.org/10.1016/j.bbrc.2014.07.109
https://doi.org/10.1038/s41417-018-0055-9
https://doi.org/10.1038/s41417-018-0055-9
https://doi.org/10.3390/biomedicines10010158
https://doi.org/10.3390/biomedicines10010158
https://doi.org/10.1016/j.leukres.2016.08.013
https://doi.org/10.1038/aps.2017.178
https://doi.org/10.3389/fphar.2021.734443
https://doi.org/10.3389/fphar.2021.734443
https://doi.org/10.1038/s41594-018-0054-4
https://doi.org/10.1002/advs.201700611
https://doi.org/10.1186/s13287-019-1377-8
https://doi.org/10.7150/thno.30853
https://doi.org/10.1159/000485949
https://doi:10.1021/acs.bioconjchem.8b00205
https://doi:10.1021/acs.bioconjchem.8b00205
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1016/j.celrep.2016.03.085
https://doi.org/10.1016/j.ccell.2014.09.005
https://doi.org/10.1016/j.ccell.2014.09.005
https://doi.org/10.1002/ana.23982
https://doi.org/10.1016/j.canlet.2019.08.001
https://doi.org/10.1016/j.canlet.2019.08.001
https://doi.org/10.1016/j.tranon.2022.101400
https://doi.org/10.1016/j.tranon.2022.101400
https://doi.org/10.3390/jcm10112471
https://doi.org/10.3390/jcm10112471
https://doi.org/10.1002/cncr.26730
https://doi.org/10.1186/1479-5876-3-9
https://doi.org/10.1186/1479-5876-3-9
https://doi.org/10.1016/j.dmpk.2022.100450
https://doi.org/10.1016/j.dmpk.2022.100450
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.1038/s41598-019-48133-0
https://doi.org/10.1038/s41598-019-48133-0
https://doi.org/10.1196/annals.1348.062
https://doi.org/10.1196/annals.1348.062
http://refhub.elsevier.com/S2949-6888(23)00005-9/sref108
http://refhub.elsevier.com/S2949-6888(23)00005-9/sref108
http://refhub.elsevier.com/S2949-6888(23)00005-9/sref108
https://doi.org/10.1038/mt.2012.180
https://doi.org/10.1038/mt.2012.180
https://doi.org/10.1016/j.ymthe.2018.12.011
https://doi.org/10.1016/j.ymthe.2018.12.011
https://doi.org/10.1016/j.omtn.2017.02.001
https://doi.org/10.1038/ncb2000


L. Volpini et al. Aspects of Molecular Medicine 1 (2023) 100005
Ouranidis, A., Vavilis, T., Mandala, E., Davidopoulou, C., Stamoula, E.,
Markopoulou, C.K., Karagianni, A., Kachrimanis, K., 2021. mRNA therapeutic
modalities design, formulation and manufacturing under pharma 4.0 principles.
Biomedicines 10 (1), 50. https://doi.org/10.3390/biomedicines10010050.

Pawlowski, C., Lenehan, P., Puranik, A., Agarwal, V., Venkatakrishnan, A.J.,
Niesen, M.J.M., O'Horo, J.C., Virk, A., Swift, M.D., Badley, A.D., Halamka, J.,
Soundararajan, V., 2021. FDA-authorized mRNA COVID-19 vaccines are effective per
real-world evidence synthesized across a multi-state health system. Med (New York,
N.Y.) 2 (8), 979–992.e8. https://doi.org/10.1016/j.medj.2021.06.007.

Pegtel, D.M., Gould, S.J., 2019. Exosomes. Annu. Rev. Biochem. 88, 487–514. https://
doi.org/10.1146/annurev-biochem-013118-111902.

Peng, Y., Croce, C.M., 2016. The role of MicroRNAs in human cancer. Signal Transduct.
Targeted Ther. 1, 15004. https://doi.org/10.1038/sigtrans.2015.4.

Prada, I., Meldolesi, J., 2016. Binding and fusion of extracellular vesicles to the plasma
membrane of their cell targets. Int. J. Mol. Sci. 17 (8), 1296. https://doi.org/
10.3390/ijms17081296.

Prakash, T.P., 2011. An overview of sugar-modified oligonucleotides for antisense
therapeutics. Chem. Biodivers. 8, 1616–1641. https://doi.org/10.1002/
cbdv.201100081.

Qu, Q., Fu, B., Long, Y., Liu, Z.Y., Tian, X.H., 2023. Current strategies for promoting and
large-scale production of exosomes. Curr. Neuropharmacol. Feb 16 https://doi:10
.2174/1570159X21666230216095938.

Raposo, G., Nijman, H.W., Stoorvogel, W., Liejendekker, R., Harding, C.V., Melief, C.J.,
Geuze, H.J., 1996. B lymphocytes secrete antigen-presenting vesicles. J. Exp. Med.
183 (3), 1161–1172. https://doi.org/10.1084/jem.183.3.1161.

Raue, R., Frank, A.C., Syed, S.N., Brüne, B., 2021. Therapeutic targeting of MicroRNAs in
the tumor microenvironment. Int. J. Mol. Sci. 22 (4), 2210. https://doi.org/10.3390/
ijms22042210.

Roberts, T.C., Langer, R., Wood, M.J.A., 2020. Advances in oligonucleotide drug delivery.
Nat. Rev. Drug Discov. 19 (10), 673–694. https://doi.org/10.1038/s41573-020-
0075-7.

Rojas, C., Barnaeva, E., Thomas, A.G., Hu, X., Southall, N., Marugan, J., Chaudhuri, A.D.,
Yoo, S.W., Hin, N., Stepanek, O., Wu, Y., Zimmermann, S.C., Gadiano, A.G.,
Tsukamoto, T., Rais, R., Haughey, N., Ferrer, M., Slusher, B.S., 2018. DPTIP, a newly
identified potent brain penetrant neutral sphingomyelinase 2 inhibitor, regulates
astrocyte-peripheral immune communication following brain inflammation. Sci. Rep.
8 (1), 17715. https://doi.org/10.1038/s41598-018-36144-2.

Rupaimoole, R., Slack, F.J., 2017. MicroRNA therapeutics: towards a new era for the
management of cancer and other diseases. Nat. Rev. Drug Discov. 16 (3), 203–222.
https://doi.org/10.1038/nrd.2016.246.

Sahin, U., Karik�o, K., Türeci, €O., 2014. mRNA-based therapeutics–developing a new class
of drugs. Nat. Rev. Drug Discov. 13 (10), 759–780. https://doi.org/10.1038/
nrd4278.

Salimi, L., Akbari, A., Jabbari, N., Mojarad, B., Vahhabi, A., Szafert, S., Kalashani, S.A.,
Soraya, H., Nawaz, M., Rezaie, J., 2020. Synergies in exosomes and autophagy
pathways for cellular homeostasis and metastasis of tumor cells. Cell Biosci. 10, 64.
https://doi.org/10.1186/s13578-020-00426-y.

Savina, A., Vidal, M., Colombo, M.I., 2002. The exosome pathway in K562 cells is
regulated by Rab11. J. Cell Sci. 115 (Pt 12), 2505–2515. https://doi.org/10.1242/
jcs.115.12.2505.

Savina, A., Furl�an, M., Vidal, M., Colombo, M.I., 2003. Exosome release is regulated by a
calcium-dependent mechanism in K562 cells. J. Biol. Chem. 278 (22), 20083–20090.
https://doi.org/10.1074/jbc.M301642200.

Scoles, D.R., Minikel, E.V., Pulst, S.M., 2019. Antisense oligonucleotides: a primer.
Neurology. Genetics 5 (2), e323. https://doi.org/10.1212/NXG.0000000000000323.

Seto, A.G., Beatty, X., Lynch, J.M., Hermreck, M., Tetzlaff, M., Duvic, M., Jackson, A.L.,
2018. Cobomarsen, an oligonucleotide inhibitor of miR-155, co-ordinately regulates
multiple survival pathways to reduce cellular proliferation and survival in cutaneous
T-cell lymphoma. Br. J. Haematol. 183 (3), 428–444. https://doi.org/10.1111/
bjh.15547.

Shin, H., Park, S.-J., Yim, Y., Kim, J., Choi, C., Won, C., Min, D.-H., 2018. Recent advances
in RNA therapeutics and RNA delivery systems based on nanoparticles. Adv. Ther. 1,
1800065. https://doi.org/10.1002/adtp.201800065.

Simons, M., Raposo, G., 2009. Exosomes–vesicular carriers for intercellular
communication. Curr. Opin. Cell Biol. 21 (4), 575–581. https://doi.org/10.1016/
j.ceb.2009.03.007.

Simpson, R.J., Jensen, S.S., Lim, J.W., 2008. Proteomic profiling of exosomes: current
perspectives. Proteomics 8 (19), 4083–4099. https://doi.org/10.1002/
pmic.200800109.

Singh, P., Singh, A., Shah, S., Vataliya, J., Mittal, A., Chitkara, D., 2020. RNA interference
nanotherapeutics for treatment of glioblastoma multiforme. Mol. Pharm. 17 (11),
4040–4066. https://doi.org/10.1021/acs.molpharmaceut.0c00709.

Smyth, T., Kullberg, M., Malik, N., Smith-Jones, P., Graner, M.W., Anchordoquy, T.J.,
2015. Biodistribution and delivery efficiency of unmodified tumor-derived exosomes.
J. Contr. Release : Off. J. Contr. Release Soc. 199, 145–155. https://doi.org/10.1016/
j.jconrel.2014.12.013.

Sun, D., Zhuang, X., Xiang, X., Liu, Y., Zhang, S., Liu, C., Barnes, S., Grizzle, W., Miller, D.,
Zhang, H.G., 2010. A novel nanoparticle drug delivery system: the anti-inflammatory
activity of curcumin is enhanced when encapsulated in exosomes. Mol. Ther. : J. Am.
Soc. Gene Therapy 18 (9), 1606–1614. https://doi.org/10.1038/mt.2010.105.

Svensson, K.J., Christianson, H.C., Wittrup, A., Bourseau-Guilmain, E., Lindqvist, E.,
Svensson, L.M., M€orgelin, M., Belting, M., 2013. Exosome uptake depends on ERK1/
2-heat shock protein 27 signaling and lipid Raft-mediated endocytosis negatively
regulated by caveolin-1. J. Biol. Chem. 288 (24), 17713–17724. https://doi.org/
10.1074/jbc.M112.445403.
14
Takahashi, Y., Nishikawa, M., Shinotsuka, H., Matsui, Y., Ohara, S., Imai, T., Takakura, Y.,
2013. Visualization and in vivo tracking of the exosomes of murine melanoma B16-
BL6 cells in mice after intravenous injection. J. Biotechnol. 165 (2), 77–84. https://
doi.org/10.1016/j.jbiotec.2013.03.013.

Thody, J., Folkes, L., Moulton, V., 2020. NATpare: a pipeline for high-throughput
prediction and functional analysis of nat-siRNAs. Nucleic Acids Res. 48 (12),
6481–6490. https://doi.org/10.1093/nar/gkaa448.

To, K.K.W., Cho, W.C.S., 2021. An overview of rational design of mRNA-based
therapeutics and vaccines. Expet Opin. Drug Discov. 16 (11), 1307–1317. https://
doi.org/10.1080/17460441.2021.1935859.

Tomasetti, M., Lee, W., Santarelli, L., Neuzil, J., 2017. Exosome-derived microRNAs in
cancer metabolism: possible implications in cancer diagnostics and therapy. Exp.
Mol. Med. 49 (1), e285. https://doi.org/10.1038/emm.2016.153.

Trajkovic, K., Hsu, C., Chiantia, S., Rajendran, L., Wenzel, D., Wieland, F., Schwille, P.,
Brügger, B., Simons, M., 2008. Ceramide triggers budding of exosome vesicles into
multivesicular endosomes. Science (New York, N.Y.) 319 (5867), 1244–1247.
https://doi.org/10.1126/science.1153124.

Trams, E.G., Lauter, C.J., Salem Jr., N., Heine, U., 1981. Exfoliation of membrane ecto-
enzymes in the form of micro-vesicles. Biochim. Biophys. Acta 645 (1), 63–70.
https://doi.org/10.1016/0005-2736(81)90512-5.

Trang, P., Wiggins, J.F., Daige, C.L., Cho, C., Omotola, M., Brown, D., Weidhaas, J.B.,
Bader, A.G., Slack, F.J., 2011. Systemic delivery of tumor suppressor microRNA
mimics using a neutral lipid emulsion inhibits lung tumors in mice. Mol. Ther. : J.
Am. Soc. Gene Therapy 19 (6), 1116–1122. https://doi.org/10.1038/mt.2011.48.

Vakhshiteh, F., Rahmani, S., Ostad, S.N., Madjd, Z., Dinarvand, R., Atyabi, F., 2021.
Exosomes derived from miR-34a-overexpressing mesenchymal stem cells inhibit in
vitro tumor growth: a new approach for drug delivery. Life Sci. 266, 118871. https://
doi.org/10.1016/j.lfs.2020.118871.

Valadi, H., Ekstr€om, K., Bossios, A., Sj€ostrand, M., Lee, J.J., L€otvall, J.O., 2007. Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic
exchange between cells. Nat. Cell Biol. 9 (6), 654–659. https://doi.org/10.1038/
ncb1596.

van Zandwijk, N., Pavlakis, N., Kao, S.C., Linton, A., Boyer, M.J., Clarke, S., Huynh, Y.,
Chrzanowska, A., Fulham, M.J., Bailey, D.L., Cooper, W.A., Kritharides, L., Ridley, L.,
Pattison, S.T., MacDiarmid, J., Brahmbhatt, H., Reid, G., 2017. Safety and activity of
microRNA-loaded minicells in patients with recurrent malignant pleural
mesothelioma: a first-in-man, phase 1, open-label, dose-escalation study. Lancet
Oncol. 18 (10), 1386–1396. https://doi.org/10.1016/S1470-2045(17)30621-6.

Verderio, C., Gabrielli, M., Giussani, P., 2018. Role of sphingolipids in the biogenesis and
biological activity of extracellular vesicles. J. Lipid Res. 59 (8), 1325–1340. https://
doi.org/10.1194/jlr.R083915.

Wada, F., Yamamoto, T., Kobayashi, T., Tachibana, K., Ito, K.R., Hamasaki, M.,
Kayaba, Y., Terada, C., Yamayoshi, A., Obika, S., Harada-Shiba, M., 2021. Drug
discovery and development scheme for liver-targeting bridged nucleic acid antisense
oligonucleotides. Molecular therapy. Nucleic acids 26, 957–969. https://doi.org/
10.1016/j.omtn.2021.10.008.

Wadhwa, A., Aljabbari, A., Lokras, A., Foged, C., Thakur, A., 2020. Opportunities and
challenges in the delivery of mRNA-based vaccines. Pharmaceutics 12 (2), 102.
https://doi.org/10.3390/pharmaceutics12020102.

Walton, S.P., Wu, M., Gredell, J.A., Chan, C., 2010. Designing highly active siRNAs for
therapeutic applications. FEBS J. 277 (23), 4806–4813. https://doi.org/10.1111/
j.1742-4658.2010.07903.x.

Wang, J., Lu, Z., Wientjes, M.G., Au, J.L., 2010. Delivery of siRNA therapeutics: barriers
and carriers. AAPS J. 12 (4), 492–503. https://doi.org/10.1208/s12248-010-9210-4.

Wang, H., Peng, R., Wang, J., Qin, Z., Xue, L., 2018a. Circulating microRNAs as potential
cancer biomarkers: the advantage and disadvantage. Clin. Epigenet. 10, 59. https://
doi.org/10.1186/s13148-018-0492-1.

Wang, D., Liu, K., Cattatossi, G., Nelson, M., Wright, T., 2018b. CADD-58. PRECLINICAL
DEVELOPMENT OF miR-10b ANTAGONIST FOR THE TREATMENT OF
GLIOBLASTOMA. Neuro Oncol. 20 (Suppl. 6), vi284. https://doi.org/10.1093/
neuonc/noy148.1183.

Wang, X., Zhang, H., Bai, M., Ning, T., Ge, S., Deng, T., Liu, R., Zhang, L., Ying, G., Ba, Y.,
2018c. Exosomes serve as nanoparticles to deliver anti-miR-214 to reverse
chemoresistance to cisplatin in gastric cancer. Mol. Ther. : J. Am. Soc. Gene Therapy
26 (3), 774–783. https://doi.org/10.1016/j.ymthe.2018.01.001.

Watts, J.K., Deleavey, G.F., Damha, M.J., 2008. Chemically modified siRNA: tools and
applications. Drug Discov. Today 13 (19–20), 842–855. https://doi.org/10.1016/
j.drudis.2008.05.007.

Wei, X., Liu, C., Wang, H., Wang, L., Xiao, F., Guo, Z., Zhang, H., 2016. Surface
phosphatidylserine is responsible for the internalization on microvesicles derived
from hypoxia-induced human bone marrow mesenchymal stem cells into human
endothelial cells. PLoS One 11 (1), e0147360. https://doi.org/10.1371/
journal.pone.0147360.

Weissman, D., Karik�o, K., 2015. mRNA: fulfilling the promise of gene therapy. Mol. Ther. :
J. Am. Soc. Gene Therapy 23 (9), 1416–1417. https://doi.org/10.1038/mt.2015.138.

Whiteside, T.L., 2016. Tumor-derived exosomes and their role in cancer progression. Adv.
Clin. Chem. 74, 103–141. https://doi.org/10.1016/bs.acc.2015.12.005.

Wiggins, J.F., Ruffino, L., Kelnar, K., Omotola, M., Patrawala, L., Brown, D., Bader, A.G.,
2010. Development of a lung cancer therapeutic based on the tumor suppressor
microRNA-34. Cancer Res. 70 (14), 5923–5930. https://doi.org/10.1158/0008-
5472.CAN-10-0655.

Winkle, M., El-Daly, S.M., Fabbri, M., Calin, G.A., 2021. Noncoding RNA therapeutics -
challenges and potential solutions. Nat. Rev. Drug Discov. 20 (8), 629–651. https://
doi.org/10.1038/s41573-021-00219-z.

https://doi.org/10.3390/biomedicines10010050
https://doi.org/10.1016/j.medj.2021.06.007
https://doi.org/10.1146/annurev-biochem-013118-111902
https://doi.org/10.1146/annurev-biochem-013118-111902
https://doi.org/10.1038/sigtrans.2015.4
https://doi.org/10.3390/ijms17081296
https://doi.org/10.3390/ijms17081296
https://doi.org/10.1002/cbdv.201100081
https://doi.org/10.1002/cbdv.201100081
https://doi:10.2174/1570159X21666230216095938
https://doi:10.2174/1570159X21666230216095938
https://doi.org/10.1084/jem.183.3.1161
https://doi.org/10.3390/ijms22042210
https://doi.org/10.3390/ijms22042210
https://doi.org/10.1038/s41573-020-0075-7
https://doi.org/10.1038/s41573-020-0075-7
https://doi.org/10.1038/s41598-018-36144-2
https://doi.org/10.1038/nrd.2016.246
https://doi.org/10.1038/nrd4278
https://doi.org/10.1038/nrd4278
https://doi.org/10.1186/s13578-020-00426-y
https://doi.org/10.1242/jcs.115.12.2505
https://doi.org/10.1242/jcs.115.12.2505
https://doi.org/10.1074/jbc.M301642200
https://doi.org/10.1212/NXG.0000000000000323
https://doi.org/10.1111/bjh.15547
https://doi.org/10.1111/bjh.15547
https://doi.org/10.1002/adtp.201800065
https://doi.org/10.1016/j.ceb.2009.03.007
https://doi.org/10.1016/j.ceb.2009.03.007
https://doi.org/10.1002/pmic.200800109
https://doi.org/10.1002/pmic.200800109
https://doi.org/10.1021/acs.molpharmaceut.0c00709
https://doi.org/10.1016/j.jconrel.2014.12.013
https://doi.org/10.1016/j.jconrel.2014.12.013
https://doi.org/10.1038/mt.2010.105
https://doi.org/10.1074/jbc.M112.445403
https://doi.org/10.1074/jbc.M112.445403
https://doi.org/10.1016/j.jbiotec.2013.03.013
https://doi.org/10.1016/j.jbiotec.2013.03.013
https://doi.org/10.1093/nar/gkaa448
https://doi.org/10.1080/17460441.2021.1935859
https://doi.org/10.1080/17460441.2021.1935859
https://doi.org/10.1038/emm.2016.153
https://doi.org/10.1126/science.1153124
https://doi.org/10.1016/0005-2736(81)90512-5
https://doi.org/10.1038/mt.2011.48
https://doi.org/10.1016/j.lfs.2020.118871
https://doi.org/10.1016/j.lfs.2020.118871
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/ncb1596
https://doi.org/10.1016/S1470-2045(17)30621-6
https://doi.org/10.1194/jlr.R083915
https://doi.org/10.1194/jlr.R083915
https://doi.org/10.1016/j.omtn.2021.10.008
https://doi.org/10.1016/j.omtn.2021.10.008
https://doi.org/10.3390/pharmaceutics12020102
https://doi.org/10.1111/j.1742-4658.2010.07903.x
https://doi.org/10.1111/j.1742-4658.2010.07903.x
https://doi.org/10.1208/s12248-010-9210-4
https://doi.org/10.1186/s13148-018-0492-1
https://doi.org/10.1186/s13148-018-0492-1
https://doi.org/10.1093/neuonc/noy148.1183
https://doi.org/10.1093/neuonc/noy148.1183
https://doi.org/10.1016/j.ymthe.2018.01.001
https://doi.org/10.1016/j.drudis.2008.05.007
https://doi.org/10.1016/j.drudis.2008.05.007
https://doi.org/10.1371/journal.pone.0147360
https://doi.org/10.1371/journal.pone.0147360
https://doi.org/10.1038/mt.2015.138
https://doi.org/10.1016/bs.acc.2015.12.005
https://doi.org/10.1158/0008-5472.CAN-10-0655
https://doi.org/10.1158/0008-5472.CAN-10-0655
https://doi.org/10.1038/s41573-021-00219-z
https://doi.org/10.1038/s41573-021-00219-z


L. Volpini et al. Aspects of Molecular Medicine 1 (2023) 100005
Wroblewska, L., Kitada, T., Endo, K., Siciliano, V., Stillo, B., Saito, H., Weiss, R., 2015.
Mammalian synthetic circuits with RNA binding proteins for RNA-only delivery. Nat.
Biotechnol. 33 (8), 839–841. https://doi.org/10.1038/nbt.3301.

Wu, H., Lima, W.F., Zhang, H., Fan, A., Sun, H., Crooke, S.T., 2004. Determination of the
role of the human RNase H1 in the pharmacology of DNA-like antisense drugs.
J. Biol. Chem. 279 (17), 17181–17189. https://doi.org/10.1074/jbc.M311683200.

Xiao, X., Li, H., Zhao, L., Zhang, Y., Liu, Z., 2021. Oligonucleotide aptamers: recent
advances in their screening, molecular conformation and therapeutic applications.
Biomed. & Pharmacother. ¼ Biomedecine & pharmacotherapie 143, 112232. https://
doi.org/10.1016/j.biopha.2021.112232.

Xiong, Q., Lee, G.Y., Ding, J., Li, W., Shi, J., 2018. Biomedical applications of mRNA
nanomedicine. Nano Res. 11 (10), 5281–5309. https://doi.org/10.1007/s12274-
018-2146-1.

Xiong, H., Veedu, R.N., Diermeier, S.D., 2021. Recent advances in oligonucleotide
therapeutics in oncology. Int. J. Mol. Sci. 22 (7), 3295. https://doi.org/10.3390/
ijms22073295.

Xu, W., Jiang, X., Huang, L., 2019. RNA interference technology. Comprehens.
Biotechnol. 560–575. https://doi.org/10.1016/B978-0-444-64046-8.00282-2.

Yang, L., Ma, F., Liu, F., Chen, J., Zhao, X., Xu, Q., 2020. Efficient delivery of antisense
oligonucleotides using bioreducible lipid nanoparticles in vitro and in vivo. Mol.
Ther. Nucleic Acids 19, 1357–1367. https://doi.org/10.1016/j.omtn.2020.01.018.

Yu, X., Odenthal, M., Fries, J.W., 2016. Exosomes as miRNA carriers: formation-function-
future. Int. J. Mol. Sci. 17 (12), 2028. https://doi.org/10.3390/ijms17122028.

Yu, A.M., Jian, C., Yu, A.H., Tu, M.J., 2019. RNA therapy: are we using the right
molecules? Pharmacol. Therapeut. 196, 91–104. https://doi.org/10.1016/
j.pharmthera.2018.11.011.

Zarovni, N., Corrado, A., Guazzi, P., Zocco, D., Lari, E., Radano, G., Muhhina, J.,
Fondelli, C., Gavrilova, J., Chiesi, A., 2015. Integrated isolation and quantitative
analysis of exosome shuttled proteins and nucleic acids using immunocapture
15
approaches. Methods (San Diego, Calif.) 87, 46–58. https://doi.org/10.1016/
j.ymeth.2015.05.028.

Zech, D., Rana, S., Büchler, M.W., Z€oller, M., 2012. Tumor-exosomes and leukocyte
activation: an ambivalent crosstalk. Cell Commun. Signal. : CCS 10 (1), 37. https://
doi.org/10.1186/1478-811X-10-37.

Zhang, Y.K., Wang, H., Leng, Y., Li, Z.L., Yang, Y.F., Xiao, F.J., Li, Q.F., Chen, X.Q.,
Wang, L.S., 2011. Overexpression of microRNA-29b induces apoptosis of multiple
myeloma cells through down regulating Mcl-1. Biochem. Biophys. Res. Commun. 414
(1), 233–239. https://doi.org/10.1016/j.bbrc.2011.09.063.

Zhang, C., Xiao, X., Chen, M., Aldharee, H., Chen, Y., Long, W., 2018. Liver kinase B1
restoration promotes exosome secretion and motility of lung cancer cells. Oncol. Rep.
39 (1), 376–382. https://doi.org/10.3892/or.2017.6085.

Zhang, N., Chen, Z., Liu, D., Jiang, H., Zhang, Z.K., Lu, A., Zhang, B.T., Yu, Y., Zhang, G.,
2021a. Structural biology for the molecular insight between aptamers and target
proteins. Int. J. Mol. Sci. 22 (8), 4093. https://doi.org/10.3390/ijms22084093.

Zhang, M.M., Bahal, R., Rasmussen, T.P., Manautou, J.E., Zhong, X.B., 2021b. The growth
of siRNA-based therapeutics: updated clinical studies. Biochem. Pharmacol. 189,
114432. https://doi.org/10.1016/j.bcp.2021.114432.

Zhou, Z.H., Stone Jr., C.A., Jakubovic, B., Phillips, E.J., Sussman, G., Park, J., Hoang, U.,
Kirshner, S.L., Levin, R., Kozlowski, S., 2021. Anti-PEG IgE in anaphylaxis associated
with polyethylene glycol. The journal of allergy and clinical immunology. In:
Practice, 9, pp. 1731–1733.e3. https://doi.org/10.1016/j.jaip.2020.11.011, 4.

Zhu, X., Badawi, M., Pomeroy, S., Sutaria, D.S., Xie, Z., Baek, A., Jiang, J., Elgamal, O.A.,
Mo, X., Perle, K., Chalmers, J., Schmittgen, T.D., Phelps, M.A., 2017. Comprehensive
toxicity and immunogenicity studies reveal minimal effects in mice following
sustained dosing of extracellular vesicles derived from HEK293T cells. J. Extracell.
Vesicles 6 (1), 1324730. https://doi.org/10.1080/20013078.2017.1324730.

Zhuo, Z., Yu, Y., Wang, M., Li, J., Zhang, Z., Liu, J., Wu, X., Lu, A., Zhang, G., Zhang, B.,
2017. Recent advances in SELEX technology and aptamer applications in
biomedicine. Int. J. Mol. Sci. 18 (10), 2142. https://doi.org/10.3390/ijms18102142.

https://doi.org/10.1038/nbt.3301
https://doi.org/10.1074/jbc.M311683200
https://doi.org/10.1016/j.biopha.2021.112232
https://doi.org/10.1016/j.biopha.2021.112232
https://doi.org/10.1007/s12274-018-2146-1
https://doi.org/10.1007/s12274-018-2146-1
https://doi.org/10.3390/ijms22073295
https://doi.org/10.3390/ijms22073295
https://doi.org/10.1016/B978-0-444-64046-8.00282-2
https://doi.org/10.1016/j.omtn.2020.01.018
https://doi.org/10.3390/ijms17122028
https://doi.org/10.1016/j.pharmthera.2018.11.011
https://doi.org/10.1016/j.pharmthera.2018.11.011
https://doi.org/10.1016/j.ymeth.2015.05.028
https://doi.org/10.1016/j.ymeth.2015.05.028
https://doi.org/10.1186/1478-811X-10-37
https://doi.org/10.1186/1478-811X-10-37
https://doi.org/10.1016/j.bbrc.2011.09.063
https://doi.org/10.3892/or.2017.6085
https://doi.org/10.3390/ijms22084093
https://doi.org/10.1016/j.bcp.2021.114432
https://doi.org/10.1016/j.jaip.2020.11.011
https://doi.org/10.1080/20013078.2017.1324730
https://doi.org/10.3390/ijms18102142


Update

Aspects of Molecular Medicine
Volume 3, Issue , June 2024, Page 

 https://doi.org/10.1016/j.amolm.2024.100041DOI:

 https://doi.org/10.1016/j.amolm.2024.100041


Aspects of Molecular Medicine 3 (2024) 100041

Available online 18 April 2024
2949-6888/© 2024 The Author(s). Published by Elsevier B.V. All rights reserved.

Corrigendum to “Advances in RNA cancer therapeutics: New insight into 
exosomes as miRNA delivery” [Aspect. Mol. Med. 1 (2023) 100005] 

Luca Volpini a, Federica Monaco b, Lory Santarelli a, Jiri Neuzil c,d,e,*, Marco Tomasetti a 

a Department of Clinical and Molecular Sciences, Polytechnic University of Marche, Via Tronto 10/a, 60020, Ancona, Italy 
b Department of Excellence SBSP-Biomedical Sciences and Public Health, Polytechnic University of Marche, Via Tronto 10/a, 60020, Ancona, Italy 
c School of Pharmacy and Medical Science, Griffith University, Southport, Australia 
d Institute of Biotechnology, Czech Academy of Sciences, Prague, Czech Republic 
e Faculty of Science and 1st Medical Faculty, Charles University, Prague, Czech Republic 

The authors regret < for mistyping of grant number in the Ac-
knowledgements part. The correct number should be 21-04607X>. 

The authors would like to apologise for any inconvenience caused. 

DOI of original article: https://doi.org/10.1016/j.amolm.2023.100005. 
* Corresponding author. Institute of Biotechnology, Czech Academy of Sciences, Videnska 595, Prague-West, Prague, Czech Republic. 

E-mail address: j.neuzil@griffith.edu.au (J. Neuzil).  

Contents lists available at ScienceDirect 

Aspects of Molecular Medicine 

journal homepage: www.journals.elsevier.com/aspects-of-molecular-medicine 

https://doi.org/10.1016/j.amolm.2024.100041    

mailto:https://doi.org/10.1016/j.amolm.2023.100005
mailto:j.neuzil@griffith.edu.au
www.sciencedirect.com/science/journal/29496888
https://www.journals.elsevier.com/aspects-of-molecular-medicine
https://doi.org/10.1016/j.amolm.2024.100041
https://doi.org/10.1016/j.amolm.2024.100041
https://doi.org/10.1016/j.amolm.2024.100041
http://crossmark.crossref.org/dialog/?doi=10.1016/j.amolm.2024.100041&domain=pdf

	Advances in RNA cancer therapeutics: New insight into exosomes as miRNA delivery
	1. Introduction
	2. RNA in therapy
	2.1. Antisense RNAs
	2.2. RNA aptamers
	2.3. Messenger RNAs (mRNAs) as therapeutics
	2.4. Small interfering RNAs (siRNAs)
	2.5. Ribozymes
	2.6. miRNA

	3. MiRNA-based therapies in clinic trials
	3.1. MiRNA mimics
	3.2. AntimiRs

	4. MiRNA-based therapy strategies for cancer treatment
	5. Exosomes as miRNA delivery systems
	5.1. Exosome biogenesis and release
	5.2. Role of exosomes in cancer
	5.3. Uptake of exosomes
	5.4. Exosome RNA loading

	6. Clinical aspects of exosomes
	6.1. Exosome production
	6.2. Exosome safety
	6.3. Target specificity, cargo internalization and release
	6.4. Combination of MiRNA-exosomes and exosome-released inhibitors as new strategy
	6.5. nSMase2 inhibitors

	7. Conclusion and future perspectives
	Declaration of competing interest
	Acknowledgments
	References

	Update
	Corrigendum to “Advances in RNA cancer therapeutics: New insight into exosomes as miRNA delivery” [Aspect. Mol. Med. 1 (202 ...


