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ABSTRACT: Short interfering RNAs (siRNA) are a powerful class of genetic medicines . . i
h linical translati be hindered by their suboptimal deli ties in vi siRNA Delivery Strategies
whose clinical translation can be hindered by their suboptimal delivery properties in vivo. used in Active Clinical Trials
Here, we provide a clinically focused overview that summarizes ongoing siRNA clinical
trials from the perspective of innovations in nonviral delivery strategies. More specifically, Nanoparticles
our review begins by highlighting the delivery barriers and physiochemical properties of
siRNA that make it challenging to deliver it in vivo. We then provide commentary on ‘o";\
specific delivery strategies, including sequence modification, siRNA ligand conjugation, .5 N
and nanoparticle and exosomal packaging, each of which can be used to control the
delivery of siRNA therapies in living systems. Last, we provide a summary table of | "™ Weme  robmepmce - Fohmerciarix
ongoing siRNA clinical trials which also highlights the indication of use, target, and Conjugates Exosomes
National Clinical Trial (NCT) number associated with each entry. In writing this review, « N
our work aims to highlight the key challenges and strategies for effective nonviral siRNA - /’\
delivery in vivo, while simultaneously summarizing information on ongoing clinical trials R — o \ \
for siRNA therapy in h 5 Osgonuciotide
py in humans \,
- [ 4
Lipid
B INTRODUCTION through an RNA interference mechanism. This occurs by

targeted degradation of complementary mRNA, thus prevent-
ing translation by virtue of eliminating the “instructions” for
the synthesis of the protein. Degradation of mRNA via siRNA
can thus mitigate the progression of a host of genetic diseases,
particularly those caused by protein overexpression. For
example, five FDA-approved siRNA therapies (Patisiran,
Lamsiran, Inclisiran, Givosiran, Vutrisiran), and several in-
progress clinical trials indicate the exciting potential of siRNA
therapy in the treatment of diseases.” This is promising, but
there are still many challenges to consider in optimizing the
delivery, uptake, and efficiency of siRNA therapy using
strategies such as sequence modification, direct ligation, and

The underlying cause of many diseases is the overexpression of
native and aberrant proteins. Small molecules and biologics can
treat some diseases via competitive inhibition and targeted
degradation. However, estimates suspect that 75% of the
human genome is “undruggable”.' Challenges with some small
molecules and biologics also include low solubility, low
permeability, limited targeting capability, and limited shelf
life, among other limitations. This can impede cellular uptake,
present complex formulation considerations, and elicit off-
target effects. Additionally, the paradigm of targeting active
sites to block protein function cannot be generalized to every
disease-causing protein as not all active sites of proteins can be carrier methods. amone other stratecies
readily accessed by active pharmaceutical ingredients. Notable This review ’ ovi dgs an overvi;gw .of GRNA medicines
examples of “undruggable” targets include MYC, STAT3, and articularl fronf the lens of clinicallv approved and acti e’
RAS, key oncogenes attributed to several forms of cancer.””” parteriary 1ea’y approv y

This knowledge of “undruggable” targets has highlighted the clinical-trial therapies. We first provide a background of the

) ] RNA interference mechanism and the key proteins involved in
need for new approaches for treating diseases.

RNA degradation. We then i tigate the structural
Gene therapies, including RNA-based therapeutics, exploit m . egrad 2 dm;l eh Hen Lnvestigate d € }Sl ructara
the body’s own code to modulate protein function. properties and delivery challenges associated with siRNA.

. . . We review siRNA sequence modifications, conjugation, and
Accordingly, RNA has an array of therapeutic applications.
For example, messenger RNA (mRNA) therapy can increase
the expression of a target protein, while microRNA therapy can
decrease the expression of various proteins. While each of
these are powerful tools, this review focuses on short
interfering RNA (siRNA). siRNA is a double-stranded form
of RNA and has proven to be a viable therapeutic option for
treating various diseases. In essence, siRNA silences genes
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Figure 1. Timeline of the select siRNA breakthroughs.
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packaging strategies actively employed in siRNA clinical trials.
Finally, we provide a tabularized summary of all of the active
clinical trials using siRNA and provide an outlook of siRNA as
a future treatment. In writing this review, our goal is to
establish the fundamental groundwork regarding delivery
challenges within the siRNA field while more broadly
highlighting the potential of siRNA therapies for treating
human disease.

1. SIRNA MECHANISM

siRNA is an endogenous macromolecule that is responsible for
various cell-regulating functions. More specifically, this type of
RNA functions under the mechanism known as RNA
interference (RNAi), a pathway that was discovered when
studying gene expression defense mechanisms against nucleic
acids (Figure 1).° Since its discovery, the siRNA mechanism
has been extensively studied to develop therapeutic siRNA to
knock down specific genes that are responsible for disease. The
RNA interference mechanism is a unique inhibiting mecha-
nism because siRNA leverages endogenous processes to
degrade mRNA before translation, thereby silencing genes at
the pretranslational level (Figure 2).

The structure of therapeutic siRNA is essential to the
efficacy of a gene knockdown and an overall understanding of
the RNA interference mechanism. Two unique structures of
RNA are used for the RNAi mechanism: double-stranded RNA
(dsRNA) and small interfering RNA (siRNA). dsRNA
contains more nucleotides and is a precursor to siRNA. Both
types can be used for therapy; however, siRNA is more
commonly used in clinical trial therapies as the shorter
nucleotide sequence of siRNA avoids a potential shutdown of
cellular protein expression caused by the interaction of
intracellular RNA receptors and RNA molecules greater than
30 nucleotides long.” Additionally, shorter sequences of RNA
lower the likelihood of an innate interferon immune response.”
Endogenously, dsRNA is made in the nucleus and translocated
into the cytosol. It is then cleaved by the ribonuclease III Dicer
into a 21—23 nucleotide siRNA. This step, often called the
“Initiation step”, functionalizes the siRNA and is essential for
effective gene knockdown.” The dsRNA is cleaved to create a
2-nucleotide overhang on the 3’ end of the RNA." After this
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step, the RNA-induced silencing complex (RISC) is recruited
onto the RNA. The RISC is a multiprotein complex and
contains the proteins Argonaute RISC Catalytic Component 2
(ago2), Staphylococcal Nuclease Domain-Containing Protein
1 (SND1), Astrocyte Elevated Gene-1 (AEG-1), Fragile X
Mental Retardation 1 (FMRRI1), VIG (vasa intronic gene),
R2D2 (dsRNA binding protein), Aubergine, and Armitage-
RNA helicase."’ Once bound to the siRNA, this complex
opens up the double-stranded RNA and degrades the
passenger strand not involved with binding to the mRNA.
The remaining single strand complementary to the target
mRNA (referred to as the guide strand) is then matched with
the mRNA of interest.'” Therapeutically, this mechanism is
leveraged to transiently silence disease-causing proteins;
synthetic siRNA also operates via this mechanism but does
not need to first be cleaved by Dicer.® Clinical trials using
synthetic siRNA are typically more common, an observation
that may be in part due to powerful advancements in chemical
synthesis routes toward siRNA therapeutics."> For example,
siRNA therapies may often be produced using solid phase
synthesis approaches, a strategy that enables simple, high-
yielding, and potentially automated routes to siRNA drugs.'*"®
This synthesis approach can therefore lead to the rapid
development and therapeutic evaluation of multiple siRNAs
against a given target which can improve the odds of advancing
a given siRNA therapy through clinical trials.'®

2. DELIVERY BARRIERS

Although siRNA can selectively target genes, controlling the
dose, location, and uptake of siRNA in vivo is a therapeutic
challenge. Controlling for a specific dose can be difficult as
endonucleases can degrade free siRNA and enable rapid renal
clearance.'” As a result, siRNA delivered without a platform
has low circulation time with a half-life ranging from 15 min to
1 h.'® Targeting location and promoting effective cellular
uptake can also be challenging due to siRNA’s sizable
molecular weight and negative charge. The large molecular
weight (~13 000 Da) hampers its ability to passively diffuse
through the cell membrane, and the negative charge of siRNA’s
phosphate backbone makes cellular uptake ineflicient.

https://doi.org/10.1021/acs.bioconjchem.3c00205
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Figure 2. Mechanism of siRNA-mediated gene silencing.
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Aside from degradation and cellular uptake concerns, the
delivery of naked siRNA has been shown to activate the innate
immune system.'” Innate immunity is the branch of the
immune system that functions as the first defense barrier
against pathogens. In contrast to the adaptive immune system,
cells involved in the innate immune system are not pathogen-
specific and, therefore, do not need to be presented with an
antigen to be activated. Instead, the innate immune system is a
collection of different cells that can recognize conserved
aspects of a pathogen and be activated to eliminate the
pathogen quickly.”” One key player in the innate immune
system is Toll Like Receptors (TLRs). TLRs are receptor
proteins found on many mammalian cells responsible for
recognizing foreign agents and are then activated to produce
downstream effects to eliminate the foreign agent.”' TLRs have
been shown to be readily activated by synthetic siRNA
administered both in vitro and in vivo. Out of the 12 TLRs that
have been identified in humans, TLR1, 2, 3, 7, and 8 have been
shown to be activated by siRNA. TLR 7 and 8 are activated by

siRNA in a sequence dependent manner, whereas TLR 3
recognize in a sequence independent manner.”” To avoid the
sequence-dependent recognition of TLR 7 and 8, synthetic
siRNA typically avoids using uridine/guanosine and adeno-
sine/uridine-rich regions as these two TLRs are activated by
such motifs.”’

Overcoming these delivery challenges is a central goal of the
siRNA therapeutic research field. Below, we provide an
overview of clinically relevant delivery strategies that aim to
overcome these limitations.

3. DELIVERY STRATEGIES FOR SIRNA THERAPY
CURRENTLY USED CLINICAL TRIALS

As described above, there are barriers within the body that
make controlling the dose, location, and uptake of siRNA
difficult. Strategies have been employed to enable better and
more efficient delivery of siRNA. Below, we overview sequence
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Figure 3. Common ribose, phosphate backbone, and nucleobase modifications used in synthetic siRNA.

modification and delivery platform strategies for clinically
relevant and clinically approved nonviral siRNA therapies.

3a. Sequence Modifications. An effective siRNA therapy
must be effectively delivered to the target cell of interest, enter
the cytoplasm, engage the RISC complex, and target a specific
mRNA. As a result, siRNA must have sufficient stability in vitro
and in vivo, affinity for the RISC complex, and low
immunogenicity. To optimize these characteristics, the
chemical composition of the siRNA sequence can be
manipulated by using synthetic chemistry methodologies.
Three categories of RNA modifications used in clinically
relevant and clinically approved therapies include ribose sugar
modifications, phosphodiester backbone modifications, and
nitrogen base modifications. The specific structural modifica-
tions, the ratio of modified to endogenous nucleotides, and the
targeted area within the siRNA can all be modulated—this
causes virtually limitless variations of possible siRNA
therapeutics, each of which may have diverse immunogenicity,
stability, and target mRNA affinity. Currently approved siRNA
therapeutic drugs have included modifications of each of these
classes—due to the vast number of sequence permutations in
siRNA therapies, this review will cover representative
modifications from each group (Figure 3).

3a.i. Ribose Sugar Ring Modifications. The building blocks
of nucleic acids are five-membered ribose sugars that act as
scaffolds for the genetic code. Modulating the chemical
structures of these ribose sugars has led to increased stability
and efficacy of siRNA therapies. One of these modifications
involves forming a bridge between the 2’-hydroxyl oxygen and
the 4'-carbon, forcing the nucleotide into a constrained
conformation. Locked nucleic acids, also called bridged nucleic

acids, have been introduced as a ribose modification that
increases stability.”*>> Constrained ethyl nucleic acids and
ethylene bridging nucleic acids similarly showed increased
resistance to nucleases.”*~** Unlocked nucleic acids have also
been synthesized, allowing for modulation of stability and
specificity toward target mRNA.”” Alternatively, utilizing a
sulfur atom in place of the endogenous oxygen within the ring
has been well tolerated with increased potency and
stability.”"*!

3a.ii. Ribose Sugar 2' Hydroxyl Modifications. Modifica-
tion at the 2’ position of the ribose sugar can be used to
prevent ribonuclease attack. In its native structure, the 2’ OH
group of ribose is a handle for enzymatic hydrolysis. To
prevent hydrolysis, a 2’ O-methyl group or other moiety such
as 2’ fluorine can be added to prevent this hydrolysis from
occurring.®” Ribose sugar modifications in currently approved
siRNA therapeutics include 2’ O-methyl (2’-OMe) and 2’
deoxy-fluoro (2’-F) (Onpattro, Givosiran, Inclisiran, Lumasir-
an [Alnylam]). It has also been shown that these ribose
modifications help to prevent TLR recognition, thus reducing
innate immune response.33

3a.iii. Phosphodiester Backbone Modifications. In tandem
with the ribose sugar, phosphodiester bonds comprise the
backbone of the nucleic acids. These phosphate derivatives
connect ribose monomers to longer polymers that house
genetic information. Phosphate groups on the siRNA, similarly
to the ribose sugars, have been targeted with chemical
modifications to prevent nuclease degradation and increase
the affinity between the RISC and siRNA.** Generally, in these
modifications, one of the nonbridging oxygens of the ribose
sugars of siRNA is replaced with a different group. Changes in
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the hydrophilicity of the phosphate group have been shown to
enhance hydrophobic protein-binding interactions and prevent
endonuclease degradation.” Phosphodithionate is a common
phosphate modification in siRNA. Here, a sulfur atom replaces
one of the nonbridging oxygens which can enhance resistance
to phosphatases.”® Amide bonds can also substitute the
phosphodiester linker and exhibit increased resistance to
nucleases with similar or increased affinity for the target
mRNA .33 Similarly, incorporating boranophosphates into
the phosphodiester bonds near the ends of the antisense strand
of the siRNA have led to a nearly 10-fold resistance to
nucleases and an increase in potency in some cases.”” The
native 5’ to 3’ phosphodiester linkage can be replaced with a 5’
to 2’ phosphodiester bond to yield a decreased immune
response without negatively affecting target mRNA affinity.*’
Of the five currently approved siRNA therapeutics, three
(Givosiran, Inclisiran, Lumasiran) incorporate phosphodiester
modifications (Alnylam Pharmaceuticals).

3a.iv. Nitrogenous Base Modifications. Another compo-
nent of nucleotides is nitrogenous bases; for endogenous RNA,
these are cytosine, guanine, adenine, and uracil. Patterns of
these nucleotides contain the genetic information that governs
cellular function. The overall benefits and drawbacks of
replacing nucleotides with analogs must be evaluated with
considerations about how the metabolites of modified
nucleotides could potentially be incorporated into the genome.
Nonetheless, it has been shown that the replacement of uridine
with pseudouridine, 2-thiouridine, S-methylcytidine, S-methyl-
uridine, and 6-methyladenine in RNA has been shown to
reduce innate immune activation."’~** Additionally, the
incorporation of an abasic siRNA—the altogether removal of
the nucleobase—has been shown to minimize 0ff—tar§et
mRNA silencing while maintaining on-target activity.”*°
Overall, these chemical modifications have exhibited a decrease
in the activation of the innate immune system, an improve-
ment of overall structural stability, and a decrease in off-target
effects.”’

3b. Delivery Platforms for siRNA Therapy. Sequence
modifications of siRNA are not always sufficient for effective
therapy, as naked siRNAs are still prone to degradation and
short circulation times. To combat this, platform-based
approaches for siRNA delivery have been developed.
Generally, platforms provide diverse solutions that aim to
stabilize siRNA, promote cellular uptake, escape the endosome,
and promote activity within cells. Among active siRNA clinical
trials, three delivery platforms that are actively being explored
include conjugates (GalNAc, lipid-based, oligonucleotide),
nanoparticles (lipid-based, polypeptide, or polymer-based),
and exosomes. Here, we describe these delivery platform
approaches and specific examples of their use in clinically
relevant and active trials.

3b.i. SiRNA Conjugates. One way siRNA therapies can be
improved is by directly conjugating ligands onto the sequence
by using chemistry approaches. This structural modification
has been shown to increase the circulation time by preventing
the degradation of siRNA and improving site specificity.
Several types of conjugates have been explored in the
literature; however, three currently being evaluated in various
stages of clinical trials include N-acetylgalactosamine (Gal-
NAc) conjugates, lipid-based conjugates, and CpG oligodeox-
ynucleotide conjugates (Figure 4).

GalNAc conjugates are one type of conjugate that have
experienced success in the clinic. Alnylam Pharmaceuticals has

Conjugation Strategies

ASGPR ”‘..0" <™
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Figure 4. siRNA conjugate materials currently being evaluated in
active clinical trials.

developed 4 FDA approved GalNAc-siRNA drugs for the
treatment of acute hepatic porphyria (Givosiran), primary
hyperoxaluria type 1 (Lumasiran), amyloidosis (Vutisiran),
and hypercholesterolemia (Inclisiran). Sixteen active clinical
trials using GalNAc for siRNA delivery are also being evaluated
at various stages. GalNAc is a sugar amino derivative of
galactose and has a high binding affinity to the asialoglyco-
protein receptor (ASGPR), a cell membrane receptor highly
expressed on liver hepatocytes.”® siRNA conjugates of GalNAc
typically have three N-acetylgalactosamine ligands resulting in
a trivalent ligand covalently bound to the 3’ end of siRNA’s
sense strand. Several studies have leveraged the ASGPR
receptor GalNAc ligand pair to target siRNA-mediated gene
knockdown in hepatocytes.””*° Once bound to ASGPR,
GalNAc-siRNA conju§ates are internalized through clathrin-
mediated endocytosis.”' The acidic pH in the endosome then
cleaves the linkage between GalNAc and siRNA, thereby
releasing the siRNA. The specific endosomal escape mecha-
nism of siRNA is complex; however, it is known that recycling
endosomes return ASGPR onto the cell surface once the
siRNA is released.”™ The recycling mechanism enables
prolonged uptake of GalNAc-siRNA conjugates. The endocy-
tosis pathway of GalNAc has been well studied, and key genes
have been identified that regulate cellular uptake. Lu and
colleagues found that the gene RABI18 is an important
regulator in the uptake mechanism of GalNAc-siRNA
conjugates. CRISPR-Cas-9 knockout of RAB18 of Hep3B
cell lines further showed a 20-fold increase in gene silencing of
GalNAc-HPRT1siRNA conjugates but not in Lipofectamine
transfection of siRNA, indicating the uptake mechanism of
ASGPR is regulated by additional genes that may be further
leveraged to improve siRNA uptake and efficacy.”

Several adjustments on the linker chemistry, placement, and
binding affinity of GalNAc-siRNA conjugates have been
explored to optimize uptake by liver hepatocytes. Schmidt et
al. showed that the valency of GalNAc is important for binding
to ASGPR and promoting uptake. It was found that a
monovalent GalNAc conjugate had a 2-fold reduction in gene
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knockdown activity in vivo as compared to a trivalent
conjugate, suggesting that the number of GalNAc ligands
may contribute to overall knockdown efficacy.”® To study the
effects of GalNAc placement on the siRNA, Matsuda and
colleagues used copper-assisted azide—alkyne cycloaddition
click chemistry to site-specifically conjugate monovalent
GalNAc onto various moieties of the siRNA sense strands. It
was found that dispersing three singular GalNAc ligands
spaced by two or more nucleotides on the siRNA’s sense
strand resulted in less gene knockdown than clustering the
GalNAc ligands. Researchers demonstrated that the proximity
of the GalNAc ligands to each other was critical for GalNAc
binding capability to ASGPR. It was also shown that the
clustered conjugates had similar gene knockdown efﬁcacy
compared to typical triantennary GalNAc conjugates.’
Although highly effective at silencing its target gene, it has
been reported that GalNAc con]ugates may have off-target
silencing leading to hepatotoxicity.””*® Janas et al. studied
potential mechanisms of RNAi-mediated hepatotoxicity of
GalNAc conjugates and found that toxicity is primarily caused
by the seed region of the antisense strand rather than the
chemical modifications of siRNA or the disturbance of the
endogenous RNAi pathway.”” To mitigate such toxicities,
researchers introduced a destabilizing glycol nucleic acid
(GNA) nucleotide into the seed region, which resulted in an
improved safety profile in rats.”” To date, four of the five FDA-
approved siRNA therapies are GalNAc conjugates—these
successes are due to a number of beneficial properties of the
GalNAc system including, but not limited to, its ability to
actively target the liver via the asiaglycoprotein receptor, its
modular nature which enables its direct ligation to siRNAs of
virtually any therapeutic sequence, and its in vivo tolerability
properties.”” Of note, these properties have led to clinically
approved siRNA therapies with low toxicity and high efficacy,
two crucial end points for FDA approval. Further, these results
have also highlighted not only the power of the GalNAc system
for translational siRNA therapy but, more generally, the power
of utilizing chemistry strategies to afford conjugate molecules
that may translate siRNA therapies from the benchtop to the
clinic.

Conjugation of lipids to siRNA has also been explored as a
strategy to control biodistribution and improve overall cellular
uptake of the siRNA. Several studies have shown that lipids of
varying alkyl tail lengths enable siRNA delivery to extrahepatic
tissues.””"” Brown and colleagues found that conjugating a
C16 carbon chain on the 2’ sense end of siRNA achieved
effective delivery and gene knockdown in mice to the central
nervous system via intrathecal administration, the eye via
intravitreal injection, and the lungs via intranasal injection.®®
There has been extensive effort to understand the mechanism
in which these siRNA lipid conjugates are taken up to predict
their organ distribution. Multiple studies have shown that the
endogenous proteins high-density lipoprotein (HDL) and low-
density hpoprotem (LDL) bind onto conjugates when
administered in vivo.”* To understand the role of HDL and
LDL in cellular uptake of siRNA—lipid conjugates, Wolfrum et
al. conjugated lipids with varying degrees of lipophilicity and
found that higher hydrophobicities of conjugates increased
association with LDL and HDL. The greater association with
these lipoproteins correlated to higher intracellular uptake,
suggesting that HDL and _LDL are involved in the uptake of
siRNA-lipid conjugates.”” Osborn and colleagues further
demonstrated that changing the lipophilicity of siRNA
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conjugates changes HDL and LDL association, affecting tissue
distribution. It was found that lipophilic conjugates such as
cholesterol associate with LDL and are preferentially taken up
by LDL-enriched tissues such as the liver and lung, whereas
less lipophilic conjugates such as DHA associate with HDL and
are preferentially taken up by SR Bl-enriched tissues such as
the ovaries and adrenal gland. It was thus determined that
lipophilicity can influence the binding of serum proteins which
can determine tissue distribution profile.”®

Within the literature, cholesterol-based siRNA conjugates
have been explored as potential therapeutics for multiple
disease states. Chernikov et al. used a cholesterol-siRNA
conjugate to knockdown Multidrug Resistant Gene 1 in
xenografted SCID mice.”” However, biodistribution studies
showed that fluorescently labeled cholesterol-siRNA accumu-
lated 10% in the tumor site and 60—80% in the liver, indicating
limited tumor targeting. Interestingly, up to 60% of MDRI in
the tumor was suppressed after a single IV injection in SCID
mice.”” Additionally, cholesterol siRNA conjugates have been
used to silence Myostatin in skeletal muscle and showed
prolonged (>21 days) knockdown (85—95%) of the Mstn gene
in a single IV injection on female CD-1 mice.”® Lipid
conjugates have had limited clinical success, as no FDA-
approved drugs exist. However, there is one Phase I Clinical
Trial (NCT0523178S) for treating Alzheimer’s Disease and
Cerebral Amyloid Angiopathy. Sponsored by Alnylam
Pharmaceuticals and Regeneron, this siRNA targets the
knockdown of the amyloid precursor protein (APP) and is
conjugated to a C16 tail, which has been shown to deliver into
the Central Nervous system.

An additional conjugate-based method that has shown
promise in reaching the clinic uses CpG oligodeoxynucleotide
conjugates (CpG ODNs). This oligonucleotide has been used
as a synthetic immunoadjuvant, specifically as an agonist for
the Toll-like Receptor 9.7 Within the literature, TLR-9
stimulation using CpG ODN triggers Type I interferon
secretion and upregulation of IL-6 and TNFa in both B cells
and plasmacytoid dendritic cells.”””®> TLR-based activation
using CpG ODNs has been leveraged therapeutically by
conjugating the oligonucleotide onto siRNA and using it as a
TLR-targeting ligand. These conjugates have gained interest in
cancer, as TLRs are often suppressed within the tumor
microenvironment. A CpG ODN targeting ligand delivered to
a tumor site can stimulate suppressed TLRs and recruit
proinflammatory cytokines, promoting the activation of
cytotoxic CD8" T cells.”*”* Furthermore, siRNA conjugation
to CpG ODN can silence specific genes involved in tumor
proliferation. This two-pronged approach for cancer treatment
has been explored in the literature and is currently being
investigated in a Clinical Trial. Huang et al. developed a CpG-
MLAA-34 siRNA conjugate to silence the gene MLAA34, a
key gene found in acute monocytic leukemia involved in the
progression of the JAK2/STAT3 pathway, a key pathway
involved in tumor surv1val and signaling within the tumor
microenvironment.”® In vivo studies performed on AML-M5
nude mice demonstrated that the CpG-MLAA-34 siRNA
conjugates silenced MLAA34 mRNA levels and had antitumor
effects.”” Several studies have used a CpG(A)-STAT-3 siRNA
conjugate to treat acute myeloid leukemia and multiple
myeloma. The siRNA in this case silences the transcription
factor STAT-3.”%”” Zhang and colleagues found that this CpG
conjugate allowed for effective targeting of TLR9+ immune
and blood cancer cells while also having significant antitumor
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effects.”” Houssain et al. also showed the ability of CpG(A)-
STAT3 siRNA to effectively disrupt Myeloid-derived suppres-
sor cell-mediated immunosuppression and restore T cell
activity in prostate cancer.” The versatility of CpG(A)-
STAT3 siRNA in treating multiple cancer types is an exciting
prospect in cancer treatment. Currently, this conjugate is being
evaluated in a phase I Clinical Trial by the City of Hope
Medical Center to treat non-Hodgkin’s Lymphoma
(NCT:04995536).

3b.ii. Nanoparticles. Nanopatrticles, in a general sense, are
used to encapsulate cargo and are extensively used for drug
delivery. Some key advantages of nanoparticle drug delivery are
their large surface-to-mass ratio, modularity of the platform,
and the ability to entrap drug cargo and deliver larger doses
efficiently.*®* Within nanoparticles, three distinct types being
used as a carrier method in active clinical trials for siRNA
therapy include lipid nanoparticles, polymeric nanoparticles,
and polypeptide nanoparticles.

3b.iii. Lipid Nanoparticles. Lipid nanoparticles have gained
significant attention as a carrier for RNA. Used as the carrier
material for the mRNA in the COVID-19 vaccine by Moderna
and Pfizer/BioNTech, lipid nanoparticles are a highly effective
method for encapsulating and delivering RNA.** Lipid
nanoparticles comprise four components: an ionizable lipid
(IL), phospholipid, cholesterol, and polyethylene glycol
(PEG). Each component has unique characteristics that
contribute to the stability and efficacy of RNA delivery.

The ionizable lipid is a long lipid chain linked to an ionizable
headgroup.®® In most ILs, the headgroup is a tertiary amine
which can modulate the net charge of the IL at different pHs.*°
In acidic conditions, the lipid is positively charged as the amine
is protonated. This positive charge enables the nanoparticle to
condense around negatively charged RNA during formulation
and stabilize the negatively charged RNA. At physiological pH,
this lipid is at a neutral charge, limiting toxicity while
circulating in the body. Once in the acidic environment of
the endosome, the amine is once again protonated.®” The
positively charged IL can then interact with the phospholipids
of the endosome, forming an ion pair. As previously described
in the literature, this lipid ion pair can drive the formation of
the inverted hexagonal Hj phase, which disrupts the lipid
bilayer and promotes endosomal escape.”*” The fatty lipid tail
of ionizable lipids also greatly affects the overall efficacy of a
lipid nanoparticle. Several variations of the tail such as degree
of tail saturation, branched tail lipids, and multitail lipids have
been studied to investi§ate how structure variations affect
overall performance.7’90’ ! Finally, the linkage between the
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headgroup and lipid tails has been explored, and degradable
analogs have been developed to mitigate toxicity due to the
accumulation of lipids after the repeat administration of
LNPs.”>”® The phospholipid of the lipid nanoparticle
functions as a “helper lipid” and aids with endosomal escape
as well as overall membrane structure and stability.”*
Additionally, phospholipids assist with stability due to their
high phase transition temperature.”” Cholesterol serves to
fluidize the lipid membrane to a more liquid-ordered
phase.”®” It has been shown that cholesterol can also aid in
nanoparticle biodistribution by interacting with serum proteins
such as apolipoprotein-E and facilitating the encapsulation of
RNA.”® Finally, polyethylene glycol (PEG) is used to improve
circulation time and aid the overall stability of the nanoparticle.
Specifically, PEG may reduce serum protein opsonization of
the nanoparticle and prevent particle aggregation.”” Taken
together, these four components have been central to
advancing lipid nanoparticles to the clinic.

Within the literature, several studies have employed lipid
nanoparticles for nonviral siRNA therapy. Mitchell and
colleagues covalently conjugated doxorubicin onto lipid
nanoparticles encapsulating Bcl-2 siRNA and effectively
knocked down the Bcl-2 gene while also exhibiting tumor
killing in mice bearing lymphoma.'” For treating KRAS
mutant pancreatic cancer, it was found that tLyp-1-tagged anti-
KRAS siRNA LNPs in combination with gemcitabine had
enhanced pancreatic tumor accumulation compared with
untagged LNPs with gemcitabine. This increase in accumu-
lation led to an improvement in tumor reduction in mice
bearing CFPAC1 KRAS mutant pancreatic cells compared to
nontargeted LNPs.'”" These cotreatment approaches highlight
the modularity of lipid nanoparticles and hold promise in new
strategies in cancer treatment. As a platform for pulmonary
delivery, Merkel et al. successfully spray-dried siRNA lipid
nanoparticles that could pass through an in vitro mucus layer
modeled after the mucus layer found in human lungs. These
spray-dried particles also exhibited gene silencing on the gene
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) ex vivo
in human lung tissues.'’” In treating nonalcoholic steatohepa-
titis, Yan and colleagues formulated a mannose-modified lipid
nanoparticle encapsulating anti-HMGB1 siRNA to inhibit liver
inflammation. The mannose-conjugated LNPs targeted liver
macrophages via mannose receptors and knockdown the
HMGBI gene, which reduced inflammation and restored liver
function in a NASH mouse model.'”* As shown by the variety
of uses within the literature, siRNA lipid nanoparticles show
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significant promise to be a clinically successful way to treat a
range of diseases.

Evidence of a clinically successful siRNA LNP can be shown
by the drug Patisiran. Approved by the FDA in 2018, Patisiran
(Onpattro) is a siRNA therapy that uses lipid nanoparticles as
a carrier to treat polyneuropathy and cardiomyopathy caused
by hereditary transthyretin-mediated amyloidosis (hATTR
amyloidosis).'”* The formulation of this LNP uses DLin-
MC3-DMA as the ionizable lipid, distearoylphosphatidylcho-
line (DSPC) as the phospholipid, DMG-PEG-2000 as the
PEG, and cholesterol (Figure 5).' DLin-MC3-DMA contains
a lipid tail derived from linoleic acid, is linked to a tertiary
amine via a degradable ester, and is one of three ionizable
lipids approved for clinical use. In the actively recruiting
clinical trials for siRNA therapy, two trials use lipid
nanoparticles as the carrier for siRNA. The first trial (currently
in phase I) is a siRNA silencing EphA2 receptor, a tyrosine
kinase receptor highly overexpressed in several types of
cancer.'”® The lipid nanoparticle consists of 1,2-dioleoyl-sn-
glycero-3-phosphatidylcholine (DOPC). The second trial
using lipid nanoparticles as a carrier is currently in phase I
and uses siRNA to target Glutathione S-Transferase P (GSTP)
for treating nonsmall cell lung cancer (NCT03819387). GSTP
is a detoxification enzyme that regulates the MAP kinase
pathway.'®” This siRNA aims to inhibit GSTP, which has been
hypothesized to disrupt the cellular function of KRAS mutant
nonsmall cell lung cancer (NSCLC). The specific nanoparticle
formulation for delivering siRNA has yet to be revealed.
However, the ionizable lipid is said to be a “novel ionizable,
non-immunogenic, biodegradable material”.'®® Taken in
tandem, each of these studies highlights the translational
potential of LNPs as an enabling technology for clinically
relevant nucleic acid therapies. Specifically, the modularity,
tolerability, targeting properties, scalability, and the ability to
produce LNPs using good manufacturing practices make LNPs
an ideal platform for realizing the full clinical potential of
siRNA-based drugs.'””"'" To date, these properties have best
been exemplified in Alnylam Pharmaceutical’s siRNA LNP
therapeutic Onpattro which treats polyneuropathy in people
with hereditary transthyretin-mediated amyloidosis.''" Further,
the broad clinical potential of LNP platforms has also been
realized with the clinical approval of the Moderna and Pfizer/
BioNTech COVID-19 vaccines.''>'"® Taken together, these
seminal FDA-approved LNP therapies may pave the way
toward the generation of additional nucleic acid therapies for
the treatment of human disease, highlighting the generality and
translational potential of LNP technologies for use in the clinic.

3b.iv. Polymeric Nanoparticles and Matrices. There are
many applications for polymers in the field of drug delivery
such as encapsulating drugs in nanoparticles or as implantable
drug depots. Polymeric nanoparticles (PNPs) are one type of
carrier that is commonly used to encapsulate siRNA."'* These
particles consist of a polymer that interacts with the negatively
charged nucleic acid cargo.'"”

Generally speaking, polymers are large molecules consisting
of many small repeating units. Physiologically, proteins, nucleic
acids, and even some sugars are biological polymers with
diverse structures and functions. Thus, unlike most lipid- and
polypeptide-based nanoparticle components, polymers do not
have discrete molecular weights. Consequently, when working
with PNPs, it is important to consider the polydispersity index
(PDI) of the polymers and the assembled nanoparticles’ PDI,
as this can significantly influence the structure and function of
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the nanoparticles. PNPs can be synthesized to be biocompat-
ible, stable during storage, and biode(gradable, making them
ideal candidates for drug delivery.''® An ideal PNP must
provide extracellular stability, facilitate cellular uptake and
cytosolic delivery, and eventually dissociate from and release
the siRNA cargo."'” The specificity of PNPs can be increased
and modulated by covalent modification of the polymers to
ligands specific to a target tissue."'®'"? However, PNPs can
encounter toxicity issues and face difficulties in scaling up
production.'*’

Many polymers have shown promise for in vivo delivery of
siRNA. Nitrogen-based polymers are one such material and are
ideal candidates for drug delivery because of their ability to be
protonated. Protonated amines are positively charged and can
complex with the negatively charged backbone of siRNA.
Polymeric amine particles have shown success in siRNA
delivery. Low molecular weight polyethylenimine (PEI) has
efficiently delivered siRNA to endothelial cells in vivo without
significantly affecting gene expression in immune cells or
hepatocytes."*" PEI can also be used as a polymer for
nanoparticle drug delivery. PEI has been coupled with 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine, polylactic acid,
and PEG to increase efficacy.'”'~'** Fluorinated PEI cation
has been identified as a polymeric nanoparticle that targets the
liver and displays lower off-target toxicity.'”> Consideration
must be given to the toxicity associated with PNPs with low
biodegradability of polymers.

Poly-f-amino-esters (PBAEs) are another class of nitrogen-
containing polymers that often exhibit low cytotoxicity due to
their incorporation of a biodegradable ester bond.'*’
Structurally, PBAEs can vary in different ways. They can
form dendrimeric PNPs that branch into siRNA binding
regions or via quaternization of PBAEs, which increases the
ionization capacity and thus affinity for siRNA."*”"*® Peptide
modifications of PBAEs have also helped to increase the
specificity of tissue delivery.'” Specifically, the modulation of
the nanoparticle zeta potential by different peptide modifica-
tions can alter the function and specificity of these PNPs."*
PBAEs have also been modified to include a peptide-derived
cystamine functional group at the terminal end of the polymer
that transiently increased siRNA affinity until the cellular
environment induced release."*' Additionally, the complex-
ation with guanidinylated-O-carboxymethyl-chitosan or ali-
phatic diols can increase silencing efficacy.**'** PBAEs have
also been engineered with functional groups that release
nucleic acid cargo after exposure to pH changes.'** PNPs
consisting of PBAEs have even been incorporated into
hydrogels to act as a drug depot for prolonged delivery and
improved transfection.'*> Additionally, various amine-contain-
ing glycopolymers have seen success in siRNA delivery by
utilizing carbohydrate moieties to optimize efficacy while still
incorporating biodegradable functional groups to enable
biodegradation.'**~"*

Poly-lysine-based PNPs have successfully delivered siRNA to
Non-Hodgkin’s lymphoma cell lines."”” A small metal-
loprotease peptide conjugated to polyethylene glycol has also
been successful in the delivery of siRNA.'** Chitosan-based
nanoparticles have also been successful in delivering
GIRNA_41-143

There are some examples of classical polymeric nano-
particles for drug delivery that do not contain nitrogen. siRNA-
loaded polymeric nanoparticles consisting of poly(lactic-co-
glycolytic) acid (PLGA) have been synthesized, and the
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Figure 6. (a) CALAA-01 nanoparticle assembly. Cyclodextrin-based polymers (CDP) with hydrophilic adamantane polyethylene glycols (AD-
PEG) and human transferrin protein targeting ligands (hTf) are contained in one vial, while the therapeutic siRNA targeting the M2 subunit of
ribonucleotide reductase is contained in the second vial. In the pharmacy, the vials are combined, and the nanoparticles self-assemble, as shown in
the cryoelectron micrograph. Reprinted with permission from ref 146, Copyright 2014 PNAS. (b) siG12D drug delivery across the pancreatic
(Panc02) tumor. On the left, relative qQPCR levels of siG12D across the tumor. On the right, hematoxylin and eosin-stained tumor tissue 7 days
after implantation. Reprinted with permission from ref 147, Copyright 2015 Oncotarget.

functionalization with transferrin peptides have assisted the
crossing of the blood-brain barrier, while conjugates to
poly(vinyl alcohol) effectively delivered siRNA to pulmonary
cells.""”"** Additionally, intravaginal injection of PLGA PNPs
loaded with siRNA has proven effective for treating HSV.'*

Polymeric encapsulation has also been achieved via matrices
that physically entrap the nucleic acid cargo. Unlike nano-
particles (where the payload is encapsulated in an inner region
and surrounded by the polymer), a matrix is a dense web of
polymers, throughout which the cargo is dispersed. Polylactic
acid and poly-ortho-esters have been used in this application
because they can be emulsified and precipitated to form the
biodegradable polymeric matrix encapsulating the cargo. This
preparation technique is easily scalable; however, encapsula-
tion and nucleic acid stability are essential considerations for
optimization. e

Though many of these studies displayed promising results,
to our knowledge there are currently no FDA-approved siRNA
drugs or ongoing clinical trials that utilize polymeric nano-
particles as delivery vehicles for siRNA. To our knowledge, the
only clinical trial that has utilized PNP delivery vehicles was an
siRNA therapy that sought to silence the RRM2 protein using
a combination of cyclodextrin polymers, PEG, and polypeptide
conjugates that targeted the transferrin receptor
(NCT00689065) (Figure 6a)."* This trial was not continued
into phase 2 trials. Currently, one polymeric matrix is being
evaluated for siRNA therapy in treating pancreatic ductal
carcinoma (Figure 6b)."*” Developed by Silenseed Ltd., the
polymeric matrix is named LOcal Drug EluteR (LODER). The
delivery platform is an implantable drug depot for siRNA
meant to be administered into solid tumors that are typically
considered difficult to treat by the usual standard of care. The
LODER platform enables the prolonged release of siRNA into
the tumor.*” The siRNA here targets the mutant gene KRAS,
a significant oncogene in pancreatic cancer.'** Currently, this
platform is being evaluated in phase II clinical trials in
combination with a chemotherapeutic. Polymeric nanoparticles
present a platform for siRNA delivery that can be tailored
through modifications in the composition, size, zeta potential,
and functional group additions for many different applications.
The ongoing clinical trial utilizing PNPs represents a promising
direction in the field of siRNA delivery.

3b.v. Polypeptide Nanoparticles. Within nanoparticle
delivery of siRNA, one clinical trial evaluates a polypeptide
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nanoparticle as a siRNA carrier platform. As the name suggests,
a polypeptide nanoparticle (PNP) encapsulates siRNA by
using peptides. The use of amino acids (monomers within
peptides) as drug carriers is advantageous as there are virtually
an infinite number of permutations of amino acid sequences to
create unique peptides.'*’ Varying the amino acid sequence
can fine-tune the peptide chain’s physiochemical properties,
making for a modular carrier. The synthesis of novel peptide
chains is straightforward and can be done at a low cost, making
them an attractive delivery platform for many drugs."*” As an
added benefit, the amino acids used to synthesize peptides are
naturally occurring and have been shown to have low
immunogenicity and cell toxicity.”*® In the context of siRNA,
it is helpful for these peptide sequences to have positively
charged amino acids to complex the negatively charged
phosphate backbone of siRNA to form the polypeptide
nanoparticle.”>" Furthermore, hydrophobic amino acids within
the sequence can aid with fusion into the cell membrane for
efficient cellular uptake and endosomal escape.'*” The specific
peptides that constitute polypeptide nanoparticles are known
as cell-penetrating peptides (CPPs) and are usually 15—30
amino acids in length. Although very broadly categorized and
derived differently (synthetic, humans, mice), CPPs are either
cationic or amphipathic.'>” These amino acid sequences are
unique because they can readily transport a cargo of interest
across a cell membrane and can be engineered to actively
target specific cell receptors.'>* It has been reported that CPP
nanoparticles take many different endocytosis mechanisms,
specifically clathrin and caveolae-mediated endocytosis.'>
This effective uptake mechanism and active targeting of CPP
nanoparticles make them promising candidates for the siRNA
carrier platform. A typical formulation strategy for these
nanoparticles is mixing siRNA and the peptides in an aqueous
media.'*® Self-assembly of particles occurs based on electro-
static and hydrophobic interactions between the peptides and
the siRNA. As a result, the primary and secondary structure of
the CPP itself is significant in particle formation. Specifically, it
has been reported that the formation of particles is driven by
positively charged amino acids (lysine, histidine, and arginine)
complexing with the negative charge of siRNA’s phosphate
backbone. Adding hydrophobic amino acids, including
tryptophan, has been shown to improve the particle stability.
It has been found that the hydrophobic interaction with
tryptophan and the cellular membrane may be important for
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effective cell internalization and nanoparticle stabilization,
specifically its ability to interact with double-stranded
oligonucleotides.">”">*

Different CPP nanoparticle combinations or “families” have
been shown to encapsulate and deliver siRNA efficiently. Li et
al. conjugated various fatty acids onto CPP Octa-Arginine
(R8) to form FattyAcid-R8-siRNA nanoparticles. They
indicated that the hydrophobic tails on R8 derivatives enabled
higher stability, membrane permeability, and survivin-mRNA
silencing on A549 and HEPG2 cell lines compared to native
Octa-Arginine siRNA nanoparticles."”” The RALA family of
peptides is a 30-mer helical peptide sequence containing the
amino acids arginine, leucine, and alanine.'®® siRNA delivery of
FKBL siRNA using RALA-based nanoparticles showed slightly
lower knockdown of FKBPL mRNA than the transfecting
agent Lipofectamine in ZR-75-1 cell lines, albeit with
significantly higher cell viability."®" In vivo delivery of FKBPL
siRNA RALA nanoparticles via a bilayer wound patch on a
murine wound model showed pro-angiogenic effects and a
325.8% increase in vessel number at the wound site as
compared to untreated mice.'®> C6 peptides, a 16-amino-acid
sequence containing arginine and leucine, are another peptide-
based nanoparticle able to transfect siRNA into cells."®’
Histidine-modified C6 nanoparticles carrying Bcl-2 siRNA
enabled for delivery into tumor cells and significantly reduced
tumor growth in AS49 tumor-bearing mice.'** Additionally,
tryptophan-modified C6 peptides (C6-M1) showed similar
cellular uptake in Chinese hamster ovary (CHO) cells as
compared to native C6, but higher levels of gene knockdown
indicated that tryptophan has a role in the endosomal escape
mechanism for these peptide nanoparticles. C6-M1 Bcl-2
siRNA treatment on AS49 tumor-bearing mice showed
significant tumor growth inhibition compared to the untreated
groups.'® Tryptophan and arginine-rich amphipathic peptides
(WRAP) have been explored for siRNA delivery. WRAPs are a
15- to 16-amino-acid sequence containing tryptophan,
arginine, and leucine residues, forming an a-helical structure
able to encapsulate siRNA.'°>'®” Compared to naked siRNA,
it was demonstrated that WRAP siRNAs significantly silenced
firefly luciferase in U87 cells."*®

Further optimizations on CPP nanoparticles have been
developed for enhanced cellular uptake and tumor targeting
capability. Ren et al. developed a CPP conjugated to a LyP-1
ligand and a membrane translocating domain (TP) to
selectively bind and be taken up by ovarian tumor cells
expressing the surface receptor p32. Anti ID4 siRNA
encapsulated within the Lyp-1-CPP nanoparticle was admin-
istered intravenously into nude mice bearing OVCAR-4
tumors and showed penetration into the tumor site and
significant silencing of the ID4 gene leading to tumor growth
suppression and overall improvement in mice survival time.'®”
Asai et al. encapsulated an anti-luciferase siRNA into a hybrid
cell-penetrating peptide lipid nanoparticle and found enhanced
gene knockdown compared with a native siRNA lipid
nanoparticle when dosed on B16-F10-luc2 cell lines. The
hybrid nanoparticles were observed to be taken up by heparan
sulfate-mediated endocytosis, micropinocytosis, and clathrin-
mediated endocytosis.'”” Pun and colleagues conjugated an
HIV gp4—1 derived peptide to the polymer polyethylenimine
(PEI) to form a PEI-peptide siRNA nanoparticle to increase
cellular uptake. In vitro studies indicated that the peptide-
modified PEI nanoparticle had significantly higher siRNA-
mediated knockdown in HeLa cells than unmodified PEL
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Interestingly, increased gene knockdown of the PEI-peptide
nanoparticle was not caused by an increase in cellular uptake
but rather a more efficient endosomal escape mechanism."”"
“Envelope-type” siRNA nanoparticles developed by Farokhzad
and colleagues showed effective targeting and gene knockdown
of the prostate tumor growth factor prohibitin 1 when
delivered IV in LNCaP tumor-bearing mice. These “enve-
lope-type” siRNA nanoparticles contained an arginine-PEG
copolymer and a ligand specific to the prostate-specific
membrane antigen (PSMA), which is overexpressed in
advanced pancreatic cancer.'’” As shown by the range of
studies, innovative strategies have been employed to further
enhance the polypeptide nanoparticle delivery of siRNA.

Several challenges still exist for CPP nanoparticles in vivo as
a delivery material for siRNA. Some of these include but are
not limited to stability in serum due to proteasomal
degradation, control of size and dispersity of nanoparticles,
and short circulation time within the bloodstream."” Attach-
ment of PEG or polysaccharides onto the surface of the
particles has reduced overall protein opsonization of the
particle leading to longer circulation times.'”* Aldrian and
colleagues PEGylated a siRNA CPP nanoparticle containing
the amino acids arginine, isoleucine, cysteine, and lysine
(RICK) and found PEGylation did not alter nanoparticle
formation or siRNA silencing while also showing significantly
higher circulation time in mice as compared to a non-
PEGylated RICK-siRNA formulation.'”

Clinical trial development of CPPs as a carrier for siRNA is
currently being evaluated in a Phase II study
(NCT:04844983). Specifically, a polypeptide-based nano-
particle for delivering STP70S siRNA (a TGF-Bl and COX
mRNA silencer) for treating squamous cell carcinoma is
currently being explored. The COX mRNA is frequently
overexpressed in several forms of cancer, while TGF-B1 is a
key growth factor for cells and is often dysregulated in
cancers.'”>"”” This trial is currently assessing the tolerability
and efficacy of different doses. As indicated by the vast
development within the literature and clinical trial evaluation,
polypeptide nanoparticles are another innovative platform for
the delivery of siRNA that has the potential to achieve clinical
success.

3c.vi. Exosomes. Exosomes are another carrier platform
being evaluated for siRNA therapy in Clinical Trial settings.
Exosomes are approximately 30—90 nm vesicles released by
many cell types into the extracellular environment.'”® These
vesicles have been indicated with a host of specific functions
and enable intercellular communication.'”” One facet of
exosome function is that they transport RNA between
cells."® This unique characteristic of exosomes has been
leveraged to deliver therapeutically relevant siRNAs. Typically,
exogenous siRNA can be loaded into exosomes using
electroporation or transfection agents such as Lipofectamine
and Exo-Fect.'®' Exosomes carrying siRNA can resist
degrading factors in the body, and the exosome’s lipid
membrane enables efficient cellular uptake.'®* An additional
advantage of exosome-mediated siRNA delivery is its ability for
active targeting. Exosomes can be generated from several
different cell types and then can be further engineered to
express specific membrane proteins that are ligands for
receptors on target cells. This active targeting capability has
been demonstrated within the literature, and it has been shown
that exosomes carrying siRNA can pass through complex
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Figure 7. (a) Graphical overview and characterization of 1820 derived exosomes carrying siRNA against c-Myc oncogene. Reprinted with
permission from ref 186, Copyright 2016 Elsevier. (b) Preparation of an extracellular vesicle—liposome hybrid nanoparticle using lipid-film
hydration and extrusion. Reprinted with permission from ref 188, Copyright 2022 Wiley. (c) Graphical overview and characterization of BM-MSC
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stem/stromal cells (MSCs) derived exosomes. Reprinted with permission from ref 195, Copyright 2018 The Journal of Clinical Investigation.

barriers such as the Blood Brain Barrier (BBB) and the Blood-
Spinal Cord barrier."*>'%*

Exosome-mediated delivery proved to be a promising
strategy for the delivery of siRNA. For example, in vitro
studies demonstrate that exogenous siRNA can be loaded into
human plasma cell-derived exosomes using electroporation and
chemical transfection to deliver to human mononuclear blood
cells and effectively downregulate specific genes.'® Addition-
ally, anti-c-Myc-siRNA has been loaded via electroporation
onto Human U937 derived exosomes, and in vitro studies on
4820 (murine lymphoma) cells showed significant RNAi-
mediated knockdown of the oncogene and an overall decrease
in 1820 cell viability (Figure 7a).'*® Further in vitro studies
have demonstrated that HeLa and HT1080 human fibrosarco-
ma cell-derived exosomes can effectively load and deliver
siRNA against RADS1 and RADS2 into HeLa and HT1080
human fibrosarcoma cells."®” Evers and colleagues developed
an extracellular vesicle—liposome hybrid nanoparticle for
highly efficient siRNA loading and showed these particles
deliver to multiple cell types (SKOV3, HEK293T, U87-MG)
with dose-dependent silencing of luciferase on luciferase-
expressing cell lines. This hybrid system was formulated by
combining a SKOV3 exosome with a lipid nanoparticle
containing DLin-MC3-DMA, DPPC, cholesterol, and DMG-
PEG using lipid thin film hydration, followed by extrusion. The
combination of the two systems enables the active targeting
capabilities of exosomes and high siRNA loading efficiency
typically found in lipid nanoparticle siRNA nanoparticles
(Figure 7b).'*®

Within the literature, siRNA-loaded exosomes have moved
into in vivo disease models, including those used to study
neurodegenerative disorders and different forms of cancer.
Exosomes hold great potential in treating neurodegenerative
disorders, because they efliciently pass through the Blood Brain
Barrier and the Blood-Spinal Cord Barrier. To treat
Huntington’s disease, Didiot, and colleagues loaded cholester-
ol-conjugated siRNA into U87-derived exosomes using
coincubation to silence the huntingtin (HTT) gene. Direct
injection into the right striata of mouse brain showed that
exosomal delivery of anti-HTT siRNA induces a statistically
significant knockdown of HTT mRNA levels in the ipsilateral
and contralateral striata of the brain compared to free anti-
HTT siRNA.'® For the treatment of spinal cord injury (SCI),
mesenchymal stem cell-derived exosomes containing anti-
connective tissue growth factor (CTGF)-siRNA were admin-
istered intravenously into SCI rats. Treatment resulted in
significant silencing of the CTGF gene, reduced inflammation/
upregulated anti-inflammatory cytokines, and prevented neuro-
nal apoptosis, reactive astrocytes, and glial scar formation, thus
increasing overall motor functions in SCI rats.'”® IV
administration indicated that the exosomes could pass through
the blood-spinal cord barrier, highlighting the advantages of
using exosomes as a delivery platform for siRNA therapy. To
develop a treatment for Alzheimer’s disease, exosomes derived
from murine dendritic cells were engineered to express the
endosomal membrane protein Lamp2b fused to the neuron-
specific rabies viral glycol protein (RVG) peptide to pass
through the BBB. It has been shown that the RVG peptide
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binds to the acetylcholine receptor on neuronal cells to allow
passage through the BBB.'”' These RVG exosomes were
loaded with GAPDH siRNA to knock down protein BACEL, a
key target in treating Alzheimer’s disease. Intravenous
administration of GAPH-loaded exosomes in mice showed a
60% knockdown of BACE1 mRNA in the brain, indicating the
targeting c%pability and therapeutic potential of siRNA RVG
exosomes.'”> Additionally, Liu et al. engineered human
embryonic kidney 293T (HEK293T) derived exosomes
carrying MOR siRNA. Expression of the neuron-specific rabies
viral glycol protein (RVG) peptide on the exosome enabled
effective delivery through the blood brain barrier (BBB). It was
further demonstrated in vivo that these siRNA-carrying RVG
exosomes could knock down the opioid receptor Mu (MOR)
to treat morphine relapse.'”> siRNA therapy in cancer
treatment has also been explored due to the tumor-targeting
potential of an exosome carrier. BM-MSC-derived exosomes
carrying Gal-9 siRNA have been used to treat pancreatic ductal
adenocarcinoma (PDAC) to reverse the immunosuppressive
tumor microenvironment. Studies performed on orthotopic
PDAC mice showed Gal-9 siRNA exosomes could actively
target the PDAC tumor site and knock down the galectin-9
dectin-1 which thus prevented immunosuppression caused by
M2-polarized tumor-associated macrophages (M2-TAMs).
Combination treatment with this exosome and Oxaliplatin
showed a synergistic effect of anti-PDAC immunity and
enhanced cytotoxicity compared to Oxaliplatin alone (Figure
7¢)."”* Liu et al. developed an exosome derived from
Immature Dendritic Cells expressing the membrane protein
Lamp2b, which was then fused to an av integrin specific iRGD
peptide (iRGD) for the targeting of av/33 integrin receptor, a
receptor commonly overexpressed in diffuse large B-cell
lymphoma. These exosomes were loaded with antiBCL6
siRNA using electroporation and administered intravenously
into BALB/c nude mice implanted with the cytoskeletal system
of the OCI-Ly8 cells. Administration of this siRNA-iRGD-
modified exosome showed reduced expression of BCL6 and a
significant reduction in tumor cell proliferation without any
significant toxicity to organs.

As indicated by a current Phase I Clinical Trial, the
translation potential of siRNA therapy using exosomes may be
possible. For example, one trial is evaluating an siRNA
treatment targeting the KrasG12 D mutation in pancreatic
cancer using a stromal-cell-derived exosome as a carrier
(NCTO03608631). This specific exosome (termed iExosome)
has shown efficacy in preclinical mice with patient-derived
xenograft KrasG12D tumors. It was demonstrated that
iExosomes can actively target the KrasG12D mutation, leading
to gene knockdown and tumor volume reduction compared to
the control groups (Figure 7d)."” The current aims of the trial
include identifying the maximum tolerated dose and dose-
limiting toxicities and evaluating the pharmacokinetic profile of
the mesenchymal stem cell-derived exosomes carrying
KrasG12D siRNA in PDAC patients with the KrasG12D
mutation. One significant challenge of exosome siRNA delivery
is the scale-up and manufacturing costs of the exosomes.
Exosomes require intensive cell culture methods for generation
and are challenging to achieve batch-to-batch consistency.'”®
Additionally, downstream purification methods are needed to
be further developed to yield higher purity exosomes, as
current purification processes for exosomes are slow and
difficult to scale up to industrial quantities.197 However,
methods are being developed to scale and manufacture bone

1190

marrow mesenchymal stem/stromal cells (MSCs) derived
exosomes in cGMP conditions.'”” As this technology develops,
additional clinical trials using exosomes to deliver siRNA may
emerge to treat diseases.

4. CONCLUSION

Many diseases are characterized by detrimental upregulation or
expression of mutated versions of proteins. siRNA therapy
provides a platform whereby these unfavorable protein
expression profiles can be targeted for silencing even if the
proteins themselves are deemed “undruggable” by traditional
drugs. The approval of five siRNA-based therapies has
highlighted the potential of this technology for human use,
and many more siRNA therapies are in development. Table 1
summarizes the ongoing clinical trials utilizing siRNA
therapies.

Looking forward, siRNA has many different possible
applications in various diseases. This is because its sequence
can be engineered to target virtually any mRNA transcript.
This opens the door for therapy against genes that have been
historically difficult to target with small molecule and biologic
therapies. To date, siRNA therapies have been approved for
genetic neurological (Patisiran, Vutisiran, and Givosiran), renal
(Lumasiran), and cardiovascular (Inclisiran) disorders. siRNA
therapies in development broaden the indications of that can
be treated with RNAi. For example, cancer is a growing area of
interest in siRNA therapy, especially cancers that have proven
to be difficult to treat with traditional chemotherapies and
small molecule inhibitors. Several siRNA treatments have
demonstrated success in the clinic. However, because cancer
exhibits a multitude of oncogenic mutations to reach
malignancy, a singular siRNA construct may prove insufficient
to treat many cancers in clinical settings. However, using
siRNA to silence singular aberrant genes may significantly
decrease the risk of tumor resistance, as already supported by
in vitro experiments exhibiting a 70% reversal of resistance after
treatment with an MDRI siRNA in a breast cancer cell line
treated with doxorubicin.'”®"” Success of siRNA as cotreat-
ment with chemotherapies has been echoed in numerous other
studies.”*’ 7>

Although S siRNA drugs have to date been approved by the
FDA, there are still a number of barriers and challenges that
remain toward translating additional siRNA therapies from the
benchtop to the clinic. For example, developing siRNA
therapies that can access nonhepatic targets will be essential
for realizing the full clinical potential of siRNA therapies.
Specifically, developing siRNA therapies that can access the
lungs, brain, reproductive organs, and gastrointestinal tract,
among other targets in the body, would benefit diseases
originating in these organs that are associated with the
overexpression of specific genes. Accomplishing this goal may
be realized through the development of novel strategies that
hybridize advances in drug formulation and chemistry,
particularly leveraging next-generation targeting chemistries
to overcome the innate biodistribution of siRNA therapies by
targeting specific receptors on nonhepatic targets.””> Further,
the development of novel injection styles and routes including
priming strategies to transiently occupy the liver may prove
essential for enablin% nonviral delivery technologies to access
nonhepatic organs.”* Developing these advancements will
likely benefit from an interdisciplinary approach that synergizes
advances in biology, chemistry, engineering, and medicine,

https://doi.org/10.1021/acs.bioconjchem.3c00205
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each of which has to date proved to be essential in advancing
siRNA therapies from the benchtop to the clinic.

Moreover, the development of the next generation of siRNA
drugs may be accelerated by taking lessons from challenges and
failures that have been encountered throughout their develop-
ment in clinical trials. Within clinical trials, specific end points
must be met at each phase to move drug candidates forward
throughout the development process. For example, meeting
end points including identifying drug-induced side-effects,
maximal tolerated doses, and dose-limiting toxicities are central
to advance drugs through Phase I clinical trials.”** Building on
this, meeting efficacy end points is essential to advance drug
candidates through Phases II and IIIl. Given their innate
physiochemical properties and delivery-associated challenges, a
number of potential siRNA drug candidates have—Ilike many
small molecule and biologic drugs—failed clinical trials due to
reasons including toxicity, efficacy, or other concerns. Going
forward, it will therefore be important to consider these failures
to develop next-generation siRNA therapies that are safe and
effective for the treatment of human disease, particularly taking
into account strategies to balance these considerations with
approaches to maximize the stability, endosomal escape,
immunological toleration, and RISC complex recruitment for
siRNA drugs, among other areas. Further, it will be interesting
to see how advances in other gene therapies, including mRNA,
may help to advance this field. For example, siRNA drugs may
leverage the same LNP delivery platform used in the COVID-
19 vaccine. It will be interesting to see which similarities and
differences exist and how this will impact the design of future
drugs. Regardless, siRNA therapy offers hope for patients
suffering from traditionally undruggable diseases, and the
future is bright for developing next-generation siRNA therapies
for treating human disease.
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