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RNA-based therapeutics have gained wide public interest in recent years. RNA is a versatile molecule that
exists in many forms including mRNA, siRNA, miRNA, ribozymes, and other non-coding RNAs and is
primarily applied for gene therapy. RNA is also used as a modular building block to construct RNA
nanostructures. The programmable nature of RNA nanostructures enables the generation of simple,
modulable, and multi-functional RNA-based therapeutics. Although the therapeutic application of RNA
may be limited due to its structural instability, advances in RNA nanotechnology have improved the
stability of RNA nanostructures for greater application. Various strategies have been developed to
enhance the stability of RNA nanostructures enabling their application in vivo. In this review, we examine
the therapeutic applications of RNA nanostructures. Non-immunogenic RNA nanostructures can be
rationally designed with functional RNA molecules to modulate gene expression for gene therapy. On
the other hand, nucleic acids can be sensed by cellular receptors to elicit an innate immune response,
for which certain DNA and RNA motifs can function as adjuvants. Taking advantage of this adjuvant
potential, RNA nanostructures can be used for immunotherapy and be designed for cancer vaccines.

Thus, we examine the therapeutic application of immunogenic RNA nanostructures for cancer
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Accepted 30th August 2024 immunotherapy. RNA nanostructures represent promising platforms to design new nanodrugs, gene

therapeutics, immunotherapeutic adjuvants, and cancer vaccines. Ongoing research in the field of RNA

DOI: 10.1039/d4ra03823a nanotechnology will continue to empower the development of RNA nanostructure-based therapeutics
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Introduction

RNA was thought of primarily as an intermediary molecule,
relaying genetic information from DNA for protein translation,
or as operational components to assist with protein translation
(tRNA and rRNA). However, with the discovery of its catalytic
ability, RNA began to be examined as its own functional
molecule. Since then, the functionality of RNA has expanded to
include the ability to edit genes, regulate gene expression, assist
in translation, and more. Additionally, due to its physical
properties as a modular molecule, RNA has been explored as
a unique and independent building block for constructing RNA-
based nanostructures for functional applications.>?

The field of RNA nanotechnology evolved alongside its more
established DNA counterpart. In the 1980s Seeman conducted
studies to design and characterize DNA junctions with 3 or
more nucleic acid strands**® launching the field of DNA nano-
technology. Inspired by this research, Jaeger, Westhof, and
Leontis explored the secondary and tertiary structures of RNA,
using its mosaic structure to construct some of the early
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with high efficacy and limited toxicity.

tectoRNAs.” Building off this work, various methods have been
employed to rationally design RNA nanostructures, including
nanocubes from multiple RNA scaffolds (Fig. 1A)," RNA
origami tiles from single-stranded RNA (ssRNA) (Fig. 1B),"* large
RNA origami from a single ssRNA folding over itself (Fig. 1C),"?
and tetrameric nanocages using branched kissing loop design
(Fig. 1D).** Recently, various RNA origami structures were
designed using a simplified RNA Origami Automated Design
(ROAD) software'® and constructed via in vivo synthesis and
assembly in Escherichia coli (E. coli)."” In addition, Guo's group
developed a natural packaging RNA (pRNA) strategy from phi29
bacteriophage to generate various functionalized RNA nano-
structures and explored their application for drug delivery and
gene therapy (Fig. 1E).**** While the focus of this review is to
examine the therapeutic applications of RNA nanostructures,
we refer the readers to these articles detailing the design and
construction of RNA nanostructures,**>*6:18-20

Developing successful therapeutics for in vivo application
relies on many factors including stability and effective delivery.
Nanoparticles, such as lipids and polymers, are commonly
employed as carriers for therapeutics because of their optimal
size for cellular delivery.** In addition, lipids and polymer-based
nanoparticles may provide biological payloads some protection
from the hostile extracellular environment that contains
nucleases and proteases. However, these nanoparticles can also
be toxic and difficult to assemble in a controllable way, leading
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Fig.1 Rationalassembly of RNA nanostructures. (A) Two- and three-dimensional model of RNA cube with dangling ends formed from 10 strands
of RNA. Reproduced with permission from ref. 10. Copyright 2010 Springer Nature Limited. (B) Co-transcriptional assembly of RNA origami tiles
from 4-helix antiparallel-odd (4H-AO) crossovers. Reproduced with permission from ref. 11. Copyright 2014 American Association for the
Advancement of Science. (C) Single-stranded origami formed from parallel crossover cohesion (left). AFM images of single-stranded DNA and
RNA origami (right). DNA (top 3 rows) and RNA (bottom row). Reproduced with permission from ref. 12. Copyright 2017 American Association for
the Advancement of Science. (D) Tetrameric RNA nanocage formed from 4 Z-tiles using branched kissing loop interactions. Reproduced with
permission from ref. 13. Copyright 2020 Springer Nature Limited. (E) Trivalent RNA nanoparticle formed from 3 pRNA sequences bound together

by the 3WJ motif. Reproduced with permission from ref. 14 and 15. Copyright 2011 Springer Nature Limited.

to inconsistencies in cargo payload and size between batches.*
On the other hand, nucleic acid nanostructures can be assem-
bled into pre-defined shapes and sizes with good precision and
reproducibility.”” Additionally, they can function as carriers to
attach small molecules at precise locations and controllable
stoichiometries, which enables the generation of uniform,
precise, and functional nanostructures.'***** Yet from an
application point of view, DNA nanostructures have been used
primarily for bioimaging and as biomedical sensors for diag-
nostics,” but they showed limited therapeutic function, due to
their incompatibility with in vivo physiological conditions.
While DNA molecules tend to be more stable than RNA, RNA
nanostructures designed by RNA assembling technologies (as
detailed below) have been shown to have high stability that
enables their application in vivo.** RNA nanostructures also
display some additional advantage over DNA nanostructures,
including greater structural versatility and diverse functionality,
attributed to many functions of RNA molecules, ranging from
expression of genes to regulation of gene expression.*” Thus,
RNA nanostructures can be readily programmed with a variety
of RNA molecules, such as mRNA, small interfering RNA
(siRNA), and ribozymes. The diversity of functional RNA mole-
cules provides great potential for developing a range of multi-
functional therapeutics. Thus, RNA nanostructures represent
unique and rational platforms to design functional RNA-based
therapeutics.

28808 | RSC Adv, 2024, 14, 28807-28821

In this review, we examine the therapeutic applications of
RNA nanostructures, highlighting their diversity and multi-
functionality. We first discuss the improved stability of RNA
nanostructures that enables their utilization in vivo. With
translational applications in mind, we review the functionali-
zation of RNA nanostructures as carriers for gene editing RNAs,
catalytic ribozymes, and small molecule drugs. We also examine
the use of RNA nanostructures for cancer immunotherapy,
discussing their applications as immunomodulators and cancer
vaccine platforms. Thus, the versatile nature of RNA nano-
structures empowers the design of multifunctional RNA
therapeutics.

Enhancing the stability of RNA
nanostructures

Although RNA exhibits higher thermodynamic stability
compared to DNA molecules and RNA nanostructures have
great therapeutic potential, their application in vivo is currently
limited due to their intrinsic instability. Aside from nuclease
degradation, RNA nanostructures are also susceptible to
unfolding or misfolding under in vivo conditions. Thus, several
strategies have been explored to enhance the stability of RNA
nanostructures. Below, we discuss the use of RNA backbone
modifications, nanoparticle carriers, and compact nano-
structure designs to stabilize RNA nanostructures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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RNA is highly susceptible to nucleases, more so than DNA,
because of the 2’-OH group present in RNA that can interact
with the phosphate group, resulting in RNA degradation.***
Thus, chemical modifications to the ribose sugar,***
substituting the 2’-OH with fluorine (-F), amine (-NH,), or O-
methyl (-OCHj;), or RNA backbone, replacing the phospho-
diester (-O™) with phosphorothioate (-S™) or boranophosphate
(-BH3™)**** have been demonstrated to increase the stability of
RNA to enzymatic degradation. Likewise, the incorporation of
2/-5' linkages, as opposed to the typical 3’'-5" linkage, has been
used to improve the stability to nucleases.** For further infor-
mation detailing modifications of RNA molecules for increased
stability we refer the readers to this review.?

On the other hand, RNA therapeutics can also be packaged
in lipid or polymer-based nanoparticles for enhanced stability.
Lipid-based systems, including liposomes, micelles, and solid
lipid nanoparticles, encapsulate RNA in nanoparticles to
protect them from extracellular nucleases, enabling their
application in vivo, such as mRNA vaccines made against
COVID-19 and even cancers.*®*” Similarly, polymers, such as
polyethyleneimine (PEI), chitosan, or dendrimers, have been
employed to package RNA, increasing their stability.”® These
nanoparticles can be easily modified and functionalized with
targeting ligands for multifunctional therapeutics.*® However,
these approaches have their own challenges, including incon-
sistent RNA loading, potential toxicity, and non-specific cellular
internalization.*

RNA nanostructures have also been explored as carriers to
assemble mRNA, siRNA, and ribozymes, owing to their simple
extension of nucleotides for incorporating these functional
moieties. However, many RNA nanostructures are still suscep-
tible to nuclease degradation. In addition, similar to DNA
nanostructures, the integrity of RNA nanostructures is depen-
dent on the presence of divalent cations, such as Mg”*, to
overcome the negatively charged backbone repulsions for
folding into their tertiary structures.** However, the concentra-
tion of divalent cation required for the formation of RNA
nanostructure is much higher than the physiological level in the
body. Thus, RNA nanostructures formed in vitro are not
compatible with in vivo conditions. To overcome these obsta-
cles, nucleic acid nanostructures were constructed with modi-
fied nucleotides or coated with inorganic molecules or peptides
to enhance their stability.***!

Alternatively, RNA nanostructures were designed in a unique
way such that their tertiary structure is less dependent on
cations and more resistant to nucleases than conventional RNA.
For example, the Guo group used the bacteriophage phi 29 DNA
packaging RNA (pRNA) that has diverse self-association. These
PRNA naturally assemble into a 3-way junction (3W]), an RNA
motif formed from 3 intertwining RNA strands (see Fig. 1E),
forming RNA nanostructures in the absence of divalent
cations.™ Although unmodified pRNA-3W]J were still sensitive to
serum nuclease, their stability could be improved by incorpo-
rating UTPs and CTPs modified with 2'-fluorine (2'-F).***° Thus,
the modified pRNA-3WJ was demonstrated to have high
stability.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Another strategy is to construct compact RNA origami
nanostructures, which presumably render less accessibility to
nucleases. Building off previous work done by Afonin, et al.,**
Han, et al. developed a parallel crossover cohesion design to
form compact double-stranded RNA (dsRNA) nanostructures
from a single RNA strand."” Qi, et al. demonstrated that this
ssRNA molecule could self-assemble efficiently into its dsRNA
rectangular conformation in the absence of divalent cations,
eliminating the dependence on Mg>" for folding.?® Additionally,
without nucleotide modifications or packaging materials, this
RNA origami was found to be highly stable in saline for more
than 10 months and resistant to RNase and serum nucleases,
demonstrating its great thermostability and enzymatic stability
for in vivo application.

Furthermore, several computational simulation software
have been developed to assess structural stability and construct
stable RNA nanostructures,'®'®** oreatly facilitating rational
design of stable RNA nanostructures.

Therapeutic application of RNA
nanostructures

RNA-based therapeutics have gained public attention since the
COVID-19 pandemic leading to new and renewed interest in
RNA as therapeutics. In addition to being a template for protein
translation, RNA can also silence gene expression via siRNA and
confer enzymatic activity as ribozymes. Designing functional
RNA therapeutics relies on effective assembly and delivery. To
this end, RNA can also function as a carrier to assemble these
RNA-based therapeutics as well as small drug molecules for
delivery. Although lipid- and polymer-based nanoparticles have
been widely investigated as carriers for similar payloads, RNA
nanostructures represent a new platform for rationally
designing RNA-based therapeutics.***

Due to their programmability, RNA nanostructures can
assemble small functional molecules at pre-defined positions
with stoichiometric control.’®* In addition, because of the
simplicity of assembling or extending functional RNA strands
on RNA nanostructures, the modularity in altering and
switching RNA strands, and the versatility of attaching multi-
functional molecules, RNA nanostructures demonstrate great
potential for designing RNA-based therapeutics by displaying
molecules that confer specific targeting, gene regulation,
immune-stimulation, and even toxicity.> Thus, RNA nano-
structures offer consistency, precision, and functionality for
designing therapeutics.

Targeted therapeutics can enhance drug efficacy, reduce
drug dosage, and limit toxicity associated with off-target effects,
especially during systemic application. RNA nanotechnology
has been used to assemble targeting molecules such as RNA/
DNA aptamers, small 20-100 nucleotide sequences that, like
antibodies, bind to specific molecules via their 3D conforma-
tion.*> Aptamers have several advantages including small size,
rapid generation, versatile RNA modification, and lack of
immunogenicity.*® Furthermore, RNA aptamers can be readily
incorporated into RNA nanostructures by extending strands of
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RNA nanostructures to include the aptamer sequence or by
linking the RNA aptamer to the RNA nanostructure via
complementary base pairing of nucleotides.

In addition to aptamers, a library of other functional RNA
and non-RNA molecules such as gene regulation sequences,
small molecule drugs, vaccine adjuvants, antigens, and target-
ing ligands, could be incorporated to develop diverse functional
RNA nanostructures. Here, we describe RNA nanostructures
that have been developed for therapeutics.

RNA interference (RNAi)

RNA nanostructures are most widely functionalized for appli-
cation in RNAi therapy. RNAi, a highly conserved biological
process in response to dsRNA, silences the expression of
specific genetic sequences, functioning as a defense mecha-
nism to viruses and other foreign nucleic acids.”” In the cell,
dsRNA or pre-miRNA are cleaved into 20-27 nucleotide
sequenced siRNA and miRNA, which then serve as templates for
binding and silencing specific mRNA sequences. The ability to
control expression of targeted genes has broad translational
application, and siRNA and miRNA mimics, as gene silencers,
have been extensively studied to treat a wide range of diseases
where certain genes are overexpressed, while anti-miRNA can
silence overproduced miRNAs to increase gene expression.”>**
Because of their versatile nature, RNA nanostructures represent
an excellent platform for carrying siRNA and miRNA mimics to
develop RNAi-based therapies.

Unlike lipid- or polymer-based nanoparticle delivery systems
which rely on the encapsulation of siRNA and miRNA mimics,
RNA-based systems can directly incorporate the RNAi sequence
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into their overall nanostructure design. For example, Lee, et al.
used the rolling circle transcription (RCT) method* to design
RNA microsponges containing half a million copies of a single
or multiple siRNAs that were directly transcribed and then self-
assembled into microsponges (Fig. 2A).>** After coating with
PEI, they were able to condense microsponge RNA into a nano-
meter range for greater cellular uptake. This simple strategy
demonstrated the ability to incorporate many functional siRNA
sequences within RNA nanoparticles.

To attach siRNA to RNA nanostructures at predefined posi-
tions, Afonin, et al. designed a method for self-assembling RNA
strands into a nanoring with 6 siRNAs or tetrahedrons with up
to 12 siRNAs.**®” Their one-pot co-transcriptional assembly
method streamlined the production of these functionalized
nanostructures by eliminating the need for separate transcrip-
tion and assembly steps. To demonstrate functionality, the
Shapiro group used the RNA nanorings to assemble 6 short
hairpin RNAs (shRNAs) targeting different regions of the
human immunodeficiency virus (HIV)-1, which reduced the
replication of HIV in transfected cells (Fig. 2B).*

Instead of combining the siRNAs as additional elements,
Hoiberg, et al. incorporated the siRNA into the wire-frame
structure of an octahedron RNA origami, using the unstruc-
tured siRNA as staple strands in the RNA octahedron (Fig. 2C).*>
This incorporation provides the RNA origami nanostructure
with RNAi activity and also opens opportunities for further
functionalization of the nanostructures, e.g., by attaching tar-
geting molecules, like target-specific aptamers, to enable tar-
geted RNAI therapeutics. Guo's group and others applied this
approach in their RNA nanostructures. They designed a tumor
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Fig. 2 RNA nanostructures functionalized for RNAi or anti-miRNA. (A) RNAi microsponge formation with siRNA. Reproduced with permission
from ref. 50. Copyright 2012 Springer Nature Limited. (B) RNA nanorings functionalized with dicer substrates. Reproduced from ref. 51. Copyright
2014 American Chemical Society. (C) RNA octahedron formed with intrinsic siRNAs. Reproduced with permission from ref. 52. Copyright 2018
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D) pRNA-3WJ functionalized with anti-miRNA and RNA aptamer. Reproduced from ref. 53.
Copyright 2015 American Chemical Society. (E) pRNA-3WJ functionalized with cholesterol and RNA aptamer to assemble onto exosomes.
Reproduced with permission from ref. 54. Copyright 2017 Springer Nature Limited.
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targeting RNAi therapeutic using the pRNA-3W] motif to
assemble different RNA aptamers, siRNAs, anti-miRNA, and
locked nucleic acids (LNA) (Fig. 2D).'***%%! These multi-
functional RNA nanostructures were demonstrated to
decrease respective gene expression or silence specific miRNAs
in targeted tumor cells, leading to tumor regression in the
mouse models. For further application, cholesterol-conjugated
PRNA-3WJ were assembled onto exosomes that were then
loaded with siRNAs, which had the potential to be used more
broadly for other functional small molecules (Fig. 2E).***> These
studies demonstrate effective tumor targeting and tumor
reduction in vivo models and reflect the programmable nature
of RNA nanostructures for designing RNAi-based targeted
tumor therapeutics. At the moment, RNA nanostructure-based
RNAIi therapeutics are tested in pre-clinical stages, with prom-
ising outcomes in reducing early tumor growth in mouse tumor
models.****® In particular, some RNA nanostructures display
high stability that enables systemic delivery in mice, giving this
platform potential as an RNAi therapeutic.>**

mRNA

Eukaryotic mRNAs are composed of a 5'-untranslated region
(UTR), open reading frame that codes for the gene, 3’-UTR, and
poly(A) tail.®® These are commonly delivered with lipid nano-
particles that enable direct release of mRNA into the cytoplasm
for translation, providing a synthetic approach to direct protein
delivery.®® Traditionally, the difficulty with developing mRNA
therapeutics is their low stability, need for cytoplasmic delivery,
and potential innate immunity.** Due to improvements in RNA
nanotechnology that have enhanced RNA stability and modified
nanostructures for reduced innate immunity, RNA nano-
structures present an excellent opportunity to construct func-
tional mRNA delivery platforms.

Recently, Hu, et al. assembled an RNA origami lantern-
shaped nanostructure containing Smad4 mRNA scaffolded
between 2 staple strands with a tumor targeting peptide, which
was designed to restore Smad4 expression in colorectal tumor
cells (Fig. 3).** Observing different levels of expression with
different lantern designs, they suggested that the flexible
lantern structure enabled mRNA functionality, proposing a new
design strategy for functionalizing RNA nanostructures. While
there are very few studies that employ RNA nanostructures to
deliver mRNA, the success of this platform paves the way for
more mRNA nanostructure designs with even greater stability to
be explored for therapeutic applications.

Ribozymes

Ribozymes are enzymatic RNA molecules that have various
catalytic functions, including cleavage and splicing of nucleic
acids. Cleaving ribozymes can be divided into large ribozymes,
such as ribonuclease P (RNase P), and small, self-cleaving
ribozymes, such as hairpin, hammerhead, hepatitis delta
virus, Varkud Satellite (VS), pistol, twister, twister sister, and
hatchet ribozymes, named for their specific RNA motifs.*® The
ability of these ribozymes to self-cleave and splice is dependent
on their folding into appropriate functional conformations.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 RNA nanostructure functionalized with mRNA. (A) Assembly of
MRNA nano-lantern from Smad4 mRNA and two circular staple RNAs
(csRNA) containing complementary mRNA binding sites (bs) and RGD
(Arg-Gly-Asp) for cell targeting (top). Flexible conformation of mRNA
nano-lantern (bottom). (B) Cellular delivery of lantern-shaped flexible
RNA origami for Smad4 mRNA translation. Reproduced from ref. 65.
Copyright 2023 Springer Nature Limited. Originally created in
Biorender.com.

Thus, identifying the conditions at which native ribozymes fold
in vitro helps optimize the folding conditions of other RNA
nanostructures.®”* Ribozymes have been proposed and studied
as therapeutic treatments, particularly for treating viral
infections.®

In 2003, a hepatitis B virus (HBV) hammerhead ribozyme was
fused to pRNA-3W]J, conferring catalytic activity to this RNA
nanostructure.” Since then, the Guo group has used this HBV
ribozyme to functionalize RNA triangles, squares, and tetrahe-
drons, enabling these nanostructures to cleave HBV genomic
RNA (Fig. 4A).*#**7%7* While a handful of ribozymes have been
developed, very few have made it to clinical trials due to the
difficulty in design and low stability in vivo.” However, a better
understanding of ribozyme structure and functional motifs may
improve their efficacy and therapeutic application.”™

On the other hand, some ribozymes have been incorporated
successfully into RNA nanostructures. Similar to the previously
described method of utilizing ribozymes for cleaving RCT
products,”® a one-pot RCT approach containing self-cleaving
hammerhead ribozymes was used to transcribe and cleave
RNA sequences used to generate the pRNA-3W]J motif (Fig. 4B).”>
This streamlined the overall construction of pRNA-3WJ,

RSC Adv, 2024, 14, 28807-28821 | 28811
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Fig. 4 RNA nanostructures functionalized with ribozymes. (A) RNA
tetrahedron functionalized with HBV ribozyme and various aptamers
(left). HBV cleavage assay demonstrating the ability of tetrahedron
assembled HBV ribozymes to cleave the RNA substrate (right).
Reproduced with permission from ref. 71. Copyright 2016 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (B) One-pot production of
pRNA-3WJ nanostructures using self-cleaving ribozymes. Repro-
duced with permission from ref. 72. Copyright 2019 American
Chemical Society.

combining transcription and assembly, which enables further
study and exploration of ribozyme-containing RNA nano-
structures for in vivo applications.

CRISPR

CRISPR is a gene editing tool that has been utilized to modify
targeted genomic DNA sequences. Recently, RNA origami was
used as a scaffold for carrying functional motifs for the CRISPR/
dCas9 gene regulatory system (Fig. 5).”7 This sgRNAO was
designed by fusing a single-guide RNA (sgRNA) to RNA origami
and incorporating transcription factors bound to coat protein to
enhance transcription. Pothoulakis, et al.”” explored the stoi-
chiometry and positioning of these functional components and
designed a sgRNAO system to increase protein production in
Saccharomyces cerevisiae yeast. This platform opens another
avenue for exploring RNA nanostructures functionalized for
CRISPR gene regulation.

Small molecule drugs

In addition to carrying functional RNA molecules, RNA nano-
structures have also been examined as carriers for small mole-
cules drugs. In 2019, Piao, et al. used pRNA-3W]J for carrying
camptothecin (CPT),** a potent antitumor drug that targets
topoisomerase I but is not widely used because of its low
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Fig. 5 RNA nanostructures functionalized with CRISPR. (A) sgRNA-O
for regulating transcriptional in S. cerevisiae. sgRNA-O is formed by
fusing sgRNA with RNA origami scaffold containing coat protein tar-
geting aptamers for binding coat protein linked transcription factors
(top left). sgRNA-O utilizes dCas9 to regulate gene expression (top
right). Multiple sgRNA-O can be constructed to control the tran-
scription of various genes via dCas9 (bottom). Reproduced from ref.
77. Copyright 2022 Pothoulakis, et al. Published by Oxford University
Press on behalf of Nucleic Acids Research.

solubility in aqueous solutions.” Using click reactions to
assemble CPT to RNA along with a tumor targeting ligand, the
Guo group reported enhanced solubility of CPT in water and
drug-induced KB cell (an epithelial carcinoma cell line) killing
leading to reduced tumor growth (Fig. 6A). The same group also
designed a four-way junction (4WJ) RNA, an RNA motif formed
from 4 intertwining RNA strands, which demonstrated higher
stability and greater loading capacity compared to the 3W]J-RNA,
to carry paclitaxel (PTX) or SN38, chemotherapy drugs, and
tumor targeting aptamers.”>* Treatment with the drug-loaded
4W]J-RNA nanostructures promoted tumor-targeted cell death
and reduced tumor growth in mice (Fig. 6B). Thus, stable 4WJ-
RNA nanostructures represent an effective method for
controlled incorporation of small molecule drugs.

These studies demonstrate the ability of RNA nanostructures
to function as tumor-targeting drug carriers, effectively deliv-
ering the drugs to tumors for targeted cell death. The strategy of
using simple click reactions to stoichiometrically control drug
assembly highlights the potential of these RNA nanostructures
for assembling any other functional small molecules for cancer
therapy. Currently, RNA nanostructure-conjugated cytotoxic
drug therapeutics have been explored in mouse tumor models
and were shown to have some benefit in promoting targeted
drug delivery and reducing early tumor growth.'>”*** As drug
carriers these RNA nanostructures demonstrated stability for
systemic administration and further studies are warranted
demonstrating greater survival in mice.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Copyright 2020 Springer Nature Limited.

Therapeutic applications of RNA
nanostructures in cancer
immunotherapy

The field of immunotherapy research has gained momentum over
the last decade, largely due to the success of treatments such as
immune checkpoint blockades (ICB) and chimeric antigen
receptor (CAR)-T cell transfer.* Inmunotherapies aim to enhance
the immune response against tumor cells and/or prevent tumor
growth. Aside from ICB and CAR-T cell therapy, other common
immunotherapy strategies include cytokine therapy that can
increase the number or functionality of immune cells, antibody
therapy that can offer targeted elimination of tumor cells, and
cancer vaccines that can elicit tumor-specific immunity.*>* More
recently, with the increase of genomic sequencing data, there has
been an opportunity to develop more personalized therapeutics.
With a toolkit of functional RNA molecules, such as mRNA,
siRNA, and RNA aptamers, RNA-based therapeutics, along with
RNA nanotechnology, offers the potential to develop both general
and personalized immunotherapies. Below we discuss new
approaches for applying RNA nanostructures to modulate
immune responses and design for cancer
immunotherapy.

vaccines

Immune modulation

Immunotherapy adopts different strategies to modulate the
immune response. One widely used strategy is employing
adjuvants for immunostimulation. Adjuvants range from
synthetic products, like aluminum salts and oil-in-water

© 2024 The Author(s). Published by the Royal Society of Chemistry

emulsions, to natural motifs, such as pathogen associated
molecular patterns (PAMPs). Upon their binding to pattern
recognition receptors (PRRs), ie., toll-like receptors (TLRs),
NOD-like receptors (NLR), RIG-I-like receptors (RLR), PAMPs
can quickly activate many cells, especially immune cells to
generate a robust immunostimulatory response.*® Thus,
resembling viral infections, nucleic acid-based adjuvants, such
as unmethylated CpG-oligodeoxynucleotides (ODN) DNA (TLR9
agonist), polyinosinic:polycytidylic acid (PolyIC) dsRNA (TLR3
agonist), Resiquimod or ssRNA (TLR7/8 agonists), and cyto-
plasmic dsDNA (cyclic GMP-AMP synthase (cGAS) stimulator of
interferon genes (STING) agonist), provoke strong innate
immunity and therefore are widely explored for cancer
immunotherapies.

Given the ability to incorporate DNA and RNA motifs, RNA
nanostructures represent a rational platform for developing
cancer immunotherapeutics. Indeed in 2014, Khisamutdinov,
et al. used the pRNA-3W] motif for assembling up to 5 and 6
CpG-ODN on RNA polygon and RNA nanoprism nanostructures,
respectively.®®®” Treatment with these RNA polygon-CpG (con-
taining 2 mg kg~' CpG) induced systemic levels of pro-
inflammatory TNF-o. and IL-6 cytokines. This group demon-
strated that the pro-inflammatory response was dose dependent
and could be controlled by incorporating fewer CpG molecules
(Fig. 7A).

More recently, Qi, et al. developed an RNA origami nano-
structure with intrinsic TLR3 activity, due to its folding into
dsRNA, for cancer immunotherapy (Fig. 7B).>® This RNA origami
was demonstrated to be a potent, but selective TLR3 agonist
that is more stable and safer than PolyIC, the conventional

RSC Adv, 2024, 14, 28807-28821 | 28813
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TLR3 agonist. Treatment with RNA origami (0.8 mg kg™")
induced a strong innate immune response that subsequently
activated adaptive tumor-specific immunity and reduced
immunosuppression in the tumor microenvironment, resulting
in tumor regression of a colorectal tumor mouse model without
systemic toxicity.>

Further studies by Dai, et al. assessing the intrinsic stimulatory
ability of this RNA origami, revealed that the edge length of this
nanostructure is critical to its stimulatory activity, presumably
due to its ability to engage TLR3 dimerization for cellular activa-
tion.*® These strategies highlight the potential of RNA nano-
structures for designing immunotherapies either by assembling
with adjuvants or as intrinsic adjuvants to enhance the host
immunity. On the other hand, Dai, et al. also generated RNA
origami nanostructures with functional epigenetic nucleoside
analogues that enabled RNA origami nanostructures to evade
immune recognition, demonstrating the ability to epigenetically
control immunogenicity,* which could potentially be applied in
the construction of functional RNA therapeutics that require no or
low immunogenicity (as discussed in Therapeutic application of
RNA nanostructures). Thus, different methods can be used to
regulate immune stimulation. The immunostimulatory ability of
RNA nanostructures has been applied as adjuvants for cancer
immunotherapy in mouse tumor models, which showed success
in reducing overall tumor growth and increasing mouse survival.
Additional studies combining these adjuvants with other cancer
therapeutics will help further enhance the anti-tumor efficacy, as
discussed in the next section.

Cancer vaccine platform

RNA nanostructures can also be designed as assembly plat-
forms for cancer vaccines. Unlike many anti-viral vaccines that
primarily focus on B cell immunity, cancer vaccines are
dependent on the induction of T cell immunity, which involves
the stimulation and antigen presentation, especially antigen
cross-presentation, of antigen presenting cells (APCs) to activate

28814 | RSC Adv, 2024, 14, 28807-28821

CD8" T cells.® These vaccines typically consist of adjuvants,
such as TLR ligands that stimulate APCs, and tumor antigens,
including peptides or proteins, for antigen cross-presentation.*
Different nanostructures have been explored to bring these
components together, including lipid- or polymer-based nano-
particles, as well as RNA nanostructures. While other reviews
discuss the generation of cancer vaccines via lipid and polymer
packaging,®>*> we will focus on RNA nanotechnology directed
design and construction of cancer vaccines.

Zhu, et al. used RCT and rolling circle replication (RCR)
followed by PEG-grafted polypeptide (PPT-g-PEG) condensation
to generate an intertwining DNA-RNA nanocapsule (iDR-NC)
vaccine consisting of CpG DNA, Stat3 shRNA, and short
hydrophobic peptides (Fig. 8A).* This functionalized RNA
nanovaccine was demonstrated to stimulate dendritic cells
(DCs), reduce stat3 expression, and deliver peptides to APCs.
Vaccination with iDR-NC induced a neoantigen-specific
memory T cell response, ultimately leading to the reduction of
systemic MC38 colorectal tumor growth in mice. This study
demonstrates the feasibility of assembling peptide vaccines
using RNA nanotechnology.

Wang, et al. proposed several methodologies to further func-
tionalize RCT generated RNA nanostructures, termed hybrid RNA
nanoflowers (hRNF).* Using DBCO- or biotin-modified UTP
during RCT, they generated DBCO-hRNF and biotin-hRNF, which
could be covalently bound to azide- or avidin-linked molecules,
respectively, post-transcription. This strategy offers a way to
design versatile functionalized RNA nanostructures.

Recently, Yip, et al., used an RNA origami nanostructure with
intrinsic TLR3 activity to develop a nanovaccine platform to
assemble neoantigenic peptides by attaching short azide-linked
peptides to DBCO-containing RNA origami through DBCO/
azide click reactions (Fig. 8B).°* This RNA origami peptide
(RNA-OG-peptide) nanovaccine was found to stimulate and
promote cross-presentation in DCs and elicit a strong tumor-
specific cytotoxic T cell response. Vaccination with RNA-OG-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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peptide led to tumor regression and greater survival in mice
with B16-OVA melanoma tumors. This protective immunity was
further demonstrated to be long-term, because of the genera-
tion of tumor-specific memory T cells that rendered the tumor-
bearing animals resistant to the second challenge of tumor
cells. Without the addition of adjuvants or carriers, this RNA
origami nanostructure represents a simple and modulable
platform for designing RNA origami-based peptide vaccines.

While only a few studies have applied RNA nanostructures
for cancer immunotherapy, with the success of these platforms
in mouse studies, the improved stability of RNA nanostructures,
and the growing toolkit of nanotechnology, more effort will be
directed toward development of RNA nanostructure-based
immunotherapeutics.

Challenges & future perspectives

The use of RNA nanostructures for therapeutics has moved this
technology towards translational application. With the abun-
dance of functional RNA molecules in addition to its potential
adjuvant activity, RNA nanostructures can be employed for
various purposes (see summary in Table 1). Here, we categorize
the therapeutic applications into two main functions — (1) rational
design of functional RNA molecules without immunogenicity, (2)
vaccine design using RNA nanostructures with intrinsic adjuvant
activity. Below, we highlight some of the benefits and challenges
going forward with each of these platforms.

RNA nanostructures as carriers for functional RNA

RNA nanostructures have been studied extensively as carriers
for functional RNA molecules. Due to the simplicity of extend-
ing RNA strands, mRNAs, siRNAs, anti-miRNAs, ribozymes, and

© 2024 The Author(s). Published by the Royal Society of Chemistry

sgRNAs have been rationally incorporated into RNA nano-
structures. In addition, their ability to carry multiple RNA
enables the design of multi-functional RNA nanostructures,
including targeted cancer therapeutics.

Nonetheless, there are some considerations for these func-
tional RNA nanostructures. Utilized primarily as cancer thera-
peutics, these nanostructures require delivery directly into tumor
cells, however, tumor cell targeting and cellular uptake of func-
tional RNA nanostructures are challenging. To overcome this,
some RNA therapeutics were designed for receptor-mediated
endocytosis;* as such, ligands or aptamers targeting tumor cell
receptors have successfully been used to target these cells and
promote internalization.>* Immunogenicity is another consid-
eration. Due to the presence of various RNA sensors in a cell, RNA
nanostructures may trigger innate immune responses, which,
while beneficial for vaccine design, may be harmful for siRNA or
mRNA delivery. Some studies have reported that small, negatively
charged RNA nanostructures lack immunogenicity,” but other
reports showed that larger RNA origami nanostructures have
intrinsic adjuvant activity,”***** indicating that the immunoge-
nicity varies from structure to structure, probably owing to the
presence or absence of motifs recognized by cellular RNA sensors.
Ultimately, RNA nanostructures without immunogenicity, or
modified to reduce immunogenicity,* provide an excellent plat-
form for assembling RNA-based therapeutics. These have
predominantly been used to design tumor-targeting therapeutics
for controlling gene and protein expression.

RNA nanostructures with intrinsic adjuvant activity as vaccine
platforms

Given that immune cells have receptors to detect foreign nucleic
acids, e.g. TLR3, TLR7, TLR8, and RLRs, that recognize sSRNA or

RSC Adv, 2024, 14, 28807-28821 | 28815
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Table 1 Summary of various applications of RNA nanostructures

View Article Online

Review

Applications of RNA

nanostructures Description Methods of attachment Examples
Targeting RNA nanostructures attached to RNA Incorporation into RNA PRNA-3W]J (3-way junction)
aptamers or cell-targeting ligands nanostructure sequence; -aptamer or -ligand (e.g.
complementary base paired to RNA folate)'**® (Fig. 2D)
nanostructure
RNAi RNA nanostructures assembled with Incorporation into RNA RNAi microsponge,”® RNA
siRNA to silence gene expression nanostructure sequence; nanoring,”®*” RNA octahedron
complementary base paired to RNA origami,’® pRNA-3W]
nanostructure SiRNA'380 (Fig, 2)
mRNA RNA nanostructures assembled with Complementary base paired to RNA mRNA nano-lantern®® (Fig. 3)
mRNA to express specific genes nanostructure
Ribozymes RNA nanostructures attached to Incorporation into RNA RNA tetrahedron HBV
ribozymes to confer enzymatic nanostructure sequence (hepatitis B virus)
activity ribozyme,'*”? self-cleaved
PRNA-3WJ”? (Fig. 4)
CRISPR RNA nanostructures assembled with Incorporation into RNA sgRNAO (sgRNA origami)’’

single-guide RNA (sgRNA) to regulate
gene expression

RNA nanostructures attached to small
molecule drugs to induce tumor cell
killing

Small molecule drugs

RNA nanostructures with intrinsic
adjuvant activity or attached to
pathogen associated molecular
patterns (PAMPs)

RNA nanostructures assembled with
tumor peptides (and adjuvants)

Immune modulation

Cancer vaccines

dsRNA,*® RNA nanostructures can function as intrinsic adju-
vants to induce an immune response.*® This feature can be
utilized for vaccine design, i.e., RNA nanostructures functioning
as self-adjuvanted platform to carry antigens of interest.**
Nanostructures (particularly between 10-100 nm) are ideal for
drainage to and retention in lymph nodes (LNs), because they
are less likely to diffuse to blood circulation for rapid elimina-
tion.*>** Due to their ability to interact with and engulf antigens
via various routes, DCs can take up nanoparticles and process
the antigens carried by the nanoparticles for antigen cross-
presentation.'*"**>

However, there are some considerations for this vaccine plat-
form. For example, due to the small size of RNA nanostructures
(typically <50 nm),”* the payload capacity, especially for large
molecules, such as proteins or synthetic long peptides, may be
limited; however, some strategies, such as RCT, have been used to
form larger RNA nanoparticles (250 nm) with a peptide linker to
incorporate neopeptides.”® Additionally, payloads may require
some protection for their in vivo delivery. To address this, RNA
nanostructure design may need to be optimized to encapsulate
antigens, such that the nanostructure not only increases the
payload, but also protects it from the environment, as was
demonstrated with DNA origami.'® Thus, RNA nanostructures
with intrinsic adjuvant activity offer a robust platform to stimulate
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nanostructure sequence;
complementary base paired to RNA
nanostructure

Incorporation of chemically modified
nucleotides in RNA nanostructure
followed by click chemistry

Complementary base paired to RNA
nanostructure

Addition of PEG-polypeptide linker
followed by peptide addition;
incorporation of chemically modified
nucleotides in RNA nanostructure
followed by click chemistry

(Fig. 5)

PRNA-3WJ-CPT
(camptothecin),'®> 4WJ RNA-
PTX (paclitaxel) or SN38 7%
(Fig. 6)

RNA origami (dsRNA),>*® pRNA-
3WJ-CpG-ODN®® (Fig. 7)

Intertwining DNA-RNA
nanocapsule (iDR-NC),”® RNA
origami-peptide vaccine®*
(Fig. 8)

the immune system and design cancer vaccines. While previous
strategies required the incorporation of immunostimulatory
elements such as CpG DNA,*** the approach utilizing intrinsi-
cally immunogenic RNA origami nanostructures provides
a rational and simpler platform to design nanovaccines against
cancer, which can be extended to the construction of vaccines
against infectious diseases or other targets.

Conclusion

RNA nanostructures represent a new and robust platform to
construct RNA-based therapeutics. Their design enables precise
assembly with functional RNAs, including mRNA, siRNA, ribo-
zymes, aptamers, as well as small molecules drugs to create
multi-functional RNA therapeutics that are stable for in vivo
application. On the other hand, taking advantage of the
intrinsic adjuvant activity of our RNA origami nanostructures
can greatly simplify the design and construction of effective and
personalized anti-cancer vaccines. Taken together, RNA nano-
structures are promising platforms to design multifunctional
therapeutics for a wide range of applications. Continuing
research in RNA nanotechnology may lead to translational
success for RNA nanostructures in the future.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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