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Abstract: Extracellular vesicles (EVs) are sophisticated and sensitive messengers released by cells
to communicate with and influence distant and neighboring cells via selective transfer of bioactive
content, including protein lipids and nucleic acids. EVs have therefore attracted broad interest as
new and refined potential therapeutic systems in many diseases, including cancer, due to their low
immunogenicity, non-toxicity, and elevated bioavailability. They might serve as safe and effective
vehicles for the transport of therapeutic molecules to specific tissues and cells. In this review, we focus
on EVs as a vehicle for gene therapy in cancer. We describe recent developments in EV engineering to
achieve efficient intracellular delivery of cancer therapeutics and avoid off-target effects, to provide
an overview of the potential applications of EV-mediated gene therapy and the most promising
biomedical advances.
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1. Introduction

Extracellular vesicles (EVs) are nanoscale particles released by producing cells in the extracellular
environment to interact with and act on distant and neighboring cells. EVs can transfer an assorted
cellular cargo including DNA, messenger RNA (mRNA), microRNA (miRNA), and proteins to target
recipient cells in the micro- and macroenvironment. Content heterogeneity is dependent not only on
origin cell type but also on cell state (healthy, stressed, transformed, in replication) and may be modified
by chemical or physical agents [1]. EVs have attracted growing interest within the scientific community
inrecent years [1], as their functional content is able to regulate or impair human physiological processes.
EVs are in fact found in multiple types of extracellular fluids such as blood [2], saliva [3], urine [4],
amniotic fluid [5], cerebrospinal fluid [6], and breast milk [7]. The physiological involvement of EVs has
been gradually elucidated in immune response [8], signal transduction [9], angiogenesis [10], and cell
proliferation [11]. Furthermore, several reports described the role of EVs as pathological effectors in
cancer, where they appear to mediate virtually all aspects of tumorigenesis, including angiogenesis,
immune suppression, metastasis formation, and drug resistance [12-14]. A better understanding of the
functional mechanisms of EVs prompted the scientific community to explore the advantages of using
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EVsin the clinic for diagnostic [15], therapeutic [16], and prognostic [17] purposes. Primarily, researchers
hypothesized introducing a desired cargo (drugs, proteins, nucleic acids) [18,19] into EVs to exploit
their promising potential in cancer therapy. EVs preserve their content from degradation by keeping the
cargo in a soluble phase in aqueous cytoplasm [20], and also resist enzymes in biological fluids in order
to shield the cargo until it reaches target cells [21]. In addition, human EVs from HEK293 cells showed
no toxicity and only weak immunogenicity when implanted in mice [22], both systemically and in the
liver (one of most frequent site of non-engineered EVs accumulation) [23]. Therefore, one of the greatest
advantages in the therapeutic use of EVs derives from their low-grade immunogenicity; for instance,
EVs derived from mesenchymal stem cells (MSCs) are known to have a very low risk of immunogenicity.
This particular ability could derive from the characteristics of the cells that originate them (MSC),
showing a low expression of MHCII and other costimulatory molecules [24]. The use of these vesicles
has been extensively studied in regenerative and anti-inflammatory therapy through the use of animal
models such as for traumatic and perinatal brain injury [25]. Moreover, the MSC-EVs are widely used
as therapeutic agents for different immunological disorders [26] and their use has shown incredibly
promising results in clinical trials on severe forms of graft-versus-host disease (GvHD; Grade II-1V) [27];
chronic kidney diseases [28]; and Type I Diabetes Mellitus (T1IDM) [29]. Another example of how EVs
are able to negatively regulate immunoresponse is given by immature dendritic cell (DC)-derived EVs
devoid of immunostimulatory molecules (MHC-I and -II) [30] and carrying co-regulatory proteins
that suppress immune reactions. Further, DCs treated with immunosuppressive drugs or specific
cytokines release EVs that negatively regulate immune cells, as shown by Kim SH et al., who found
that EVs from DCs exposed to IL-10 suppressed inflammation and immune response [31]. Due to
their size, EVs are able to avoid mononuclear phagocytic cell-mediated removal [32]. This contributes
to increasing the longevity of EVs [33] and enhancing cargo bioavailability, as demonstrated in
a very recent study by Carobolante et al. investigating the utility of EVs in improving the poor
oral bioavailability of many drugs [34]. Additionally, the use of autologous vesicles likely avoids
adverse reactions [35] and increases uptake efficiency by receiving cells [36]. EV uptake is highly
efficient due to membrane proteins such as tetraspanins [37], fibronectin [38], and proteoglycans [37],
but can also be customized depending on target cells. Vascular cell adhesion molecule 1- and integrin
ad-enriched EVs enhance vesicle docking and uptake through endothelial cells [39]. Because of their
small size, EVs also may cross the blood-brain barrier in a bi-directional manner, either by transcytosis
(endocytosis followed by multivesicular body formation and release on the other side) [40,41] or
through junctions between endothelial cells [40]. This passage is safe for EV cargo, as suggested by
Alvarez-Erviti et al., who observed that EV-mediated small interfering RNAs (siRNAs) remain active
after crossing the blood-brain barrier [42].

EVs may thus represent an optimal and safe alternative approach in current gene therapy.
Gene therapy involves reverting aberrant gene expression, inducing the expression of suicide genes,
modulating immune response, and inhibiting angiogenesis [43] by introducing DNA fragments, miRNA,
siRNA, and IncRNA in target cells by different means such as viral vectors (human immunodeficiency
virus (HIV), adeno-associated viruses) or naked plasmid DNA. Initial limited clinical success led
to the development of a wide spectrum of safer, yet not fully efficient, gene-targeting delivery
systems. Attractive nanoscale approaches in cancer gene therapy include polymeric, inorganic,
lipid nanoparticles, and hybrid nanoparticles [44]. However, major attempts have been made to design
and evaluate nanomaterials and nanotechnology to overcome delivery-related limitations such as
adverse side effects, bio-accessibility, enzymatic degradation, non-selectivity, and premature release of
therapeutics [45].

In this review, we describe the potential use of EVs as a tool for therapeutic nucleic acid delivery
to target cells, to improve treatment efficacy and avoid side effects. We discuss the current state
of and recent advancements in EV engineering, and the adoption of EVs as therapeutic vectors in
tumor-targeted therapy.
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2. Extracellular Vesicles (EVs) as a Delivery System for Nucleic Acids

The innate and unique proprieties of EVs in cell-cell communication strongly encourage studies
into their usage as a therapeutic delivery system. EV-mediated transport seems to be highly effective,
allowing the release of a greater amount of therapeutics into the tumor [46], thereby ensuring a lower
amount in blood and reducing side effects [46]. EVs have a multifunctional utility in delivering
therapeutics: they can signal through different modalities, by activating receptors on the surface of
cells, delivering their content inside the cytoplasm, to carry hydrophilic molecules in their interior,
lipophilic molecules in their lipid bilayers, and amphiphilic molecules on their surface.

A wide range of methods and technologies have been optimized in EV engineering [47].
Several strategies to load therapeutics inside EVs and functionalize them to cell targeting have
been developed. A simplified schematic representation of how engineered therapeutic-containing EVs
act is shown in Figure 1. Increasing evidence points to the compelling advantages over EV-producing
cells [48,49], including no risk of transformation and lower immunogenicity. MSC-derived EVs
were recently described as a novel cell-free therapy in liver, kidney, cardiovascular, and neurological
diseases [50-56]. In addition, immature DCs were described as a major source of EVs [57] and as
innovative cell-free vaccines, reverting cancer immune escape [58-60].
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Figure 1. Therapeutic delivery: from source to target cell.

2.1. EV Therapeutic Engineering

Major benefits can be achieved through effective loading of EVs with therapeutic products.
EV loading can be performed by two different means: either directly on purified vesicles or by
engineering the mother cell to allow the release of modified EVs.

2.1.1. EV Loading Methods

Purified EVs can be used to direct cargo loading with therapeutics in several ways. One of the
most commonly used techniques for loading nucleic acids is electroporation [42]. The limitations
of this approach are: (i) the aggregation of small RNAs, which can be partially prevented by using
acidic citrate, found to work better than EDTA [61]; (ii) the low loading efficiency [55], even more
pronounced for nucleic acids larger than 1000bp [62]. Consequently, alternative methods have been
attempted to improve the loading efficiency of the molecule of interest. Hydrophobically modified
siRNAs could be loaded into EVs: a cholesterol moiety (triethylene glycol (TEG)) was conjugated
to the 3’-end of the desired siRNA, which was then co-incubated with purified EVs. As expected,
modified siRNAs were found on the surface of purified vesicles, but a large percentage was also found
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inside EVs. Furthermore, modified siRNAs reduced the expression of their targets in receiving cells,
thus proving functionality [63].

An advanced system was subsequently developed to load large nucleic acids into EVs by fusing
exosomes with liposomes, obtaining a hybrid with the load-bearing capacity of liposomes and the
ability of EVs to interact with and enter recipient cells. For example, CRISPR-Cas9 expression vectors
were encapsulated in EVs in MSCs by co-incubation of exosomes, liposomes, and the plasmid of
interest for 12 h at 37 °C. The loaded hybrid exosomes were taken up by MSCs and negative expression
regulation of the target gene (Runx2) was observed in receiving cells, indicating functional delivery.
However, some toxicity was detected due to the liposome component, which was not observed with
EVs [64].

2.1.2. Parental Cell-Based Engineering

The low loading efficiency of the above-mentioned methods for some large molecules can be
overcome by engineering donor cells to release modified EVs [65]. Although several attempts have
been made to better understand the intracellular system of EV sorting and loading, further studies
are still required. EVs are known to be enriched in small RNAs [66], but the sorting mechanisms that
actively and selectively incorporate RNAs into EVs are yet to be elucidated. Annexin A2 was reported
to be involved in miRNA loading inside EVs [67]; sumoylated hnRNAPA2B1 binds to sequence motifs
enriched in EV-associated miRNAs, mediating the loading of bound RNAs into EVs [68]. However,
a “zipcode” sequence, involved in mRNA loading, was found in the 3" UTR of mRNAs enriched in
EVs [69]. Interestingly, miRNAs seem to play a role in mRNA loading into EVs. Binding of miR-1289
to the zipcode of its targets allows mRNAs to be loaded into EVs to reduce the cellular expression of
these targets [69-71].

Overexpression of a desired gene in donor cells seems to prompt gene loading into EVs at both
mRNA and protein level [72]. Significant therapeutic results were obtained using EVs derived from
these cells against pancreatic cancer cells [73]. Recently, Yang et al. used an alternative method to
produce therapeutic mRNA-containing EVs. In brief, using a cellular-nanoporation technique the
authors transfected various source cells with plasmid DNAs and stimulated cells with an electrical
stimulus to encourage the release of EVs loaded with the desired mRNAs. This method produced
up to 50-fold more EVs and an over 103-fold increase in vesicular mRNA transcripts compared to
previous strategies [74].

Active and specific RNA loading into EVs can also be performed using the Targeted and Modular
EV Loading (TAMEL) platform (Figure 2). In this case, a plasmid encoding for the fusion protein
composed of Lamp2b (an EV-enriched protein) and the RNA-binding domain (RBD) MS2 was
transfected. This fusion protein was able to bind engineering RNAs-cargo (with RBD loops in the
3’ UTR) in the interior of EVs, enhancing the specific recognition. When using this method, it was
observed that shorter RNAs were loaded into EVs with higher efficiency than longer molecules,
confirming that loading capacity is inversely proportional to size [68].

In 2018, a novel parental cell-based strategy for loading mRNAs, known as EXOtic (Exosomal transfer
into cells) was designed (Figure 3) and used to treat Parkinson’s disease-derived inflammation with
encouraging results [75]. EXOtic aimed to achieve specific packaging/delivery of RNA and targeting.
For specific RNA packaging, the RNA binding protein L7Ae was conjugated with CD63 and the RNA of
interest was modified to allow L7Ae recognition. In order for EVs to reach only brain cells, rabies viral
glycoprotein (RVG)-Lamp2b fusion protein was expressed in donor cells. Overexpression of the gap
junction protein connexin 43 (Cx43) enhanced EV docking/uptake by receiving cells and further helped
EV content to pass directly to receiving cells. Remarkably, subcutaneous implanting of engineered donor
cells into a mouse resulted in reduced brain inflammation, confirming the promising potential of this
method [75]. Another approach to achieve loading of miRNAs into EVs is the TAT-TAR protein-RNA
interaction [76]. The authors fused a pre-miR-199a to a transactivating response (TAR) sequence and a
transactivator of transcription (TAT) peptide of HIV-1 to Lamp2a (Lamp2a-TAT). When expressed in
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parental cells, miR-199a-TAR binds to Lamp2a-TAT and the interaction on the luminal C-terminal of
Lamp2a leads to the effective loading of miR-199a into the lumen of EVs. RNA-binding modules seem
to be an efficient method for loading RNA into EVs. For example, the RNA-binding protein HuR was
fused to the C-terminal of CD9 in order to be localized in the exosomal lumen. Thus, HuR strongly binds
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to miR-155 and simultaneously they localize inside EV's [77].
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Figure 2. Active loading of cargo RNA into extracellular vesicles (EVs) via TAMEL. TAMEL EV-loading
protein comprises an EV-enriched protein (EEP, violet) fused to an RNA-binding domain (RBD, red),
which localizes to EVs. Actively loaded RNA contains a motif that binds to the RBD, resulting in

enhanced loading into EVs.
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Figure 3. mRNA delivery by Exosomal transfer into cells (EXOtic). EV containing the RNA packaging
device CD63-L7Ae (which can bind to the C/Dbox in the 3’ UTR of any RNA structure), targeting
module (RVG-Lamp2b to target CHRNA?), cytosolic delivery helper (Cx43 S368A), and mRNA
(e.g., nluc-C/Dbox) efficiently produced from EV donor cells. Engineered EVs will be delivered to target

cells, expressing CHRNA?, with the help of Cx43.

2.2. EV Surface Functionalization

In 1986, Matsumura and Maeda described the “enhanced permeability and retention” (EPR) effect,
which represented a passive delivery of carriers and/or therapeutics [78]. A major flaw of this effect
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was the lack of specificity that drove therapeutics towards off-target sites. EV surface modifications
might overcome this limitation by displaying ligands onto the vesicle surface that recognize unique
markers or abnormally expressed proteins on target cells, such as CD34 in AML blasts [79] and CD49
in prostate cancer cells [80]. Table 1 lists the most used ligands in therapeutic delivery against cancers.
Based on this development, EVs were functionalized using a fusion protein composed of Lamp2b and
the iRGD peptide to recognize av integrins on the surface of breast cancer cells. Modified EVs were
loaded with therapeutics and successfully reached the target cells [81]. However, an easier way to favor
therapeutic delivery to cancer cells might be the use of cancer cell-derived EVs themselves, given their
membrane composition comparable to that of donor cells [82] and high vesicle uptake [83]. However,
rational reservations and unsafe implications suggest care in cancer cell-derived EVs therapeutic use.
Chemistry methods were also applied in this field. Table 2 lists chemical reactions performed for
ligand applications on vesicles, specifically with regard to cross-linkers. Polyethylene glycol (PEG)
is the most commonly used cross-linker in therapeutic delivery [84-86]. CP05 is a CD63-specific
peptide that acts as an anchor between vesicle membrane and ligand. It has been shown that is
possible not only to isolate exosomes from human serum but also to modify the cargo (e.g., binding
phosphorodiamidate morpholino oligomer (PMO)) for a specific therapeutic use [82]. TEG and C7
(2-aminobutyl-1-3-propanediol) were applied to attach molecules on the EV surface due to their
affinity for phospholipid membrane [87,88]. An outdated physical method was employed to add
antibodies to the EV surface through sonication. This technique allowed binding to the vesicle
of a low percentage of antibodies (4—40%). Binding efficiency depends on the time and power of
sonication and on the lipidic composition carried by EVs [89]. It was also recently reported that the
presence of nucleases inside EVs might degrade therapeutic nucleic acids and impair their action [88].
Another possibility could be loading therapeutics onto the EV surface, depending on their modality of
action (i.e., binding/activating receptors on the cell surface). Table 3 lists therapeutics added onto vesicle
surface and successfully delivered to target cells. Haraszti et al. [88] loaded cholesterol-conjugated
siRNA onto isolated EVs for Huntingtin mRNA silencing in primary neurons with promising results.
Although the conjugation was not tested on tumor cells, its application in cancer treatment could be
possible. Other membrane-conjugated siRNAs were tested on lung cancer cells [90] to inhibit the
expression of CD45.

Table 1. List of ligands and related targets in cancer therapy.

Molecule Ligand(s) Target(s) Cancer Type(s) Reference
Peptide RGD Integrins avp3, avp5, a5p1  Dreast glioblastoma, prostate, g o) g5
pancreas
Peptide H2009.1 Integrin av36 Lung, ovarian, oralcavity [94]
Peptide RVG CHRNA7 Brain [75]
Peptide Bombesin GRP receptor Breast, lung, prostate [95]
Peptide SP9%4 - Hepatocellular carcinoma [96]
Peptide GE11 EGFR Breast, lung, hepatoma [97-99]
Tripeptide NGR Aminopeptidase N Blood vessels [100]
Protein Transferrin Transferrin-receptor Metastatic and drug-resistant [101]
cancer cells
Protein EGF EGFR Breast [97]
Ab Anti-CD20 CD20 Burkitt’slymphoma [102]
Ab Anti-CD47 CD47 Pancreas [103]
Ab Anti-annexin A2 AnnexinA2 Breast, glioblastoma [104]
Aptamer AS1411 Nucleolin Breast, non-small cell lung [105]
Aptamer Sgc8 PTK7 membrane protein Leukemia [106]
Aptamer g:ig:é HER?2 receptor Breast [107]
Monosaccharide Galactose Asialoglycoproteinreceptor Liver [108]
Glycosaminoglycan Hyaluronic acid CD44 Melanoma, colon, lung [109]
Vitamin Cobalamin Transcobalaminreceptor Lung, breast, pancreas [110]
Vitamin Folate Folate receptor Ovarian, breast, kidney, brain [111]
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Table 2. Chemical methods of extracellular vesicle (EV) surface cross-linking.

Method Binding

Triazole linkage Covalent

Disulfide linkage Covalent

Thioether bond Covalent

Amide bond Covalent
Streptovidin-Biotin interaction Non-covalent
m-1 stacking interactions Non-covalent

Table 3. Therapeutics conjugated to EV surface and their targets in cancers.

Molecule Therapeutic Target Cancer Reference
RNA hsiRNA Huntingtin - [88]
RNA siRNA HuR Neuroblastoma [112]
RNA siRNA CD45 Lung [90]

3. Engineering EV-Based Cancer Therapy

EV-based engineering strategies were developed for the treatment of both solid and hematologic
cancers and hold big promises, as they might be more specific, more effective, and safer for patients
compared to drug treatments. The main aim of EV-based gene cancer therapy is to transfer to the tumor
site nucleic acid molecules, such as siRNA, miRNA, RNA, and DNA, in order to modify or manipulate
the altered expression of target genes, reverting the aberrant cancer phenotype or conferring efficacy
and safety to therapeutic agents. Table 4 lists the acid nucleic molecules used as therapeutic in cancer.

3.1. Solid Tumors

Most studies report that the use of miRNA and siRNA reduces the tumorigenicity of various types
of solid cancers [113-119]. These molecules mediate RNA interference, inhibiting the translation of
mRNA targets. Given their greater specificity [120], they can be considered the best replacement therapy
for inhibitory drugs. Since angiogenesis is a key mechanism in the development of cancer, many research
efforts have focused on the inhibition of genes involved in this process. One of the main target genes in
angiogenesis is vascular endothelial growth factor (VEGF). miR-100/497 mediated downregulation of
this gene leads to a reduction in the growth and spread of lung and breast cancer [121,122]. Specifically,
the paracrine effects of miR-100 from MSC-derived EVs in breast cancer cells is indirectly involved in
downregulation of VEGF through inhibition of mTOR and a consequent reduction in hypoxia-inducible
factor (HIF) 1« [121]. Similarly, miR-497-loaded EVs repressed angiogenesis in lung cancer via direct
interaction with VEGF-A and other factors, such as YAP1, HDGF, and CCNE], in a 3D microfluidic
device [122]. Inhibition of angiogenesis was also observed in the treatment of gastric cancer using
siRNA against hepatocyte growth factor (HGF); in this case, the EV-siRNA system suppressed not only
angiogenesis but also tumor growth, both in vitro and in vivo, through downregulation of HGF and
subsequently of VEGF [123]. Furthermore, it was recently reported that EV-siRNA against VEGF was
able to easily and effectively cross the blood-brain barrier in a zebrafish model of brain cancer. This study
demonstrated the stability of EVs in circulation and their ability to act as couriers for the delivery of
brain drugs, supporting a new strategy for cancer therapy [124]. A wide range of genes are involved in
cancer spread, such as COX-2, known to be responsible for breast cancer pathogenesis, angiogenesis,
and metastasis. Injecting EVs containing miR-379 reduced tumor growth in mice, revealing the
effective action of miR-379 as a tumor suppressor [125]. Further studies reported that EV-delivered
TRPP2 siRNA blocks cell migration and invasion of laryngeal cancer [126] and thatHSP27 siRNA
tagged-EVs promote neuronal maturation and differentiation as well as a reduction in cell proliferation
and viability in neuroblastoma cells [127]. In another interesting work, therapeutic biomimetic
nanoparticles composed of cationic bovine serum albumin (CBSA)-conjugated siS100A4 and exosome
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membrane-coated nanoparticles, called CBSA/siS100A4@Exosome, was able to suppress postoperative
breast cancer metastasis [128]. In addition, EVs derived from miR-148b-3p-overexpressing human
umbilical cord MSCs and miR-134-enriched EVs reduced cellular migration and invasion, and enhanced
drug sensitivity by inhibiting TRIM9, and targeting STAT5B, Bcl-2, and Hsp90, respectively [13,129].
Another important opportunity is to target oncogenic drivers. KRAS is one of the most representative
and well-studied genes, found mutated in 30% of all human cancers. Several studies showed that
EV-delivered mutated KRAS silencing efficiently reduces tumor proliferation and growth in lung and
pancreatic cancer cells and in mouse tumor xenografts [130-133]. In a work on murine sarcoma, the use
of a siRNA against transforming growth factor beta, delivered to the tumor via EVs, was shown to
reduce cancer growth and repressed tumor progression [134]. Promising results using engineered
EVs have been achieved in neuronal diseases not responsive to conventional drugs. In one of the first
studies, miR-146b-delivered EVs inhibited glioma multiforme growth by targeting epidermal growth
factor receptor (EGFR) mRNA in rats [135]. In addition, EVs derived from miR-199a-overexpressing
MSCs inhibited glioma development by inducing apoptosis via downregulation of ankyrin repeat and
pH domain 2 expression [136]. The most encouraging results of engineered EVs regard their ability
to improve existing drug therapies by increasing sensitivity to conventional drugs to which patients
acquire resistance. For instance, miR-199a and miR-9 released via EVs enhanced chemosensitivity in a
combinatorial protocol with temozolomide, leading to a significant reduction in proliferation, migration,
and invasion of glioma [136,137]. In breast cancer, the use of exosomal miR-567 proved to be an
effective means of reversing resistance to trastuzumab by inhibiting ATG5 expression [138] and miR-134
increased cisplatin-induced apoptosis by enhancing sensitivity to anti-Hsp90 drugs [13]. In liver cancer,
miR-122 was found to be remarkably effective in decreasing chemoresistance by downregulating three
genes, ADAMI0, IGF1R, and CCNG], involved in tumorigenesis and drug sensitivity. The authors
observed a decrease in tumor volume and weight, in vivo, exclusively through the use of miR-122 from
adipose tissue-derived MSC EVs combined with sorafenib [139] for GRP78-siRNA EVs transfected
into hepatocellular carcinoma cells, leading to a significant reduction in sorafenib resistance and tumor
metastasis formation [140]. Finally, EV-released miR-128-3p increased chemosensitivity to oxaliplatin
in colorectal cancer by negatively regulating expression of Bmil and MRP5 genes [141].

Besides delivering miRNAs and siRNAs, EVs can also carry mRNAs, long noncoding RNAs,
and circular RNAs (circRNAs). These long noncoding RNAs are the subject of increasing interest
because of their biological stability and function as gene expression regulatory elements when acting
as a miRNA sponge. circ-0051443 delivered by EVs in hepatocarcinoma cells was reported to reduce
tumor progression and, in vivo, the size and weight of xenograft tumors. In this case, circRNA acted as
a sponge of miR-331-3p, inhibiting expression of the BAK1 gene, an important cell death regulator [142].
EV circRNA was also found to play a role in chemoresistance. In gastric cancer cells, the long
noncoding RNA HOXA transcript at the distal tip (HOTTIP) was able to promote resistance to cisplatin
by regulating miR-218, which targets the HMGAI1 gene, a tumor promoter in several cancers [143].
In colorectal cancer, hsa_circ_0005963 acted as a miR-122 sponge, causing overexpression of the PKM2
gene and consequently resistance to oxaliplatin [144]. One of the limitations associated with EV
therapy concerns its production site. Most EVs are generated from primary MSCs or immortalized cells.
Millions of cells are required to produce a sufficient quantity of EVs, severely hindering their potential
therapeutic use. This limitation could be overcome by using EVs derived from human red blood
cells (hRBC). Since RBCs constitute the majority of the body’s cells (about 84%) [145], a sufficiently
high number of EVs can be produced while simultaneously abolishing immunological cytotoxicity,
resulting from the use of primary cell-derived EVs. This approach was validated in a study by Usman
et al., where hRBC-derived EVs proved to be an effective and safe method of gene therapy. As well
as demonstrating that it is possible to target a specific miRNA, miR-125, by transferring an inhibitor
via RBC-EVs in a particularly aggressive breast cancer line, the authors described a novel use of the
CRISPR-Cas9 system in gene therapy. By transferring both Cas9 mRNA and RNA to the genetic target
of interest, they obtained promising results in gene expression modulation [146].
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3.2. Hematologic Tumors

Currently, in terms of gene therapy, the most cutting-edge therapeutic approach for hematological
diseases is chimeric antigen receptor T cell therapy (CAR-T) [147]. Since most leukemia is caused by
an imbalance of coding and noncoding genes [148], the development of opportune RNA interference
therapies is required. One of the most studied targets in hematological diseases is c-Myc, and EVs targeting
c-Myc by siRNA-induced apoptosis in lymphoma cells in vivo [149]. In addition, since inflammations are a key
process in the development and progression of hematologic cancers, many research efforts are aimed at targeting
monocytes and macrophages. One of the first studies in this field showed the effective transfer of a
siRNA from plasma EVs of peripheral blood mononuclear cells into the target cells, causing selective
gene silencing of MAPK-1 [150]. Dendritic-derived EV miR-155 and miR-146a can be effectively
transferred between immune cells in vivo, and positively and negatively regulate the inflammatory
process in mammals, respectively [151]. In a more recent study, the viability of precursor B cell acute
lymphoblastic leukemia was reduced using engineered EVs carrying specific RNA oligonucleotides
against Che-1/AATF polymerase [152]. However, one of the most interesting studies is that by Usman
et al., where in addition to demonstrating the advantages of using EVs-derived from blood cells for
gene therapy, the authors showed that induction of antisense miR-125 reduces the progression of
acute myeloid leukemia (AML) in vivo. For this purpose, they loaded antisense oligonucleotide into
3 x 10!2 EVs which subsequently were injected into tumor-bearing mice.

Notably, most of the articles in this review use a large amount of vesicles for in vivo experiments
(ranging from 5 x 10'° to 10 x 10'? total EVs) without incurring toxicity, immunogenicity and changes
in cytokine levels. Furthermore, EV purity evaluations were performed by different technologies
(TEM, SEC, NanoSight) to ensure the therapeutic effects were due only to vesicles.

Table 4. List of acid nucleic molecules used as therapeutic in cancer, and related targets.

Therapeutic Target(s) Cancer Type Outcome(s) Reference
miR-100 VE%P}];? gOR’ Breast reduction in the growth and spread [121]
miR-497 HD\gf:GaidY/éIékIEl Lung angiogenesis repressed [122]

siRNA HGF Gastric angiogenesis and tumor growth suppressed [123]

siRNA VEGF Brain angiogenesis decreased [124]

miR-379 COX-2 Breast reduction in tumor growth [125]

siRNA TRPP2 Laryngeal migration and invasion blocked [126]

SRNA HSP27 Neuroblastoma neuronal maturation and differentiation promoted; [127]

reduction proliferation and viability of cancer
CBSA/siS100A4 S100A4 Breast postoperative cancer metastasis suppressed [128]
miR-148b-3 TRIMS59 Breast proliferation, invasion, and migration inhibithed; [129]
P apoptosis promoted

miR-134 STATSB Breast cellular proliferation reduced; cisplatin-induced [13]
apoptosis enhanced :

siRNA TGE-p Murine Sarcoma cancer growth and tumor progression repressed [134]

siRNA KRAS ;:ri%:;i tumor proliferation and growth reduced [130-133]

miR-146b EGFR Glioma multiforme Growth inhibited [135]

miR-199a AGAP2 Glioma inducing apoptosis enhanced chemosensitivity [136]
for temozolomide .

Anti-miRNA miR-9 Glioma proliferation, migration, and invasion reduced [137]

miR-567 ATG5 Breast reversing resistance to trastuzumab [138]
. ADAM10, IGFIR, . decreasing chemoresistance; tumor volume and

miR-122 and CCNG1 Liver weight decrease (1391

. Hepatocellular reduction in sorafenib resistance and tumor )
SIRNA GRP78 carcinoma metastasis formation [140]
miR-128-3p Bmil, MRP5 Colorectal increased chemosensitivity to oxaliplatin [141]
circ-0051443 BAK1 Hepatocarcinoma tumor progression and size and weight of [142]

tumor reduced

HOTTIP miR-218 Gastric promote resistance to cisplatin [143]
hsa_circ_0005963 miR-122 Colorectal promote resistance to oxaliplatin [144]
siRNA c-Myc Lymphoma Apoptosis induced [149]
miR-155; miR-146a SHIPl[?{erIgACHl; BMDCs regulate inflammation [151]
RNA OLIGOS Che-1/AATF CLL Viability reduced [152]
125b-ASO miR-125 AML Progression reduced [146]
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4. Conclusions

Despite greater insights and rapid progress in the diagnosis and treatment of cancer, the efficacy
of current treatment strategies is still limited. The synergism of gene therapy and EV communication
has opened up new horizons in the treatment of malignancies. EV-based gene therapy represents
a promising approach to delivering new precision medicine treatments for solid and hematological
cancers. Crucially, EVs are highly stable, non-toxic, and non-immunogenic natural targeted delivery
vehicles. Exploiting the properties of EVs in combination with gene therapy has already proved
to be effective in efficiently targeting and delivering therapeutic agents in preclinical models.
Further molecular and in vivo studies will be required to substantiate and validate current findings
and improve EV-mediated gene therapy.

Author Contributions: Writing—original draft preparation and figure drawing, C.M., G.S. and V.E;; conceptualization,
supervision, and funding acquisition, C.D. and L.A.; draft review and editing, S.R.B., C.D. and L.A. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by AIRC-17217; VALERE: Vanvitelli per la Ricerca; Campania Regional
Government Technology Platform Lotta alle Patologie Oncologiche: iCURE-B21C17000030007; Campania
Regional Government FASE2: IDEAL; MIUR, Proof of Concept-EPICUREPOCO01_00043-B64119000290008; P.O.R.
CAMPANIA FSE 2014/2020 ASSE I11-B27D18001070006.

Acknowledgments: Special thanks to Catherine Fisher for language editing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gurunathan, S.; Kang, M.H.; Jeyaraj, M.; Qasim, M.; Kim, J.H. Review of the Isolation, Characterization,
Biological Function, and Multifarious Therapeutic Approaches of Exosomes. Cells 2019, 8, 307. [CrossRef]

2. Zara, M.; Guidetti, G.F.; Camera, M.; Canobbio, I.; Amadio, P,; Torti, M.; Tremoli, E.; Barbieri, S.S. Biology
and Role of Extracellular Vesicles (EVs) in the Pathogenesis of Thrombosis. Int. J. Mol. Sci. 2019, 20, 2840.
[CrossRef]

3. Nonaka, T.; Wong, D.T.W. Saliva-Exosomics in Cancer: Molecular Characterization of Cancer-Derived
Exosomes in Saliva. Enzymes 2017, 42, 125-151. [CrossRef] [PubMed]

4. Fujita, K;; Nonomura, N. Urinary biomarkers of prostate cancer. Int. J. Urol. 2018, 25, 770-779. [CrossRef]

5.  Dixon, C.L.; Sheller-Miller, S.; Saade, G.R.; Fortunato, S.J.; Lai, A.; Palma, C.; Guanzon, D.; Salomon, C.;
Menon, R. Amniotic Fluid Exosome Proteomic Profile Exhibits Unique Pathways of Term and Preterm Labor.
Endocrinology 2018, 159, 2229-2240. [CrossRef] [PubMed]

6. Andras, L.E.; Toborek, M. Extracellular vesicles of the blood-brain barrier. Tissue Barriers 2016, 4, e1131804.
[CrossRef] [PubMed]

7.  Martin, C.; Patel, M.; Williams, S.; Arora, H.; Brawner, K.; Sims, B. Human breast milk-derived exosomes
attenuate cell death in intestinal epithelial cells. Innate. Immun. 2018, 24, 278-284. [CrossRef] [PubMed]

8. Lugini, L.; Cecchetti, S.; Huber, V.; Luciani, F.; Macchia, G.; Spadaro, F.; Paris, L.; Abalsamo, L.; Colone, M.;
Molinari, A.; et al. Immune surveillance properties of human NK cell-derived exosomes. J. Immunol. 2012,
189, 2833-2842. [CrossRef] [PubMed]

9.  Bebelman, M.P; Crudden, C.; Pegtel, D.M.; Smit, M.]. The Convergence of Extracellular Vesicle and GPCR
Biology. Trends Pharm. Sci. 2020, 41, 627-640. [CrossRef]

10. Gai, C,; Carpanetto, A.; Deregibus, M.C.; Camussi, G. Extracellular vesicle-mediated modulation of
angiogenesis. Histol. Histopathol. 2016, 31, 379-391. [CrossRef]

11.  Sun, J.E; Zhang, D.; Gao, C.J.; Zhang, Y.W.; Dai, Q.S. Exosome-Mediated MiR-155 Transfer Contributes to
Hepatocellular Carcinoma Cell Proliferation by Targeting PTEN. Med. Sci. Monit. Basic Res. 2019, 25, 218-228.
[CrossRef] [PubMed]

12. Hu, Y; Yan, C; Mu, L,; Huang, K,; Li, X,; Tao, D.; Wu, Y.; Qin, J. Fibroblast-Derived Exosomes Contribute to
Chemoresistance through Priming Cancer Stem Cells in Colorectal Cancer. PLoS ONE 2015, 10, e0125625.
[CrossRef] [PubMed]


http://dx.doi.org/10.3390/cells8040307
http://dx.doi.org/10.3390/ijms20112840
http://dx.doi.org/10.1016/bs.enz.2017.08.002
http://www.ncbi.nlm.nih.gov/pubmed/29054268
http://dx.doi.org/10.1111/iju.13734
http://dx.doi.org/10.1210/en.2018-00073
http://www.ncbi.nlm.nih.gov/pubmed/29635386
http://dx.doi.org/10.1080/21688370.2015.1131804
http://www.ncbi.nlm.nih.gov/pubmed/27141419
http://dx.doi.org/10.1177/1753425918785715
http://www.ncbi.nlm.nih.gov/pubmed/29991305
http://dx.doi.org/10.4049/jimmunol.1101988
http://www.ncbi.nlm.nih.gov/pubmed/22904309
http://dx.doi.org/10.1016/j.tips.2020.07.001
http://dx.doi.org/10.14670/HH-11-708
http://dx.doi.org/10.12659/MSMBR.918134
http://www.ncbi.nlm.nih.gov/pubmed/31645540
http://dx.doi.org/10.1371/journal.pone.0125625
http://www.ncbi.nlm.nih.gov/pubmed/25938772

Pharmaceutics 2020, 12, 980 11 of 18

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

O’Brien, K.; Lowry, M.C.; Corcoran, C.; Martinez, V.G.; Daly, M.; Rani, S.; Gallagher, WM.; Radomski, M.W.;
MacLeod, R.A.; O’Driscoll, L. miR-134 in extracellular vesicles reduces triple-negative breast cancer aggression
and increases drug sensitivity. Oncotarget 2015, 6, 32774-32789. [CrossRef] [PubMed]

Ruppert, K.A.; Nguyen, T.T.; Prabhakara, K.S.; Toledano Furman, N.E.; Srivastava, A K.; Harting, M.T,;
Cox, C.S,, Jr.; Olson, S.D. Human Mesenchymal Stromal Cell-Derived Extracellular Vesicles Modify Microglial
Response and Improve Clinical Outcomes in Experimental Spinal Cord Injury. Sci. Rep. 2018, 8, 480.
[CrossRef] [PubMed]

Yan, C.; Hu, ].; Yang, Y.; Hu, H.; Zhou, D.; Ma, M.; Xu, N. Plasma extracellular vesiclepackaged microRNAs as
candidate diagnostic biomarkers for earlystage breast cancer. Mol. Med. Rep. 2019, 20, 3991-4002. [CrossRef]
Ahn, S.Y,; Park, W.S,; Kim, Y.E.; Sung, D.K.; Sung, S.I.; Ahn, ].Y.; Chang, Y.S. Vascular endothelial growth
factor mediates the therapeutic efficacy of mesenchymal stem cell-derived extracellular vesicles against
neonatal hyperoxic lung injury. Exp. Mol. Med. 2018, 50, 26. [CrossRef]

Liu, Q; Yu, Z; Yuan, S.; Xie, W,; Li, C.; Hu, Z.; Xiang, Y.; Wu, N.; Wu, L.; Bai, L.; et al. Circulating exosomal
microRNAs as prognostic biomarkers for non-small-cell lung cancer. Oncotarget 2017, 8, 13048-13058.
[CrossRef]

Zhuang, X.; Xiang, X.; Grizzle, W.; Sun, D.; Zhang, S.; Axtell, R.C.; Ju, S.;; Mu, J.; Zhang, L.; Steinman, L.; et al.
Treatment of brain inflammatory diseases by delivering exosome encapsulated anti-inflammatory drugs
from the nasal region to the brain. Mol. Ther. 2011, 19, 1769-1779. [CrossRef]

Nordmeiera, S.; Ke, W.; Afonin, K.A.; Portnoy, V. Exosome mediated delivery of functional nucleic acid
nanoparticles(NANPs). Nanomed. Nanotechnol. Biol. Med. 2020, 30, 102285. [CrossRef]

Vlassov, A.V.; Magdaleno, S.; Setterquist, R.; Conrad, R. Exosomes: Current knowledge of their composition,
biological functions, and diagnostic and therapeutic potentials. Biochim. Biophys. Acta 2012, 1820, 940-948.
[CrossRef]

Akuma, P.; Okagu, O.D.; Udenigwe, C.C. Naturally Occurring Exosome Vesicles as Potential Delivery Vehicle
for Bioactive Compounds. Front. Sustain. Food Syst. 2019, 3, 23. [CrossRef]

Zhu, X.; Badawi, M.; Pomeroy, S.; Sutaria, D.S.; Xie, Z.; Baek, A.; Jiang, J.; Elgamal, O.A.; Mo, X,; Perle, K,;
etal. Comprehensive toxicity and immunogenicity studies reveal minimal effects in mice following sustained
dosing of extracellular vesicles derived from HEK293T cells. J. Extracell Vesicles 2017, 6, 1324730. [CrossRef]
[PubMed]

Saleh, A.F; Lazaro-Ibanez, E.; Forsgard, M.A.; Shatnyeva, O.; Osteikoetxea, X.; Karlsson, F.; Heath, N.;
Ingelsten, M.; Rose, J.; Harris, J.; et al. Extracellular vesicles induce minimal hepatotoxicity and
immunogenicity. Nanoscale 2019, 11, 6990-7001. [CrossRef] [PubMed]

Baglio, S.R.; Pegtel, D.M.; Baldini, N. Mesenchymal stem cell secreted vesicles provide novel opportunities
in (stem) cell-free therapy. Front. Physiol. 2012, 3, 359. [CrossRef] [PubMed]

Gowen, A.; Shahjin, F; Chand, S.; Odegaard, K.E.; Yelamanchili, S.V. Mesenchymal Stem Cell-Derived
Extracellular Vesicles: Challenges in Clinical Applications. Front. Cell Dev. Biol. 2020, 8, 149. [CrossRef]
Bulut, O.; Giirsel, 1. Mesenchymal stem cell derived extracellular vesicles: Promising immunomodulators
against autoimmune, autoinflammatory disorders and SARS-CoV-2 infection. Turk. J. Biol. 2020, 44, 273-282.
[CrossRef]

Kordelas, L.; Rebmann, V.; Ludwig, A.K.; Radtke, S.; Ruesing, J.; Doeppner, T.R.; Epple, M.; Horn, PA;
Beelen, D.W.; Giebel, B. MSC-derived exosomes: A novel tool to treat therapy-refractory graft-versus-host
disease. Leukemia 2014, 28, 970-973. [CrossRef]

Nassar, W.; El-Ansary, M.; Sabry, D.; Mostafa, M.A; Fayad, T.; Kotb, E.; Temraz, M.; Saad, A.N.; Essa, W.;
Adel, H. Umbilical cord mesenchymal stem cells derived extracellular vesicles can safely ameliorate the
progression of chronic kidney diseases. Biomater. Res. 2016, 20, 21. [CrossRef]

Effect of Microvesicles and Exosomes Therapy on (3-Cell Mass in Type I Diabetes Mellitus (T1IDM). Available
online: https://clinicaltrials.gov/ct2/show/NCT02138331 (accessed on 10 October 2020).

Buschow, S.I.; Nolte-'t Hoen, E.N.; van Niel, G.; Pols, M.S.; ten Broeke, T.; Lauwen, M.; Ossendorp, E;
Melief, C.J.; Raposo, G.; Wubbolts, R.; et al. MHC Il in dendritic cells is targeted to lysosomes or T cell-induced
exosomes via distinct multivesicular body pathways. Traffic 2009, 10, 1528-1542. [CrossRef]

Kim, S.H.; Lechman, E.R.; Bianco, N.; Menon, R.; Keravala, A.; Nash, J.; Mi, Z.; Watkins, S.C.; Gambotto, A.;
Robbins, P.D. Exosomes derived from IL-10-treated dendritic cells can suppress inflammation and
collagen-induced arthritis. J. Immunol. 2005, 174, 6440-6448. [CrossRef]


http://dx.doi.org/10.18632/oncotarget.5192
http://www.ncbi.nlm.nih.gov/pubmed/26416415
http://dx.doi.org/10.1038/s41598-017-18867-w
http://www.ncbi.nlm.nih.gov/pubmed/29323194
http://dx.doi.org/10.3892/mmr.2019.10669
http://dx.doi.org/10.1038/s12276-018-0055-8
http://dx.doi.org/10.18632/oncotarget.14369
http://dx.doi.org/10.1038/mt.2011.164
http://dx.doi.org/10.1016/j.nano.2020.102285
http://dx.doi.org/10.1016/j.bbagen.2012.03.017
http://dx.doi.org/10.3389/fsufs.2019.00023
http://dx.doi.org/10.1080/20013078.2017.1324730
http://www.ncbi.nlm.nih.gov/pubmed/28717420
http://dx.doi.org/10.1039/C8NR08720B
http://www.ncbi.nlm.nih.gov/pubmed/30916672
http://dx.doi.org/10.3389/fphys.2012.00359
http://www.ncbi.nlm.nih.gov/pubmed/22973239
http://dx.doi.org/10.3389/fcell.2020.00149
http://dx.doi.org/10.3906/biy-2002-79
http://dx.doi.org/10.1038/leu.2014.41
http://dx.doi.org/10.1186/s40824-016-0068-0
https://clinicaltrials.gov/ct2/show/NCT02138331
http://dx.doi.org/10.1111/j.1600-0854.2009.00963.x
http://dx.doi.org/10.4049/jimmunol.174.10.6440

Pharmaceutics 2020, 12, 980 12 of 18

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

Xie, X.; Wu, H,; Li, M,; Chen, X; Xu, X;; Ni, W.; Lu, C,; Ni, R.; Bao, B.; Xiao, M. Progress in the application of
exosomes as therapeutic vectors in tumor-targeted therapy. Cytotherapy 2019, 21, 509-524. [CrossRef]
Chulpanova, D.S.; Kitaeva, K.V.; James, V.; Rizvanov, A.A.; Solovyeva, V.V. Therapeutic Prospects of
Extracellular Vesicles in Cancer Treatment. Front. Immunol. 2018, 9, 1534. [CrossRef]

Carobolante, G.; Mantaj, J.; Ferrari, E.; Vllasaliu, D. Cow Milk and Intestinal Epithelial Cell-derived
Extracellular Vesicles as Systems for Enhancing Oral Drug Delivery. Pharmaceutics 2020, 12, 226. [CrossRef]
Shigemoto-Kuroda, T.; Oh, ].Y.; Kim, D.K,; Jeong, H.].; Park, S.Y.; Lee, H].; Park, JW.; Kim, TW.; An, S.Y,;
Prockop, D.J.; et al. MSC-derived Extracellular Vesicles Attenuate Immune Responses in Two Autoimmune
Murine Models: Type 1 Diabetes and Uveoretinitis. Stem Cell Rep. 2017, 8, 1214-1225. [CrossRef] [PubMed]
Li, Y.J.; Wu, ].Y,; Hu, X.B.; Wang, ] M.; Xiang, D.X. Autologous cancer cell-derived extracellular vesicles as
drug-delivery systems: A systematic review of preclinical and clinical findings and translational implications.
Nanomedicine 2019, 14, 493-509. [CrossRef] [PubMed]

Mulcahy, L.A.; Pink, R.C.; Carter, D.R. Routes and mechanisms of extracellular vesicle uptake. J. Extracell.
Vesicles 2014, 3, 10. [CrossRef] [PubMed]

Purushothaman, A.; Bandari, S.K,; Liu, J.; Mobley, J.A.; Brown, E.E.; Sanderson, R.D. Fibronectin on the Surface
of Myeloma Cell-derived Exosomes Mediates Exosome-Cell Interactions. J. Biol. Chem. 2016, 291, 1652-1663.
[CrossRef]

Nazarenko, I.; Rana, S.; Baumann, A.; McAlear, J.; Hellwig, A.; Trendelenburg, M.; Lochnit, G.; Preissner, K.T.;
Zoller, M. Cell surface tetraspanin Tspan8 contributes to molecular pathways of exosome-induced endothelial
cell activation. Cancer Res. 2010, 70, 1668-1678. [CrossRef] [PubMed]

Saeedi, S.; Israel, S.; Nagy, C.; Turecki, G. The emerging role of exosomes in mental disorders. Transl. Psychiatry
2019, 9, 122. [CrossRef]

Chen, C.C,; Liu, L.; Ma, F; Wong, C.W.; Guo, X.E.; Chacko, ].V,; Farhoodi, H.P,; Zhang, 5.X.; Zimalk, ].; Segaliny, A.;
et al. Elucidation of Exosome Migration across the Blood-Brain Barrier Model In Vitro. Cell Mol. Bioeng. 2016,
9, 509-529. [CrossRef]

Alvarez-Erviti, L.; Seow, Y.; Yin, H.; Betts, C.; Lakhal, S.; Wood, M.]. Delivery of siRNA to the mouse brain by
systemic injection of targeted exosomes. Nat. Biotechnol. 2011, 29, 341-345. [CrossRef] [PubMed]

Wirth, T.; Yla-Herttuala, S. Gene Therapy Used in Cancer Treatment. Biomedicines 2014, 2, 149-162. [CrossRef]
Li, Y,; Thambi, T.; Lee, D.S. Co-Delivery of Drugs and Genes Using Polymeric Nanoparticles for Synergistic
Cancer Therapeutic Effects. Adv. Healthc. Mater. 2018, 7. [CrossRef] [PubMed]

Rosenblum, D.; Joshi, N.; Tao, W.; Karp, ].M.; Peer, D. Progress and challenges towards targeted delivery of
cancer therapeutics. Nat. Commun. 2018, 9, 1410. [CrossRef] [PubMed]

Luis de Redin, I.; Exposito, F.; Agueros, M.; Collantes, M.; Penuelas, I.; Allemandji, D.; Llabot, ].M.; Calvo, A.;
Irache, ].M. In vivo efficacy of bevacizumab-loaded albumin nanoparticles in the treatment of colorectal
cancer. Drug Deliv. Transl. Res. 2020, 10, 635-645. [CrossRef] [PubMed]

Ramasubramanian, L.; Kumar, P; Wang, A. Engineering Extracellular Vesicles as Nanotherapeutics for
Regenerative Medicine. Biomolecules 2019, 10, 48. [CrossRef]

Emam, S.E.; Ando, H,; Lila, A.S.A.; Shimizu, T.; Okuhira, K.; Ishima, Y.; Mahdy, M.A.; Fakhr-eldin, S.G.;
Sagawa, I.; Ishida, T. Liposome co-incubation with cancer cells secreted exosomes (extracellular vesicles)
with different proteins expressions and different uptake pathways. Sci. Rep. 2018, 8, 1-11. [CrossRef]
Perez-Hernandez, J.; Cortes, R. Donor-derived exosomes: Key in lung allograft rejection? Ann. Transl. Med.
2017, 5, 85. [CrossRef]

Bruno, S.; Tapparo, M.; Collino, E; Chiabotto, G.; Deregibus, M.C.; Soares Lindoso, R.; Neri, F.; Kholia, S.;
Giunti, S.; Wen, S.; et al. Renal Regenerative Potential of Different Extracellular Vesicle Populations Derived
from Bone Marrow Mesenchymal Stromal Cells. Tissue Eng. Part A 2017, 23, 1262-1273. [CrossRef]

Li, T; Yan, Y.; Wang, B.; Qian, H.; Zhang, X.; Shen, L.; Wang, M.; Zhou, Y.; Zhu, W.; Li, W.; et al. Exosomes
derived from human umbilical cord mesenchymal stem cells alleviate liver fibrosis. Stem. Cells Dev. 2013,
22,845-854. [CrossRef]

Zhang, Z.; Yang, ].; Yan, W.; Li, Y; Shen, Z.; Asahara, T. Pretreatment of Cardiac Stem Cells With Exosomes
Derived From Mesenchymal Stem Cells Enhances Myocardial Repair. . Am. Heart Assoc. 2016, 5, €002856.
[CrossRef]


http://dx.doi.org/10.1016/j.jcyt.2019.01.001
http://dx.doi.org/10.3389/fimmu.2018.01534
http://dx.doi.org/10.3390/pharmaceutics12030226
http://dx.doi.org/10.1016/j.stemcr.2017.04.008
http://www.ncbi.nlm.nih.gov/pubmed/28494937
http://dx.doi.org/10.2217/nnm-2018-0286
http://www.ncbi.nlm.nih.gov/pubmed/30694095
http://dx.doi.org/10.3402/jev.v3.24641
http://www.ncbi.nlm.nih.gov/pubmed/25143819
http://dx.doi.org/10.1074/jbc.M115.686295
http://dx.doi.org/10.1158/0008-5472.CAN-09-2470
http://www.ncbi.nlm.nih.gov/pubmed/20124479
http://dx.doi.org/10.1038/s41398-019-0459-9
http://dx.doi.org/10.1007/s12195-016-0458-3
http://dx.doi.org/10.1038/nbt.1807
http://www.ncbi.nlm.nih.gov/pubmed/21423189
http://dx.doi.org/10.3390/biomedicines2020149
http://dx.doi.org/10.1002/adhm.201700886
http://www.ncbi.nlm.nih.gov/pubmed/28941203
http://dx.doi.org/10.1038/s41467-018-03705-y
http://www.ncbi.nlm.nih.gov/pubmed/29650952
http://dx.doi.org/10.1007/s13346-020-00722-7
http://www.ncbi.nlm.nih.gov/pubmed/32040774
http://dx.doi.org/10.3390/biom10010048
http://dx.doi.org/10.1038/s41598-018-32861-w
http://dx.doi.org/10.21037/atm.2017.01.34
http://dx.doi.org/10.1089/ten.tea.2017.0069
http://dx.doi.org/10.1089/scd.2012.0395
http://dx.doi.org/10.1161/JAHA.115.002856

Pharmaceutics 2020, 12, 980 13 of 18

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Xin, H.; Li, Y;; Liu, Z,; Wang, X.; Shang, X.; Cui, Y.; Zhang, Z.G.; Chopp, M. MiR-133b promotes neural
plasticity and functional recovery after treatment of stroke with multipotent mesenchymal stromal cells in
rats via transfer of exosome-enriched extracellular particles. Stem. Cells 2013, 31, 2737-2746. [CrossRef]
[PubMed]

Lai, R.C,; Arslan, F; Lee, M.M.; Sze, N.S.; Choo, A.; Chen, T.S.; Salto-Tellez, M.; Timmers, L.; Lee, C.N.; EL
Oakley, RM.; et al. Exosome secreted by MSC reduces myocardial ischemia/reperfusion injury. Stem. Cell Res.
2010, 4, 214-222. [CrossRef]

Doeppner, T.R.; Herz, J.; Gorgens, A.; Schlechter, J.; Ludwig, A.K.; Radtke, S.; de Miroschedji, K.; Horn, P.A.;
Giebel, B.; Hermann, D.M. Extracellular Vesicles Improve Post-Stroke Neuroregeneration and Prevent
Postischemic Immunosuppression. Stem. Cells Transl. Med. 2015, 4, 1131-1143. [CrossRef]

Yin, K.; Wang, S.; Zhao, R.C. Exosomes from mesenchymal stem/stromal cells: A new therapeutic paradigm.
Biomark Res. 2019, 7, 8. [CrossRef] [PubMed]

Quah, B.J.; O'Neill, H.C. The immunogenicity of dendritic cell-derived exosomes. Blood Cells Mol. Dis. 2005,
35,94-110. [CrossRef] [PubMed]

Tian, H.; Li, W. Dendritic cell-derived exosomes for cancer immunotherapy: Hope and challenges.
Ann. Transl. Med. 2017, 5, 221. [CrossRef] [PubMed]

Pitt, ].M.; Andre, F.; Amigorena, S.; Soria, ].C.; Eggermont, A.; Kroemer, G.; Zitvogel, L. Dendritic cell-derived
exosomes for cancer therapy. . Clin. Invest. 2016, 126, 1224-1232. [CrossRef] [PubMed]

Morse, M.A.; Garst, J.; Osada, T.; Khan, S.; Hobeika, A.; Clay, T.M.; Valente, N.; Shreeniwas, R.; Sutton, M.A;
Delcayre, A.; et al. A phase I study of dexosome immunotherapy in patients with advanced non-small cell
lung cancer. J. Transl. Med. 2005, 3, 9. [CrossRef]

Kooijmans, S.A.A.; Stremersch, S.; Braeckmans, K.; de Smedt, S.C.; Hendrix, A.; Wood, M.J.A ; Schiffelers, R.M.;
Raemdonck, K.; Vader, P. Electroporation-induced siRNA precipitation obscures the efficiency of siRNA
loading into extracellular vesicles. J. Control Release 2013, 172, 229-238. [CrossRef]

Lamichhane, T.N.; Raiker, R.S.; Jay, S.M. Exogenous DNA Loading into Extracellular Vesicles via
Electroporation is Size-Dependent and Enables Limited Gene Delivery. Mol. Pharm. 2015, 12, 3650-3657.
[CrossRef] [PubMed]

Didiot, M.C.; Hall, L.M.; Coles, A.H.; Haraszti, R.A.; Godinho, B.M.; Chase, K.; Sapp, E.; Ly, S.; Alterman, J.F.;
Hassler, M.R.; et al. Exosome-mediated Delivery of Hydrophobically Modified siRNA for Huntingtin mRNA
Silencing. Mol. Ther. 2016, 24, 1836-1847. [CrossRef] [PubMed]

Lin, Y,; Wu, J; Gu, W,; Huang, Y.; Tong, Z.; Huang, L.; Tan, J. Exosome-Liposome Hybrid Nanoparticles
Deliver CRISPR/Cas9 System in MSCs. Adv. Sci. 2018, 5, 1700611. [CrossRef] [PubMed]

Clayton, A.; Turkes, A.; Dewitt, S.; Steadman, R.; Mason, M.D.; Hallett, M.B. Adhesion and signaling by B
cell-derived exosomes: The role of integrins. Faseb. J. 2004, 18, 977-979. [CrossRef] [PubMed]

Baglio, S.R.; Rooijers, K.; Koppers-Lalic, D.; Verweij, E].; Perez Lanzon, M.; Zini, N.; Naaijkens, B.; Perut, F;
Niessen, H.-W.; Baldini, N.; et al. Human bone marrow- and adipose-mesenchymal stem cells secrete
exosomes enriched in distinctive miRNA and tRNA species. Stem. Cell Res. 2015, 6, 127. [CrossRef]
[PubMed]

Hagiwara, K.; Katsuda, T.; Gailhouste, L.; Kosaka, N.; Ochiya, T. Commitment of Annexin A2 in recruitment
of microRNAs into extracellular vesicles. Febs. Lett. 2015, 589, 4071-4078. [CrossRef] [PubMed]

Hung, M.E,; Leonard, J.N. A platform for actively loading cargo RNA to elucidate limiting steps in
EV-mediated delivery. J. Extracell Vesicles 2016, 5, 31027. [CrossRef]

Bolukbasi, M.E,; Mizrak, A.; Ozdener, G.B.; Madlener, S.; Strobel, T.; Erkan, E.P,; Fan, ].B.; Breakefield, X.O.;
Saydam, O. miR-1289 and “Zipcode”-like Sequence Enrich mRNAs in Microvesicles. Mol. Nucleic Acids 2012,
1, e10. [CrossRef]

Reshke, R.; Taylor, J.A.; Savard, A.; Guo, H.; Rhym, L.H.; Kowalski, P.S.; Trung, M.T.; Campbell, C.; Little, W.;
Anderson, D.G.; et al. Reduction of the therapeutic dose of silencing RNA by packaging it in extracellular
vesicles via a pre-microRNA backbone. Nat. Biomed. Eng. 2020, 4, 52-68. [CrossRef]

Wang, Q.; Yu, J.; Kadungure, T.; Beyene, ].; Zhang, H.; Lu, Q. ARMMs as a versatile platform for intracellular
delivery of macromolecules. Nat. Commun. 2018, 9, 960. [CrossRef]

Mizrak, A.; Bolukbasi, M.E,; Ozdener, G.B.; Brenner, G.J.; Madlener, S.; Erkan, E.P; Strobel, T.; Breakefield, X.O.;
Saydam, O. Genetically engineered microvesicles carrying suicide mRNA/protein inhibit schwannoma tumor
growth. Mol. Ther. 2013, 21, 101-108. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/stem.1409
http://www.ncbi.nlm.nih.gov/pubmed/23630198
http://dx.doi.org/10.1016/j.scr.2009.12.003
http://dx.doi.org/10.5966/sctm.2015-0078
http://dx.doi.org/10.1186/s40364-019-0159-x
http://www.ncbi.nlm.nih.gov/pubmed/30992990
http://dx.doi.org/10.1016/j.bcmd.2005.05.002
http://www.ncbi.nlm.nih.gov/pubmed/15975838
http://dx.doi.org/10.21037/atm.2017.02.23
http://www.ncbi.nlm.nih.gov/pubmed/28603736
http://dx.doi.org/10.1172/JCI81137
http://www.ncbi.nlm.nih.gov/pubmed/27035813
http://dx.doi.org/10.1186/1479-5876-3-9
http://dx.doi.org/10.1016/j.jconrel.2013.08.014
http://dx.doi.org/10.1021/acs.molpharmaceut.5b00364
http://www.ncbi.nlm.nih.gov/pubmed/26376343
http://dx.doi.org/10.1038/mt.2016.126
http://www.ncbi.nlm.nih.gov/pubmed/27506293
http://dx.doi.org/10.1002/advs.201700611
http://www.ncbi.nlm.nih.gov/pubmed/29721412
http://dx.doi.org/10.1096/fj.03-1094fje
http://www.ncbi.nlm.nih.gov/pubmed/15059973
http://dx.doi.org/10.1186/s13287-015-0116-z
http://www.ncbi.nlm.nih.gov/pubmed/26129847
http://dx.doi.org/10.1016/j.febslet.2015.11.036
http://www.ncbi.nlm.nih.gov/pubmed/26632510
http://dx.doi.org/10.3402/jev.v5.31027
http://dx.doi.org/10.1038/mtna.2011.2
http://dx.doi.org/10.1038/s41551-019-0502-4
http://dx.doi.org/10.1038/s41467-018-03390-x
http://dx.doi.org/10.1038/mt.2012.161
http://www.ncbi.nlm.nih.gov/pubmed/22910294

Pharmaceutics 2020, 12, 980 14 of 18

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Pascucci, L.; Cocce, V.; Bonomi, A.; Ami, D.; Ceccarelli, P.; Ciusani, E.; Vigano, L.; Locatelli, A.; Sisto, F.;
Doglia, S.M.; et al. Paclitaxel is incorporated by mesenchymal stromal cells and released in exosomes that
inhibit in vitro tumor growth: A new approach for drug delivery. ]. Control Release 2014, 192, 262-270.
[CrossRef] [PubMed]

Yang, Z.; Shi, |.; Xie, J.; Wang, Y.; Sun, J.; Liu, T.; Zhao, Y.; Zhao, X.; Wang, X.; Ma, Y.; et al. Large-scale
generation of functional mRNA-encapsulating exosomes via cellular nanoporation. Nat. Biomed. Eng. 2020,
4,69-83. [CrossRef] [PubMed]

Kojima, R.; Bojar, D.; Rizzi, G.; Hamri, G.C.; El-Baba, M.D.; Saxena, P.; Auslander, S.; Tan, K.R.; Fussenegger, M.
Designer exosomes produced by implanted cells intracerebrally deliver therapeutic cargo for Parkinson’s
disease treatment. Nat. Commun. 2018, 9, 1305. [CrossRef]

Sutaria, D.S.; Jiang, J.; Elgamal, O.A.; Pomeroy, S.M.; Badawi, M.; Zhu, X.; Pavlovicz, R.; Azevedo-Pouly, A.C.P;
Chalmers, J.; Li, C; et al. Low active loading of cargo into engineered extracellular vesicles results in
inefficient miRNA mimic delivery. J. Extracell Vesicles 2017, 6, 1333882. [CrossRef]

Li, Z.; Zhou, X.; Wei, M.; Gao, X.; Zhao, L.; Shi, R.; Sun, W.; Duan, Y.; Yang, G.; Yuan, L. In Vitro and in
Vivo RNA Inhibition by CD9-HuR Functionalized Exosomes Encapsulated with miRNA or CRISPR/dCas9.
Nano Lett. 2019, 19, 19-28. [CrossRef]

Matsumura, Y.; Maeda, H. A new concept for macromolecular therapeutics in cancer chemotherapy:
Mechanism of tumoritropic accumulation of proteins and the antitumor agent smancs. Cancer Res. 1986,
46, 6387-6392.

Hong, C.S.; Muller, L.; Boyiadzis, M.; Whiteside, T.L. Isolation and characterization of CD34+ blast-derived
exosomes in acute myeloid leukemia. PLoS ONE 2014, 9, e103310. [CrossRef]

Liu, A.Y. Differential expression of cell surface molecules in prostate cancer cells. Cancer Res. 2000,
60, 3429-3434.

Tian, Y.; Li, S.; Song, J.; Ji, T.; Zhu, M.; Anderson, G.J.; Wei, ].; Nie, G. A doxorubicin delivery platform using
engineered natural membrane vesicle exosomes for targeted tumor therapy. Biomaterials 2014, 35, 2383-2390.
[CrossRef]

Gao, X.; Ran, N; Dong, X.; Zuo, B.; Yang, R.; Zhou, Q.; Moulton, H.M.; Seow, Y.; Yin, H. Anchor peptide
captures, targets, and loads exosomes of diverse origins for diagnostics and therapy. Sci. Transl. Med. 2018,
10. [CrossRef] [PubMed]

Abels, E.R.; Breakefield, X.O. Introduction to Extracellular Vesicles: Biogenesis, RNA Cargo Selection,
Content, Release, and Uptake. Cell Mol. Neurobiol. 2016, 36, 301-312. [CrossRef] [PubMed]

Hong, M.; Zhu, S.; Jiang, Y.; Tang, G.; Sun, C.; Fang, C.; Shi, B.; Pei, Y. Novel anti-tumor strategy:
PEG-hydroxycamptothecin conjugate loaded transferrin-PEG-nanoparticles. J. Control Release 2010, 141, 22-29.
[CrossRef] [PubMed]

Jiang, X.; Sha, X.; Xin, H.; Chen, L.; Gao, X.; Wang, X.; Law, K,; Gu, ].; Chen, Y,; Jiang, Y.; et al. Self-aggregated
pegylated poly (trimethylene carbonate) nanoparticles decorated with ¢(RGDyK) peptide for targeted
paclitaxel delivery to integrin-rich tumors. Biomaterials 2011, 32, 9457-9469. [CrossRef]

Nazli, C.; Demirer, G.S.; Yar, Y.; Acar, H.Y.; Kizilel, S. Targeted delivery of doxorubicin into tumor cells
via MMP-sensitive PEG hydrogel-coated magnetic iron oxide nanoparticles (MIONPs). Colloids Surf.
B Biointerfaces 2014, 122, 674—683. [CrossRef]

Ly, S.; Navaroli, D.M.; Didiot, M.C.; Cardia, J.; Pandarinathan, L.; Alterman, ].E,; Fogarty, K.; Standley, C.;
Lifshitz, L.M.; Bellve, K.D,; et al. Visualization of self-delivering hydrophobically modified siRNA cellular
internalization. Nucleic Acids Res. 2017, 45, 15-25. [CrossRef]

Haraszti, R.A.; Miller, R.; Didiot, M.C.; Biscans, A.; Alterman, J.E.,; Hassler, M.R.; Roux, L.; Echeverria, D.;
Sapp, E.; DiFiglia, M.; et al. Optimized Cholesterol-siRNA Chemistry Improves Productive Loading onto
Extracellular Vesicles. Mol. Ther. 2018, 26, 1973-1982. [CrossRef]

Huang, L.; Kennel, S.J. Binding of immunoglobulin G to phospholipid vesicles by sonication. Biochemistry
1979, 18, 1702-1707. [CrossRef]

Stremersch, S.; Vandenbroucke, R.E.; Van Wonterghem, E.; Hendrix, A.; De Smedt, S.C.; Raemdonck, K.
Comparing exosome-like vesicles with liposomes for the functional cellular delivery of small RNAs.
J. Control Release 2016, 232, 51-61. [CrossRef]

Mattern, R.H.; Read, S.B.; Pierschbacher, M.D.; Sze, C.I; Eliceiri, B.P.; Kruse, C.A. Glioma cell integrin
expression and their interactions with integrin antagonists: Research Article. Cancer 2005, 3A, 325-340.


http://dx.doi.org/10.1016/j.jconrel.2014.07.042
http://www.ncbi.nlm.nih.gov/pubmed/25084218
http://dx.doi.org/10.1038/s41551-019-0485-1
http://www.ncbi.nlm.nih.gov/pubmed/31844155
http://dx.doi.org/10.1038/s41467-018-03733-8
http://dx.doi.org/10.1080/20013078.2017.1333882
http://dx.doi.org/10.1021/acs.nanolett.8b02689
http://dx.doi.org/10.1371/journal.pone.0103310
http://dx.doi.org/10.1016/j.biomaterials.2013.11.083
http://dx.doi.org/10.1126/scitranslmed.aat0195
http://www.ncbi.nlm.nih.gov/pubmed/29875202
http://dx.doi.org/10.1007/s10571-016-0366-z
http://www.ncbi.nlm.nih.gov/pubmed/27053351
http://dx.doi.org/10.1016/j.jconrel.2009.08.024
http://www.ncbi.nlm.nih.gov/pubmed/19735683
http://dx.doi.org/10.1016/j.biomaterials.2011.08.055
http://dx.doi.org/10.1016/j.colsurfb.2014.07.049
http://dx.doi.org/10.1093/nar/gkw1005
http://dx.doi.org/10.1016/j.ymthe.2018.05.024
http://dx.doi.org/10.1021/bi00576a011
http://dx.doi.org/10.1016/j.jconrel.2016.04.005

Pharmaceutics 2020, 12, 980 15 of 18

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Sutherland, M.; Gordon, A.; Shnyder, S.D.; Patterson, L.H.; Sheldrake, H.M. RGD-Binding Integrins in
Prostate Cancer: Expression Patterns and Therapeutic Prospects against Bone Metastasis. Cancers 2012,
4,1106-1145. [CrossRef] [PubMed]

Cirulli, V.; Beattie, G.M.; Klier, G.; Ellisman, M.; Ricordi, C.; Quaranta, V.; Frasier, F,; Ishii, ] K.; Hayek, A.;
Salomon, D.R. Expression and function of &y 33 and «y 35 integrins in the developing pancreas: Roles in the
adhesion and migration of putative endocrine progenitor cells. J. Cell Biol. 2000, 150, 1445-1460. [CrossRef]
[PubMed]

Li, S.; McGuire, M.].; Lin, M,; Liu, Y.H.; Oyama, T.; Sun, X.; Brown, K.C. Synthesis and characterization of
a high-affinity o 4-specific ligand for in vitro and in vivo applications. Mol. Cancer 2009, 8, 1239-1249.
[CrossRef] [PubMed]

Moreno, P.; Ramos-Alvarez, I.; Moody, T.W.; Jensen, R.T. Bombesin related peptides/receptors and their promising
therapeutic roles in cancer imaging, targeting and treatment. Expert Opin. Targets 2016, 20, 1055-1073. [CrossRef]
Wu, C.H.; Lan, C.H.; Wu, K.L.; Wu, YM,; Jane, W.N.; Hsiao, M.; Wu, H.C. Hepatocellular carcinoma-targeted
nanoparticles for cancer therapy. Int. J. Oncol. 2018, 52, 389—401. [CrossRef]

Ohno, S.; Takanashi, M.; Sudo, K.; Ueda, S.; Ishikawa, A.; Matsuyama, N.; Fujita, K.; Mizutani, T.; Ohgi, T.;
Ochiya, T.; et al. Systemically injected exosomes targeted to EGFR deliver antitumor microRNA to breast
cancer cells. Mol. Ther. 2013, 21, 185-191. [CrossRef]

Song, S.; Liu, D.; Peng, J.; Sun, Y; Li, Z.; Gu, ].R.; Xu, Y. Peptide ligand-mediated liposome distribution and
targeting to EGFR expressing tumor in vivo. Int. |. Pharm. 2008, 363, 155-161. [CrossRef]

Li, Z.; Zhao, R.; Wu, X,; Sun, Y.; Yao, M.; Li, J.; Xu, Y.; Gu, J. Identification and characterization of a novel
peptide ligand of epidermal growth factor receptor for targeted delivery of therapeutics. FASEB. ]. 2005,
19, 1978-1985. [CrossRef]

Pasqualini, R.; Koivunen, E.; Kain, R.; Lahdenranta, ].; Sakamoto, M.; Stryhn, A.; Ashmun, R.A.; Shapiro, L.H.;
Arap, W.; Ruoslahti, E. Aminopeptidase N is a receptor for tumor-homing peptides and a target for inhibiting
angiogenesis. Cancer Res. 2000, 60, 722-727.

Daniels, T.R.; Bernabeu, E.; Rodriguez, ].A ; Patel, S.; Kozman, M.; Chiappetta, D.A.; Holler, E.; Ljubimova, J.Y.;
Helguera, G.; Penichet, M.L. The transferrin receptor and the targeted delivery of therapeutic agents against
cancer. Biochim. Biophys. Acta 2012, 1820, 291-317. [CrossRef]

Chu, Y.; Yahr, A.; Huang, B.; Ayello, J.; Barth, M.; S. Cairo, M. Romidepsin alone or in combination with
anti-CD20 chimeric antigen receptor expanded natural killer cells targeting Burkitt lymphoma in vitro and
in immunodeficient mice. Oncoimmunology 2017, 6, €1341031. [CrossRef] [PubMed]

Trabulo, S.; Aires, A.; Aicher, A.; Heeschen, C.; Cortajarena, A.L. Multifunctionalized iron oxide nanoparticles
for selective targeting of pancreatic cancer cells. Biochim. Biophys. Acta Gen. Subj. 2017, 1861, 1597-1605.
[CrossRef]

Christensen, M.V.; Hogdall, C.K; Jochumsen, K.M.; Hogdall, E.V.S. Annexin A2 and cancer: A systematic
review. Int. J. Oncol. 2018, 52, 5-18. [CrossRef] [PubMed]

Wang, Y.; Chen, X,; Tian, B.; Liu, J.; Yang, L.; Zeng, L.; Chen, T.; Hong, A.; Wang, X. Nucleolin-targeted
Extracellular Vesicles as a Versatile Platform for Biologics Delivery to Breast Cancer. Theranostics 2017,
7,1360-1372. [CrossRef] [PubMed]

Zou, J.; Shi, M.; Liu, X,; Jin, C.; Xing, X.; Qiu, L.; Tan, W. Aptamer-Functionalized Exosomes: Elucidating
the Cellular Uptake Mechanism and the Potential for Cancer-Targeted Chemotherapy. Anal. Chem. 2019,
91, 2425-2430. [CrossRef] [PubMed]

Poturnayova, A.; Dzubinova, L.; Burikova, M.; Bizik, J.; Hianik, T. Detection of Breast Cancer Cells Using
Acoustics Aptasensor Specific to HER2 Receptors. Biosensors 2019, 9, 72. [CrossRef]

Varshosaz, J.; Hassanzadeh, F.; Sadeghi, H.; Khadem, M. Galactosylated nanostructured lipid carriers for
delivery of 5-FU to hepatocellular carcinoma. J. Liposome Res. 2012, 22, 224-236. [CrossRef]

Kwon, M.Y,; Wang, C.; Galarraga, J.H.; Pure, E.; Han, L.; Burdick, J.A. Influence of hyaluronic acid
modification on CD44 binding towards the design of hydrogel biomaterials. Biomaterials 2019, 222, 119451.
[CrossRef]

Mattheolabakis, G.; Milane, L.; Singh, A.; Amiji, M.M. Hyaluronic acid targeting of CD44 for cancer therapy:
From receptor biology to nanomedicine. J. Drug. Target. 2015, 23, 605-618. [CrossRef]


http://dx.doi.org/10.3390/cancers4041106
http://www.ncbi.nlm.nih.gov/pubmed/24213501
http://dx.doi.org/10.1083/jcb.150.6.1445
http://www.ncbi.nlm.nih.gov/pubmed/10995448
http://dx.doi.org/10.1158/1535-7163.MCT-08-1098
http://www.ncbi.nlm.nih.gov/pubmed/19435868
http://dx.doi.org/10.1517/14728222.2016.1164694
http://dx.doi.org/10.3892/ijo.2017.4205
http://dx.doi.org/10.1038/mt.2012.180
http://dx.doi.org/10.1016/j.ijpharm.2008.07.012
http://dx.doi.org/10.1096/fj.05-4058com
http://dx.doi.org/10.1016/j.bbagen.2011.07.016
http://dx.doi.org/10.1080/2162402X.2017.1341031
http://www.ncbi.nlm.nih.gov/pubmed/28932644
http://dx.doi.org/10.1016/j.bbagen.2017.01.035
http://dx.doi.org/10.3892/ijo.2017.4197
http://www.ncbi.nlm.nih.gov/pubmed/29115416
http://dx.doi.org/10.7150/thno.16532
http://www.ncbi.nlm.nih.gov/pubmed/28435471
http://dx.doi.org/10.1021/acs.analchem.8b05204
http://www.ncbi.nlm.nih.gov/pubmed/30620179
http://dx.doi.org/10.3390/bios9020072
http://dx.doi.org/10.3109/08982104.2012.662653
http://dx.doi.org/10.1016/j.biomaterials.2019.119451
http://dx.doi.org/10.3109/1061186X.2015.1052072

Pharmaceutics 2020, 12, 980 16 of 18

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Frigerio, B.; Bizzoni, C.; Jansen, G.; Leamon, C.P; Peters, G.]J.; Low, P.S.; Matherly, L.H.; Figini, M. Folate
receptors and transporters: Biological role and diagnostic/therapeutic targets in cancer and other diseases.
J. Exp. Clin. Cancer Res. 2019, 38, 125. [CrossRef]

O’Loughlin, A.J.; Mager, I; de Jong, O.G.; Varela, M.A.; Schiffelers, R.M.; El Andaloussi, S.; Wood, M.J.A.;
Vader, P. Functional Delivery of Lipid-Conjugated siRNA by Extracellular Vesicles. Mol. Ther. 2017,
25,1580-1587. [CrossRef] [PubMed]

Joshi, P; Jeon, Y.J.; Lagana, A.; Middleton, J.; Secchiero, P.; Garofalo, M.; Croce, C.M. MicroRNA-148a reduces
tumorigenesis and increases TRAIL-induced apoptosis in NSCLC. Proc. Natl. Acad. Sci. USA 2015, 112,
8650-8655. [CrossRef]

Qiu, S;; Huang, D.; Yin, D.; Li, F; Li, X.; Kung, H.E; Peng, Y. Suppression of tumorigenicity by MicroRNA-138
through inhibition of EZH2-CDK4/6-pRb-E2F1 signal loop in glioblastoma multiforme. Biochim. Et. Biophys.
Acta (BBA)-Mol. Basis Dis. 2013, 1832, 1697-1707. [CrossRef] [PubMed]

Li, X.; Chen, Y.T,; Josson, S.; Mukhopadhyay, N.K.; Kim, J.; Freeman, M.R.; Huang, W.C. MicroRNA-185
and 342 inhibit tumorigenicity and induce apoptosis through blockade of the SREBP metabolic pathway in
prostate cancer cells. PLoS ONE 2013, 8, €70987. [CrossRef]

Mansoori, B.; Mohammadi, A.; Ghasabi, M.; Shirjang, S.; Dehghan, R.; Montazeri, V.; Holmskov, U.;
Kazemi, T.; Duijf, P.; Gjerstorff, M.; et al. miR-142-3p as tumor suppressor miRNA in the regulation of
tumorigenicity, invasion and migration of human breast cancer by targeting Bach-1 expression. J. Cell Physiol.
2019, 234, 9816-9825. [CrossRef] [PubMed]

Su, L,; Tian, J.; Sun, J.; Han, N.; Feng, L.; Yu, B.; Wang, Y. Lentivirus-mediated siRNA knockdown of SPHK1
inhibits proliferation and tumorigenesis of neuroblastoma. Onco Targets Ther. 2018, 11, 7187-7196. [CrossRef]
Kong, L.L.; Man, D.M.; Wang, T.; Zhang, G.A.; Cui, W. siRNA targeting RBP2 inhibits expression, proliferation,
tumorigenicity and invasion in thyroid carcinoma cells. Oncol. Lett. 2015, 10,3393-3398. [CrossRef] [PubMed]
Chivu-Economescu, M.; Dragu, D.L.; Necula, L.G.; Matei, L.; Enciu, AM.; Bleotu, C.; Diaconu, C.C.
Knockdown of KRT17 by siRNA induces antitumoral effects on gastric cancer cells. Gastric Cancer 2017,
20, 948-959. [CrossRef]

Doench, ].G.; Sharp, P.A. Specificity of microRNA target selection in translational repression. Genes Dev.
2004, 18, 504-511. [CrossRef]

Pakravan, K.; Babashah, S.; Sadeghizadeh, M.; Mowla, S.J.; Mossahebi-Mohammadi, M.; Ataei, F;
Dana, N.; Javan, M. MicroRNA-100 shuttled by mesenchymal stem cell-derived exosomes suppresses
in vitro angiogenesis through modulating the mTOR/HIF-1alpha/VEGEF signaling axis in breast cancer cells.
Cell Oncol. 2017, 40, 457-470. [CrossRef]

Jeong, K.; Yu, Y.J.; You, ].Y.; Rhee, W].; Kim, ].A. Exosome-mediated microRNA-497 delivery for anti-cancer
therapy in a microfluidic 3D lung cancer model. Lab. Chip. 2020, 20, 548-557. [CrossRef] [PubMed]

Zhang, H.; Wang, Y.; Bai, M.; Wang, ].; Zhu, K,; Liu, R.; Ge, S.; Li, J.; Ning, T.; Deng, T.; et al. Exosomes serve
as nanoparticles to suppress tumor growth and angiogenesis in gastric cancer by delivering hepatocyte
growth factor siRNA. Cancer Sci. 2018, 109, 629-641. [CrossRef] [PubMed]

Yang, T.; Fogarty, B.; LaForge, B.; Aziz, S.; Pham, T.; Lai, L.; Bai, S. Delivery of Small Interfering RNA
to Inhibit Vascular Endothelial Growth Factor in Zebrafish Using Natural Brain Endothelia Cell-Secreted
Exosome Nanovesicles for the Treatment of Brain Cancer. Aaps. . 2017, 19, 475-486. [CrossRef]

O’Brien, K.P; Khan, S.; Gilligan, K.E.; Zafar, H.; Lalor, P.; Glynn, C.; O’Flatharta, C.; Ingoldsby, H.; Dockery, P;
De Bhulbh, A.; et al. Employing mesenchymal stem cells to support tumor-targeted delivery of extracellular
vesicle (EV)-encapsulated microRNA-379. Oncogene 2018, 37, 2137-2149. [CrossRef]

Wang, C.; Chen, L.; Huang, Y.; Li,K; Jinye, A.; Fan, T.; Zhao, R.; Xia, X; Shen, B.; Du, J.; et al. Exosome-delivered
TRPP2 siRNA inhibits the epithelial-mesenchymal transition of FaDu cells. Oncol. Lett. 2019, 17, 1953-1961.
[CrossRef] [PubMed]

Shokrollahi, E.; Nourazarian, A.; Rahbarghazi, R.; Salimi, L.; Karbasforush, S.; Khaksar, M.; Salarinasab, S.;
Abhari, A.; Heidarzadeh, M. Treatment of human neuroblastoma cell line SH-SY5Y with HSP27 siRNA
tagged-exosomes decreased differentiation rate into mature neurons. J. Cell Physiol. 2019, 234, 21005-21013.
[CrossRef] [PubMed]

Zhao, L.; Gu, C,; Gan, Y,; Shao, L.; Chen, H.; Zhu, H. Exosome-mediated siRNA delivery to suppress
postoperative breast cancer metastasis. J. Control Release 2020, 318, 1-15. [CrossRef] [PubMed]


http://dx.doi.org/10.1186/s13046-019-1123-1
http://dx.doi.org/10.1016/j.ymthe.2017.03.021
http://www.ncbi.nlm.nih.gov/pubmed/28392161
http://dx.doi.org/10.1073/pnas.1500886112
http://dx.doi.org/10.1016/j.bbadis.2013.05.015
http://www.ncbi.nlm.nih.gov/pubmed/23707559
http://dx.doi.org/10.1371/journal.pone.0070987
http://dx.doi.org/10.1002/jcp.27670
http://www.ncbi.nlm.nih.gov/pubmed/30480817
http://dx.doi.org/10.2147/OTT.S180962
http://dx.doi.org/10.3892/ol.2015.3782
http://www.ncbi.nlm.nih.gov/pubmed/26788140
http://dx.doi.org/10.1007/s10120-017-0712-y
http://dx.doi.org/10.1101/gad.1184404
http://dx.doi.org/10.1007/s13402-017-0335-7
http://dx.doi.org/10.1039/C9LC00958B
http://www.ncbi.nlm.nih.gov/pubmed/31942592
http://dx.doi.org/10.1111/cas.13488
http://www.ncbi.nlm.nih.gov/pubmed/29285843
http://dx.doi.org/10.1208/s12248-016-0015-y
http://dx.doi.org/10.1038/s41388-017-0116-9
http://dx.doi.org/10.3892/ol.2018.9752
http://www.ncbi.nlm.nih.gov/pubmed/30675260
http://dx.doi.org/10.1002/jcp.28704
http://www.ncbi.nlm.nih.gov/pubmed/31012118
http://dx.doi.org/10.1016/j.jconrel.2019.12.005
http://www.ncbi.nlm.nih.gov/pubmed/31830541

Pharmaceutics 2020, 12, 980 17 of 18

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Yuan, L,; Liu, Y;; Qu, Y,; Liu, L.; Li, H. Exosomes Derived From MicroRNA-148b-3p-Overexpressing Human
Umbilical Cord Mesenchymal Stem Cells Restrain Breast Cancer Progression. Front. Oncol. 2019, 9, 1076.
[CrossRef] [PubMed]

Aqil, F; Munagala, R.; Jeyabalan, J.; Agrawal, A.K.; Kyakulaga, A.H.; Wilcher, S.A.; Gupta, R.C. Milk
exosomes-Natural nanoparticles for siRNA delivery. Cancer Lett. 2019, 449, 186-195. [CrossRef]

Kamerkar, S.; LeBleu, V.S.; Sugimoto, H.; Yang, S.; Ruivo, C.F,; Melo, S.A.; Lee, ].J.; Kalluri, R. Exosomes
facilitate therapeutic targeting of oncogenic KRAS in pancreatic cancer. Nature 2017, 546, 498-503. [CrossRef]
Mendt, M.; Kamerkar, S.; Sugimoto, H.; McAndrews, K.M.; Wu, C.C.; Gagea, M.; Yang, S.; Blanko, E.VR,;
Peng, Q.; Ma, X.; et al. Generation and testing of clinical-grade exosomes for pancreatic cancer. Jci Insight
2018, 3, €99263. [CrossRef] [PubMed]

Zhou, Y.; Yuan, Y,; Liu, M.; Hu, X.; Quan, Y.; Chen, X. Tumor-specific delivery of KRAS siRNA with
iRGD-exosomes efficiently inhibits tumor growth. ExRNA 2019, 1, 1-7. [CrossRef]

Zhang, Y.; Li, L.; Yu, J.; Zhu, D.; Zhang, Y.; Li, X.; Gu, H.; Zhang, C.Y.; Zen, K. Microvesicle-mediated delivery
of transforming growth factor betal siRNA for the suppression of tumor growth in mice. Biomaterials 2014,
35, 4390-4400. [CrossRef]

Katakowski, M.; Buller, B.; Zheng, X.; Lu, Y.; Rogers, T.; Osobamiro, O.; Shu, W.; Jiang, F.; Chopp, M. Exosomes
from marrow stromal cells expressing miR-146b inhibit glioma growth. Cancer Lett. 2013, 335, 201-204. [CrossRef]
Yu, L.; Gui, S.; Liu, Y,; Qiu, X.; Zhang, G.; Zhang, X.; Pan, J.; Fan, J.; Qi, S.; Qiu, B. Exosomes derived from
microRNA-199a-overexpressing mesenchymal stem cells inhibit glioma progression by down-regulating
AGAP2. Aging 2019, 11, 5300-5318. [CrossRef] [PubMed]

Munoz, J.L.; Bliss, S.A.; Greco, S.J.; Ramkissoon, S.H.; Ligon, K.L.; Rameshwar, P. Delivery of Functional
Anti-miR-9 by Mesenchymal Stem Cell-derived Exosomes to Glioblastoma Multiforme Cells Conferred
Chemosensitivity. Mol. Nucleic Acids. 2013, 2, e126. [CrossRef]

Han, M.; Hu, J.; Lu, P; Cao, H; Yu, C; Li, X,; Qian, X.; Yang, X.; Yang, Y.; Han, N.; et al. Exosome-transmitted
miR-567 reverses trastuzumab resistance by inhibiting ATG5 in breast cancer. Cell Death Dis. 2020, 11, 43.
[CrossRef] [PubMed]

Lou, G,; Song, X; Yang, F.; Wu, S.; Wang, J.; Chen, Z.; Liu, Y. Exosomes derived from miR-122-modified
adipose tissue-derived MSCs increase chemosensitivity of hepatocellular carcinoma. J. Hematol. Oncol. 2015,
8,122. [CrossRef]

Li,H.; Yang, C.; Shi, Y.; Zhao, L. Exosomes derived from siRNA against GRP78 modified bone-marrow-derived
mesenchymal stem cells suppress Sorafenib resistance in hepatocellular carcinoma. J. Nanobiotechnology 2018,
16, 103. [CrossRef]

Liu, T,; Zhang, X.; Du, L.; Wang, Y.; Liu, X; Tian, H.; Wang, L.; Li, P; Zhao, Y.; Duan, W.; et al. Exosome-transmitted
miR-128-3p increase chemosensitivity of oxaliplatin-resistant colorectal cancer. Mol. Cancer 2019, 18, 43. [CrossRef]
Chen, W,; Quan, Y,; Fan, S.; Wang, H.; Liang, ].; Huang, L.; Chen, L.; Liu, Q.; He, P.; Ye, Y. Exosome-transmitted
circular RNA hsa_circ_0051443 suppresses hepatocellular carcinoma progression. Cancer Lett. 2020,
475,119-128. [CrossRef] [PubMed]

Wang, J.; Lv, B,; Su, Y.; Wang, X.; Bu, J.; Yao, L. Exosome-Mediated Transfer of IncRNA HOTTIP Promotes
Cisplatin Resistance in Gastric Cancer Cells by Regulating HMGA1/miR-218 Axis. Onco Targets 2019,
12,11325-11338. [CrossRef] [PubMed]

Wang, X; Zhang, H.; Yang, H.; Bai, M.; Ning, T.; Deng, T,; Liu, R,; Fan, Q.; Zhu, K ; L, J; et al. Exosome-delivered
circRNA promotes glycolysis to induce chemoresistance through the miR-122-PKM2 axis in colorectal cancer.
Mol. Oncol. 2020, 14, 539-555. [CrossRef] [PubMed]

Sender, R.; Fuchs, S.; Milo, R. Revised Estimates for the Number of Human and Bacteria Cells in the Body.
PLoS Biol. 2016, 14, €1002533. [CrossRef]

Usman, WM.; Pham, T.C.; Kwok, Y.Y,; Vu, L.T;; Ma, V; Peng, B.; Chan, Y.S.; Wei, L.; Chin, S.M.; Azad, A;
et al. Efficient RNA drug delivery using red blood cell extracellular vesicles. Nat. Commun. 2018, 9, 2359.
[CrossRef]

Miliotou, A.N.; Papadopoulou, L.C. CAR T-cell Therapy: A New Era in Cancer Immunotherapy. Curr. Pharm.
Biotechnol. 2018, 19, 5-18. [CrossRef]

Yendamuri, S.; Calin, G.A. The role of microRNA in human leukemia: A review. Leukemia 2009, 23, 1257-1263.
[CrossRef]


http://dx.doi.org/10.3389/fonc.2019.01076
http://www.ncbi.nlm.nih.gov/pubmed/31696054
http://dx.doi.org/10.1016/j.canlet.2019.02.011
http://dx.doi.org/10.1038/nature22341
http://dx.doi.org/10.1172/jci.insight.99263
http://www.ncbi.nlm.nih.gov/pubmed/29669940
http://dx.doi.org/10.1186/s41544-019-0034-9
http://dx.doi.org/10.1016/j.biomaterials.2014.02.003
http://dx.doi.org/10.1016/j.canlet.2013.02.019
http://dx.doi.org/10.18632/aging.102092
http://www.ncbi.nlm.nih.gov/pubmed/31386624
http://dx.doi.org/10.1038/mtna.2013.60
http://dx.doi.org/10.1038/s41419-020-2250-5
http://www.ncbi.nlm.nih.gov/pubmed/31969559
http://dx.doi.org/10.1186/s13045-015-0220-7
http://dx.doi.org/10.1186/s12951-018-0429-z
http://dx.doi.org/10.1186/s12943-019-0981-7
http://dx.doi.org/10.1016/j.canlet.2020.01.022
http://www.ncbi.nlm.nih.gov/pubmed/32014458
http://dx.doi.org/10.2147/OTT.S231846
http://www.ncbi.nlm.nih.gov/pubmed/31908497
http://dx.doi.org/10.1002/1878-0261.12629
http://www.ncbi.nlm.nih.gov/pubmed/31901148
http://dx.doi.org/10.1371/journal.pbio.1002533
http://dx.doi.org/10.1038/s41467-018-04791-8
http://dx.doi.org/10.2174/1389201019666180418095526
http://dx.doi.org/10.1038/leu.2008.382

Pharmaceutics 2020, 12, 980 18 of 18

149.

150.

151.

152.

Lunavat, T.R.; Jang, S.C.; Nilsson, L.; Park, H.T.; Repiska, G.; Lasser, C.; Nilsson, J.A.; Gho, Y.S.; Lotvall, J.
RNAI delivery by exosome-mimetic nanovesicles—Implications for targeting c-Myc in cancer. Biomaterials
2016, 102, 231-238. [CrossRef]

Wahlgren, J.; De, LK.T.; Brisslert, M.; Vaziri Sani, F,; Telemo, E.; Sunnerhagen, P; Valadi, H. Plasma exosomes
can deliver exogenous short interfering RNA to monocytes and lymphocytes. Nucleic Acids Res. 2012,
40, e130. [CrossRef]

Alexander, M.; Hu, R.; Runtsch, M.C.; Kagele, D.A.; Mosbruger, T.L.; Tolmachova, T.; Seabra, M.C.;
Round, J.L.; Ward, D.M.; O’Connell, R. M. Exosome-delivered microRNAs modulate the inflammatory
response to endotoxin. Nat. Commun. 2015, 6, 7321. [CrossRef]

Caforio, M.; Sorino, C.; Bertaina, V.; Pitisci, A.; Battafarano, G.; Del Fattore, A.; Fanciulli, M.; Folgiero, V.;
Locatelli, F. PB1649 EXOSOMES-MEDIATED DELIVERY OF RNA OLIGOS DIRECTED TO CHE-1/AATF
IMPAIRS BCP-ALL VITALITY. HemaSphere 2019, 3, 763. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.biomaterials.2016.06.024
http://dx.doi.org/10.1093/nar/gks463
http://dx.doi.org/10.1038/ncomms8321
http://dx.doi.org/10.1097/01.HS9.0000564844.85509.9d
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Extracellular Vesicles (EVs) as a Delivery System for Nucleic Acids 
	EV Therapeutic Engineering 
	EV Loading Methods 
	Parental Cell-Based Engineering 

	EV Surface Functionalization 

	Engineering EV-Based Cancer Therapy 
	Solid Tumors 
	Hematologic Tumors 

	Conclusions 
	References

