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Simple Summary: In recent years, nucleic acid drugs, such as antisense oligonucleotides (ASOs) and
small interfering RNAs (siRNAs), have attracted attention as a new modality for cancer treatment.
In this review, we introduce and discuss an overview of various drug delivery systems (DDSs) and
ligand modification technologies that are being employed to improve the success and development
of these drugs. It is our belief this review will increase the awareness of nucleic acid drugs worldwide
and build momentum for the future development of new cancer-targeted versions of these drugs.

Abstract: With the development of new anticancer medicines, novel modalities are being explored
for cancer treatment. For many years, conventional modalities, such as small chemical drugs and
antibody drugs, have worked by “inhibiting the function” of target proteins. In recent years, however,
nucleic acid drugs, such as ASOs and siRNAs, have attracted attention as a new modality for cancer
treatment because nucleic acid drugs can directly promote the “loss of function” of target genes.
Recently, nucleic acid drugs for use in cancer therapy have been extensively developed and some
of them have currently been under investigation in clinical trials. To develop novel nucleic acid
drugs for cancer treatment, it is imperative that cancer researchers, including ourselves, cover and
understand those latest findings. In this review, we introduce and provide an overview of various
DDSs and ligand modification technologies that are being employed to improve the success and
development of nucleic acid drugs, then we also discuss the future of nucleic acid drug developments
for cancer therapy. It is our belief this review will increase the awareness of nucleic acid drugs
worldwide and build momentum for the future development of new cancer-targeted versions of
these drugs.
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1. Introduction

For many years, the development of therapeutic drugs for cancer has been domi-
nated by low molecular-weight chemical compounds. In this area cases exist in which
drug discovery has been difficult, even when promising target molecules have been
identified [1–3]. In recent years, however, nucleic acid drugs, such as antisense oligonu-
cleotides (ASOs) and small interfering RNAs (siRNAs), have attracted attention as a new
modality for cancer treatment [4–6]. These drugs can directly target genes and are po-
tentially applicable to all types of diseases. Improvements in the technology used for
artificial nucleic acid development have led to the successive approval of nucleic acid drugs
for intractable and hereditary diseases; these drugs have been recognized worldwide for
their therapeutic efficacy [4]. Nucleic acid drugs for cancer treatment are being actively
developed, with many now at the clinical stage [7]. Thus, in the near future, it is expected
that these drugs will contribute to the improvement of therapeutic outcomes as major
cancer therapeutics.
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Nucleic acid drugs are not readily permeable through cell membranes and often exhibit
poor blood serum stability, rapid renal clearance and poor endosomal escape/cytoplasmic
escape. Therefore, they are commonly used in combination with drug delivery system (DDS)
carriers [8,9] (Figure 1). Initially, topically administered products for injection directly into
the affected area were approved; however, subcutaneous and intravenous products are now
being approved. ONPATTRO® (patisiran), a siRNA drug with a liposomal formulation, was
approved in 2018, exactly 20 years after the discovery of RNA [10]. Because nucleic acid drugs
can be chemically synthesized like small molecule drugs, ligand-conjugated oligonucleotides
have also attracted attention in recent years. Given the success of ligand-conjugated nucleic
acids, an N-acetylgalactosamine (GalNAc)-conjugated siRNA drug (GIVLAAR®

, givosiran)
has been developed by Alnylam (Cambridge, MA, USA), a leading company in the devel-
opment of siRNA drugs [11]. This drug comprises tri-antennary GalNAc, a ligand of the
asialoglycoprotein receptor that is highly expressed specifically in hepatic parenchymal cells,
combined with siRNA; it can be transferred to hepatic parenchymal cells with high efficiency
via subcutaneous administration and acts on a target gene [11–13]. Over the past years,
development of siRNA drugs for cancer treatment have been conducted. To date, some of
them, such as Atu027 [14–16] and siG12D-LODER [17–19], have passed or are currently in
Phase II trials and they are expected to be eventually commercialized. A summary of each
nucleic acid drug mentioned in this review is given in Table 1. In this review, we will focus on
the delivery carriers of nucleic acid drugs for cancer therapy and provide an overview of DDS
and ligand modification technologies that will contribute to the success and development of
these drugs.
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Table 1. Drug delivery systems (DDS) for nucleic acid drugs, including those in clinical trials.

Carrier Molecule Target Disease Approved Clinical Trial
References

Phase (Approved) ClinicalTrials.gov Identifier

Protamine
Protamine

ASO
ASO

c-myc
HIV-1

Histiocytic lymphoma cell
HIV-AIDS

-
-

-
-

-
-

[49]
[50]

PEI
PEI

DNA vaccine
RGT100

-
RIG-1

B-cell non-Hodgkin’s lymphoma
Advanced metastatic solid tumor

-
-

I/ongoing
I/completed

ISRCTN31090206
NCT03739138

[51]
[52]

Anionic dendrimer ASO EGFR Epidermoid carcinoma - - - [21]

LNP
Lipoplex
Lipoplex
Liposome

PSL

siRNA
siRNA

mRNA vaccine
siRNA
DNA

TTR
PKN3

-
GSTP

-

hATTR amyloidosis
advanced pancreatic cancer

(cancer vaccine)
Non-small cell lung cancer

(brain targeting)

Yes, patisiran
-
-
-
-

(2018)
II/completed
II/recruiting
I/recruiting

-

-
NCT01808638
NCT04526899
NCT03819387

-

[10,38,39]
[14–16]
[41,42]

[40]
[22]

EDV miR-16 mimic EGFR Malignant pleural mesothelioma
Non-small cell lung cancer - I/completed NCT02369198 [53,54]

LODER™ siRNA K-ras G12D Pancreatic cancer - II/recruitig NCT01676259 [17–19]

GalNAc
GalNAc

Cholesterol
Folic acid (FA)

CPP

siRNA
siRNA
siRNA

microRNA
PMO

ALAS1
HAO1
ApoB

-
c-myc

Acute hepatic porphyria
Primary hyperoxaluria type 1

(liver targeting)
Breast cancer

(enhance PMO’s PK)

Yes, givosiran
Yes, lumasiran

-
-
-

(2019)
(2020)

-
-
-

-
-
-
-
-

[11]
[13]

[55,56]
[57]
[58]

Anti-body
Antibody

Fab’ + protamine

siRNA
dsASO
siRNA

STAT3
DRR/FAM107A

c-myc, VEGF

Lewis-y positive cancer cell
Glioblastoma stem cell

HIV/AIDS

-
-
-

-
-
-

-
-
-

[44]
[46]
[43]

Antibody + exosome ASO miR-21 Adenosquamous carcinoma - - - [27]

Exosome
Exosome
Exosome

MSC-derived exosome
Exosome + FA + PEI

siRNA
hsiRNA
siRNA
siRNA

siRNA/plasmid

GAPDH
Huntintin

S100A4
K-ras G12D
K-ras/p53

Alzheimer’s disease
Huntington’s disease

TNBC
Pancreatic cancer

Lung cancer

-
-
-
-
-

-
-
-

I/recruiting
-

-
-
-

NCT03608631
-

[30]
[32]
[33]

[35,36]
[34]
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2. Nonviral Drug Delivery Systems for Nucleic Acid Drugs

The delivery of nucleic acid drugs can be divided into two main strategies: viral
and nonviral delivery. Viral vectors are exceptionally efficacious in delivering genetic
material to cells because millions of years of evolution have shaped and optimized them
for this purpose. Recently, owing to developments in vector design and safety, viral gene
therapy strategies have progressed toward clinical use against many genetic disorders.
However, depending on the type of vector, viruses will always retain some of their inherent
weaknesses, which can include potential immunogenicity, tumorigenicity, limited cargo-
carrying capacity, and complex production. Importantly, viral vectors are not universally
applicable to all nucleic acid-based molecules; for example, they are not compatible with
the delivery of short synthetic oligonucleotides. Therefore, we focus on nonviral methods
for the delivery of therapeutic oligonucleotides.

2.1. Cationic Vectors for Nucleic Acid Delivery

It is difficult for nucleic acids and their analogs to permeate cell membranes due
to their negative-charged nature. Therefore, various positively charged molecules have
been used as intracellular delivery carriers of therapeutic nucleic acids. Protamines are
arginine-rich polycationic nuclear proteins that replace histones late in the haploid phase
of spermatogenesis; they allow for denser packaging of DNA in the spermatozoon than
would be possible with histones. This property has enabled protamines to be used as
carriers for therapeutic oligonucleotides. Junguhans et al. were the first to demonstrate
the cellular uptake of phosphodiester anti-c-myc antisense oligonucleotides into human
promonocytic leukemia cells using protamines and to report their antisense effects [49].
Antisense oligonucleotide/protamine complexes have also been used successfully to inhibit
human immunodeficiency virus 1 (HIV-1) gene expression [50].

Polyethyleneimine (PEI) was one of the first transfecting agents discovered; it is a
cationic polymer that has been utilized as a polymeric agent for oligonucleotide adminis-
tration [59,60]. PEI is an alkyl chain with primary, secondary, and tertiary amines. Only a
portion of the amines in PEI is protonated at physiological pH; thus, it has a high buffering
capacity and allows the release of nucleic acids in the acidic environment of the endosome
via proton sponge effects [61]. Recently, a distinctive linear PEI derivative (jetPEI) has been
shown to effectively facilitate intracellular DNA delivery; it is now in Phase 1/1b of clinical
studies employing intratumoral/intralesional administration [51].

For cationic vectors, capillary embolization is a problem because red blood cell can
become aggregated [62]. However, these aggregation problems can be overcome by cova-
lent attachment of poly(ethylene glycol) (i.e., PEGylation) to the cationic vector. Merkel
et al. reported that PEGylated-PEI containing partially chemically modified 25/27mer dicer
substrate siRNAs (DsiRNAs) has systemic bioavailability after pulmonary application as
well as an ability to knock down gene expression in the lungs [20]. On the other hand,
introducing an anionic moiety to cationic vectors can effectively reduce hemolytic and
cytotoxic effects. It has been reported that pentaerythritol-based anionic dendrimers can
successfully deliver antisense oligonucleotides to cancer cells [21].

2.2. Liposomes and Lipid Nanoparticles

Since the late 1980s, cationic liposomes have been considered as one of the most
promising carriers for delivering nucleic acids to mammalian cells. To encapsulate nucleic
acid drugs, such as siRNAs, in liposomes, it is necessary to create a core via the formation of
cationic molecule and oligonucleotide complexes. Bickel et al. used PEI to form polyplexes
with oligonucleotides and combined it with PEG-stabilized liposomes (PSLs) [22]. Upon
intravenous administration, the DNA in PSLs was cleared from systemic circulation at
a significantly slower rate than the rate at which naked PEI/oligonucleotide complexes
were cleared. Furthermore, targeting of PSLs with antibodies specific to transferrin re-
ceptor has been shown to redirect biodistribution of the entrapped nucleic acid drugs,
leading to significant accumulation in the targeted organ, i.e., the brain. Encapsulation of
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the PEI/oligodeoxynucleotide polyplexes within a long-circulating liposome provides a
promising oligodeoxynucleotide delivery system for in vivo application.

Lipid nanoparticle (LNP) systems are currently the leading nonviral delivery systems
for realizing the clinical potential of genetic drugs. Cullis et al. were the first to demonstrate
the utility of LNPs based on ethanol injection to encapsulate antisense oligonucleotides [37].
In recent years, the world’s first siRNA drug and first nucleic acid drug with liposome
implementation, namely patisiran, has been approved by the Food and Drug Administra-
tion (FDA) [10]. Patisiran consists of siRNA encapsulated in a LNP carrier (it was formerly
known as a SNALP or “stable nucleic acid lipid particle”) [38,39]. The accumulation of
SNALP within tissues of clinical interest takes advantage of passive disease-site targeting.

The Phase 1 clinical trial of NBF-006, an LNP formulation with siRNA encapsulated,
has been initiated [40]. Glutathione-S-transferase P (GSTP), which is overexpressed in
various K-ras mutated cancers, such as lung and pancreatic cancers, has been selected as
a target. Therefore, GSTP knockdown has been expected to be effective in treating those
cancers. In addition, a Phase 2 clinical trial of BNT111, mRNA vaccine complexed with
liposome, has been initiated in 2021 [41,42]. BNT111 contains four kinds of mRNAs and is
expected to treat unresectable melanoma by inducing tumor-associated antigen-specific
T-cell responses. With additional research, the development of LNPs equipped with nucleic
acid drugs is likely to accelerate over time.

3. Conjugation of Functional Molecules to Therapeutic Oligonucleotides

In recent decades, the derivatization of nucleic acid drugs has been studied extensively.
The nucleic acid cargo can be covalently attached to functional carrier molecules or loaded
into supramolecular delivery devices. Conjugations of uptake-enhancing or targeting
ligands to oligonucleotides provide the advantage of generating a defined molecule that
allows for traditional pharmaceutical quality assessment. Several molecules have been
attached to therapeutic oligonucleotides to improve their delivery, biodistribution, and
cellular uptake; some are detailed in this section.

3.1. Cholesterol

Cholesterol was tethered to siRNA in one of the first reports of endogenous gene
silencing in vivo; this was conducted under physiological conditions with a normal pres-
sure injection in mice [63]. Cholesterol can easily be attached to a controlled-pore glass
support prior to oligonucleotide synthesis, and an aminocaproic acid pyrrolidine phos-
phate linker is often used between ligands and oligonucleotides. Results have shown
that cholesterol–siRNA conjugates can reduce the mRNA of targeted apoB by around
50% while unconjugated siRNA has no effect; similar results have been reported for the
lipid docosanyl and stearoyl ligands [55]. Cholesterol–siRNA conjugates can also be used
for noncovalent association to polymers, as demonstrated by in vivo gene silencing in
combination with a targeted engineered polymer [56].

3.2. GalNAc

In 2019, Alnylam Pharmaceuticals, the company that developed patisiran, succeeded
in developing an siRNA drug called “GalNAc-conjugated siRNA (GIVLAAR®, namely
gibosiran)” [11,12]. This technology utilizes the binding of GalNAc to asialoglycoprotein re-
ceptors (ASGPR) that appear on the cell surface of hepatic parenchymal cells. Givosiran can
be administered systemically (subcutaneously) without a carrier, whereas patisiran, which
is encased in LNPs, requires a time-consuming intravenous infusion, making givosiran
more useful in clinical practice. In addition, from the perspective of manufacturing and
quality control, such conjugates are considered to be more advantageous than the drugs
of this class with delivery carriers which often have complex structures like LNPs. In
2020, another GalNAc-siRNA (OXLUMO®, namely lumasiran) has been also approved by
FDA [13].
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GalNAc derivatives were first introduced to oligonucleotides by TsO’s research
group in 1995 [23]. They developed GalNAc neoglycopeptide (ah-GalNAc)-conjugated
oligodeoxynucleoside methylphosphonate (ah-GalNAc-oligo-MP) and successfully showed
that the uptake of ah-GalNAc-oligo-MP by human hepatocellular carcinoma cells (Hep G2)
is cell-type specific and can be completely inhibited by the addition of a 100-fold excess of
free (ah-GalNAc)3 in the culture medium, indicating the cell uptake of ah-GalNAc-oligo-
MP was ligand dependent.

This specific and enhanced cellular uptake of GalNAc-conjugated oligonucleotides
was also confirmed in vivo by several research groups [11,24]. Prakash et al. reported that
antisense oligonucleotides conjugated to tri-antennary GalNAc improve the potency of
therapeutic oligonucleotides about 10-fold in mice [24]. Now, there are various kinds of
chemical modifications of GalNAc-conjugated, and from these reports, it has been shown
that the GalNAc introduced into oligonucleotides does not necessarily have a tri-antennary
structure, and, surprisingly, even mono-anntenary GalNAc-conjugation was also found
effective [25,26]. In the future, we expect to uncover more detailed mechanisms of action of
these monomeric GalNAc-conjugated oligonucleotides.

3.3. Folic Acid

Folic acid (vitamin B9) binds with high affinity to the folate receptor protein to trigger
cellular uptake via an endosomal pathway. The presence of the folate receptor on many
cancer types has prompted the use of folate in targeted therapy [64]. Indeed, it has been
used on liposomes or polyplexes to effectively deliver oligonucleotides to cancer cells that
have the folate receptor [65,66]. Dohmen et al. were the first to develop folate-conjugated
oligonucleotides, however, tethering folate to siRNA results in specific uptake but not
silencing of reporter genes [67]. Folic acid–oligonucleotide conjugates are trapped in
endosomes with insufficient endosomal escape to the cytosol for gene silencing. Later,
Orellana’s group succeeded in eliciting the gene inhibitory effects of folic acid-conjugated
oligonucleotides by connecting folic acid and oligonucleotides with a cleavable linker [57].

3.4. Cell Penetrating Peptides

Cell penetrating peptides (CPPs) can facilitate cellular uptake of their cargo, which is
directly attached through covalent linkages or the formation of noncovalent complexes.
When CPPs were first identified, they were derived from peptide sequences found in
naturally occurring protein elements that exhibited inherent translocating properties. Some
of these were important for subsequent CPP iterations including the transactivator of tran-
scription from HIV [68], Penetratin-1 derived from the homeodomain of Antennapedia [69],
transportan (a chimeric peptide derived from galanin and the wasp-venom peptide toxin
mastoparan) [70], and cationic polyarginine and polylysine sequences such as Arg8 [71].

Within the context of CPP-mediated delivery, effector nucleic acids can either be
directly conjugated to the CPP or noncovalently complexed, typically forming nanoparticle
structures. Covalent conjugations of CPPs to charge-neutral oligonucleotides, such as
peptide nucleic acids and phosphorodiamidate morpholino oligomer (PMO), have been
examined extensively [58,72]. Indeed, PMOs are considered one of the most promising
neutral-charge chemistries; they include a morpholine ring that replaces ribose and phos-
phorodiamidate linkages that replace phosphodiesters. Several methods can be used for
conjugation of CPPs to PMOs, including maleimide linkage, disulfide linkage, click chem-
istry, and amide linkage; this process enhances the PMOs’ pharmacokinetic (PK) profile,
biodistribution, and stability [58,72].

4. Antibody-Oligonucleotide Conjugates

Antibody–oligonucleotide conjugates (AOCs) belong to a class of chimeric molecules
that combine within their structure two important biomolecules: monoclonal antibodies
and oligonucleotides. Given the exceptional targeting capabilities of monoclonal antibodies
and numerous functional modalities of oligonucleotides, AOCs have been successfully
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applied for a variety of purposes including imaging, detection, and targeted therapeutics.
Here, we discuss the potential use of AOCs in cancer treatment.

4.1. Basic Composition and Functions of AOCs

Antibodies have the ability to recognize an antigen specifically and with high selectiv-
ity; thus, they can mark pathogens for further attack by various components of the immune
system [73]. The exceptional selectivity of antigen recognition has resulted in their develop-
ment into efficacious targeted therapeutics, both as single agents via antibody-dependent
cell-mediated cytotoxicity (ADCC) and as vehicles for drug delivery, i.e., as antibody−drug
conjugates (ADCs) [74,75].

AOCs are recognized as powerful tools for the therapeutic application of ADCs
against various diseases [76]. In this system, the antibody is usually employed as a target
recognition unit while the oligonucleotides play a variety of functional roles as therapeutic
oligonucleotides, e.g., as siRNAs, aptamers, or antisense oligonucleotides. For therapeutic
AOCs, the antibody can function as a delivery vehicle by increasing the circulation time of
the oligonucleotide drugs in vivo [76].

Monoclonal antibodies have highly specific binding abilities to antigens via the Fab
region [73]. In addition, the Fc region of antibodies plays a crucial role by expressing effector
functions and increasing blood retention time. In general, lysine and cysteine residues are
used for the antibody conjugation of functional molecules [77–79]. Since lysine residues
are abundant on the surface of both the Fab and Fc regions, lysine-specific modification
can disturb the antigen recognition of antibodies. Cysteine-specific modifications allow for
site-specific introduction of functional molecules into antibodies because cysteine residues
exist at the hinge region of antibodies [77,80]. However, the cleavage of disulfide bonds can
potentially reduce the structural stability of antibodies and abrogate their function. Thus,
use of these two methods must be chosen carefully depending on the intended application.

Several different methods for introducing functional molecules into antibodies have
now been reported; these could potentially be applied in future reactions to introduce
nucleic acid drugs into antibodies. Tagawa et al. reported the selective introduction of folic
acid into the tryptophan residues of antibodies for induction of ADCC [81]. The tryptophan
residue is the least abundant (around 1%) amino acid in the antibody and each residue has
solvent accessibility because it is also the least surface-exposed proteinogenic amino acid.
Antibody–folic acid conjugates were developed that showed significant cellular cytotoxicity
toward folate receptor-expressing cancer cells via the ADCC mechanism. Another method
involves the site-specific chemical conjugation of antibodies using an affinity peptide,
IgG-BP, which can be intramolecularly cross-linked with a disulfide bond to the Fc site of
the human IgG antibody [82]. This method enables rapid modification of a specific residue
(Lys248 on Fc) in a one-step reaction under mild conditions.

4.2. Therapeutic Applications of AOCs

AOCs have several therapeutic applications. The clinical application of siRNA is often
limited by the lack of efficient, cell-specific delivery systems. Song et al. were the first to
report antibody-mediated siRNA delivery for the treatment of HIV/AIDS [43]. The fusion
protein (F105-P) was designed with a protamine coding sequence linked to the heavy
chain of a Fab fragment in an HIV-1 envelope antibody [43]. As mentioned in Section 2.1,
protamines are small, arginine-rich, nuclear proteins that can form complexes with siRNA
via electrostatic interaction. Song et al. demonstrated that siRNAs bound to F105-P
induced silencing only in cells expressing the HIV-1 envelope. Following the publication
of this study, research into the development of antibody–oligonucleotide conjugates has
accelerated to the extent that many cases have now been reported.

Ma et al. investigated whether covalent or noncovalent constructs were more effec-
tive for siRNA delivery; covalent constructs have reductive disulfide linkers expected to
undergo cleavage within endosomes whereas noncovalent constructs are based on the
(D-arginine)9 (9r)-modified antibody [44]. Hu3S193, an anti-Lewis Y monoclonal antibody,
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was used for the development of the siRNA delivery vehicle in this study. Although both
constructs were taken into the cells, the inhibitory effect of siRNA on gene expression was
observed only in the noncovalent construct. It was speculated that the proton sponge effect
of arginine residues may have been effective for the endosomal escape of siRNA.

Another example of a noncovalent construct is avidin–biotin technology, which has
been applied for intracellular delivery of siRNA [45]. In this case, the siRNA was monobi-
otinylated to form a 1:1 construct with a streptavidin–monoclonal antibody conjugate (i.e.,
siRNA/SA/mA). An endocytosing monoclonal antibody to the transferrin receptor was
used as the antibody for the siRNA/SA/mA construct, the intravenous administration of
which caused a 69–81% decrease in luciferase gene expression in intracranial brain cancer
in vivo. Thus, the delivery of siRNA to the brain following intravenous administration was
made possible by receptor-specific antibody delivery systems and avidin–biotin technology.

Recently, studies have increasingly reported on covalent constructs of antibody–
oligonucleotide conjugates. Glioblastoma stem cells (GSCs) are invasive and treatment-
resistant brain cancer cells. Arnold et al. developed an antibody-conjugated, double-
stranded, antisense oligonucleotide (dsAON) by click chemistry using an azide-modified
antibody and an alkyne-modified dsAON [46]. They used antibodies against antigens
expressed on the GSCs, such as CD44 and EphA2, and performed conjugation to chemically
modified dsAONs. These therapeutic conjugates were able to successfully internalize, accu-
mulate, and reduce target gene expression in GSCs. This report is the first to demonstrate
the potential usage of antibody–oligonucleotide conjugates targeting cancer stem cells.

Sugo et al. reported an antibody–siRNA conjugate that targets cardiac and skeletal
muscles [47]. Endothelial cells in the brain vasculature carry iron into the central nervous
system via CD71-mediated transcytosis [48], which can be used to deliver drugs across the
blood brain barrier. These authors developed anti-CD71 Fab′ fragment-conjugated siRNA,
which produced significant gene-silencing effects in the gastrocnemius when injected intra-
muscularly. Interestingly, they examined several types of linkers for covalent conjugation of
the anti-CD71 Fab′ fragment to siRNA and found that a non-cleavable linker (i.e., a maleimide
linker) was effective whereas cleavable linkers (such as Val-Cit and DMSS linkers) did not
improve silencing activity. These data suggest that low molecular-weight antibodies and
fragments have considerable advantages when applied to endosomal release.

5. Exosome-Hijacking DDS

Exosomes are nano-sized extracellular vesicles that circulate in body fluids and act
as a native transporting system for the delivery of cargo molecules from donor cells to
recipient cells [83]. Exosomes naturally carry nucleic acids, such as DNA and RNA, to
recipient cells, and thereby induce genetic modifications in both biological and pathogenic
processes [84]. These features have brought exosomes into focus as potential endogenous
carriers for the delivery of nucleic acid drugs to target cells [85]. Recently, we developed a
novel strategy for capturing exosomes and delivering oligonucleotides to recipient cells,
namely an “exosome-hijacking DDS” [27]. In this section, we provide an overview of
exosomes and introduce our original DDS.

5.1. Properties of Exosomes

Exosomes are nano-sized (30–150 nm), lipid-bilayered, extracellular vesicles that can
contain various molecules including proteins and lipids (Figure 2). The Exocarta database
provides information on molecules that have already been identified in exosomes [86].
When they were first discovered, it was thought that exosomes transported waste in
cells extracellularly; however, with the discovery of microRNAs in exosomes, they were
redefined as carriers of materials between cells [84,87]. Despite around 40 years of research,
not all of the functions and biological roles of exosomes are fully understood. Nevertheless,
recent research on exosomes suggests that these naturally occurring carriers have the
potential to deliver nucleic acids within our body. In future research, additional functions
of exosomes will likely be revealed so that they can be used in DDS and disease treatments.
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5.1.1. Biogenesis and Cellular Uptake

The plasma membrane of cells inwardly invaginates to form endocytic vesicles known
as early endosomes [88]. Additionally, the membrane of early endosomes invaginates to
form more vesicles medially. These vesicles are known as intraluminal vesicles (ILVs),
while the vesicles containing ILVs are known as multivesicular bodies (MVBs). When the
membrane of the MVB fuses with the plasma membrane, the MVB exocytically releases its
contents, which are commonly referred to as exosomes.

ILV formation and cargo sorting is regulated by endosomal sorting complex required
for transport (ESCRT) proteins. Although the exact mechanism is not known, it has been re-
ported that the ESCRT pathway interacts with ALIX, i.e., types of proteins involved in MVB
formation, to sort tetraspanin proteins [89,90]. An overview of the ESCRT-dependent path-
way has previously been summarized [91–93]; however, an ESCRT-independent pathway
has also been reported [94,95]. It is possible that cells use different pathways to produce
exosomes depending on the internal and external environment of cells or the cargo.

Exosomes secreted into body fluids (e.g., blood, urine, milk, and spinal fluid) or the
supernatants of cultured cells are mainly taken up into cells by endocytosis, which is the
main pathway of intracellular uptake and consists of several types of mechanism: clathrin-
dependent endocytosis [96], caveolin-dependent endocytosis [97], macropino-cytosis [96,98],
phagocytosis [99], and lipid raft-dependent endocytosis [100]. The intracellular uptake pathway
of exosomes also differs depending on cell type and environment, similar to the exosome
biogenesis pathway.

5.1.2. Contents of Exosomes

Various molecules are contained within the vesicle and on the surface of the membrane.
As detailed in a database of molecules identified in exosomes [86], tetraspanins (e.g.,
CD63, CD9, CD81, and CD82) [101–104], adhesion proteins (e.g., integrin and ICAM-
1) [105], and HLA-G are found on the surface of exosomes [106]. On the other hand, heat
shock proteins (e.g., HSP-70 and HSP-90) [107,108], MVB-forming proteins (Alix [109]
and TSG101), microRNAs (miRNAs [110]), long noncoding RNAs [111], and circular
RNAs [112,113] are found inside exosomes. Among these molecules, tetraspanins are used
as exosome marker proteins since they are highly expressed on the surface membrane of
exosomes secreted by many cell types. However, the expression pattern of tetraspanins
and the size of exosomes differ depending on cell type. Zhang et al. investigated the
heterogeneity of exosomes; they classified them into three subpopulations by size and
investigated their properties [114]. Their data suggest that exosome heterogeneity is the
most important issue for the practical application of exosome-based drugs.
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5.2. Exosomes Used for the Delivery of Nucleic Acid Drugs

Recently, the number of approved nucleic acid drugs has increased, especially in the
last five years. Chemical modifications can confer nucleic acids with stable structures and
enhanced resistance to degradation by nucleases, but carriers are required for efficient
and target-selective delivery of nucleic acids because they are easily degraded in the
blood and rapidly eliminated from the kidneys. The challenge of developing efficient
and organ-specific delivery methods for nucleic acids has been overcome by Alnylam
Pharmaceuticals, which have produced GalNAc conjugates and received approval for three
siRNA drugs [28,29].

As mentioned in Section 4.1, exosomes can incorporate nucleic acids and transport
them to cells; the nucleic acids are contained inside the vesicle and stably transported
despite the presence of nucleases in the blood. Therefore, exosomes can protect nucleic
acid drugs from degradation and deliver them to target cells. In this section, we introduce
some examples in which exosomes are used for the delivery of nucleic acids.

Erviti et al. encapsulated GAPDH siRNA in exosomes from self-derived dendritic
cells [30]. Specifically, they fused a neuron-specific RVG peptide to the Lamp2b protein,
which was expressed on the membrane of exosomes via engineering techniques. SiRNA
was then electroporated into the exosomes before they were administrated intravenously.
As a result, the expression of GAPDH was downregulated in several brain regions including
the striatum, midbrain, and cortex. The authors estimated that the loading efficiency of
siRNA into exosomes was about 20%, but additional research indicated that the true
efficiency was <0.05% (the overestimation was likely caused by siRNA aggregation due to
contamination of metal ions from the electrode used for electroporation) [31]. The results of
this report facilitated the development of more efficient loading methods for nucleic acids.

Such efficient methods include hydrophobic modifications of siRNA, which improve
the loading efficiency of siRNA to exosomes [32]. Didit et al. conducted a study in which
siRNA targeting Huntingtin mRNA, which is the cause of Huntington’s disease, was loaded
into exosomes by coincubation and incorporated into mouse primary cortical neurons.
Hydrophobically modified siRNA (hsiRNA) consists of asymmetric oligonucleotides and
contains cholesterol at the 3′ end of the passenger strand for improved stability and cellular
internalization. This cholesterol modification enabled the efficient loading of siRNA and
its uptake by cells. Additionally, exosome-associated hsiRNA caused a 75% reduction in
Huntingtin mRNA in a dose-dependent manner. This strategy may be applicable to other
types of nucleic acids.

Zhao et al. developed biomimetic nanoparticles, which they named “CBSA/siS100A4@
Exosome,” and they successfully downregulated the cellar growth of metastatic triple-
negative breast cancer [33]. CBSA/siS100A4@Exosome comprises cationic bovine serum
albumin (CBSA), siRNA targeting S100A4 (siS100A4, which relates to tumor metastasis
and progression), and exosomes recovered from the supernatants of 4T1 breast cancer
cells. SiS100A4 complexed with CBSA was successfully incorporated into the exosome
with a siRNA loading efficiency of 86.7%. When CBSA/siS100A4@Exosome treatment
was applied, S100A4 expression levels were downregulated in vitro and the number of
metastatic nodules in the lungs was greatly reduced in vivo.

Munagala et al. developed a novel DDS based on exosomes using a surface mod-
ification method [34]. Exosomes from bovine milk were functionalized with folic acid
and modified with PEI. The generated complexes, which were named EPMs, interacted
with nucleic acids on the surface of exosomes and formed a ternary complex. The authors
assessed the silencing efficiency of EPM equipped with siRNA targeting K-ras (siKRAS)
and the sensitivity of paclitaxel when p53 plasmid DNA was delivered into p53-knockout
mice. Consequently, expression levels of KRAS were reduced by about 50%–80% and lung
tumor growth was also downregulated by about 70%. Furthermore, p53 was expressed
in p53-knockdown mice and the sensitivity of paclitaxel was also recovered. On the other
hand, in 2021, a Phase 1 clinical trial of siRNA encapsulated in mesenchymal stem cell
(MSC)-derived exosomes has been started in patients with metastatic pancreatic ductal
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adenocarcinoma (PDAC) with K-ras G12D mutation [35,36]. Overall, the findings of several
studies, including those discussed above, show that exosomes are capable of delivering
nucleic acid drugs located inside or outside of exosomes.

5.3. Antibody-Oligonucleotide Conjugates Targeting microRNAs in Exosomes: ExomiR-Tracker

MiRNAs are small noncoding RNAs that bind to mRNAs and thereby regulate their
expression. Lim et al. showed that miRNAs can regulate many target mRNAs [115].
According to miRbase, a database of miRNAs, >2500 miRNAs have been identified in
humans [116]. These miRNAs are thought to regulate >60% of all human genes and to play
key roles in gene expression and cell proliferation [117]. Exosomes have an abundance of
miRNAs; thus, they contribute to regulating gene expression in exosome-recipient cells.
Notably, miRNAs also exist in exosomes secreted from cancer cells and contribute to the
formation of the premetastatic niche and cancer cell migration [118,119]. The organotroph
of exosomes is determined by the expression pattern of integrins on their surface [120]
and this feature of exosomes contributes to their drug delivery capabilities. Several cancer
type-specific miRNAs have been identified; these have become therapeutic and diagnostic
targets for cancer treatment [121,122].

To inhibit the function of exosomal-miRNA, antisense oligonucleotide complementary
to exosomal-miRNA (i.e., anti-miRNA) is commonly used. Our group have focused
on the surface molecules of exosomes and we have attempted to develop a method for
delivering anti-miRNA to exosome-recipient cells using anti-exosome antibody-anti-miR
complexes (a system known as “ExomiR-Tracker”) [27] (Figure 3). First, we assessed the
intracellular uptake of Alexa647-labeled anti-exosome antibodies using a confocal laser
scanning microscope. As antigens on the exosome membrane, CD63, CD9, and CD81 (all
exosome marker proteins) were selected. Anti-CD63 antibody was incorporated to a large
extent into Cal27 (oral squamous carcinoma) cells; thus, we synthesized ExomiR-Tracker
using anti-CD63 antibody. The antibody was thiolated with Traut’s reagents and oligo-
arginine peptides were continuously introduced to its thiol groups. The arginized antibody
was complexed with anti-miRNA in phosphate-buffered saline to produce ExomiR-Tracker.
In addition, we used anti-miRNA containing 22 nucleotides, of which seven nucleotides
were replaced with locked nucleic acids (2′,4′-bridged nucleic acids), to stabilize the system
in vivo by improving its resistance to nucleases [123]. Miravirsen, an anti-miRNA drug
containing locked nucleic acids, has shown strong results in a Phase 2 study [124].
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Furthermore, we assessed the intracellular uptake of ExomiR-Tracker equipped with
fluorescence-labeled anti-miRNA via confocal laser scanning microscopy. Fluorescence-
labeled anti-miRNA was found to have been successfully incorporated into Cal27 cells by
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ExomiR-Tracker. In addition, the functional inhibition of miRNA-21 by ExomiR-Tracker
equipped with anti-miRNA-21 was evaluated with a luciferase reporter assay, the results of
which showed that ExomiR-Tracker was able to inhibit the function of target miRNA-21 in
a sequence-specific manner. Finally, we subcutaneously coinjected Cal27 cells and ExomiR-
Tracker into the hind foot of nude mice and assessed the antitumorigenic effects in vivo.
Surprisingly, the tumor volume of mice treated with ExomiR-Tracker was small compared
with the tumor volume of untreated mice. Thus, ExomiR-Tracker seems to functionally
inhibit tumorigenesis in vivo.

6. Application to Cancer Treatments Using Surface Molecules on Exosome Membranes

Our ExomiR-Tracker strategy suggests the possibility that various technologies other
than drug discovery systems could be developed using the surface molecules on exosomes
without impairing the functions of exosomes. In this section, we discuss several studies
in which the surface molecules of exosomes, such as tetraspanins and membrane lipids,
were used.

6.1. Phosphatidylserine

Phosphatidylserine is an important type of phospholipid that constitutes the lipid
bilayer of the plasma membrane. Some phospholipids, such as phosphatidylserine,
phosphatidylcholine, phosphatidylethanolamine, and sphingomyelin, consist of lipid
bilayers, but the composition of membrane lipids differs greatly between the inner and
outer cellular membrane. The inner membrane contains phosphatidylserine and phos-
phatidylethanolamine, whereas the outer membrane contains phosphatidylcholine and
sphingomyelin. This asymmetric composition of lipids is regulated by membrane proteins
such as flippase and the scramblase [125]. However, it has been shown that phosphatidylser-
ine in apoptotic cells is exposed to the outer membrane where it is recognized as an “eat me”
signal by macrophages and phagocytosed [126,127]. In addition, the phosphatidylserine of
exosomes is reportedly in the outer membrane.

Kooijman et al. focused on the expression of phosphatidylserine on the surface of
exosomes and epidermal growth factor receptor (EGFR) on the plasma membrane of cancer
cells; thereby, they developed a tumor-targeting strategy known as the “plug-and-play ap-
proach” [128]. Specifically, they generated a fusion protein (EGa1–C1C2) consisting of the
phosphatidylserine-binding domain (i.e., C1C2) of lactadherin and an anti-EGFR nanobody
(i.e., EGa1; a nanobody is a new type of antibody drug with a high affinity to the antigen
that can be generated using Escherichia coli since it constitutes the variable domain of the an-
tibody’s heavy chain). They showed that EGa1–C1C2 selectively bound to phosphatidylser-
ine among membrane lipids such as phosphatidylcholine, phosphatidylethanolamine, and
sphingomyelin. Furthermore, EGa1–C1C2 enabled the incorporation of extracellular vesi-
cles into A431 cells, which have EGFR on their plasma membrane, even when Neuro-2A
cells, which do not have EGFR, were present in excess. The plug-and-play approach can
provide exosomes with tumor-targeting abilities and facilitate the uptake of exosomes with
reporter proteins or drugs.

6.2. Tetraspanin Proteins

CD63, CD9, and CD81 are proteins that are highly expressed on the surface membrane
of exosomes. As described above, these proteins belong to the tetraspanin protein family,
33 species of which have been identified in humans. CD63 protein, which we utilized for
ExomiR-Tracker, forms a complex with other proteins and functional molecules on the
membrane of exosomes; thereby, it constructs a localized functional microdomain known as
the tetraspanin-enriched microdomain. CD63 contributes to regulating intercellular adhe-
sion and fusion through the tetraspanin-enriched microdomain region [104,129,130]. It has
been shown that CD63 is localized 7-fold more in ILVs than in late-endosomes [131]. Along
with CD63, CD9 forms the tetraspanin-enriched microdomain to affect signal transduction
among cells and cell adhesion [132–134]. Moreover, CD9 has many known relationships
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with cancer cells [135]. For example, Lu et al. reported that the tumorigenicity of pancreatic
cancer was reduced via the inhibition of alpha-secretase activity by anti-CD9 antibody
or CD9 knockdown [136]. CD9 is also known to contribute to the immune system [137].
Thus, CD9 affects many processes in the body making it an attractive molecule for further
investigation and development as a therapeutic target [138].

Yoshioka et al. developed a high-speed and high-sensitive tool named “ExoScreen”
to detect exosomes without purifying the blood of colorectal cancer patients [139]. In
this method, two antibodies that respectively recognize CD9 and CD147 are used. Only
when the two antibodies are close together can exosomes in the blood be directly detected
by the release of a fluorescent signal. The authors found that the number of exosomes
coexpressing CD9 and CD147 was significantly higher in colorectal cancer patients than
that in healthy subjects. By changing antibodies to disease-specific antigens on exosome
membranes, ExoScreen can be applied to detect other cancer types. As a leading diagnostic
tool for cancer, further development of ExoScreen is expected.

7. Conclusions

With the development of anticancer medicines, new cancer treatment modalities are
being explored. Conventional forms, such as small chemical drugs and antibody drugs,
work by “inhibiting the function” of target proteins. In this review, we have introduced
nucleic acid drugs, such as ASOs and siRNAs, which promote the “disappearance” or
“loss of function” of the target protein and act by new mechanisms that utilize the inherent
characteristics of oligonucleotides. Although there are no nucleic acid drugs approved
for cancer treatment yet, recent results of several clinical trials suggest that anti-cancer
nucleic acid drugs will probably be approved in the near future. Furthermore, it is expected
that nucleic acid drugs will be developed and practically used in a coordinated manner
according to the characteristics of cancer types. It is our hope that this review will increase
the awareness of nucleic acid drugs worldwide and build momentum for the future
development of new cancer-targeted versions of these drugs.
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Abbreviations

Abbreviation Definition
ADCC Antibody-dependent cell-mediated cytotoxicity
ADCs Antibody-drug conjugates
AIDS Acquired immunodeficiency syndrome
ALAS1 5-Aminolevulinate synthase 1
AOCs Antibody-oligonucleotide conjugates
ApoB Apolipoprotein B
ASOs Antisense oligonucleotides
ASGPR Asialoglycoprotein receptor
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CBSA Cationic bovine serum albumin
CPPs Cell penetrating peptides
DDS Drug delivery systems
DNA Deoxyribonucleic acid
dsAON Double stranded antisense oligonucleotide
DsiRNAs Dicer substrate siRNAs
EDV EnGeneIC delivery vehicle
EGFR Epidermal growth factor receptor
EPM Exosomes and PEI matrix
ESCRT Endosomal sorting complex required for transport
FA Folic acid
FDA Food and Drug Administration
GalNAc N-Acetylgalactosamine
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GSCs Glioblastoma stem cells
GSTP Glutathione-S-transferase P
HAO1 Hydroxyacid Oxidase 1
hATTR Hereditary transthyretin amyloidosis
HIV-1 Human immunodeficiency virus-1
HLA-G Human leukocyte antigen-G
hsiRNA Hydrophobically modified siRNA
HSPs Heat shock proteins
ICAM-1 Intercellular adhesion molecule-1
IgG Immunoglobulin G
ILVs Intraluminal vesicles
Lamp Lysosomal-associated membrane protein
LNAs Locked nucleic acids
LNPs Lipid nanoparticles
LODER Local Drug Eluter
miRNA MicroRNA
mRNA Messenger RNA
MSC Mesenchymal Stem Cell
MVBs Multivesicular bodies
PC Phosphatidylcholine
PDAC Pancreatic ductal adenocarcinoma
PEA Phosphatidylethanolamine
PEG Poly(ethylene glycol)
PEI Polyethyleneimine
PK Pharmacokinetics
PKN3 Protein Kinase N3
PMO Phosphorodiamidate morpholino oligomer
PS Phosphatidylserine
PSLs PEG-stabilized liposomes
RIG-1 Retinoic acid-inducible gene-1
RNA Ribonucleic acid
RNAi RNA interference
RVG Rabies virus glycoprotein
siRNA Small interfering RNA
SM Sphingomyelin
SNALP Stable nucleic acid lipid particle
STAT3 Signal transducer and activator of transcription 3
TEM Tetraspanin-enriched microdomain
TNBC Triple-negative breast cancer
TTR Transthyretin
VEGF Vascular endothelial growth factor



Cancers 2021, 13, 3881 15 of 20

References
1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2018. CA Cancer J. Clin. 2018, 68, 7–30. [CrossRef]
2. Lameire, N. Nephrotoxicity of recent anti-cancer agents. Clin. Kidney J. 2014, 7, 11–22. [CrossRef]
3. Suter, T.M.; Ewer, M.S. Cancer drugs and the heart: Importance and management Eur. Heart J. 2013, 34, 1102–1111. [CrossRef]

[PubMed]
4. Levin, A.A. Treating disease at the RNA level with oligonucleotides. N. Engl. J. Med. 2019, 380, 57–70. [CrossRef] [PubMed]
5. Wang, F.; Zuroske, T.; Watts, J.K. RNA therapeutics on the rise. Nat. Rev. Drug Discov. 2020, 19, 441–442. [CrossRef] [PubMed]
6. Craig, K.; Abrams, M.; Amiji, M. Recent preclinical and clinical advances in oligonucleotide conjugates. Expert Opin. Drug Deliv.

2018, 15, 629–640. [CrossRef]
7. Quemener, A.M.; Bachelot, L.; Forestier, A.; Donnou-Fournet, E.; Gilot, D.; Galibert, M.D. The powerful world of antisense

oligonucleotides: From bench to bedside. Wiley Interdiscip. Rev. RNA 2020, 11, e1594. [CrossRef] [PubMed]
8. Mukalel, A.J.; Riley, R.S.; Zhang, R.; Mitchell, M.J. Nanoparticles for nucleic acid delivery: Applications in cancer immunotherapy.

Cancer Lett. 2019, 458, 102–112. [CrossRef] [PubMed]
9. Fumoto, S.; Yamamoto, T.; Okami, K.; Maemura, Y.; Terada, C.; Yamayoshi, A.; Nishida, K. Understanding In Vivo Fate of Nucleic

Acid and Gene Medicines for the Rational Design of Drugs. Pharmaceutics 2021, 13, 159. [CrossRef]
10. Judge, A.D.; Robbins, M.; Tavakoli, I.; Levi, J.; Hu, L.; Fronda, A.; Ambegia, E.; McClintock, K.; MacLachlan, I. Confirming the

RNAi-mediated mechanism of action of siRNA-based cancer therapeutics in mice. J. Clin. Investig. 2009, 119, 661–673. [CrossRef]
11. Nair, J.K.; Willoughby, J.L.; Chan, A.; Charisse, K.; Alam, M.R.; Wang, Q.; Hoekstra, M.; Kandasamy, P.; Kel’in, A.V.; Milstein,

S.; et al. Multivalent N-acetylgalactosamine-conjugated siRNA localizes in hepatocytes and elicits robust RNAi-mediated gene
silencing. J. Am. Chem. Soc. 2014, 136, 16958–16961. [CrossRef] [PubMed]

12. Khvorova, A.; Watts, J.K. The chemical evolution of oligonucleotide therapies of clinical utility. Nat. Biotechnol. 2017, 35, 238–248.
[CrossRef]

13. Garrelfs, S.F.; Frishberg, Y.; Hulton, S.A.; Koren, M.J.; O’Riordan, W.D.; Cochat, P.; Deschênes, G.; Shasha-Lavsky, H.; Saland, J.M.;
Van’t Hoff, W.G.; et al. Lumasiran, an RNAi Therapeutic for Primary Hyperoxaluria Type 1. N. Engl. J. Med. 2021, 384, 1216–1226.
[CrossRef]

14. Santel, A.; Aleku, M.; Keil, O.; Endruschat, J.; Esche, V.; Durieux, B.; Löffler, K.; Fechtner, M.; Röhl, T.; Fisch, G.; et al. RNA
interference in the mouse vascular endothelium by systemic administration of siRNA-lipoplexes for cancer therapy. Gene Ther.
2006, 13, 1360–1370. [CrossRef] [PubMed]

15. Schultheis, B.; Strumberg, D.; Kuhlmann, J.; Wolf, M.; Link, K.; Seufferlein, T.; Kaufmann, J.; Feist, M.; Gebhardt, F.; Khan, M.; et al.
Safety, Efficacy and Pharcacokinetics of Targeted Therapy with The Liposomal RNA Interference Therapeutic Atu027 Combined
with Gemcitabine in Patients with Pancreatic Adenocarcinoma. A Randomized Phase Ib/IIa Study. Cancers 2020, 12, 3130. [CrossRef]

16. Atu027 Plus Gemcitabine in Advanced or Metastatic Pancreatic Cancer (Atu027-I-02) (Atu027-I-02). ClinicalTrials.gov, Identifier:
NCT01808638 ClinicalTrials.gov. Available online: https://clinicaltrials.gov/ct2/show/NCT01808638 (accessed on 7 July 2021).

17. Golan, T.; Khvalevsky, E.Z.; Hubert, A.; Gabai, R.M.; Hen, N.; Segal, A.; Domb, A.; Harari, G.; David, E.B.; Raskin, S.; et al. RNAi
therapy targeting KRAS in combination with chemotherapy for locally advanced pancreatic cancer patients. Oncotarget 2015, 6,
24560–24570. [CrossRef]

18. Shemi, A.; Khvalevsky, E.Z.; Gabai, R.M.; Gabai, R.M.; Hen, N.; Segal, A.; Domb, A.; Harari, G.; David, E.B.; Raskin, S.; et al.
Multistep, effective drug distribution within solid tumors. Oncotarget 2015, 6, 39564–39577. [CrossRef] [PubMed]

19. A Phase 2 Study of siG12D LODER in Combination with Chemotherapy in Patients with Locally Advanced Pancreatic Cancer
(PROTACT). ClinicalTrials.gov, Identifier: NCT01676259 ClinicalTrials.gov. Available online: https://clinicaltrials.gov/ct2/show/
NCT01676259 (accessed on 7 July 2021).

20. Merkel, O.M.; Beyerle, A.; Librizzi, D.; Pfestroff, A.; Behr, T.M.; Sproat, B.; Barth, P.J.; Kissel, T. Nonviral siRNA delivery to the
lung: Investigation of PEG-PEI polyplexes and their in vivo performance. Mol. Pharm. 2009, 6, 1246–1260. [CrossRef]

21. Hussain, M.; Shchepinov, M.; Sohail, M.; Benter, I.F.; Hollins, A.J.; Southern, E.M.; Akhtar, S. A novel anionic dendrimer for
improved cellular delivery of antisense oligonucleotides. J. Control. Release 2004, 99, 139–155. [CrossRef]

22. Ko, Y.T.; Bhattacharya, R.; Bickel, U. Liposome encapsulated polyethylenimine/ODN polyplexes for brain targeting. J. Control.
Release 2009, 133, 230–237. [CrossRef]

23. Hangeland, J.J.; Levis, J.T.; Lee, Y.C.; Ts’O, P.O. Cell-type specific and ligand specific enhancement of cellular uptake of
oligodeoxynucleoside methylphosphonates covalently linked with a neoglycopeptide, YEE(ah-GalNAc)3. Bioconjug. Chem. 1995,
6, 695–701. [CrossRef]

24. Prakash, T.P.; Graham, M.J.; Yu, J.; Carty, R.; Low, A.; Chappell, A.; Schmidt, K.; Zhao, C.; Aghajan, M.; Murray, H.F.; et al.
Targeted delivery of antisense oligonucleotides to hepatocytes using triantennary N-acetyl galactosamine improves potency
10-fold in mice. Nucleic Acids Res. 2014, 42, 8796–8807. [CrossRef] [PubMed]

25. Rajeev, K.G.; Nair, J.K.; Jayaraman, M.; Charisse, K.; Taneja, N.; O’Shea, J.; Willoughby, J.L.; Yucius, K.; Nguyen, T.;
Shulga-Morskaya, S.; et al. Hepatocyte-specific delivery of siRNAs conjugated to novel non-nucleosidic trivalent N-
acetylgalactosamine elicits robust gene silencing in vivo. Chembiochem 2015, 16, 903–908. [CrossRef] [PubMed]

26. Yamamoto, T.; Sawamura, M.; Wada, F.; Harada-Shiba, M.; Obika, S. Serial incorporation of a monovalent GalNAc phospho-
ramidite unit into hepatocyte-targeting antisense oligonucleotides. Bioorg. Med. Chem. 2016, 24, 26–32. [CrossRef] [PubMed]

http://doi.org/10.3322/caac.21442
http://doi.org/10.1093/ckj/sft135
http://doi.org/10.1093/eurheartj/ehs181
http://www.ncbi.nlm.nih.gov/pubmed/22789916
http://doi.org/10.1056/NEJMra1705346
http://www.ncbi.nlm.nih.gov/pubmed/30601736
http://doi.org/10.1038/d41573-020-00078-0
http://www.ncbi.nlm.nih.gov/pubmed/32341501
http://doi.org/10.1080/17425247.2018.1473375
http://doi.org/10.1002/wrna.1594
http://www.ncbi.nlm.nih.gov/pubmed/32233021
http://doi.org/10.1016/j.canlet.2019.04.040
http://www.ncbi.nlm.nih.gov/pubmed/31100411
http://doi.org/10.3390/pharmaceutics13020159
http://doi.org/10.1172/JCI37515
http://doi.org/10.1021/ja505986a
http://www.ncbi.nlm.nih.gov/pubmed/25434769
http://doi.org/10.1038/nbt.3765
http://doi.org/10.1056/NEJMoa2021712
http://doi.org/10.1038/sj.gt.3302778
http://www.ncbi.nlm.nih.gov/pubmed/16625242
http://doi.org/10.3390/cancers12113130
https://clinicaltrials.gov/ct2/show/NCT01808638
http://doi.org/10.18632/oncotarget.4183
http://doi.org/10.18632/oncotarget.5051
http://www.ncbi.nlm.nih.gov/pubmed/26416413
https://clinicaltrials.gov/ct2/show/NCT01676259
https://clinicaltrials.gov/ct2/show/NCT01676259
http://doi.org/10.1021/mp900107v
http://doi.org/10.1016/j.jconrel.2004.06.009
http://doi.org/10.1016/j.jconrel.2008.10.013
http://doi.org/10.1021/bc00036a006
http://doi.org/10.1093/nar/gku531
http://www.ncbi.nlm.nih.gov/pubmed/24992960
http://doi.org/10.1002/cbic.201500023
http://www.ncbi.nlm.nih.gov/pubmed/25786782
http://doi.org/10.1016/j.bmc.2015.11.036
http://www.ncbi.nlm.nih.gov/pubmed/26678173


Cancers 2021, 13, 3881 16 of 20

27. Yamayoshi, A.; Oyama, S.; Kishimoto, Y.; Konishi, R.; Yamamoto, T.; Kobori, A.; Harada, H.; Ashihara, E.; Sugiyama, H.; Mu-
rakami, A. Development of Antibody–Oligonucleotide Complexes for Targeting Exosomal MicroRNA. Pharmaceutics 2020, 12, 545.
[CrossRef]

28. Balwani, M.; Sardh, E.; Ventura, P.; Peiró, P.A.; Rees, D.C.; Stölzel, U.; Bissell, M.; Bonkovsky, H.L.; Windyga, J.; Anderson,
K.E.; et al. Phase 3 Trial of RNAi Therapeutic Givosiran for Acute Intermittent Porphyria. N. Engl. J. Med. 2020, 382, 2289–2301.
[CrossRef]

29. Ray, K.K.; Wright, R.S.; Kallend, D.; Koenig, W.; Leiter, L.A.; Raal, F.J.; Bisch, J.A.; Richardson, T.; Jaros, M.; Wijngaard, P.L.J.; et al.
Two Phase 3 Trials of Inclisiran in Patients with Elevated LDL Cholesterol. N. Engl. J. Med. 2020, 382, 1507–1519. [CrossRef]

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

31. 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]

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

33. 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]

34. Munagala, R.; Aqil, F.; Jeyabalan, J.; Kandimalla, R.; Wallena, M.; Tyagi, N.; Wilcher, S.; Yan, J.; Schultz, D.J.; Spencer, W.; et al.
Exosome-mediated delivery of RNA and DNA for gene therapy. Cancer Lett. 2021, 505, 58–72. [CrossRef] [PubMed]

35. Kamerkar, S.; LeBleu, V.S.; Sugimoto, H.; Yang, S.; Ruivo, C.F.; Melo, S.A.; Lee, J.J.; Kalluri, R. Exosomes facilitate therapeutic
targeting of oncogenic KRAS in pancreatic cancer. Nature 2017, 546, 498–503. [CrossRef]

36. iExosomes in Treating Participants with Metastatic Pancreas Cancer With KrasG12D Mutation. ClinicalTrials.gov, Identifier:
NCT03608631 ClinicalTrials.gov. Available online: https://clinicaltrials.gov/ct2/show/NCT03608631 (accessed on 7 July 2021).

37. Semple, S.C.; Klimuk, S.K.; Harasym, T.O.; Dos Santos, N.; Ansell, S.M.; Wong, K.F.; Maurer, N.; Stark, H.; Cullis, P.R.; Hope,
M.J.; et al. Efficient encapsulation of antisense oligonucleotides in lipid vesicles using ionizable aminolipids: Formation of novel
small multilamellar vesicle structures. Biochim. Biophys. Acta 2001, 1510, 152–166. [CrossRef]

38. Morrissey, D.V.; Lockridge, J.A.; Shaw, L.; Blanchard, K.; Jensen, K.; Breen, W.; Hartsough, K.; Machemer, L.; Radka, S.; Jadhav,
V.; et al. Potent and persistent in vivo anti-HBV activity of chemically modified siRNAs. Nat. Biotechnol. 2005, 23, 1002–1007.
[CrossRef]

39. Judge, A.D.; Bola, G.; Lee, A.C.; MacLachlan, I. Design of noninflammatory synthetic siRNA mediating potent gene silencing
in vivo. Mol. Ther. 2006, 13, 494–505. [CrossRef]

40. A Study of NBF-006 in Non-Small Cell Lung, Pancreatic, or Colorectal Cancer. ClinicalTrials.gov, Identifier: NCT03819387
ClinicalTrials.gov. Available online: https://clinicaltrials.gov/ct2/show/NCT03819387 (accessed on 7 July 2021).

41. Sahin, U.; Oehm, P.; Derhovanessian, E.; Jabulowsky, R.A.; Vormehr, M.; Gold, M.; Maurus, D.; Schwarck-Kokarakis, D.; Kuhn,
A.N.; Omokoko, T.; et al. An RNA vaccine drives immunity in checkpoint-inhibitor-treated melanoma. Nature 2020, 585, 107–112.
[CrossRef]

42. Trial With BNT111 and Cemiplimab in Combination or as Single Agents in Patients with Anti-PD1-refractory/Relapsed,
Unresectable Stage III or IV Melanoma. ClinicalTrials.gov, Identifier: NCT04526899 ClinicalTrials.gov. Available online: https:
//clinicaltrials.gov/ct2/show/NCT04526899 (accessed on 7 July 2021).

43. Song, E.; Zhu, P.; Lee, S.K.; Chowdhury, D.; Kussman, S.; Dykxhoorn, D.M.; Feng, Y.; Palliser, D.; Weiner, D.B.; Shankar, P.; et al.
Antibody mediated in vivo delivery of small interfering RNAs via cell-surface receptors. Nat. Biotechnol. 2005, 23, 709–717.
[CrossRef] [PubMed]

44. Ma, Y.; Kowolik, C.M.; Swiderski, P.M.; Kortylewski, M.; Yu, H.; Horne, D.A.; Jove, R.; Caballero, O.L.; Simpson, A.J.G.; Lee,
F.-T.; et al. Humanized Lewis-Y specific antibody based delivery of STAT3 siRNA. ACS Chem. Biol. 2011, 6, 962–970. [CrossRef]

45. Xia, C.F.; Zhang, Y.; Zhang, Y.; Boado, R.J.; Pardridge, W.M. Intravenous siRNA of brain cancer with receptor targeting and
avidin-biotin technology. Pharm. Res. 2007, 24, 2309–2316. [CrossRef] [PubMed]

46. Arnold, A.E.; Malek-Adamian, E.; Le, P.U.; Meng, A.; Martínez-Montero, S.; Petrecca, K.; Damha, M.J.; Shoichet, M.S. Antibody-
Antisense Oligonucleotide Conjugate Downregulates a Key Gene in Glioblastoma Stem Cells. Mol. Ther. Nucleic Acids 2018, 11,
518–527. [CrossRef]

47. Sugo, T.; Terada, M.; Oikawa, T.; Miyata, K.; Nishimura, S.; Kenjo, E.; Ogasawara-Shimizu, M.; Makita, Y.; Imaichi, S.; Murata,
S.; et al. Development of antibody-siRNA conjugate targeted to cardiac and skeletal muscles. J. Control. Release 2016, 237, 1–13.
[CrossRef] [PubMed]

48. Fishman, J.B.; Rubin, J.B.; Handrahan, J.V.; Connor, J.R.; Fine, R.E. Receptor-mediated transcytosis of transferrin across the
blood-brain barrier. J. Neurosci. Res. 1987, 18, 299–304. [CrossRef]

49. Junghans, M.; Kreuter, J.; Zimmer, A. Antisense delivery using protamine-oligonucleotide particles. Nucleic Acids Res. 2000, 28, E45.
[CrossRef] [PubMed]

http://doi.org/10.3390/pharmaceutics12060545
http://doi.org/10.1056/NEJMoa1913147
http://doi.org/10.1056/NEJMoa1912387
http://doi.org/10.1038/nbt.1807
http://www.ncbi.nlm.nih.gov/pubmed/21423189
http://doi.org/10.1016/j.jconrel.2013.08.014
http://doi.org/10.1038/mt.2016.126
http://doi.org/10.1016/j.jconrel.2019.12.005
http://doi.org/10.1016/j.canlet.2021.02.011
http://www.ncbi.nlm.nih.gov/pubmed/33610731
http://doi.org/10.1038/nature22341
https://clinicaltrials.gov/ct2/show/NCT03608631
http://doi.org/10.1016/S0005-2736(00)00343-6
http://doi.org/10.1038/nbt1122
http://doi.org/10.1016/j.ymthe.2005.11.002
https://clinicaltrials.gov/ct2/show/NCT03819387
http://doi.org/10.1038/s41586-020-2537-9
https://clinicaltrials.gov/ct2/show/NCT04526899
https://clinicaltrials.gov/ct2/show/NCT04526899
http://doi.org/10.1038/nbt1101
http://www.ncbi.nlm.nih.gov/pubmed/15908939
http://doi.org/10.1021/cb200176v
http://doi.org/10.1007/s11095-007-9460-8
http://www.ncbi.nlm.nih.gov/pubmed/17926121
http://doi.org/10.1016/j.omtn.2018.04.004
http://doi.org/10.1016/j.jconrel.2016.06.036
http://www.ncbi.nlm.nih.gov/pubmed/27369865
http://doi.org/10.1002/jnr.490180206
http://doi.org/10.1093/nar/28.10.e45
http://www.ncbi.nlm.nih.gov/pubmed/10773093


Cancers 2021, 13, 3881 17 of 20

50. Dinauer, N.; Lochmann, D.; Demirhan, I.; Bouazzaoui, A.; Zimmer, A.; Chandrac, A.; JörgKreuter; Briesena, H. Intracellular
tracking of protamine/antisense oligonucleotide nanoparticles and their inhibitory effect on HIV-1 transactivation. J. Control.
Release 2004, 96, 497–507. [CrossRef] [PubMed]

51. Meleshko, A.N.; Petrovskaya, N.A.; Savelyeva, N.; Vashkevich, K.P.; Doronina, S.N.; Sacivko, N.V. Phase I clinical trial of idiotypic
DNA vaccine administered as a complex with polyethylenimine to patients with B-cell lymphoma. Hum. Vaccin. Immunother.
2017, 13, 1–6. [CrossRef]

52. Intratumoral/Intralesional Administration of MK-4621/JetPEI™ with or without Pembrolizumab in Participants with Ad-
vanced/Metastatic or Recurrent Solid Tumors (MK-4621–002). ClinicalTrials.gov, Identifier: NCT03739138 ClinicalTrials.gov.
Available online: https://clinicaltrials.gov/ct2/show/NCT03739138 (accessed on 7 July 2021).

53. Reid, G.; Pel, M.E.; Kirschner, M.B.; Cheng, Y.Y.; Mugridge, N.; Weiss, J.; Williams, M.; Wright, C.; Edelman, J.J.B.; Vallely,
M.P.; et al. Restoring expression of miR-16: A novel approach to therapy for malignant pleural mesothelioma. Ann. Oncol. 2013,
24, 3128–3135. [CrossRef] [PubMed]

54. MesomiR 1: A Phase I Study of TargomiRs as 2nd or 3rd Line Treatment for Patients with Recurrent MPM and NSCLC.
ClinicalTrials.gov, Identifier: NCT02369198 ClinicalTrials.gov. Available online: https://clinicaltrials.gov/ct2/show/NCT02369
198 (accessed on 7 July 2021).

55. Wolfrum, C.; Shi, S.; Jayaprakash, K.N.; Jayaraman, M.; Wang, G.; Pandey, R.K.; Rajeev, K.G.; Nakayama, T.; Charrise, K.; Ndungo,
E.M.; et al. Mechanisms and optimization of in vivo delivery of lipophilic siRNAs. Nat. Biotechnol. 2007, 25, 1149–1157. [CrossRef]

56. Wong, S.C.; Klein, J.J.; Hamilton, H.L.; Chu, Q.; Frey, C.L.; Truvetskoy, V.S.; Hegge, J.; Wakefield, D.; Rozema, D.B.; Lewis, D.L.
Co-injection of a targeted, reversibly masked endosomolytic polymer dramatically improves the efficacy of cholesterol-conjugated
small interfering RNAs in vivo. Nucleic Acid Ther. 2012, 22, 380–390. [CrossRef]

57. Orellana, O.; Tenneti, S.; Rangasamy, L.; Lyle, T.; Low, P.S.; Kasinski, A.L. FolamiRs: Ligand-targeted, vehicle-free delivery of
microRNAs for the treatment of cancer. Sci. Transl. Med. 2017, 9, eaam9327. [CrossRef]

58. Amantana, A.; Moulton, H.M.; Cate, M.L.; Reddy, M.T.; Whitehead, T.; Hassinger, J.N.; Youngblood, D.S.; Iversen, P.L. Pharma-
cokinetics, biodistribution, stability and toxicity of a cell-penetrating peptide-morpholino oligomer conjugate. Bioconjug. Chem.
2007, 18, 1325–1331. [CrossRef] [PubMed]

59. Boussif, O.; Lezoualc’h, F.; Zanta, M.A.; Mergny, M.D.; Scherman, D.; Demeneix, B.; Behr, J.P. A versatile vector for gene and
oligonucleotide transfer into cells in culture and in vivo: Polyethylenimine. Proc. Natl. Acad. Sci. USA 1995, 92, 7297–7301.
[CrossRef] [PubMed]

60. Taranejoo, S.; Liu, J.; Verma, P.; Hourigan, K. A review of the developments of characteristics of PEI derivatives for gene delivery
applications. J. Appl. Polym. Sci. 2015, 132, 42096. [CrossRef]

61. Akinc, A.; Thomas, M.; Klibanov, A.M.; Langer, R. Exploring polyethylenimine-mediated DNA transfection and the proton
sponge hypothesis. J. Gene Med. 2005, 7, 657–663. [CrossRef] [PubMed]

62. Guiner, C.L.; Stieger, K.; Snyder, R.O.; Rolling, F.; Moullier, P. Immune responses to gene product of inducible promoters. Curr.
Gene Ther. 2007, 7, 334–346. [CrossRef]

63. Juliano, R.L.; Ming, X.; Nakagawa, O. Cellular uptake and intracellular trafficking of antisense and siRNA oligonucleotides.
Bioconjug. Chem. 2012, 23, 147–157. [CrossRef]

64. Low, P.S.; Henne, W.A.; Doornereerd, D.D. Discovery and Development of Folic-Acid-Based Receptor Targeting for Imaging and
Therapy of Cancer and Inflammatory Diseases. Acc. Chem. Res. 2008, 41, 120–129. [CrossRef]

65. Zhou, W.; Yuan, X.; Wilson, A.; Yang, L.; Mokotoff, M.; Pitt, B.; Li, S. Efficient intracellular delivery of oligonucleotides formulated
in folate receptor-targeted lipid vesicles. Bioconjug. Chem. 2002, 13, 1220–1225. [CrossRef]

66. Wang, M.; Hu, H.; Sun, Y.; Qiua, L.; Zhang, J.; Guan, G.; Zhao, X.; Qiao, M.; Cheng, L.; Cheng, L.; et al. A pH-sensitive gene
delivery system based on folic acid-PEG-chitosan—PAMAM-plasmid DNA complexes for cancer cell targeting. Biomaterials 2013,
34, 10120–10132. [CrossRef]

67. Dohmen, C.; Fröhlich, T.; Lächelt, U.; Röhl, I.; Vornlocher, H.-P.; Hadwiger, P.; Wagner, E. Defined Folate-PEG-siRNA Conjugates
for Receptor-specific Gene Silencing. Mol. Ther. Nucleic Acids 2012, 1, e7. [CrossRef]

68. Frankel, A.D.; Pabo, C.O. Cellular uptake of the tat protein from human immunodeficiency virus. Cell 1988, 55, 1189–1193.
[CrossRef]

69. Derossi, D.; Joliot, A.H.; Chassaing, G.; Prochiantz, A. The third helix of the Antennapedia homeodomain translocates through
biological membranes. J. Biol. Chem. 1994, 269, 10444–10450. [CrossRef]

70. Pooga, M.; Hällbrink, M.; Zorko, M.; Langel, U. Cell penetration by transportan. FASEB J. 1998, 12, 67–77. [CrossRef]
71. Futaki, S.; Suzuki, T.; Ohashi, W.; Yagami, T.; Tanaka, S.; Ueda, K.; Sugiura, Y. Arginine-rich peptides. An abundant source of

membrane-permeable peptides having potential as carriers for intracellular protein delivery. J. Biol. Chem. 2001, 276, 5836–5840.
[CrossRef]

72. Boisguérin, P.; Deshayes, S.; Gait, M.J.; O’Donovan, L.; Godfrey, C.; Betts, C.A.; Wood, M.J.; Lebleu, B. Delivery of therapeutic
oligonucleotides with cell penetrating peptides. Adv. Drug Deliv. Rev. 2015, 87, 52–67. [CrossRef]

73. De Taeye, S.W.; Rispens, T.; Vidarsson, G. The Ligands for Human IgG and Their Effector Functions. Antibodies 2019, 8, 30.
[CrossRef]

74. Wang, W.; Erbe, A.K.; Hank, J.A.; Morris, Z.S.; Sondel, P.M. NK Cell-Mediated Antibody-Dependent Cellular Cytotoxicity in
Cancer Immunotherapy. Front. Immunol. 2015, 6, 368. [CrossRef]

http://doi.org/10.1016/j.jconrel.2004.02.020
http://www.ncbi.nlm.nih.gov/pubmed/15120905
http://doi.org/10.1080/21645515.2017.1285477
https://clinicaltrials.gov/ct2/show/NCT03739138
http://doi.org/10.1093/annonc/mdt412
http://www.ncbi.nlm.nih.gov/pubmed/24148817
https://clinicaltrials.gov/ct2/show/NCT02369198
https://clinicaltrials.gov/ct2/show/NCT02369198
http://doi.org/10.1038/nbt1339
http://doi.org/10.1089/nat.2012.0389
http://doi.org/10.1126/scitranslmed.aam9327
http://doi.org/10.1021/bc070060v
http://www.ncbi.nlm.nih.gov/pubmed/17583927
http://doi.org/10.1073/pnas.92.16.7297
http://www.ncbi.nlm.nih.gov/pubmed/7638184
http://doi.org/10.1002/app.42096
http://doi.org/10.1002/jgm.696
http://www.ncbi.nlm.nih.gov/pubmed/15543529
http://doi.org/10.2174/156652307782151461
http://doi.org/10.1021/bc200377d
http://doi.org/10.1021/ar7000815
http://doi.org/10.1021/bc025569z
http://doi.org/10.1016/j.biomaterials.2013.09.006
http://doi.org/10.1038/mtna.2011.10
http://doi.org/10.1016/0092-8674(88)90263-2
http://doi.org/10.1016/S0021-9258(17)34080-2
http://doi.org/10.1096/fsb2fasebj.12.1.67
http://doi.org/10.1074/jbc.M007540200
http://doi.org/10.1016/j.addr.2015.02.008
http://doi.org/10.3390/antib8020030
http://doi.org/10.3389/fimmu.2015.00368


Cancers 2021, 13, 3881 18 of 20

75. Idusogie, E.E.; Presta, L.G.; Gazzano-Santoro, H.; Totpal, K.; Wong, P.Y.; Ultsch, M.; Meng, Y.G.; Mulkerrin, M.G. Mapping of the
C1q binding site on rituxan, a chimeric antibody with a human IgG1 Fc. J. Immunol. 2000, 164, 4178–4184. [CrossRef] [PubMed]

76. Dovgan, I.; Koniev, O.; Kolodych, S.; Wagner, A. Antibody-Oligonucleotide Conjugates as Therapeutic, Imaging, and Detection
Agents. Bioconjug. Chem. 2019, 30, 2483–2501. [CrossRef] [PubMed]

77. Alley, S.C.; Okeley, N.M.; Senter, P.D. Antibody-drug conjugates: Targeted drug delivery for cancer. Curr. Opin. Chem. Biol. 2010,
14, 529–537. [CrossRef] [PubMed]

78. Beck, A.; Goetsch, L.; Dumontet, C.; Corvaïa, N. Strategies and challenges for the next generation of antibody-drug conjugates.
Nat. Rev. Drug Discov. 2017, 16, 315–337. [CrossRef] [PubMed]

79. Hu, Q.-Y.; Berti, F.; Adamo, R. Towards the next generation of biomedicines by site-selective conjugation. Chem. Soc. Rev. 2016, 45,
1691–1719. [CrossRef] [PubMed]

80. Tsuchikama, K.; An, Z. Antibody-drug conjugates: Recent advances in conjugation and linker chemistries. Protein Cell 2018, 9,
33–46. [CrossRef] [PubMed]

81. Tagawa, H.; Murayama, K.; Sasaki, K.; Konoue, N.; Kishimura, A.; Kanai, M.; Mori, T.; Oisaki, K.; Katayama, Y. Induction of
ADCC by a folic acid–mAb conjugate prepared by tryptophan-selective reaction toward folate-receptor-positive cancer cells. RSC
Adv. 2020, 10, 16727–16731. [CrossRef]

82. Kishimoto, S.; Nakashimada, Y.; Yokota, R.; Hatanaka, T.; Adachi, M.; Ito, Y. Site-Specific Chemical Conjugation of Antibodies by
Using Affinity Peptide for the Development of Therapeutic Antibody Format. Bioconjug. Chem. 2019, 30, 698–702. [CrossRef]

83. Théry, C. Exosomes: Secreted vesicles and intercellular communications. F1000 Biol. Rep. 2011, 3, 15. [CrossRef]
84. Valadi, H.; Ekström, K.; Bossios, A.; Sjöstrand, M.; Lee, J.J.; Lötvall, J.O. Exosome-mediated transfer of mRNAs and microRNAs is

a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654–659. [CrossRef] [PubMed]
85. 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]

86. Kalra, H.; Simpson, R.J.; Ji, H.; Aikawa, E.; Altevogt, P.; Askenase, P.; Bond, V.C.; Borràs, F.E.; Breakefield, X.; Budnik, V.; et al.
Vesiclepedia: A Compendium for Extracellular Vesicles with Continuous Community Annotation. PLoS Biol. 2012, 10, e1001450.
[CrossRef]

87. Yu, X.; Odenthal, M.; Fries, J.W. Exosomes as miRNA Carriers: Formation–Function–Future. Int. J. Mol. Sci. 2016, 17, 2028.
[CrossRef]

88. Harding, C.; Heuser, J.; Stahl, P. Endocytosis and intracellular processing of transferrin and colloidal gold-transferrin in rat
reticulocytes: Demonstration of a pathway for receptor shedding. Eur. J. Cell Biol. 1984, 35, 256–263. [PubMed]

89. Larios, J.; Mercier, V.; Roux, A.; Gruenberg, J. ALIX- and ESCRT-III-dependent sorting of tetraspanins to exosomes. J. Cell Biol.
2020, 219, e201904113. [CrossRef]

90. Morita, E.; Sandrin, V.; Chung, H.Y.; Morham, S.G.; Gygi, S.P.; Rodesch, C.K.; Sundquist, W.I. Human ESCRT and ALIX proteins
interact with proteins of the midbody and function in cytokinesis. EMBO J. 2007, 26, 4215–4227. [CrossRef] [PubMed]

91. Babst, M. MVB vesicle formation: ESCRT-dependent, ESCRT-independent and everything in between. Curr. Opin. Cell Biol. 2011,
23, 452–457. [CrossRef] [PubMed]

92. Frankel, E.B.; Audhya, A. ESCRT-dependent cargo sorting at multivesicular endosomes. Semin. Cell Dev. Biol. 2018, 74, 4–10.
[CrossRef] [PubMed]

93. Wollert, T.; Hurley, J.H. Molecular mechanism of multivesicular body biogenesis by ESCRT complexes. Nature 2010, 8, 464,
864–869. [CrossRef]

94. Kenific, C.M.; Zhang, H.; Lyden, D. An exosome pathway without an ESCRT. Cell Res. 2021, 31, 105–106. [CrossRef]
95. Wei, D.; Zhan, W.; Gao, Y.; Huang, L.; Gong, R.; Wang, W.; Zhang, R.; Wu, Y.; Gao, S.; Kang, T. RAB31 marks and controls an

ESCRT-independent exosome pathway. Cell Res. 2021, 31, 157–177. [CrossRef]
96. Tian, T.; Zhu, Y.L.; Zhou, Y.Y.; Liang, G.F.; Wang, Y.Y.; Hu, F.H.; Xiao, Z.D. Exosome uptake through clathrin-mediated endocytosis

and macropinocytosis and mediating miR-21 delivery. J. Biol. Chem. 2014, 289, 22258–22267. [CrossRef]
97. Nanbo, A.; Kawanishi, E.; Yoshida, R.; Yoshiyama, H. Exosomes derived from Epstein-Barr virus-infected cells are internalized

via caveola-dependent endocytosis and promote phenotypic modulation in target cells. J. Virol. 2013, 87, 10334–10347. [CrossRef]
98. Costa Verdera, H.; Gitz-Francois, J.J.; Schiffelers, R.M.; Vader, P. Cellular uptake of extracellular vesicles is mediated by clathrin-

independent endocytosis and macropinocytosis. J. Control. Release 2017, 266, 100–108. [CrossRef] [PubMed]
99. Feng, D.; Zhao, W.L.; Ye, Y.Y.; Bai, X.C.; Liu, R.Q.; Chang, L.F.; Zhou, Q.; Sui, S.F. Cellular internalization of exosomes occurs

through phagocytosis. Traffic 2010, 11, 675–687. [CrossRef] [PubMed]
100. Svensson, K.J.; Christianson, H.C.; Wittrup, A.; Bourseau-Guilmain, E.; Lindqvist, E.; Svensson, L.M.; Mörgelin, M.; Belting, M.

Exosome uptake depends on ERK1/2-heat shock protein 27 signaling and lipid Raft-mediated endocytosis negatively regulated
by caveolin-1. J. Biol. Chem. 2013, 288, 17713–17724. [CrossRef]

101. Pols, M.S.; Klumperman, J. Trafficking and function of the tetraspanin CD63. Exp. Cell Res. 2009, 315, 1584–1592. [CrossRef]
[PubMed]

102. Malla, R.R.; Pandrangi, S.; Kumari, S.; Gavara, M.M.; Badana, A.K. Exosomal tetraspanins as regulators of cancer progression and
metastasis and novel diagnostic markers. Asia Pac. J. Clin. Oncol. 2018, 14, 383–391. [CrossRef]

103. Andreu, Z.; Yáñez-Mó, M. Tetraspanins in extracellular vesicle formation and function. Front. Immunol. 2014, 5, 442. [CrossRef]

http://doi.org/10.4049/jimmunol.164.8.4178
http://www.ncbi.nlm.nih.gov/pubmed/10754313
http://doi.org/10.1021/acs.bioconjchem.9b00306
http://www.ncbi.nlm.nih.gov/pubmed/31339691
http://doi.org/10.1016/j.cbpa.2010.06.170
http://www.ncbi.nlm.nih.gov/pubmed/20643572
http://doi.org/10.1038/nrd.2016.268
http://www.ncbi.nlm.nih.gov/pubmed/28303026
http://doi.org/10.1039/C4CS00388H
http://www.ncbi.nlm.nih.gov/pubmed/26796469
http://doi.org/10.1007/s13238-016-0323-0
http://www.ncbi.nlm.nih.gov/pubmed/27743348
http://doi.org/10.1039/D0RA03291C
http://doi.org/10.1021/acs.bioconjchem.8b00865
http://doi.org/10.3410/B3-15
http://doi.org/10.1038/ncb1596
http://www.ncbi.nlm.nih.gov/pubmed/17486113
http://doi.org/10.1038/mt.2012.180
http://doi.org/10.1371/journal.pbio.1001450
http://doi.org/10.3390/ijms17122028
http://www.ncbi.nlm.nih.gov/pubmed/6151502
http://doi.org/10.1083/jcb.201904113
http://doi.org/10.1038/sj.emboj.7601850
http://www.ncbi.nlm.nih.gov/pubmed/17853893
http://doi.org/10.1016/j.ceb.2011.04.008
http://www.ncbi.nlm.nih.gov/pubmed/21570275
http://doi.org/10.1016/j.semcdb.2017.08.020
http://www.ncbi.nlm.nih.gov/pubmed/28797838
http://doi.org/10.1038/nature08849
http://doi.org/10.1038/s41422-020-00418-0
http://doi.org/10.1038/s41422-020-00409-1
http://doi.org/10.1074/jbc.M114.588046
http://doi.org/10.1128/JVI.01310-13
http://doi.org/10.1016/j.jconrel.2017.09.019
http://www.ncbi.nlm.nih.gov/pubmed/28919558
http://doi.org/10.1111/j.1600-0854.2010.01041.x
http://www.ncbi.nlm.nih.gov/pubmed/20136776
http://doi.org/10.1074/jbc.M112.445403
http://doi.org/10.1016/j.yexcr.2008.09.020
http://www.ncbi.nlm.nih.gov/pubmed/18930046
http://doi.org/10.1111/ajco.12869
http://doi.org/10.3389/fimmu.2014.00442


Cancers 2021, 13, 3881 19 of 20

104. Hemler, M.E. Tetraspanin proteins mediate cellular penetration, invasion, and fusion events and define a novel type of membrane
microdomain. Annu. Rev. Cell Dev. Biol. 2003, 19, 397–422. [CrossRef] [PubMed]

105. Shimaoka, M.; Kawamoto, E.; Gaowa, A.; Okamoto, T.; Park, E.J. Connexins and Integrins in Exosomes. Cancers 2019, 11, 106.
[CrossRef]

106. Rebmann, V.; König, L.; Nardi Fda, S.; Wagner, B.; Manvailer, L.F.; Horn, P.A. The Potential of HLA-G-Bearing Extracellular
Vesicles as a Future Element in HLA-G Immune Biology. Front. Immunol. 2016, 7, 173. [CrossRef]

107. Taha, E.A.; Ono, K.; Eguchi, T. Roles of Extracellular HSPs as Biomarkers in Immune Surveillance and Immune Evasion. Int. J.
Mol. Sci. 2019, 20, 4588. [CrossRef]

108. Reddy, V.S.; Madala, S.K.; Trinath, J.; Reddy, G.B. Extracellular small heat shock proteins: Exosomal biogenesis and function. Cell
Stress Chaperones 2018, 23, 441–454. [CrossRef] [PubMed]

109. Bissig, C.; Gruenberg, J. ALIX and the multivesicular endosome: ALIX in Wonderland. Trends Cell Biol. 2014, 24, 19–25. [CrossRef]
[PubMed]

110. Zhang, J.; Li, S.; Li, L.; Li, M.; Guo, C.; Yao, J.; Mi, S. Exosome and exosomal microRNA: Trafficking, sorting, and function. Genom.
Proteom. Bioinform. 2015, 13, 17–24. [CrossRef]

111. Sun, Z.; Yang, S.; Zhou, Q.; Wang, G.; Song, J.; Li, Z.; Zhang, Z.; Xu, J.; Xia, K.; Chang, Y.; et al. Emerging role of exosome-derived
long non-coding RNAs in tumor microenvironment. Mol. Cancer 2018, 17, 82. [CrossRef]

112. Fanale, D.; Taverna, S.; Russo, A.; Bazan, V. Circular RNA in Exosomes. Adv. Exp. Med. Biol. 2018, 1087, 109–117. [CrossRef]
113. Wang, Y.; Liu, J.; Ma, J.; Sun, T.; Zhou, Q.; Wang, W.; Wang, G.; Wu, P.; Wang, H.; Jiang, L.; et al. Exosomal circRNAs: Biogenesis,

effect and application in human diseases. Mol. Cancer 2019, 18, 116. [CrossRef]
114. Zhang, H.; Freitas, D.; Kim, H.S.; Fabijanic, K.; Li, Z.; Chen, H.; Mark, M.T.; Molina, H.; Martin, A.B.; Bojmar, L.; et al. Identification

of distinct nanoparticles and subsets of extracellular vesicles by asymmetric flow field-flow fractionation. Nat. Cell Biol. 2018, 20,
332–343. [CrossRef]

115. Lim, L.P.; Lau, N.C.; Garrett-Engele, P.; Grimson, A.; Schelter, J.M.; Castle, J.; Bartel, D.P.; Linsley, P.S.; Johnson, J.M. Microarray
analysis shows that some microRNAs downregulate large numbers of target mRNAs. Nature 2005, 433, 769–773. [CrossRef]
[PubMed]

116. Griffiths-Jones, S.; Grocock, R.J.; van Dongen, S.; Bateman, A.; Enright, A.J. miRBase: microRNA sequences, targets and gene
nomenclature. Nucleic Acids Res. 2006, 34, D140–D144. [CrossRef]

117. Friedman, R.C.; Farh, K.K.; Burge, C.B.; Bartel, D.P. Most mammalian mRNAs are conserved targets of microRNAs. Genome Res.
2009, 19, 92–105. [CrossRef]

118. Zhang, Y.; Liu, D.; Chen, X.; Li, J.; Li, L.; Bian, Z.; Sun, F.; Lu, J.; Yin, Y.; Cai, X.; et al. Secreted monocytic miR-150 enhances
targeted endothelial cell migration. Mol. Cell 2010, 39, 133–144. [CrossRef]

119. Peinado, H.; Zhang, H.; Matei, I.R.; Costa-Silva, B.; Hoshino, A.; Rodrigues, G.; Psaila, B.; Kaplan, R.N.; Bromberg, J.F.; Kang,
Y.; et al. Pre-metastatic niches: Organ-specific homes for metastases. Nat. Rev. Cancer 2017, 17, 302–317. [CrossRef]

120. Hoshino, A.; Costa-Silva, B.; Shen, T.L.; Rodrigues, G.; Hashimoto, A.; Mark, M.T.; Molina, H.; Kohsaka, S.; di Giannatale, A.;
Ceder, S.; et al. Tumour exosome integrins determine organotropic metastasis. Nature 2015, 527, 329–335. [CrossRef] [PubMed]

121. Mitchell, P.S.; Parkin, R.K.; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; Peterson, A.; Noteboom, J.; O’Briant,
K.C.; Allen, A.; et al. Circulating microRNAs as stable blood-based markers for cancer detection. Proc. Natl. Acad. Sci. USA 2008,
105, 10513–10518. [CrossRef] [PubMed]

122. He, L.; Thomson, J.M.; Hemann, M.T.; Hernando-Monge, E.; Mu, D.; Goodson, S.; Powers, S.; Cordon-Cardo, C.; Lowe, S.W.;
Hannon, G.J.; et al. A microRNA polycistron as a potential human oncogene. Nature 2005, 435, 828–833. [CrossRef] [PubMed]

123. Obika, S.; Nanbu, D.; Hari, Y.; Andoh, J.; Morio, K.; Doi, T.; Imanishi, T. Stability and structural features of the duplexes
containing nucleoside analogues with a fixed N-type conformation, 2′-O,4′-C-methyleneribonucleosides. Tetrahedron Lett. 1998,
39, 5401–5404. [CrossRef]

124. Van der Ree, M.H.; van der Meer, A.J.; van Nuenen, A.C.; de Bruijne, J.; Ottosen, S.; Janssen, H.L.; Kootstra, N.A.; Reesink, H.W.
Miravirsen dosing in chronic hepatitis C patients results in decreased microRNA-122 levels without affecting other microRNAs
in plasma. Aliment. Pharmacol. Ther. 2016, 43, 102–113. [CrossRef]

125. Piccin, A.; Murphy, W.G.; Smith, O.P. Circulating microparticles: Pathophysiology and clinical implications. Blood Rev. 2007, 21,
157–171. [CrossRef]

126. Llorente, A.; Skotland, T.; Sylvänne, T.; Kauhanen, D.; Róg, T.; Orłowski, A.; Vattulainen, I.; Ekroos, K.; Sandvig, K. Molecular
lipidomics of exosomes released by PC-3 prostate cancer cells. Biochim. Biophys. Acta 2013, 1831, 1302–1309. [CrossRef]

127. Segawa, K.; Nagata, S. An Apoptotic ‘Eat Me’ Signal: Phosphatidylserine Exposure. Trends Cell Biol. 2015, 25, 639–650. [CrossRef]
128. Kooijmans, S.A.A.; Gitz-Francois, J.J.M.; Schiffelers, R.M.; Vader, P. Recombinant phosphatidylserine-binding nanobodies for

targeting of extracellular vesicles to tumor cells: A plug-and-play approach. Nanoscale 2018, 10, 2413–2426. [CrossRef]
129. Wong, W. A New Way to Cluster. Sci. Signal. 2008, 1, ec381. [CrossRef]
130. Huang, C.; Fu, C.; Wren, J.D.; Wang, X.; Zhang, F.; Zhang, Y.H.; Connel, S.A.; Chen, T.; Zhang, X.A. Tetraspanin-enriched

microdomains regulate digitation junctions. Cell Mol. Life Sci. 2018, 75, 3423–3439. [CrossRef]
131. Van Niel, G.; Charrin, S.; Simoes, S.; Romao, M.; Rochin, L.; Saftig, P.; Marks, M.S.; Rubinstein, E.; Raposo, G. The tetraspanin

CD63 regulates ESCRT-independent and -dependent endosomal sorting during melanogenesis. Dev. Cell 2011, 21, 708–721.
[CrossRef]

http://doi.org/10.1146/annurev.cellbio.19.111301.153609
http://www.ncbi.nlm.nih.gov/pubmed/14570575
http://doi.org/10.3390/cancers11010106
http://doi.org/10.3389/fimmu.2016.00173
http://doi.org/10.3390/ijms20184588
http://doi.org/10.1007/s12192-017-0856-z
http://www.ncbi.nlm.nih.gov/pubmed/29086335
http://doi.org/10.1016/j.tcb.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/24287454
http://doi.org/10.1016/j.gpb.2015.02.001
http://doi.org/10.1186/s12943-018-0831-z
http://doi.org/10.1007/978-981-13-1426-1_9
http://doi.org/10.1186/s12943-019-1041-z
http://doi.org/10.1038/s41556-018-0040-4
http://doi.org/10.1038/nature03315
http://www.ncbi.nlm.nih.gov/pubmed/15685193
http://doi.org/10.1093/nar/gkj112
http://doi.org/10.1101/gr.082701.108
http://doi.org/10.1016/j.molcel.2010.06.010
http://doi.org/10.1038/nrc.2017.6
http://doi.org/10.1038/nature15756
http://www.ncbi.nlm.nih.gov/pubmed/26524530
http://doi.org/10.1073/pnas.0804549105
http://www.ncbi.nlm.nih.gov/pubmed/18663219
http://doi.org/10.1038/nature03552
http://www.ncbi.nlm.nih.gov/pubmed/15944707
http://doi.org/10.1016/S0040-4039(98)01084-3
http://doi.org/10.1111/apt.13432
http://doi.org/10.1016/j.blre.2006.09.001
http://doi.org/10.1016/j.bbalip.2013.04.011
http://doi.org/10.1016/j.tcb.2015.08.003
http://doi.org/10.1039/C7NR06966A
http://doi.org/10.1126/scisignal.145ec381
http://doi.org/10.1007/s00018-018-2803-2
http://doi.org/10.1016/j.devcel.2011.08.019


Cancers 2021, 13, 3881 20 of 20

132. Little, K.D.; Hemler, M.E.; Stipp, C.S. Dynamic regulation of a GPCR-tetraspanin-G protein complex on intact cells: Central role
of CD81 in facilitating GPR56-Galpha q/11 association. Mol. Biol. Cell 2004, 15, 2375–2387. [CrossRef] [PubMed]

133. Chen, M.S.; Tung, K.S.; Coonrod, S.A.; Takahashi, Y.; Bigler, D.; Chang, A.; Yamashita, Y.; Kincade, P.W.; Herr, J.C.; White, J.M.
Role of the integrin-associated protein CD9 in binding between sperm ADAM 2 and the egg integrin alpha6beta1: Implications
for murine fertilization. Proc. Natl. Acad. Sci. USA 1999, 96, 11830–11835. [CrossRef]

134. Powner, D.; Kopp, P.M.; Monkley, S.J.; Critchley, D.R.; Berditchevski, F. Tetraspanin CD9 in cell migration. Biochem. Soc. Trans.
2011, 39, 563–567. [CrossRef]

135. Zöller, M. Tetraspanins: Push and pull in suppressing and promoting metastasis. Nat. Rev. Cancer 2009, 9, 40–55. [CrossRef]
[PubMed]

136. Lu, W.; Fei, A.; Jiang, Y.; Chen, L.; Wang, Y. Tetraspanin CD9 interacts with α-secretase to enhance its oncogenic function in
pancreatic cancer. Am. J. Transl. Res. 2020, 12, 5525–5537. [PubMed]

137. Reyes, R.; Cardeñes, B.; Machado-Pineda, Y.; Cabañas, C. Tetraspanin CD9: A Key Regulator of Cell Adhesion in the Immune
System. Front. Immunol. 2018, 9, 863. [CrossRef] [PubMed]

138. Murayama, Y.; Oritani, K.; Tsutsui, S. Novel CD9-targeted therapies in gastric cancer. World J. Gastroenterol. 2015, 21, 3206–3213.
[CrossRef] [PubMed]

139. Yoshioka, Y.; Kosaka, N.; Konishi, Y.; Ohta, H.; Okamoto, H.; Sonoda, H.; Nonaka, R.; Yamamoto, H.; Ishii, H.; Mori, M.; et al.
Ultra-sensitive liquid biopsy of circulating extracellular vesicles using ExoScreen. Nat. Commun. 2014, 5, 3591. [CrossRef]
[PubMed]

http://doi.org/10.1091/mbc.e03-12-0886
http://www.ncbi.nlm.nih.gov/pubmed/15004227
http://doi.org/10.1073/pnas.96.21.11830
http://doi.org/10.1042/BST0390563
http://doi.org/10.1038/nrc2543
http://www.ncbi.nlm.nih.gov/pubmed/19078974
http://www.ncbi.nlm.nih.gov/pubmed/33042435
http://doi.org/10.3389/fimmu.2018.00863
http://www.ncbi.nlm.nih.gov/pubmed/29760699
http://doi.org/10.3748/wjg.v21.i11.3206
http://www.ncbi.nlm.nih.gov/pubmed/25805926
http://doi.org/10.1038/ncomms4591
http://www.ncbi.nlm.nih.gov/pubmed/24710016

	Introduction 
	Nonviral Drug Delivery Systems for Nucleic Acid Drugs 
	Cationic Vectors for Nucleic Acid Delivery 
	Liposomes and Lipid Nanoparticles 

	Conjugation of Functional Molecules to Therapeutic Oligonucleotides 
	Cholesterol 
	GalNAc 
	Folic Acid 
	Cell Penetrating Peptides 

	Antibody-Oligonucleotide Conjugates 
	Basic Composition and Functions of AOCs 
	Therapeutic Applications of AOCs 

	Exosome-Hijacking DDS 
	Properties of Exosomes 
	Biogenesis and Cellular Uptake 
	Contents of Exosomes 

	Exosomes Used for the Delivery of Nucleic Acid Drugs 
	Antibody-Oligonucleotide Conjugates Targeting microRNAs in Exosomes: ExomiR-Tracker 

	Application to Cancer Treatments Using Surface Molecules on Exosome Membranes 
	Phosphatidylserine 
	Tetraspanin Proteins 

	Conclusions 
	References

