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ABSTRACT

RNA interference (RNAi)-based therapeutics (miR-
NAs, siRNAs) have great potential for treating vari-
ous human diseases through their ability to downreg-
ulate proteins associated with disease progression.
However, the development of RNAi-based therapeu-
tics is limited by lack of safe and specific delivery
strategies. A great effort has been made to over-
come some of these challenges resulting in devel-
opment of N-acetylgalactosamine (GalNAc) ligands
that are being used for delivery of siRNAs for the
treatment of diseases that affect the liver. The suc-
cesses achieved using GalNAc-siRNAs have paved
the way for developing RNAi-based delivery strate-
gies that can target extrahepatic diseases including
cancer. This includes targeting survival signals di-
rectly in the cancer cells and indirectly through tar-
geting cancer-associated immunosuppressive cells.
To achieve targeting specificity, RNAi molecules are
being directly conjugated to a targeting ligand or be-
ing packaged into a delivery vehicle engineered to
overexpress a targeting ligand on its surface. In both
cases, the ligand binds to a cell surface receptor that
is highly upregulated by the target cells, while not ex-
pressed, or expressed at low levels on normal cells.
In this review, we summarize the most recent RNAI
delivery strategies, including extracellular vesicles,
that use a ligand-mediated approach for targeting
various oncological diseases.
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INTRODUCTION

Several diseases including cancer are characterized by aber-
rant gene expression including upregulation, constitutive
activation, or mutations that contribute to disease pro-
gression. Ideal therapeutic strategies for modulating these
genes include RNA interference (RINA1)-based approaches,
which include short interfering RNAs (siRNAs) and mi-
croRNAs (miRNAs). siRNAs and miRNAs can be eas-
ily designed and synthesized for modulating various genes,
even those that are challenging to target with traditional
small molecule inhibitors.

miRNAs are small non-coding RNAs that regulate gene
expression through imperfect base pairing to various target
messenger RNAs (mRNAs), most commonly resulting in
mRNA cleavage or translation repression (1). The imperfect
base pairing gives miRNAs the unique ability to bind to and
regulate multiple target mR NAs. Thus, it is perhaps not sur-
prising that miRNA dysregulation is a common occurrence
in human diseases, including cancers where tumor suppres-
sive miRNAs such as miR-34a or /er-7 are downregulated
and oncogenic miRNAs such as miR-21 and miR-155 are
upregulated (2,3).The dysregulated miRNAs contribute to
various hallmarks of cancer, such as sustained cancer cell
proliferation, induction of angiogenesis, metastatic and in-
vasion phenotypes, and resistance to cell death and anti-
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cancer agents (4,5) (Figure 1). Based on these intriguing
properties of miRNAs, miRNA-based therapeutics, includ-
ing restoring tumor suppressive miRNAs or antagonizing
oncogenic miRNAs, have been developed and will continue
to evolve. While miRNA restoration depends mainly on ex-
ogenous delivery of miRNA duplexes to restore the lev-
els of downregulated tumor suppressive miRNAs, antag-
onizing oncogenic miRNAs aims to sequester or inhibit
abundantly expressed oncogenic miRNAs through multiple
approaches, including use of antisense oligonucleotides or
small molecules inhibitors (6) (Figure 1).

MiRNAs inhibit the expression of target genes through
imperfect base pairing with target messenger RNAs (mR-
NAs), which allows a single miRNA the ability to reg-
ulate the expression of multiple genes, potentially acting
as a multi-drug cocktail. For example, the tumor sup-
pressive miRNA, miR-34 can downregulate genes involved
in proliferation (¢c-M YC, Androgen Receptor), angiogenesis
(VEGF), anti-apoptosis (BCL2) and immune response (PD-
L1)resulting in a potent antitumor response (7-11). Indeed,
several preclinical studies have validated that miR-34, or
other tumor suppressive miRNAs such as /let-7, can inhibit
proliferation, survival, and metastasis of various tumors
grown in vivo (12-19). In addition to tumor suppressive
miRNAs, siRNAs have shown potential for treating vari-
ous cancer types such as breast and prostate cancers, both
of which have been treated with a PLKI siRNA (20,21), and
blood cancers that have been treated with a STAT3 siRNA
(22,23). While miRNAs do not require perfect base pair-
ing with their targets, siRNAs downregulate gene expres-
sion through perfect base pairing with a complementary
mRNA sequence resulting in mRNA degradation. Various
comprehensive reviews have been written over the years on
the mechanisms involved in miRNA and siRNA targeting
and their use as anti-cancer agents (see (24-27)). Here, we
focus on the successes and challenges that still remain with
attempting to achieve efficient and toxic-free in vivo delivery
of therapeutically-relevant miRNAs and siRNAs.

The development of RNAi-based therapeutics has been
limited by several challenges including delivery-associated
toxicity, reduced stability, and immunogenic effects related
to unmodified RNAi molecules (28). The sensitivity of un-
modified RNAi molecules to degradation by nucleases re-
sults in decreased RNAI activity, requiring repetitive and
high dosing to achieve the intended therapeutic response.
Several chemical modifications can overcome these issues.
For example, chemical modifications that include replacing
the phosphodiester backbone with phosphorothioate (PS)
bonds and introducing 2'-O-methyl (2’-OMe) and 2'-fluoro
(2’-F) modifications in place of the unstable 2’-OH of the ri-
bose sugar, reduce immunogenic effects, and enhance both
stability and activity of siRNAs (29) (Figure 2A). Efforts are
ongoing to identify additional modifications and to deter-
mine how the modifications affect targeting. Since chemical
modifications in the 2’-position of the ribose sugar enhance
the binding affinity of siRNA to its RNA target (30), they
may induce unintended off-target effects. Although it has
been shown that siRNA containing 2’-O-methyl modifica-
tions at various positions along the siRNA could reduce off-
target effects (31,32), it is critical to determine how various
modification patterns affect global gene targeting. Beyond

the stability and immunogenicity issues, the main challenge
that limits the development of RNAi-based cancer thera-
peutics is lack of safe, specific, and effective delivery strate-
gies.

A great effort has been made to overcome delivery issues
and to ensure the selective targeting of RNAi molecules
to diseased cells. For example, the development of N-
acetylgalactosamine (GalNAc)-siRNA conjugates by Alny-
lam Pharmaceuticals is considered a breakthrough in RNAi
delivery to the liver (33) (see Figure 4A for the chemical
structure). GalNAc is a high affinity ligand that binds the
asialoglycoprotein receptor (ASGPR) which is upregulated
by hepatocytes resulting in ~10° receptors per cell (34,35).
Upon binding to the receptor, GalNAc-siRNA conjugates
are rapidly internalized through receptor-mediated endocy-
tosis. Due to endosomal acidification that causes disruption
of ionic interactions, GalNAc-siRNAs are released from
ASGPRs which rapidly recycle back to the cell surface every
10-15min (34,35). The siRNAs are slowly released from the
endosomes into the cytosol where loading into the RNA-
induced silencing complex (RISC) for subsequent gene tar-
geting takes place (34). The stability of the chemically mod-
ified siRNA in the acidic compartments and the slow re-
lease rate contribute to the robust and sustained activity
of GalNAc-siRNA conjugates in vivo (34). In addition, the
unique features of ASGPR in hepatocytes, including sig-
nificant overexpression and rapid internalization and recy-
cling rate, in addition to the ability of GalNAc to disengage
from its receptor, are important factors that have resulted in
the exceptional success of GalNAc—siRNA conjugates. Fur-
thermore, GalNAc-siRNA conjugates are chemically mod-
ified using 2’-F, and 2’-OMe modifications, and include PS
linkages at certain positions which enhances both stabil-
ity and activity of the siRNA (30,33,36). For any receptor-
targeted delivery approach, including GalNAc conjugates,
the concentration of the receptor on the cell surface and
the internalization kinetics are critical for achieving efficient
uptake and targeting. Indeed, the overall level of ASGPR
on the surface of hepatocytes is sufficient to achieve ro-
bust delivery and activity of GalNAc-siRNAs conjugates,
as a reduction in ASGPR by 50% still supports a similar
siRNA response (37). In contrast to the liver, delivery of
RNAIi molecules for targeting non-hepatic diseases is much
more difficult. Ligand-RNAI1 conjugates must accumulate
at a sufficient rate in target cells to achieve silencing. How-
ever, barriers including the endothelial barrier, renal clear-
ance, inadequate receptor expression, and endosomal en-
trapment need to be overcome to achieve sufficient silencing
(35,38).

In addition to enhancing the stability and activity of siR-
NAs, considerations need to be made regarding unintended
targeting at the molecular level, so-called off-target effects.
Alnylam developed a design that limits the off-target ef-
fect of siRNAs (39). In the seed region of the siRNA anti-
sense strand a thermally destabilizing modification, such as
a glycol nucleic acid (GNA) is introduced. GNA modifica-
tions thermally destabilize non-specific interactions, while
preserving on-target knockdown. Since sequence-specific
RNA-based off-target effects might cause potential hepato-
toxicity (39), the broad use of thermally destabilizing modi-
fications will need to be explored in more detail, which could
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Figure 1. miRNA dysregulation in cancer and miRNA-based therapeutics strategies. In cancer, oncogenic miRNAs are upregulated while tumor suppres-
sive miRNAs are downregulated, both of which contribute to disease progression (sustained proliferation, activation of metastasis and invasion, induction
of angiogenesis, and resistance to death). To overcome miRNA dysregulation, two miRNA-based therapeutic strategies have been developed. Bottom left,
when a tumor suppressive miRNA is downregulated, miRNA levels can be upregulated through exogenous delivery of synthetic miRNAs or through small
molecules that can restore normal miRNA biogenesis. Restoring tumor suppressive miRNAs levels downregulates the expression of target cancer onco-
genes, inhibiting disease progression. Bottom right, conversely, when an oncogenic miRNA is upregulated, the miRNA can be inhibited using antisense
oligonucleotides, miRNA sponges, or small molecule inhibitors. Oncogenic miR NAs inhibition upregulates the expression of tumor suppressor proteins

which helps to inhibit disease progression.
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Figure 2. Design of ligand-targeted miRNA or siRNA conjugates and the critical characteristics for each component. (A) Various targeting moieties and
chemical modifications commonly used for miRNA or siRNA delivery. (B) Ligand-targeted miRNA or siRNA conjugates include a targeting ligand, linker,
and miRNA or siRNA. The ligand should have high affinity and specificity for a receptor that is upregulated by the diseased cells but not normal cells.
Rapid binding and uptake of the ligand is also important to avoid clearance from circulation. In the case of ligands with low affinity, multivalent designs
can enhance binding of the ligand to target cells. Ligand size should be considered carefully, as small ligands often penetrate the dense architecture of the
tumor to reach target cells, yet larger ligands are likely to be retained in circulation longer. Ligands can be attached to the RNAi molecule using a cleavable
or non-cleavable linker. Optimizing the linker chemistry can enhance ligand binding affinity and can be used to attach an endosomal escape agent to the
delivery system. In addition, the miRNA or siRNA should be designed to ensure stability and activity, low immunogenicity, and preferential loading of
the guide strand to minimize any potential off-target effects.



help overcome many of the off-target toxicities observed
with other RNAI approaches.

After a great effort in the siRNA therapeutics field, Al-
nylam Pharmaceuticals has achieved US FDA approval
for three siRNAs-based drugs — ONPATTRO® (Patisiran)
in 2018, GIVLAARI® (Givosiran) in 2019, and most
recently Oxlumo™ (Lumasiran) in 2020. Patisiran tar-
gets transthyretin (TTR) for the treatment of hereditary
transthyretin amyloidosis (40), Givosiran targets aminole-
vulinic acid synthase 1 (ALASI) for the treatment of acute
hepatic porphyria (41), and Lumasiran treats primary hy-
peroxaluria type 1 (PH1) by targeting glycolate oxidase
(GO) (42). While Patisiran uses lipid nanoparticles for de-
livery of siRNA, Givosiran and Lumasiran capitalize on
direct conjugation of the siRNA to a tri-GalNAc ligand
(40-42) (see Figure 4A for chemical structure). The success
of these siRNA-based drugs offers the promise of develop-
ing other RNAi-based therapeutics for targeting extrahep-
atic diseases such as cancers. Even though targeting tissues
beyond the liver is more complicated and additional effort
is still needed, great progress has been made to overcome
some of the limitations that stand against delivering RNAI
molecules to these tissues. In this review, we summarize the
strategies that have been developed to achieve specific de-
livery of miRNAs and siRNAs for targeting oncological
and survival signaling in tumor cells as well as in tumor-
associated immunosuppressive cells.

LIGAND-BASED STRATEGIES FOR RNAI DELIVERY

Several RNAi-targeted delivery strategies have been devel-
oped to achieve selective delivery of RNAi molecules to
tumors. These strategies include direct conjugation of the
RNAIi molecule to a targeting ligand in the absence of a de-
livery vehicle or packaging the RNAi molecules into a deliv-
ery vehicle that is engineered to display a targeting ligand on
its surface (Figure 3). Various ligands used for both delivery
strategies are described in this review and are summarized
in Table 1.

Vehicle-free delivery of RNAi molecules

Due to lack of specificity and poor cellular uptake of un-
conjugated miRNAs and siRNAs, as well as the poten-
tial toxicity of lipid transfecting agents, translating small
RNAs into the clinic has been challenging (28). To over-
come some of these disadvantages, while capitalizing on
the power of small RNA therapeutics, various miRNA and
siRNA delivery approaches have been developed and tested.
A major advance includes direct conjugation of a target-
ing ligand to the RNA in the absence of a delivery vehi-
cle. Several targeting ligands have been developed, includ-
ing those based on small molecules, antibodies, aptamers,
or synthetic CpG oligodeoxynucleotides (CpG-ODN) (Fig-
ure 2A). When using these so-called vehicle-free delivery
approaches certain important features need to be consid-
ered (Figure 2B). Firstly, to obtain specificity, the ligand of
choice needs to interact with a high affinity receptor that
is upregulated on the surface of the intended target or dis-
eased cells. The same receptor should not be expressed, or
expressed at a relatively low level, on normal cells, or should
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be inconsequential for targeted delivery—for example, the
location of the receptor on normal cells should be inaccessi-
ble to blood-born ligands. Secondly, to maximize internal-
ization, binding and uptake of the ligand conjugates by the
target cells must occur rapidly before clearance of the lig-
and conjugate from circulation. Of course, a high affinity
ligand can support this feature; however, for certain ligands,
engineering a divalent or multivalent ligand may further en-
hance both binding and uptake (43). Thirdly, to reduce the
possibility of RNA degradation by serum nucleases and to
increase intracellular half-life, chemical modification of the
RNA is critical. However, modification positions within the
RNA and the type of modification chemistry must be op-
timized carefully to prevent interference with the silencing
activity of the RNA and/or unintended off-target effects. In
fact, several recently developed chemically modified ligand-
siRNA conjugates can enhanced both siRNA stability and
silencing activity of the siRNA, resulting in long-lasting
downregulation of target genes as discussed below (29,33).
Fourthly, to promote the most robust interaction between
the ligand and the receptor, inclusion of a linker between
the ligand and the RNA should be considered. The linker
itself can be modified to enhance binding to the receptor
and the pharmacokinetics properties of the targeting lig-
and. This strategy has been employed for ligands that tar-
get Prostate-Specific Membrane Antigen (PSMA) (44,45).
In general, the RNA can be linked to the ligand via a cleav-
able or non-cleavable linker depending on the stability of
the conjugate and the activity of the conjugated RNA. Fi-
nally, since vehicle-free delivery approaches depend mainly
on internalization of a targeting ligand by a specific recep-
tor, they are subjected to endosomal entrapment, which is
a rate-limiting factor in RNAI activity. Some targeting lig-
ands have recently been modified to contain an endosomal
escape agent to overcome this problem (43,46). This sec-
tion summarizes some of the more commonly used, and re-
cently developed vehicle-free delivery approaches, including
the use of small molecule ligands, aptamers, CpG-ODN:s,
antibodies, and high-affinity scaffold proteins as effective
ligands for delivery of miRNAs and siRNAs.

Small molecule-mediated delivery of RNAi

Several small molecule ligands have been developed for de-
livery of miRNAs or siRNAs specifically and robustly to
diseased cells. Either naturally occurring or synthetic small
molecules are identified, designed, and/or synthesized to
bind to particular receptors with high affinity and speci-
ficity. After binding to the receptor on cell surface, the
small molecule-RNA conjugates are internalized through
receptor-mediated endocytosis, ultimately releasing some
of the therapeutic RNA into the cytosol for target gene
silencing (Figure 3, right panel). Small molecule ligands
have many advantages that make them promising molecules
for RNAi-mediated delivery which include low cost and
feasibility of synthesis, and the ability to penetrate the
dense architecture of the tumor microenvironment allow-
ing them to effectively reach the intended cancer cells (47).
Also, most small molecules contain derivatizable functional
groups that make them amenable for facile conjugation to
an RNA or for adding additional modifications (47).
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Figure 3. Proposed internalization mechanisms of ligand-targeted miRNA or siRNA. Left panel: Internalization of ligand decorated synthetic lipids or
natural extracellular vesicles (EVs) packaged with tumor suppressive miRNA /siRNA. After binding of the ligand to its receptor on the surface of cancer
cells, ligand displaying delivery vehicles (synthetic vehicles or natural EVs) undergo receptor-mediated endocytosis or fusion with the cell membrane
followed by release of miRNAs or siRNAs into the cytosol. Right panel: Internalization of vehicle free ligand-conjugated miRNA or siRNA. The ligand,
conjugated to the miRNA or siRNA, binds to its receptor on the cell surface and is internalized via receptor-mediated endocytosis followed by release
of the miRNA or siRNA into the cytosol while the receptor is recycled back to the cell surface. In the cytosol, tumor suppressive miRNAs or siRNAs
engage with the RNA-induced silencing complex (RISC) and modulate gene expression resulting in downregulation of target genes and thus, reducing

tumorigenesis.



Table 1. Ligand-targeted miRNA or siRNA delivery systems for cancer therapy
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RNA chemical
Ligand/receptor miRNA/siRNA modification Condition Outcome Ref.
Ligand-targeted (vehicle-free) delivery
Folate/FR miR-34a 2'-0O-Methyl nucleotides Breast and lung Inhibition of tumor growth (71)
cancer
Folate-nigericin/FR miR-34a 2'-0-Methyl nucleotides Breast cancer Downregulation of cell (73)
proliferation
Folate/FR siLuciferase 2'-0-Methyl nucleotides Breast cancer Downregulation of Luciferase (71)
activity
Folate-ODN/ FR siaV integrin, Unmodified FR+ HUVECs/ Significant downregulation of (69)
siSurvivin KB cells target genes
Folate/FR siLuciferase, siBCL-2 Unmodified * FR+ HeLa cells Significant downregulation of (70)
target genes
DUPA-dsRBD/ siPLK] 2'-O-Methyl or 2'-F Prostate cancer Inhibition of tumor growth (43)
PSMA nucleotides, PS bonds
Trivalent DUPA/ siPLK] 2'-0-Methyl Prostate cancer Inhibition of tumor growth (78)
PSMA nucleotides, PS bonds
GL21.T aptamer/ let-7g 2'-F pyrimidines Lung cancer Inhibition of tumor growth (83)
AXL receptor
GL21.T aptamer/ miR-212 2'-F pyrimidines Lung cancer Sensitization of lung cancer to (84)
AXL receptor TRAIL therapy
GL21.T aptamer/ miR-34¢ 2'-F pyrimidines Lung cancer Synergistic inhibition of cell (86)
AXL receptor proliferation by
GL21.T-miR-34c and erlotinib
GL21.T aptamer/ miR-148b 2'-F pyrimidines Breast cancer and Apoptosis and necrosis in 87)
AXL receptor melanoma breast tumor, prevented tumor
cell dissemination
anti-KIT aptamer/ miR-26a 2'-F uridines Basal-like breast Inhibition of tumor growth (88)
KIT receptor cancer cells and and protection against
HSPCs chemotherapy induced
myelosuppression
apt69.T aptamer/ miR-137 2'-F pyrimidines Multiple myeloma Downregulation of cell (89)
BCMA viability
EpCAM aptamer/ siPLKI 2'-F pyrimidines Breast cancer Inhibition of tumor growth (21)
EpCAM receptor
A10 aptamer/PSMA siPLKI and siBCL-2 2'-F pyrimidines Prostate cancer Inhibition of tumor growth by (20,90)
A10-siPLKI
CpG-ODN/SR, TLRY miR-146a 2'-0-Methyl nucleotide Del(5q) MDS and Inhibition of NF-kB (104)
AML inflammatory activity and
disseminated leukemia
progression
CpG-ODN/ SR, SISTAT3 Deoxyribonucleotides Melanoma, Induction of antitumor (22,23,108)
TLRY multiple myeloma, immunity and Inhibition of
and AML tumor growth
CpG-ODN/ SR, SISTAT3 Deoxyribonucleotides MDSCs from Abrogation of MDSC (109)
TLRY Prostate cancer immunosuppressive activity
patients
ScFv/Her2 siPLK] 2'-0O-Methyl nucleotides Breast cancer Inhibition of tumor growth (113)
and metastasis and prolonged
survival
mADb/Transferrin siLuciferase Unmodified Brain tumor Significant reduction of (115)
receptor luciferase expression
mADb (Hu3S193) SISTAT3 Unmodified Lewis-Y* A431 Significant silencing of STAT3 (116)
/Lewis-Y cells
mAb/EGFR siKRAS Not reported Colon Cancer Significant inhibition of tumor (117)
growth
ScFv/PSMA siNotchl Unmodified Prostate cancer Significant inhibition of tumor (118)
growth
mAb/PSMA SITRIM24 2'-0-Methyl nucleotide Prostate cancer Significant inhibition of tumor (119)
growth
Dual variable domain siCTNNBI 2'-0O-Methyl, 2'-F Multiple myeloma Significant downregulation of (120)
antibody/ BCMA, nucleotides, PS bonds CTNNBI
SLAMF7 or CD138
DARPin/EpCAM siBCL-2 2'-0-Methyl nucleotides Breast cancer Sensitization to doxorubicin (123)
treatment
Centyrins/EGFR or siCTNNBI 2'-O-Methyl, A431 tumor or Significant downregulation of (124)
EpCAM 2'-deoxy-2'-F colorectal cancer CTNNBI and reduction of

nucleotides,PS bonds

cell lines

colorectal cancer cell viability
in vitro
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Table 1. Continued

RNA chemical

Ligand/receptor miRNA/siRNA modification

Condition Outcome Ref.

Targeted extracellular vesicles (EVs)

GEl11 peptide/ EGFR let-7a Unmodified

AS1411 aptamer/ let-7a Not reported
nucleolin

Al5/integrin oy, B3 miR-159 Cholesterol-modified
1L3/IL3-R siBCR-ABL Not reported
Folate/FR siSurvivin 2'-F nucleotides
EGFR siSurvivin 2'-F nucleotides
aptamer/EGFR

PSMA aptamer siSurvivin 2'-F nucleotides
(A9g)/PSMA

Breast cancer Inhibition of tumor growth (140)
Breast cancer Inhibition of tumor growth (141)
Breast cancer Inhibition of tumor growth (142)
Chronic myeloid Inhibition of tumor growth (145)
leukemia

Colorectal cancer Inhibition of tumor growth (147)
(PDX-CRC)

Breast cancer Inhibition of tumor growth (147)
Prostate cancer Inhibition of tumor growth (147)

FR: folate receptor; PSMA: prostate specific membrane antigen; dsRBD: double stranded RNA binding domain; DUPA: (2- [3-(1,3-dicarboxy propyl) ureido]
pentanedioic acid); BCMA: B cell maturation antigen; ODN: oligodeoxynucleotides; SR: scavenger receptor; TLR: Toll-like receptor; A15: disintegrin and metal-
loproteinase 15; IL3: interleukin 3; IL3-R: interleukin 3-receptor; EGFR: epidermal growth factor receptor; ScFv: single-chain fragmented antibody; mAb: Mono-
clonal antibody; Si: siRNA (short interfering RNA); miR: microRNA; Bcl-2: B-cell lymphoma 2; PlkI: polo-like kinase 1; STAT3: signal transducer and activator
of transcription 3; TRIM24: Tripartite motif-containing protein 24; 2'-F: 2'- fluoro; PS: phosphorothioate; HSPCs: hematopoietic stem/progenitor cells; Del(5q)
MDS: chromosome-5q deletion myelodysplastic syndrome; AML: acute myeloid leukemia; MDSCs: myeloid derived suppressor cells; NF-«kB: nuclear factor-xB;
PDX-CRC: patient-derived colorectal cancer xenograft; Asterisk *, siRNA with internal folic acid modification.

Folate. Folate, vitamin B9, is an essential vitamin that
is required by almost all cells and is a high affinity bind-
ing partner of the folate receptor (FR) which has four iso-
forms (o, B, vy and d) (48-50). In non-diseased tissue, FR-«a
is expressed on the apical surface of epithelial cells in the
lungs, mammary ducts, choroid plexus, and kidneys (50),
whereas FR-f is expressed by immunosuppressive myeloid
cells in the tumor microenvironment (51,52). Unlike other
FR isomers, FR-y is a secreted protein produced by cer-
tain hematopoietic cells (53) while the FR-3 isoform is ex-
pressed by transforming growth factor-beta (TGF-B) in-
duced regulatory T-cells (Treg) as well as naturally arising
Treg cells (54,55). After binding to the FR on the cell sur-
face, folate molecules are rapidly internalized by the cells via
receptor-mediated endocytosis (48). In addition to the high-
affinity FRs, mammalian cells use other pathways to trans-
port folate into cells, including the reduced folate carrier
(RFC) and the proton-coupled folate transporter (PCFT).
The RFC is ubiquitously expressed and is considered the
major transporter of reduced folate in mammals (56). Im-
portantly, the affinity of the RFC for folic acid is approx-
imately 50-100-fold lower than the affinity for reduced fo-
late, which is the major folate metabolite found in circula-
tion (56). Thus, uptake of folate-conjugates for therapeutic
intervention is not expected to occur in cells that only ex-
press the RFC. PCFT, the primary transporter system that
facilitates folate absorption in the intestine, also has reduced
affinity for folate in comparison to FR-a (57). Thus, due
to the high affinity of FR-a and FR-B for folate, and their
upregulation in cancer, it is unlikely that folate-conjugated
drugs would be significantly taken up by normal cells.
While expression of the high-affinity FRs is limited on
normal cells, FR expression is highly upregulated in nu-
merous cancer types including tumors arising in the lung,
breast, ovary, colon, and kidney (48,49,58-62). This high
expression allows for substantial delivery of conjugated

cargo to these cancerous tissues. For targeted agents, such
as folate conjugates, typically a three-fold increase in thera-
peutic delivery between a normal and targeted cell is consid-
ered a major improvement in case of extrahepatic delivery
over non-targeted agents, far less than the orders of magni-
tude observed when delivering GalNAc-siRNA conjugates
to the liver. For ligands with a reduced delivery rate, incor-
poration of an endosomal escape agent is often required to
achieve a therapeutic response. For FR expressing tumors
the level of FR expression can easily be 10-100-fold higher
than the level in normal tissues (60,62), which is more than
adequate for delivering a biologically relevant concentra-
tion of RNAIi molecules. While overexpression of the FR
is essential, there are multiple attributes of the folate ligand
that make it suitable for delivery as well. Folate is inexpen-
sive and easy to synthesize, nonimmunogenic, and due to
its small size, it is able to access solid tumors easily (47,63).
These features make folate a promising ligand for the deliv-
ery of imaging and therapeutic agents specifically to cancer
cells (64,65).

The path to using folate as a targeting ligand began in
1991 when Dr. Philip Low’s group from Purdue University
successfully used folate conjugates for delivery of macro-
molecules to KB cervical carcinoma cells (66). This work
paved the way for several medical applications using folate
conjugates. With regard to siRNA delivery, folate was con-
jugated to an siRNA labeled with a DY 647 fluorophore to
monitor its uptake and biodistribution (67). Folate-siRNA-
DY647 conjugates were specifically internalized in FR-
expressing cells in comparison to the non-targeted siRNA
duplex. When folate-siRNA was injected into nude mice
bearing KB tumor xenografts, folate accumulated specifi-
cally at the tumor relative to other organs indicating specific
binding of folate-siRNA conjugates by FR-expressing cells
in vivo. However, following the intracellular trafficking of
the siRNA in cells, it was observed that folate-siRNA con-



jugates were entrapped in the endosomes, likely hindering
siRNA target gene silencing.

Approximately ten years later, through intramolecular
conjugation, the same group incorporated an endosomal
escape agent, nigericin, into their folate-siRNA conjugates
(folate—nigericin—siRNA) to overcome the endosomal en-
trapment issue (68). This strategy depends on the differ-
ence in solute concentration between the endosome which
is rich in sodium ions (Na*) and the cytoplasm which is
rich in potassium ions (K*). Following endosomal uptake
of folate-nigericin-siRNA, nigericin is liberated from the
rest of the compound and translocates into the endosomal
membrane where it acts as a K¥/H" antiporter facilitating
the exchange of osmotically active K* for osmotically inac-
tive H* causing a build-up of osmotic pressure that leads to
endosomal swelling and bursting. Folate-nigericin-siRNA
activity was assessed in FR* MDA-MB-231 cells that sta-
bly express a luciferase 2 reporter gene (Luc2). The Luc?2 re-
porter was more robustly silenced following treatment with
folate-nigericin-siluc2, indicating that inclusion of nigericin
enhances target gene silencing.

Following the initial conjugation of folate to an siRNA,
other strategies were evaluated including non-covalently
tethering of folate to an siRINA through nucleic acid base
pairing between the siRNA and a random oligodeoxynu-
cleotide (F-ODN-siRNA) (69). In vitro treatment of human
vein endothelial cells (HUVECs) with folate conjugated to
an siRNA targeting /ITGAV, an mRNA encoding oV in-
tegrin resulted in 80% inhibition of /TGAV mRNA in KB
cells. Also, a reduction in the survivin transcript was ob-
served in KB cells following treatment with F-ODN con-
jugated to an siRNA targeting survivin. This strategy has
many advantages including simple synthesis and prepara-
tion that is cost-effective, and it has the potential to achieve
a synergistic effect through the ability to deliver multiple
siRNAs or miRNAs using a single oligodeoxynucleotide.

In addition to conjugating folate through a linker at the 3’
or 5 ends of siRNA, a centrally-modified folic acid was re-
cently reported for siRNA delivery (70) (Figure 4C). In this
case, an siRNA was synthesized that allowed folic acid to
be conjugated at various base positions along the length of
the sense strand, including the central region that spans the
Ago?2 cleavage site. Indeed, siRNAs delivered with a cen-
trally located folic acid modification resulted in enhanced
silencing activity in comparison to siRNAs conjugated to
folic acid at or near the 3’ end of the sense strand. Despite
the potential of these newly developed centrally modified
siRNAs, in vivo evaluation of safety and efficacy has yet to
be conducted.

While delivery of siRNAs tends to be the benchmark, our
group was the first to successfully conjugate folate directly
to a miRNA, which we termed FolamiRs (71) (Figure 4B).
Using the tumor suppressive miRNA, miR-34a, it was de-
termined that FolamiR-34a was rapidly internalized only
by FR-expressing cancer cells and that internalized con-
jugates were active and induced target gene silencing. The
therapeutic safety and efficacy of FolamiR-34a were ob-
served in breast cancer xenografts and in a genetically en-
gineered model of non-small cell lung cancer. Efficacy was
achieved at doses 10—150-fold lower than what was observed
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in the same models using MR X34, an encapsulated version
of miR-34a that made its way into clinical trials (17,72). Al-
though FolamiRs therapeutic effect is promising, like most
ligand-conjugates, endosomal entrapment of the FolamiR
molecules is a rate-limiting step. In a follow-up study, in-
tramolecular conjugation of the FolamiR to nigericin en-
hanced the silencing activity of the delivered miRNA by
facilitating endosomal escape (73). The cytosolic enrich-
ment of miR-34a by nigericin induced downregulation of
the miR-34a targets, oncogenic MET, and the programmed
death-ligand 1 (PD-L1).

Although folate is a promising ligand for the delivery of
miRNAs and siRNAs specifically to cancer cells. It would
be beneficial to evaluate the effect of folate-conjugated
miRNAs and siRNAs on cells in the tumor microenviron-
ment such as tumor-associated macrophages and myeloid-
derived suppressor cells (MDSCs) that are known to express
FRB (51).

DUPA (2- [3-(1,3-dicarboxy propyl) ureido] pentanedioic
acid). DUPA is a synthetic urea-based ligand that binds
to PSMA with nanomolar affinity resulting in saturation
of the receptor in a short period of time (74). PSMA, also
known as glutamate carboxypeptidase I, is a type II mem-
brane protein that is localized to the plasma membrane (75).
PSMA is expressed at low levels in normal prostate tissue
but is highly upregulated in prostate cancer (74,76). It is
also expressed in the neovasculature of several solid tumors
and is associated with the progression of prostate cancer
(74,76). PSMA is constitutively internalized and the inter-
nalization rate increases after binding to anti-PSMA anti-
bodies (77). After internalization, PSMA rapidly recycles
back to the surface of the cell providing additional inter-
nalization rounds (74).

DUPA conjugates were first used to deliver siRNAs
selectively to PSMA expressing prostate cancer cells in
2009 (67). In vitro treatment of LNCaP cells with a flu-
orescently tagged siRNA directly conjugated to DUPA
(DUPA-siRNA-cy5) resulted in significant uptake 1-h
post-treatment. Similarly, intravenous injection of DUPA-
siRNA-cy5 into nude mice bearing LNCaP xenografts led
to significant accumulation of DUPA-siRNA in LNCaP
tumors. Although this approach provides a novel way to
specifically deliver siRNAs to LNCaP cells, and delivery of
the fluorescent siRNA was robust, target gene silencing us-
ing DUPA-siRNA conjugates needs to be evaluated in vitro
and in vivo.

While still directly conjugated to DUPA, Tai et al. de-
veloped a novel DUPA-targeted siRNA delivery strategy
(referred to as RNPg) that results in the formation of a
DUPA-siRNA complex (43). In this case, DUPA-siRNA
conjugates were mixed with a double strand RNA-binding
domain (dsRBD) octamer which results in docking of the
siRNA portion of the conjugate into the dsRBD while the
DUPA ligands remained exposed on the surface. To facil-
itate endosomal escape of the siRNAs, an endosomolytic
peptide (poly-histidine) was inserted into the C-terminus
of the dsRBD. One important feature of this approach is
the multivalency, which enhanced the binding affinity of
DUPA to PSMA over one order of magnitude, from a Kp
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(bottom, shown in red) linker for targeting folate-receptor (FR) expressing cancer cells (C) Desaulniers group: folate conjugated to the center of an siRNA
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of 82.1 nM for monovalent DUPA (DUPA-siRNA) to a Kp
of 0.728 nM for RNPsg.

Both activity and biodistribution of the RNPg complex
were enhanced over DUPA-siRNA conjugates. Activity of
the two complexes was assessed in vitro using LNCaP cells
and an siRNA targeting Plkl. Treatment of LNCaP cells
with RNPg downregulated the P/k! transcript and protein
in comparison to DUPA-siRNA, which suppressed Plkl
only following transfection. The lack of silencing activ-
ity of DUPA-siRNA (without the dsSRBD octamer) could
be attributed to endosomal entrapment or the lower in-
ternalization rate of DUPA-siRNA conjugates. To evalu-
ate in vivo biodistribution, Alexa Fluor 680-labeled siRNA
was used in the preparation of DUPA-siRNA and RNPg.
Following intravenous injection into mice bearing LNCaP
xenografts, RNPg accumulated at a higher rate in LNCaP
tumors in comparison to DUPA-siRNA. Although this was
attributed to lower binding affinity and rapid clearance
of DUPA-siRNA from circulation relative to RNPg, other
possibilities should also be considered. For example, for
DUPA-siRNA, the siRNA was linked to DUPA through
a cleavable disulfide bond which could have been reduced
prematurely in the circulation leading to reduced signal in
the tumor. A similar phenomenon was observed using fo-
late as a delivery ligand (71). In this case, inclusion of a
cleavable bond worked in vitro; however, in vivo the disul-
fide was reduced prematurely in circulation resulting in fo-
late, but not the RNA, reaching the tumor tissue (71). The
discrepancy in DUPA-siRNA accumulation within LNCaP
tumors between this study and the study by the Low group
is likely due to difference in linker chemistries resulting in
different affinities (45,67). The Kp of DUPA-siRNA used
in this study was 82.1 nM while the Kp of the DUPA lig-
and used in the study conducted by the Low group was
14 £ 1 nM.

The antitumor activity of RNPg was assessed in vivo
where RNPg induced stronger inhibition of tumor growth
in comparison to DUPA-siRNA. Despite that, protein-
based delivery approaches require extensive evaluation for
proper protein folding and could be expensive to syn-
thesize (78). Recognizing this, the same group designed
a new siRNA delivery approach that replaced the RNA-
binding domains with an ethidium dimer (Et;) that binds
to small RNAs. The polyhistidine peptide was also substi-
tuted with polyvinylimidazole (PVIm) to facilitate endo-
somal escape. A multivalent DUPA trimer (DUPAj3) was
conjugated to the sense strand of the siRNA and the re-
sulting complex was mixed with Et,~PVIm to generate
the DUPA;3;-siRNA/Et,~PVIm complex. Cellular binding
and uptake studies indicated that DUPA;3;-siRNA with or
without Et,—PVIm was taken up by LNCaP cells. Fol-
lowing intracellular trafficking using confocal microscopy,
it was observed that DUPA3;-siRNA/Et,—PVIm success-
fully escaped from the endosomes while DUPA;-siRNA
(without Et,—PVIm) remained trapped. In vivo, DUPA;s—
siRNA/Et,~PVIm, but not DUPA;-siRNA, significantly
inhibited LNCaP tumor growth. Despite the nice antitu-
mor effect of DUPA3;-siRNA/Et,~PVIm, the safety and
efficacy of DUPA;-siRNA/Et,—~PVIm needs to be evalu-
ated in immunocompetent mice before considering clinical
applications.
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Aptamer-mediated delivery of RNAi molecules

Aptamers are short single-stranded oligonucleotide se-
quences that can be designed and developed to bind to any
target protein, including surface receptors, with high affin-
ity and specificity (79). In comparison to conventional an-
tibodies, aptamers are easier to manufacture, have no or
minimal toxicity and immunogenicity, and are smaller in
size (80). Based on these properties, several aptamers have
been developed for selective delivery of RNAI therapeutics
to cancer cells.

Aptamer-mediated delivery of miRNAs. In addition to the
use of aptamers for delivery of chemotherapeutics (81,82),
a great effort has been made towards the use of aptamers
for the delivery of miRNAs. For example, an aptamer,
GL21.T that binds to the AXL tyrosine kinase receptor
was used to restore tumor suppressive miRNAs in can-
cer cells that overexpress the AXL receptor (83). To ac-
complish this, a multifunctional therapeutic agent was de-
veloped that included covalent conjugation of the let-7g
miRNA to GL21.T (referred to as GL21.T-let). In this case,
the ribose sugars of the RNA were modified with 2'-fluoro
pyrimidines (2'F-Py) to provide protection against nucle-
ases, and to reduce potential immunogenicity. GL21.T-let
selectively delivered let-7g to AXL* A549 cells and down-
regulated HMGAZ2 and N-Ras, two let-7-g targets through
a Dicer-mediated mechanism. /n vivo biodistribution stud-
ies determined that GL21.T-let conjugates accumulated in
A549 (AxI) xenografts but not in MCF-7 (AxI") tumors,
with some targeting to the kidneys. Therapeutically, intra-
venous injection of GL21.T-let only inhibited tumor growth
of Axl* A549. Quantification of immune-related genes, 2'-
5" oligoadenylate synthetase 1, interferon-inducible IFIT1
(p56), and interleukin-8 in the spleen and the liver, sug-
gested that GL21.T-let is well tolerated.

Multiple additional studies also validated use of the
GL21.T aptamer for miRNA delivery. For example, miR-
212 levels were restored in AXL™ cells through GL21.T-
mediated delivery resulting in downregulation of the anti-
apoptotic protein, PED, and restoration of TNF-related
apoptosis-inducing ligand (TRAIL)-mediated cytotoxicity
(84). Although the efficacy of this strategy needs to be val-
idated in vivo, it provides a new approach for combinato-
rial therapy using aptamer-miR-212 to sensitize lung can-
cer to TRAIL therapy. The GL21.T aptamer was also used
to overcome resistance to the commonly administered ty-
rosine kinase inhibitor, erlotinib. One mechanism of ac-
quired resistance to erlotinib is through AXL overexpres-
sion and activation (85). Downregulation of AXL by a miR-
34¢ mimic restored non-small cell lung cancer sensitivity
to erlotinib (86). Thus, Russo et al. conjugated GL21.T
to miR-34¢ (GL21.T/miR-34c¢) followed by co-treatment
of erlotinib-resistant HCC827 cells with GL21.T/miR-34c
and erlotinib (86). Significant inhibition of cell proliferation
was observed in cells treated with GL21.T/miR-34c. Re-
cently, the GL21.T aptamer was used to deliver miR-148b
to AXL expressing breast cancer and melanoma cells, which
also resulted in inhibition of tumor progression through
downregulation of miR-148b targets, ALCAM and ITGAS
(87).
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Additional aptamer-miRNA conjugates have also shown
promise for cancer treatment. For example, a c-Kit targeting
aptamer was used to deliver miR-26a (miR-26a chimera) to
basal-like breast cancer cells and hematopoietic stem cells
(HSCs), both expressing the KIT receptor (88). Delivery
of the miR-26a chimera resulted in significant inhibition of
cell growth in KIT receptor positive cells and had a striking
combinatorial effect when combined with the chemothera-
peutic agent, S-fluorouracil (5-FU). Since chemotherapeu-
tic drugs are associated with hematopoictic toxicity (88),
the study also tested whether the miR-26a chimera could
protect against chemotherapy-induced myelosuppression.
Although mice treated with 5-FU only showed significant
leukopenia and thrombocytopenia, the number of leuko-
cytes and thrombocytes was nearly doubled in mice treated
with the combination (5-FU and miR-26a chimera). Sim-
ilar results were also obtained when the miR-26a chimera
was used in combination with carboplatin. Although the
study showed therapeutic potential of miR-26a chimera
against basal-like breast cancer cells, additional support for
using the miR-26a chimera could be gained by validating
these effects in primary cells and other breast cancer cell
types.

Targeting cancerous plasma cells has also been reported
with aptamer-miRNAs (89). In this case, the RNA aptamer,
apt69.T was designed to bind to B Cell Maturation Anti-
gen (BCMA), which is highly upregulated by plasma cells
in multiple myeloma (MM). Conjugating apt69.T to miR-
137 (apt69.T-miR-137) and treating U266 cells resulted in a
reduction in cell viability. Despite that, further verification
that targeting occurs in bone marrow-accumulated malig-
nant plasma cells in vivo would be beneficial.

Aptamer-mediated delivery of siRNAs. Several aptamers
have been developed for the delivery of siRNAs to tumor
cells. For example, an EpCAM aptamer was used by the
Lieberman group to target epithelial breast cancers that
highly upregulate EpCAM (21). In this case, the EpCAM
aptamer-siRNA chimeras (AsiC) were synthesized by link-
ing the 5" end of the siRNA sense strand to the 3’ end of the
aptamer via a U-U-U linker followed by annealing of the
siRNA antisense strand (Figure 4D). The long strand of the
AsiC (i.e. EpCAM aptamer + linker + siRNA sense strand)
was synthesized with 2'-fluoropyrimidines, which enhances
stability of the RNA in 50% serum (#;,, >> 36 h).

Cellular uptake studies indicate that the EpCAM ap-
tamer was taken up by EpCAM* MDA-MB-468 cells. Im-
portantly, the binding of EpCAM-AsiC was evaluated us-
ing normal tissue and breast tumor biopsies from breast
cancer patients. EpCAM-AsiC significantly accumulated in
the tumor biopsies in comparison to normal tissue samples
further confirming the selectivity of EpCAM-AsiC to tu-
mors that have upregulated EpCAM. The antitumor activ-
ity of PLKI EpCAM-AsiC was assessed in vivo using an
EpCAM™ MB468 reporter cell line that stably expresses lu-
ciferase. Treating these cells with PLKI EpCAM-AsiC for
24 h before implanting them into nude mice, completely in-
hibited tumor formation. Subcutaneous injection of PLK/
EpCAM-AsiC into nude mice implanted with EpCAM™
MB468-luc cells in one flank and EpCAM~ MB231 cells

in the other induced regression of MB468-luc cells, but not
MB231 cells. Similar results were also obtained in mice
bearing Her2™ MCF10CA1la cells.

In addition to the use of aptamers to deliver small RNAs
to breast cancer tissues, aptamers have been used to de-
liver siRNAs to prostate cancer cells with high PSMA ex-
pression. For example, the A10 RNA aptamer was used
to deliver siRNAs targeting PLKI or BCL-2 to PSMA
expressing prostate cancer cells (90). In vitro studies indi-
cated that A10-PLK1 and A10-BCL-2 bound specifically
to PSMA expressing LNCaP cells and induced downregu-
lation of PLKI or BCL-2, respectively. Silencing of PLKI
or BCL-2 using A10-siRNAs reduced cell proliferation and
induced apoptosis specifically in PSMA expressing cells. In
vivo treatment resulted in a significant reduction in LNCaP
tumor volume following A10-Plk1 administration. No ef-
fect was observed for PSMA~ PC-3 tumors indicating speci-
ficity and efficacy of A10-Plk1 in targeting PSMA express-
ing tumors. As a preliminary evaluation of immune re-
sponse, the level of IFN-B was measured in LNCaP cells,
resulting in no IFN-B production following treatment with
A10-siRNA chimeras.

A second-generation PSMA-PLK1 chimera was devel-
oped by the same group to enhance the silencing activity,
specificity, and stability of the chimeras (20). In this de-
sign, several aspects of the A10-Plkl chimera were mod-
ified. The aptamer was reduced to 39 nucleotides instead
of the original 71 nucleotides to facilitate chemical syn-
thesis. Also, to enhance the silencing activity and speci-
ficity of aptamer-siRNA chimera, an siRNA with a two
nucleotide (UU)-overhang at the 3’ end of the siRNA was
synthesized, and the duplex structure was further opti-
mized to favor guide strand processing. Second-generation
PSMA-PLK1 chimeras induced enhanced PLK/ silencing
in comparison to the first-generation A10-Plk1l chimera.
One possible explanation for the enhanced silencing by
the second-generation chimeras is that the modified siR-
NAs s are better substrates for Dicer, which resulted in more
processed duplexes. In vivo therapeutic efficacy studies us-
ing the second-generation PSMA-PLK1 chimeras showed
complete regression of tumor growth. Clearly, aptamer and
siRNA modifications can greatly affect efficacy and need
to be considered wisely for each target. This study also
determined that addition of a polyethylene glycol (PEG)
group to the PSMA-PLKI1 chimera enhances the antitu-
mor activity and circulation half-life. Overall, this strat-
egy has several advantages including increased serum reten-
tion and stability, prolonged target gene silencing in vivo,
and stronger inhibition of tumor growth at low siRNA
doses.

Although aptamers bind their targets with high affinity
and specificity and have been extensively used for delivery
of RNAi1 molecules for targeting various cancers, there are
some limitations with the use of aptamers including high
cost involved in large-scale production and sensitivity of
unmodified aptamers to nucleases (91). Developing shorter
aptamers and inclusion of chemical modifications that do
not affect affinity and specificity are important considera-
tions for the future development of aptamers for delivery of
RNAi-based therapeutics.



CpG oligodeoxynucleotide (ODN)-mediated delivery of
RNAi molecules

Another prominent synthetic oligonucleotide used
for delivery of RNAi-based therapeutics is the CpG
oligodeoxynucleotides (ODN), a Toll-like receptor 9
(TLRY) ligand that is rapidly internalized by certain
cells and induces immune responses (92,93). Under nor-
mal physiological conditions, human TLRY is mainly
expressed by plasmacytoid dendritic cells (DCs) and B
cells. However, under inflammatory and tumor conditions,
certain cells, including tumor-associated macrophages
and polymorphonuclear myeloid-derived suppressor cells
(PMN-MDSC) upregulate TLRY (93). The expression
of TLRY is not restricted to immune cells as it is also
upregulated by various tumors, including prostate cancer,
glioma stem cells, acute myeloid leukemia (AML), multiple
myeloma (MM), and B cell lymphoma (22,94-97). TLR9
is an intracellular receptor, therefore, it is not directly
implicated in the uptake of CpG-ODN (93). Instead,
surface-localized receptors have been involved in the
uptake of CpG-ODN such as SR-A1 (93), RAGE (98),
CXCLI16 (99), CD205 (100), CD14 (101) or SR-BI (102).
However, once internalized, TLRY is required for effective
siRNA-mediated silencing when siRNAs are conjugated
to a CpG-ODN (22). One possible explanation is that
TLRY activation might be important for mediating rapid
siRNA release from the endosomes (22,103). Based on
these features, CpG-ODNs are considered a promising
approach for delivery of therapeutics including miRNAs
and siRNAs to cancer cells as well as immunosuppressive
cells in the tumor microenvironment.

CpG oligodeoxynucleotide ~ (ODN )-mediated miRNA
delivery. Lately, CpG-ODNs have been used to de-
liver miRNA to non-malignant myeloid and malignant
leukemic cells (104). For example, CpG-miR-146a conju-
gates (C-miR146a) were used to restore miR-146a levels
in chromosome-5q deletion myelodysplastic syndrome
[del(5q) MDS] and AML. In both of these diseases, miR-
146a loss, through derepression of IRAK1 and TRAF6
leads to NF-kB activation (24,104-106). Thus, C-miR 146a
was developed to modulate NF-kB inflammatory and
tumorigenic activity (104). In this study, C-miR146a was
synthesized by conjugating the 5 end of the miR-146a
sense strand to the 3’ end of CpG-A/D19-ODN using a
carbon linker followed by hybridization of the miR-146a
guide strand (Figure 4E). The sense strand was minimally
modified with a single 2’-O-methyl-modification at the
3" end. In vitro, the C-miR146a duplex was rapidly taken
up by multiple human immune cells, mouse RAW264.7
macrophages, human MDSL, HL-60 leukemia cells, and
human Raji lymphoma cells. C-miR146a uptake was
mediated by scavenger receptor A and was dependent on
clathrin-mediated endocytosis. In vivo, intravenous injec-
tion of C-miR146a into mir-146a-deficient mice restored
miR-146a in the bone marrow and spleen resulting in a
reduction in Irakl and Traf6 up to 24-h post-injection and
corrected aberrant myeloproliferation in mir-146a-deficient
mice. The ability of C-miR146a in dampening cytokine
release syndrome (CRS) induced by CD19-specific chimeric
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antigen receptor (CAR) T-cells was also assessed in vivo
(104). Intraperitoneal injection of C-miR146a three days
prior to CAR T-cell transfer, upregulated miR-146a in peri-
toneal myeloid cells and reduced the level of CRS-related
cytokines, IL-6, and granulocyte colony-stimulating factor
(G-CSF). This suggests that C-miR146a could be used
to overcome adverse effects associated with CD19-CAR
T-cell therapy without compromising its antitumor activity.

The antitumor activity of C-miR146a in HL-60, MDSL
del(5q) leukemia cells, and MV4-11 AML cells was also
evaluated. Although, treatment with C-miR146a induced
cell death in all the cells, C-miR 146a induced more robust
cell death in miR-146a-deficient HL-60, MDSL cells. In vivo
therapeutic efficacy studies using C-miR146a (10 mg/kg)
resulted in inhibition of disseminated HL-60 leukemia pro-
gression. The effect was likely due to targeting of NF-«xB
mediated survival signaling by miR-146a. This work sug-
gests that the C-miR 146a strategy has therapeutic poten-
tial to target myeloproliferative disorders as well as myeloid
leukemia. These studies also set the stage for using the CpG
strategy for delivery of other tumor suppressive miR NAs or
anti-cancer antagomirs.

CpG oligodeoxynucleotide (ODN )-mediated siRNA delivery.
Activation of Signal Transducer and Activator of Transcrip-
tion 3 (STAT3) is associated with oncogenesis, survival, and
proliferation of cancer cells (107). Activated STAT3 also
promotes production of several angiogenic and immuno-
suppressive factors in myeloid cells, and inhibits expression
of certain T-helper cell 1 (Thl) costimulatory molecules
(107). Since pharmacological targeting of STAT3 is chal-
lenging, several studies have used siRNAs conjugated to
CpG ligands to selectively inhibit STAT3 in tumor cells and
tumor-associated immunosuppressive cells (93).

In 2009, Kortylewski et al. developed a strategy that
links a Stat3 siRNA to a CpG oligonucleotide for tar-
geting TLRO expressing cells in the tumor microenviron-
ment (108). In this case, the CpG oligonucleotide was
linked to the antisense strand of a Stat3 siRNA followed
by hybridization to the sense strand to generate a CpG-
Stat3 siRNA duplex (CpG-Stat3). After confirming up-
take and silencing activity using TLR9 expressing cells in
vitro, the therapeutic efficacy of CpG-Stat3 siRNA was
confirmed in vivo using B16 tumor-bearing mice. Efficient
uptake and Stat3 gene silencing were observed in tumor-
associated macrophages, DCs, and B cells. In addition,
CpG-Stat3 siRNA conjugates induced stronger inhibition
of B16 tumor growth in comparison to the negative control.
This effect was mainly immune-mediated as treatment with
CpG-Stat3 siRNA conjugates led to an increase in tumor-
infiltrating neutrophils and CD8*T cells, and a reduction in
immunosuppressive CD4* FoxP3* regulatory T cells. These
results indicated that combining STAT3 inhibition with
TLROY stimulation might enhance the antitumor immune re-
sponse. Afterward, the CpG-Stat3 siRNA strategy was fur-
ther optimized for targeting hematologic malignancies (23).
In this study, the CpG-Stat3 siRNA induced regression in
the syngeneic Cbfb/ Myhll/Mpl (CMM) AML model (23).
CpG-Stat3 conjugates induced potent antitumor immunity
and eradicated disseminated AML cells in immunocompe-
tent mice. Although the safety and efficacy of this strat-
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egy needs to be validated using humanized mouse mod-
els of AML, it provides a potential solution for targeting
leukemia-initiating cells and for eradicating disseminated
AML in vivo.

Based on the success of the CpG-Stat3 siRNA strat-
egy in murine tumor models, the strategy was further opti-
mized for targeting STAT3 in human TLR9" immune cells
and blood cancer cells (22). Human-specific CpG type A
(CpG(A)/D19) was linked to the antisense strand of the
STAT3 siRNA through a flexible carbon chain linker fol-
lowed by annealing of the sense strand to generate CpG(A)-
STAT3 siRNA conjugates. In vitro uptake and activity stud-
ies indicated that CpG(A)-STAT3 siRNA conjugates were
internalized by human myeloid dendritic cells, plasmacy-
toid dendritic cells (pDCs), and B cells resulting in 60%
knockdown of STAT3 in DCs. The CpG(A)-STAT3 siRNA
induced stronger upregulation of the HLA-DR complex
and the costimulatory molecule CD86 in DCs in compari-
son to control CpG(A)-Luc siRNA conjugates. In addition,
treatment of pDCs with CpG(A)-STAT3 enhanced their
ability to induce T cell proliferation. Overall, these results
indicated that the CpG(A)-STAT3 siRNA has strong im-
munostimulatory properties in human immune cells. This
study also evaluated the ability of CpG(A) to deliver STAT3
siRNA to TLRY9* hematologic malignancies, MM and
AML. Although CpG(A)-STAT3 conjugates initially ac-
cumulated within early endosomes, CpG(A)-STAT3 down-
regulated STAT3 by approximately 50% suggesting that
at least some of the siRNA escaped the endosome. In
vivo gene silencing efficacy of CpG(A)-siRNAs in AML
xenografts produced effective targeting of BCL-X;, an anti-
apoptotic protein, and STAT3, and significantly inhibited
tumor growth. Similar results were obtained using myeloma
or leukemia xenografts.

The CpG-STAT3 siRNA strategy was further adapted
for targeting tumor-associated immunosuppressive cells,
such as MDSCs (109). MDSCs are a heterogeneous pop-
ulation of cells that expand during cancer progression and
are associated with poor patients’ survival (109-111). Hos-
sain et al. found that TLRY is overexpressed by a subset
of granulocytic-MDSC (G-MDSC) that accumulates in the
peripheral blood of prostate cancer patients during disease
progression (109). This population of G-MDSC had ele-
vated STAT3 activity and could inhibit the proliferation and
activity of CD8" T cells. Treatment of G-MDSC with the
CpG-STAT3 siRNA successfully induced STAT3 silencing
and restored T cell functions. Additional studies that eval-
uate the effect of CpG-STAT3 on MDSC differentiation
are needed to further understand their response to CpG-
STATS3. Despite that, the CpG-STAT3 strategy is consid-
ered a novel therapeutic approach for targeting immuno-
suppressive cells in prostate cancer.

Antibody-mediated delivery of RINAi molecules

Antibodies have been successfully used for delivery of an-
ticancer therapeutics including RNAi-molecules to cancer
cells. This approach involves conjugating an antibody that
binds a certain receptor expressed by cancer cells to a cyto-
toxic payload through a linker. Several antibody-drug con-
jugates have been used and approved as cancer therapeu-

tics and more are in various clinical stages (47). While not
initially cancer-directed, in 2005 the Lieberman group used
a protamine-antibody fusion protein to deliver an siRINA
to cells infected with HIV or transfected with the HIV-1
envelope (112). In vitro, HIV replication was inhibited in
HIV-infected primary T cells following treatment with an
antibody Fab fragment-protamine fusion protein (F105-P)
linked to an siRNA targeting the HIV-1 capsid gene gag. To
highlight use of the antibody approach for delivery to tu-
mors in vivo, intravenous or intratumoral injection of F105-
P-siRNAs targeting c-Myc, Vegf, and Mdm?2 in B16 tumors
that stably express the HIV envelope specifically suppressed
tumor growth. Importantly, there was insignificant induc-
tion of IFN-B, Stat-1 or 2’-5 oligoadenylate synthetase
1 expression following treatment. This body of work also
determined that a single-chain antibody directed against
ErbB2 (Her2) and fused with protamine specifically deliv-
ered siRNAs into ErbB2-expressing cancer cells resulting in
silencing of target gene in ErbB2™" cells indicating that this
approach could be generalized.

A similar single-chain fragmented antibody (ScFvs) was
used for targeting Her2™ human breast cancer cells in vivo
(113). Using these cells, the therapeutic potential of Her2-
ScFvs-protamine fusion protein (F5-P) complexed to an
siRNA targeting PLK! (F5-P/PLK1-siRNA) was evalu-
ated. Intravenous injection of F5-P/PLK1-siRNA signif-
icantly reduced PLK1 expression and inhibited xenograft
growth. F5-P/PLK 1-siRNA suppressed metastasis and led
to prolonged survival of mice bearing Her2" breast tumors.
For future applications and to gain a more comprehen-
sive understanding of the biology, it is important to under-
stand how siRNAs delivered using F5-P/PLK1 are released
from the endosomes and what cytosolic concentrations are
needed for achieving a response. Nonetheless, an advantage
of this approach is that it could be modified for targeting
other cancer types by simply changing the fusion protein
antibody.

Antibody-siRNA conjugates were developed for target-
ing transferrin receptor (TfR, or CD71) expressing cells.
The transferrin receptor is constitutively internalized by
cells which allows the transport of transferrin (Tf) into
early endosomes (114). In the acidic pH of endosomes,
Tf is dissociated from the TfR which rapidly and repeat-
edly recycles back to the cell surface (114). A transfer-
rin receptor monoclonal antibody (mAb) was used for
delivery of siRNA specifically to brain tumors (115). In
this case, TFR-mAb-siRNA conjugates were prepared by
conjugating a luciferase-targeting biotin-labeled siRNA to
a streptavidin-tagged TfR-mADb. Intravenous injection of
TfR-mADb-siRNA targeting luciferase into rat-bearing C6
or RG-2 tumors that stably express the luciferase gene re-
sulted in a 69-81% reduction in luciferase expression in
these tumors (115).

Additional studies were conducted to evaluate the use
of covalent and noncovalent conjugation between the an-
tibody and siRNA, specifically focusing on endosomal es-
cape. For these studies, a STAT3 siRNA was targeted
to Lewis-Y expressing cancer cells using an anti-Lewis-
Y monoclonal antibody (Hu3S193) (116). The STAT3
siRNA was covalently linked to the antibody using a
cleavable disulfide bond (hu3S193-siRNA) or was non-



covalently complexed with an antibody modified with a
(D-arginine)y peptide (9r) using electrostatic interactions
(hu3S193-9r(1):siRNA). Activity studies indicated that the
covalent conjugate (hu3S193-siRNA) generated a signifi-
cant reduction in STAT3 expression only when cells were
co-treated with an endosomal escape agent such as chloro-
quine or the arginine peptide (9r). In contrast, the non-
covalent conjugate (hu3S193-9r(1):siRNA) alone induced
efficient silencing of STAT3 in Lewis-Y-expressing cancer
cells, but not in control cells, indicating the importance of
the arginine peptide (9r) in mediating siRNA endosomal es-
cape.

Additional antibody-siRNA conjugates were developed
to overcome drug resistance, in this case to anti-EGFR an-
tibodies. One mechanism that drives anti-EGFR antibody
resistance involves mutations in KRAS, which is down-
stream of EGFR (117). To overcome KRAS-mediated re-
sistance, an EGFR antibody-KRAS siRNA complex was
developed and tested both in vitro and in vivo (117).
The EGFR antibody-KRAS siRNA complex was internal-
ized by EGFR-expressing cells, strongly suppressed KRAS
expression, and inhibited clonogenic growth of mutant
KRAS cells. In vivo, intraperitoneal injection of the EGFR
antibody-KRAS siRNA complex significantly inhibited tu-
mor growth in mice-bearing anti-EGFR-resistant cells in
comparison to control groups.

To specifically target prostate cancer, an anti-PSMA sin-
gle chain antibody was engineered to deliver two indepen-
dent constructs (118). One contained an anti-PSMA sin-
gle chain antibody fused to a truncated protamine while
the other included an endosomal escape peptide HA2 and
a furin cleavage site. Both constructs successfully delivered
Notchl siRNA into LNCaP cells, induced efficient knock-
down of Notchl, and inhibited LNCaP cell proliferation in
vitro and in vivo. However, the inhibition was more robust
when the construct containing the HA2 peptide was used. A
similar study by Shi et al. successfully delivered a TRIM?24
siRNA using a human monoclonal PSMA antibody fused
with protamine to target castration-resistant prostate can-
cer with high PSMA expression resulting in significant sup-
pression of tumor growth (119).

Recently, an antibody-siRNA conjugate has been devel-
oped which depends on using dual variable domain (DVD)
antibodies that contain an outer variable fragment (Fv)
for selective antigen targeting and an inner catalytic Fv
which has a uniquely reactive lysine (Lys) for conjuga-
tion to a B-lactam-functionalized siRNA (120). Treatment
of a multiple myeloma cell line with a SLAMF7, CD138
or BCMA targeting DVD-Antibody conjugated to a B-
catenin (CTNNBI) siRNA induced significant knockdown
of CTNNBI expression. This method generates highly ho-
mogenous antibody—siRNA conjugates that have a defined
structure and are easy to assemble. Despite that, future
studies that aim to understand how siRNAs delivered us-
ing this approach reach the cytoplasm would be beneficial.

These studies highlight the potential use of antibody-
siRNA conjugates as anti-cancer agents. Antibodies have
several advantages for delivery of RNAi1 molecules includ-
ing clinical relevance, high binding affinity to their anti-
gens, and the ability to deliver an active siRNA. In contrast,

NAR Cancer, 2021, Vol. 3, No. 3 15

slow penetration of solid tumors due to large molecular
weight antibodies and potential immune activation could
affect the efficacy and safety of the treatment (121). To over-
come these issues, several studies as discussed above used
Fab fragments or scFv which are smaller and lack the im-
mune activating Fc region. The small size facilitates addi-
tional penetration of solid tumors, while removing the Fc re-
gion reduces unintended interactions with non-target cells.
Additional work to understand, optimize, and enhance the
activity of antibody—R NAi conjugates will lend further sup-
port to the use of antibody—siRNA conjugates.

High affinity-scaffold proteins

Novel scaffold proteins such as DARPins and Centyrins
have been used for delivery of RNAi molecules for targeting
extrahepatic disecases. DARPins (designed ankyrin repeat
protein) are small non-immunoglobulin proteins that can
be selected to bind with high affinity and specificity to vir-
tually any target protein (122). In 2009, an EpCAM-specific
DARPIn fused to truncated protamine and conjugated to a
Bcl-2 siRNA for targeting EpCAM-expressing breast car-
cinoma cells was generated (123). Cellular uptake studies
using FITC-labeled siRNA conjugated to EpCAM-specific
DARPin indicated localization of the siRNA in the endoso-
mal compartments, but a diffused cytosolic signal was also
detected. Treatment of MCF-7 cells with EpCAM-specific
DARPin complexed with the BCL-2 siRNA induced a sig-
nificant downregulation of BCL2 expression and sensitized
the cells to doxorubicin treatment. This indicates that the
amount of siRNA released from the endosomes is enough
to induce sufficient target gene silencing to influence a com-
binatorial effect; however, more optimization, including in-
corporating an endosomal escape agent could result in fur-
ther enhancement of the therapeutic effect.

Centyrins are small, engineered protein that are based
on consensus fibronectin (FN3) domains found in hu-
man Tenascin C (124). Centyrins can be engineered to
bind any target antigen with high specificity and affinity
similar to that of the antibodies (124). For example, an
EGFR-binding Centyrin was conjugated to a beta-catenin
(CTNNbDI) targeting siRNA (EGFR-Cent-CTNNb]1) fol-
lowed by evaluation of its activity in EGFR-expressing
cancer cells both in vitro and in vivo (124). Treatment of
EGFR-expressing A431 cells with EGFR-Cent-CTNNb1
siRNA conjugates induced a significant downregulation of
beta-catenin expression at both mRNA and protein lev-
els. Intravenous injection of EGFR-Cent-CTNNb1 siRNA
into mice bearing A431 xenografts resulted in a significant
knockdown of beta-catenin expression in the tumor. Similar
results were also obtained when the CTNNDbI siRNA was
conjugated to Centyrins that bind to PSMA, BCMA, or Ep-
CAM indicating that this approach could be generalized for
targeting other cancer types. In addition, when two siRNAs
targeting different genes were conjugated to a single EGFR-
binding Centyrin, both genes were simultancously silenced
in vitro. The ability to target two genes with the same con-
jugate provides a way to develop siRNA-based therapeutics
that could produce a synergistic antitumor effect or over-
come potential resistance mechanisms.
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Lipid conjugates for RNAi delivery

The uptake of naked RNAi molecules by cells is limited,
in part, by the hydrophilic nature of RNA; thus, conju-
gating RNAs to a hydrophobic molecule, such as choles-
terol, could enhance the uptake of RNAi-molecules by the
cells (125). Indeed, cholesterol has been extensively used
for delivery of RNAi molecules to various cells and tissues.
The uptake of cholesterol-siRNA conjugates by cells occurs
rapidly by a selective endocytic process after insertion of
the cholesterol conjugates into the plasma membrane (126).
Binding of cholesterol with circulating lipoproteins could
also facilitate uptake of cholesterol-siRNA conjugates by
lipoprotein receptors (126). In 2004, Soutschek et al. conju-
gated cholesterol to a chemically stabilized siRINA that tar-
gets apolipoprotein B (apoB, Chol-apoB-1-siRNA) (127).
Intravenous administration of Chol-apoB-siRINA into mice
significantly reduced apoB expression in the liver and je-
junum as well as total cholesterol levels.

With regard to using cholesterol-siRNA conjugates for
treating cancer, cholesterol was conjugated to an siRNA
targeting MDRI (Ch-siMDR) followed by evaluating its
activity using KB-8-5 tumor-bearing mice (128). Biodistri-
bution studies using CyS5.5-Labeled Ch-siRNA indicated
that conjugation of siRNA to cholesterol enhanced tumor
and liver accumulation while reducing retention in the kid-
ney. Intravenous, intraperitoneal, or peritumoral adminis-
tration of Ch-siMDR into KB-§8-5 tumor-bearing mice sig-
nificantly downregulated the P-glycoprotein level in the tu-
mors. Since siRNAs delivered using this approach might ac-
cumulate in other organs in addition to the tumor, genes
that are essential for tumor cell growth, while not essential
for normal cells, would be preferred targets.

Similarly, cholesterol-siRNA conjugates have been de-
veloped for targeting glioblastoma (129). In this case, a
fully modified siRNA was conjugated to cholesterol (Chol-
hsiRNA) followed by evaluating uptake and activity using
primary GBMS cells. Chol-hsiRNA targeting Cyclophilin B
(PPIB) or Huntingtin (HTT) mRNA were rapidly taken up
by cells and induced significant target gene silencing in vitro.
To evaluate the efficacy of Chol-hsiRNA in vivo, GBMS
cells that stably express firefly luciferase were injected ortho-
topically into the brains of mice. A single intratumoral in-
jection of Chol-hsiRNAs targeting H7'T or firefly luciferase
induced 45% reduction in human H7T mRNA and about
90% reduction in firefly luciferase activity seven days post-
injection.

In addition to siRNAs, cholesterol, and other lipids such
as eicosapentaenoic acid (EPA) and docosanoic acid (DCA)
have recently been used to deliver a chemically modified
version of the let-7b miRNA for treating non-small cell
lung cancer (NSCLC) (130). Uptake of lipid-conjugated let-
7b was evaluated using Cy3-labeled /ez-7b in a NSCLC cell
line. Cy3-labeled /er-7b conjugated to cholesterol or DCA
was significantly taken up by the cells while EPA-/et-7b con-
jugates were not, indicating that the lipid structure might af-
fect conjugate uptake. Significant enrichment of let-7b was
detected following treatment of NSCLC cells with differ-
ent lipid-/et-7b conjugates, which was correlated with down-
regulation of the /er-7 target gene HMGA2. The biodistri-
bution of lipid-conjugated let-7h was evaluated in vivo us-

ing NSCLC tumor-bearing mice following a single subcu-
taneous injection. let-7b was enriched in the tumors fol-
lowing treatment with EPA and DCA conjugates. However,
the highest level of let-7b was detected in the liver and the
spleen. And, while the EPA-hmiR-/et-7b treatment down-
regulated HMGA2 mRNA levels and Ki-67 expression in
the tumor, the effect on tumor size was insignificant, which
requires further exploration.

Overall, cholesterol and other lipids have been success-
fully used for delivery of RNAi molecules to various tis-
sues providing an opportunity to modulate gene expres-
sion in these tissues, which provides an advantage over
naked RNAi molecules. Despite the benefits, the main lim-
itations of lipid or cholesterol-conjugated RNAi molecules
include lack of specificity and significant accumulation in
the liver, kidney, and spleen. Keeping that in mind, fur-
ther optimization of the lipid structure could help to min-
imize non-specific uptake by normal tissue. In addition,
careful selection of RNAi-molecules that are only essen-
tial for the growth of diseased cells is important for these
less-specific delivery approaches. While potentially achiev-
able for siRNA-based therapeutics, this might be difficult in
case of miRNAs that have a vast range of targets.

Targeted extracellular vesicles for RNAi delivery

Although synthetic delivery vehicles, such as liposomes, are
successfully used for delivery of miRNAs to cancer cells,
several limitations stand against routine clinical use, in-
cluding delivery associated toxicity, non-specific uptake, im-
munogenicity, and accelerated blood clearance (6,131,132).
A great effort has been made to overcome some of these
limitations, which was previously reviewed by our group (6)
as well as by others (131,132). As an alternative approach,
natural extracellular vesicles (EVs) have gained significant
scientific attention as potential delivery vehicles. In this sec-
tion, we discuss recent studies that tested and developed lig-
and targeted EVs for cancer therapy.

EVs are membrane bound vesicles produced by a variety
of cell types, including cancer cells, as a means of intercellu-
lar communication. Based on their size and biogenesis, EVs
are divided into various subpopulations referred to as ex-
osomes, microvesicles, and apoptotic bodies (133) with ex-
osomes being the most commonly used subpopulation for
RNAI delivery. However, due to the inability to selectively
purify exosomes, most studies use the more general term,
EVs. EVs have emerged as alternative vehicles for delivery
of therapeutic miRNAs and siRNAs to diseased cells for
many reasons: (i) EVsisolated from normal cells have mini-
mal toxicity and immunogenicity (134,135); (i) EVs are able
to cross natural barriers (136); (iii) compared to liposomes,
EVs from certain cell types have enhanced retention in cir-
culation due to CD47 expression, which protects them from
phagocytosis (137) and (iv) EVs can be engineered to ex-
press a cell-surface ligand that can be used to achieve spe-
cific delivery to target cells as discussed below and shown in
Figure 3.

Internalization of EVs is mediated by multiple mech-
anisms, including direct membrane fusion and receptor-
mediated endocytosis (138,139) (Figure 3). When ligand



decorated EVs are internalized by receptor-mediated en-
docytosis, they back-fuse with the endosomal membrane
and release their content into the cytosol (139). Alterna-
tively, EVs can directly enter the cells through fusion with
the outer plasma membrane resulting in the release of their
content into the cytosol (139). For instance, folate decorated
EVs are mainly taken up by FR expressing cells through
membrane fusion (139). After binding to FRs on the cell
surface, EVs fuse with the cell membrane and release their
content, in this case, siRNAs into the cytosol resulting in
target gene silencing (139). Although folate might not be
directly involved in the uptake of the EVs in this case, it fa-
cilitates the binding of EVs to FR expressing cells.

Peptide-mediated EV delivery was achieved using the
GE11 peptide (YHWYGYTPQNVI) that binds selectively
to the epidermal growth factor receptor (EGFR) (140).
Since EGFR is overexpressed by a variety of tumor cells,
including breast cancer cells, GE11-tagged EVs have the po-
tential to specifically deliver tumor suppressive miRNAs or
siRNAs to these cancer cells. In this study, HEK293 cells
were used as factories to generate the GE11-EVs followed
by loading of the EVs with let-7a or a control miRNA. In
vitro experiments confirmed the specific uptake of GE11-
EVs by EGFR expressing breast cancer cells. In vivo, intra-
venous injection of let-7a loaded GE11-EVs (1 pg, 1 time
weekly for 4 weeks) into mice bearing HCC70 xenografts
inhibited tumor growth in comparison to control EVs. Al-
though high EV accumulation was detected in the liver 24 h
post-injection, no major tissue damage was observed. Fu-
ture studies that evaluate the safety and efficacy of this
strategy in immunocompetent mice would help advance this
technology clinically.

Aptamer-targeted EVs were developed for delivery of
miRNAs to breast cancer cells overexpressing the nucle-
olin receptor (141). In this case, the AS1411 aptamer, which
has high affinity for the nucleolin receptor, was displayed
on the outer surface of EVs secreted by immature dendritic
cells using cholesterol affinity. Afterward, using electropo-
ration, AS1411-modified EVs were loaded with let-7 tagged
with a Cy3 fluorophore. In vitro uptake studies indicated
efficient uptake of AS1411-EVs-let-7-Cy3 by nucleolin ex-
pressing MDA-MB-231 cells resulting in reduced prolifer-
ation and migration. Biodistribution was evaluated using
nude mice bearing MDA-MB-231 xenografts. Treatment of
animals with AS1411-EVs-let-7-Cy3 resulted in a strong
fluorescence signal in the tumor tissue in comparison to
non-targeting EVs. Both types of EVs accumulated in non-
cancerous tissues, including the liver and the brain which
might be a concern for generating off-target effects. An ad-
ditional in vivo study assessed the therapeutic efficacy of
AS1411-EVs-let-7. Intravenous injection of AS1411-EVs-
let-7 (150 wg/every other day, 12 injections) induced a re-
gression in MDA-MB-231 tumor growth in comparison
to mice treated with free let-7 or control EVs. The study
showed no signs of tissue damage or immune activation in
mice injected with AS1411-EVs-/et-7 every other day for 4
days; however, it would be valuable to monitor the safety
of this strategy over the course of treatment that led to a
therapeutic response.

Another EV targeting strategy was developed for deliv-
ery of miRNA and chemotherapeutic drugs using disinte-
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grin and metalloproteinase 15 (A15)-expressing EVs (A15-
Exo) to triple-negative breast cancer (142). A15 has high
binding affinity to integrin a3, which is overexpressed on
the surface of several cancer types including breast, ovarian,
glioblastoma, melanoma, and prostate cancer (143,144).
This strategy relies on stimulation of THP-1 monocytes
with phorbol 12-myristate 13-acetate (PMA) which leads
to release of A15-Exo into the cell culture supernatant. Af-
ter purification from supernatant, A15-Exo were loaded
with doxorubicin and cholesterol-modified miR-159 (Co-
A15-Exo) followed by evaluating in vivo therapeutic efficacy.
Intravenous injection of Co-Al15-Exo into MDA-MB-231
tumor-bearing mice resulted in synergistic inhibition of tu-
mor growth in comparison to control groups.

In addition to miRNAs, modified EVs have been used for
delivery of siRNAs to Chronic Myeloid Leukemia (CML),
capitalizing on upregulation of the interleukin 3 recep-
tor (IL3-R) (145). To achieve selective targeting, HEK293
cells were engineered to produce exosomes that express
the exosomal protein Lamp2b, fused to the interleukin 3
fragment (IL3-Lamp2b). Uptake of IL3-Lamp2b exosomes
(IL3L Exo) was confirmed in vitro using IL3-R express-
ing LAMAS84 and K562R cell lines. Subsequently, 113-
Lamp2b exosomes were loaded with an siRNA targeting
BCR-ABL, a tyrosine kinase which is constitutively active
in CML cells (146). In vitro activity assays indicated that
IL3L Exo loaded with BCR-ABL siRNA (IL3L Exo BCR-
ABL siRNA) inhibited the growth of LAMARS84, K562,
and Imatinib-resistant K562 cells. Intraperitoneal injection
of IL3L Exo BCR-ABL siRNA into NOD/SCID mice
bearing Imatinib-resistant K562 xenografts inhibited tumor
growth in comparison to mice injected with the negative
control.

Another study engineered EVs that displayed folate
molecules, PSMA-targeting aptamers, or EGFR-targeting
aptamers on their surface for delivery of survivin siRNA
to cancer cells overexpressing FR, PSMA, or EGFR,
respectively (147). The therapeutic efficacy of PSMA
aptamer/EVs, EGFR aptamer/EVs, or folate/EVs loaded
with survivin siRNA was evaluated using nude mice bearing
prostate cancer, breast cancer, or patient-derived colorectal
cancer xenografts, respectively. Significant inhibition of tu-
mor growth was observed in all three cancer models. This
work provides an effective strategy for targeting various tu-
mor types by changing the ligand on the EVs surface with-
out affecting EVs composition or integrity.

Overall, these studies indicated that modified EVs can
be used to deliver miRNAs/siRNAs either alone or in
combination with other drugs for cancer therapy. Despite
the therapeutic promise of EVs as delivery vehicles, addi-
tional effort is still needed to enhance the therapeutic ap-
plicability. Most of these studies loaded the EVs with syn-
thetic miRNA or siRNA through transfecting them into the
exosome-secreting cells, through directly transfecting the
exosomes, or by electroporation. All these methods have
certain limitations and none can be scaled for production
(148,149). Transfecting exosome-secreting cells that over-
express miRNA or siRNA may affect the packaging pro-
cess or the behavior of the EVs. In addition, the loading
efficiency could vary greatly based on the RNA sequence
(149). Electroporation could be associated with siRNA ag-
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gregation or precipitation causing an overestimation of
the loaded siRNA (149,150). Direct transfection of EVs
with miRNAs has also been used, instead of transfecting
the donor cells (151). However, contaminating transfection
reagents could remain associated with the EVs resulting in
unintended side effects (152). Indeed, poor loading could
result in the need to deliver more EVs which may lead to
toxicity. To enhance loading, Reshke et al. incorporated
an siRNA sequence into the backbone of pre-miR-451, a
miRNA that is significantly enriched in EVs of most cell
types (150). Significant siRNA enrichment was detected in-
side the EVs when the siRNA was integrated into the pre-
miR-451 backbone but not the pre-miR-16 backbone. In
vitro and in vivo uptake and activity studies indicated that
this strategy facilitated siRNA delivery to certain cell types
and induced efficient gene knockdown at doses lower than
lipid nanoparticles or electroporated EVs. Other studies
showed efficient loading when cholesterol-modified siRNAs
were incubated with the EVs without affecting vesicle in-
tegrity (142,148). For example, a study from the Khvorova
lab determined that siRINAs that are chemically stabilized,
as well as hydrophobically-modified (hsiRNAs), are effi-
ciently loaded into the EVs (148). When these EVs were
loaded with an siRNA targeting Huntingtin mRNA, sig-
nificant silencing was achieved in vitro as well as in vivo.
In addition to effective loading, another advantage of this
method is the use of chemically stabilized siRNA which
can reduce the effective dose required to achieve silencing.
Without question, novel, more efficient, and more consis-
tent loading approaches are needed prior to translating EVs
into the clinic. Another challenge with using EVs as a deliv-
ery vehicle is that secreted EVs are not easy to scale up for
production. One strategy that aims to enhance EVs secre-
tions is the immortalization of primary cells (153). For ex-
ample, mesenchymal stem cells (MSC) can be immortalized
by inducing c-Myc overexpression which enhances their ex-
pansion and thus EVs secretion (153). Regardless, EVs are
considered a promising approach for miRNA and siRNA
delivery. However, further understanding of EVs biology
such as how different molecules are naturally loaded into
the EVs and how EVs are taken up by different cell types
will advance EVs as delivery vehicles for RNAi-based ther-
apeutics.

LIMITATIONS AND OPTIMIZATIONS

Ligand-mediated RNAI delivery provides a novel way for
targeting various cancer types as discussed above. This ap-
proach bypasses many of the limitations of passive target-
ing, including non-specific delivery and off-target effect on
normal cells. In addition, the specific targeting to the dis-
eased cells achieved with ligand-mediated delivery will re-
sult in higher accumulation of RNAi molecule in these cells
which could enhance effectiveness and potentially reduce
dosing. All the methods described also support the ability
to deliver various anti-cancer RNAs at the same time result-
ing in a synergistic effect once potential synergistic RNAs
are identified (154).

The major bottleneck limiting the utility of a ligand-
targeted approach for RNAi delivery is endosomal en-
trapment. The internalized RNA must be released into

the cytosol or it will be degraded when the late endo-
somes fuse with the lysosomes. The prevailing hypothe-
sis is that chemically modified RNAi-molecules will be
more stable in the acidic compartments and slowly re-
lease into the cytosol, similar to what happens in the
case of GalNAc-siRNA conjugates. Nonetheless, several
strategies have been developed to facilitate more rapid re-
lease of RNAi molecules into the cytosol including cell-
penetrating or fusogenic peptides such as the EBI endo-
somolytic peptide, the influenza-derived fusogenic peptide
diINF-7 (34,155), or small molecules such as chloroquine
(156). However, some of these techniques are often toxic to
cells or stimulate an immune response. Recently, we used the
small molecule, nigericin to facilitate endosomal escape of
ligand-conjugated miRNAs, which significantly enhanced
miRNA activity in the absence of toxicity (73). Regardless,
more effort needs to be placed on developing additional
novel, safe, and effective endosomal escape agents to fur-
ther reduce dosing and enhance the activity of RNAi-based
therapeutics.

An additional concern includes the inability of the
ligand-siRNA conjugate to be released from the receptor,
especially if the conjugate does not contain a cleavable
linker. Some ligands bind their receptor with so-called ‘ex-
cess affinity’ which could lead to continuous binding of the
ligand to its receptor. Instead of disengaging from the re-
ceptor, the ligand will be recycled back with the receptor to
the cell surface reducing cytosolic distribution and subse-
quent binding and internalization of additional conjugates
(114). GalNAc, the successful ligand used for siRNA deliv-
ery binds ASGPR with nanomolar affinity (157); thus, lig-
ands with comparable affinity should be considered. How-
ever, other ligands might behave differently when bound to
their receptor under different endosomal conditions. For ex-
ample, the level of acid endonucleases in normal cells, such
as hepatocytes, could be completely different than that of
cancer cells. Further understanding of the endosome envi-
ronment such as the acidic pH that favors the dissociation
of ligand from its receptor will be beneficial to determine
when, and in which stage, RNAi molecule will be free in the
endosomal lumen for release into the cytosol, which will ul-
timately enhance the efficacy of ligand-mediated RNAI de-
livery strategies.

Receptor saturation and rapid clearance following treat-
ment are other issues that greatly influence intracellular
RNAI concentration (158). In general, while the binding of
high affinity ligands (such as folate) to their receptor occur
rapidly after intravenous injection and saturate the receptor
in a short amount of time, excess conjugates that did not
bind the receptor will be rapidly cleared from the body, per-
haps even before the unoccupied receptor recycles back to
the surface (47). This will reduce the duration in which the
receptor is exposed to the ligand making repetitive dosing a
necessity to achieve a therapeutic response.

While there are still multiple hurdles to overcome, signifi-
cant progress has been made to overcome some of the chal-
lenges associated with delivery of RNAi molecules to ex-
trahepatic tissues and will continue. The success of GalNac
conjugates is helping to pave the way and the recent use
of RNA-based vaccines for protecting individuals from
SARS-Cov2 suggests that an exponential increase in RNA



therapeutics is on the horizon (159,160). Efforts in achiev-
ing specific and efficient delivery, including identifying and
developing additional ligands and unique strategies to pro-
mote endosomal escape are major areas of focus that need
to be tackled in the upcoming years.

CONCLUSION AND FUTURE DIRECTIONS

RNAi-based therapeutics including miRNAs and siRNAs
have evolved as ideal therapeutic approaches for the treat-
ment of various diseases, which is not surprising as these
molecules can modulate most disease-related genes. How-
ever, advancing them as therapeutics for human diseases
has been limited by challenges, including non-specific de-
livery, rapid RNA degradation, and poor cellular uptake
(28). Various chemical modifications have been developed
that enhanced stability and activity of siRNAs and reduced
immune response. These modifications include addition of
PS bonds at certain positions of the RNA backbone and
replacing the unstable 2'-OH of the ribose sugar by 2'-
OMe and 2'-F (29). Despite that, RNAi-based therapeu-
tics for treating oncological diseases have not reached their
full potential yet due to lack of safe and specific delivery
approaches. Indeed, identifying an efficient delivery sys-
tem is as important as enhancing the properties of RNAi
molecules — both are required for developing RNAi-based
therapeutics. GalNAc-siRNA conjugates are an exceptional
example that demonstrates how consideration of both fea-
tures can lead to rapid advances in RNAi-based therapeu-
tics from preclinical to clinical stage. GalNAc binds the AS-
GPR which is expressed by liver hepatocytes and depends
mainly on receptor targeting to achieve selective delivery of
the conjugated siRNAs (34). Thus, expanding RNAi-based
applications for targeting other tissues requires identifying
novel ligands and their receptors. Once identified, RNAI
molecules could be directly conjugated to a targeting lig-
and or packaged into a delivery vehicle that is engineered to
display a ligand on its surface. Extensive efforts to identify
cancer-targeting ligands have been successful and have re-
sulted in identifying several small molecules, aptamers, an-
tibodies, and peptides that deliver RNAi-molecules specifi-
cally to cancer cells as discussed.

Delivery of RNAi molecules using ligand decorated EVs
is an emerging area that shows promise in overcoming en-
dosomal entrapment due to the ability of EVs to directly
fuse with the cell membrane or back-fuse with endosomal
membranes (139). Another advantage of using EVs is that
EVs provide a way to deliver RNAi molecules for target-
ing diseased cells in the central nervous system due to their
ability to cross natural barriers (148,161). In addition, EVs
are naturally released from cells, and thus, can be obtained
from the cells of the patient improving safety. However, it
is important to identify optimal EVs secretion and purifi-
cation conditions, as well as efficient packaging techniques
that enable large scale production and reproducible loading
conditions prior to clinical applications.

Overall, a great effort has been made to identify vari-
ous ligand-targeted approaches for delivery of miRNAs and
siRNAs specifically to tumor cells and to overcome sev-
eral delivery challenges. Validating the efficacy and safety of
these approaches using immunocompetent and humanized
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mouse models is required prior to any clinical applications.
In addition, developing efficient and non-toxic endosomal
escape agents and utilizing these agents to enhance RNAIi
activity could finally allow us to realize the power of RNAI-
based therapeutics for the treatment of human cancers.
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