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Abstract

Small interfering RNAs (siRNAs), which downregulate gene expression guided by sequence
complementarity, can be used therapeutically to block the synthesis of disease-causing proteins.
The main obstacle to siRNA drugs — their delivery into the target cell cytosol — has been
overcome to allow suppression of liver gene expression. Here, we review the results of recent
clinical trials of siRNA therapeutics, which show efficient and durable gene knockdown in the
liver, with signs of promising clinical outcomes and little toxicity. We also discuss the barriers to
more widespread applications that target tissues besides the liver and the most promising avenues
to overcome them.

Since the discovery in 1978 that a 13-mer DNA oligonucleotide could inhibit Rous sarcoma
virus translation and proliferation in a sequence-specific mannerl:2, substantial efforts have
been devoted to harnessing antisense oligonucleotides (ASOs) for therapy3. ASOs that bind
by complementary base pairing to intracellular mRNAs were initially designed to inhibit
translation or to modify splicing. The challenges in turning ASOs into drugs were their
degradation within body fluids full of nucleases, the potential to trigger innate immune
nucleic acid sensors and, the most difficult, their delivery across the cell membrane into the
cytosol (and also into the nucleus for some applications). Alterations in the chemistry of the
basic nucleotide building blocks led to the development of nucleic acid analogues that are
more stable, bind to their target with higher specificity and have improved cell penetration
(reviewed in REFS 3-5), culminating in the first ASO-approved drug (fomivirsen) to treat
cytomegalovirus retinitis in 1998 (at that time, a declining complication of HIV infection).
More recently, mipomersen targeting APOB, a gene encoding the apolipoprotein B-100 in
low-density lipoprotein (LDL)-cholesterol particles, was approved for the treatment of
familial hypercholesterolaemia®.

The discovery of RNA i nt er f er ence (RNAI)’ approximately 20 years ago opened up a
new mechanism for ASO therapeutics: gene silencing (FIG. 1). Transfection of short
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double-stranded RNAs — namely, small interfering RNAs (siRNAs), which are 21-23
nucleotides in length and contain an MRNA sequence (sense strand) and its complement
(antisense active strand) —harnesses this ubiquitous pathway to degrade target gene mRNA
and suppress its expression with high specificity®. The potential of SiRNA therapeutics was
first demonstrated just 12 years ago when injection of FassiRNAs protected mice from
autoimmune hepatitis®. Drug development since then has been rapid. The obstacles to
turning siRNAs into drugs are similar to those faced with ASO drugs (see BOX 1 for a
summary of the major strategies currently being evaluated to exploit the therapeutic
potential of oligonucleotides). Although intracellular delivery of double-stranded RNAs is
more challenging than that of mostly single-stranded ASOs, some of the ASO strategies
could be adapted to siRNA therapeutics, thus accelerating siRNA preclinical drug
development and clinical evaluation. Simple chemical modifications of the 2"-position of the
ribose and substitution of phosphorothioate linkages protect siRNAs from nuclease digestion
and thus prolong half-life in serum10.11 and other body fluids. 2"-modifications can also
prevent recognition by innate immune receptors!2-13 and limit off-target effects owing to
suppression of partially complementary sequences4. Clinical Phase I and 11 studies of
SiRNA therapeutics in the past 2 years have demonstrated potent (as high as 98%) and
durable (lasting for weeks) gene knockdown in the liver, with some signs of clinical
improvement and without unacceptable toxicity. Two Phase 11 studies are in progress to
treat familial neurodegenerative and cardiac syndromes caused by mutations in transthyretin
(TTR).

In this Review, we discuss the advances in the development of siRNA-based therapy, recent
clinical studies that apply this technology to target gene knockdown in the liver and
promising approaches for developing siRNA drugs that knock down gene expression in
target tissues beyond the liver. This Review will not cover other oligonucleotide
therapeutics, such as antisense and exon-skipping oligonucleotides, which are reviewed
elsewhere34,

Delivery and uptake of siRNA therapeutics

Efficient cellular delivery and uptake of large, negatively charged oligonucleotides are the
main obstacles to widespread application of RNA therapeutics (BOX 2). The roadblocks
involve getting across the cell membrane into endosomes and then across the endosomal
membrane into the cytosol. Once inside a cell, one strand of an siRNA binds to the
endogenous cytoplasmic RNA- i nduced si | enci ng conpl ex (RISC), which captures an
mRNA bearing a complementary sequence, and then the RISC Argonaute RNase cuts the
target mMRNA to initiate its degradation (FIG. 1). The active (antisense) strand of the siRNA
is stable within the RISC for weeks, but it is diluted with every cell division1®. Thus, the
same siRNA molecule can target multiple transcripts and knock down gene expression in
slowly dividing or non-dividing cells for weeks. Because of the highly catalytic nature of
RNAI, only a few hundred cytosolic siRNAs per cell are needed for efficient and sustained
gene knockdown6.17. This low number makes overcoming the delivery obstacle less
formidable, and the number is probably lower than what is required using other antisense
mechanisms.
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Intracellular delivery of siRNAs is foiled by their large size (~12 kDa) and negative charge.
Although they are too large to cross cell membranes, siRNAs are small enough to be filtered
by the kidney. As a consequence, unless they are conjugated to other molecules or
incorporated into complexes, intravenously injected siRNAs are rapidly excreted. Many
different sSiRNA delivery approaches have been proposed (reviewed in REF. 18), and the
clinically most advanced strategies (all liver-targeted) are described below and summarized
in BOX 3.

Non-targeted delivery

Early strategies for solving the dual problems of intracellular delivery and rapid excretion
involved incorporating siRNAs into lipid nanoparticles (LNPs) — smaller, more
homogeneous analogues of lipoplexes used for laboratory transfection®-22, However, these
complexes (and other nanoparticle strategies for SiRNA delivery) accumulate in the liver
and other filtering organs, which limits their effectiveness in penetrating other tissues.
Neutral LNPs directly interact with apolipoprotein E3 in the circulation, which targets these
particles for hepatocyte uptake?3, whereas cationic LNPs also accumulate in the liver,
independently of apolipoprotein E3 (REF. 22). As a consequence, most of the clinical focus
of siRNA drug development has been on hepatic gene targets. Because the liver synthesizes
many blood proteins and is a key metabolic hub, gene knockdown in the liver offers a broad
array of therapeutic targets. So far, however, efforts have concentrated on treating rare
genetic diseases. Accelerated drug approval for orphan diseases makes this an attractive
drug development strategy. Readily accessible tissues, such as the skin, eye or mucosa, in
which topical drug delivery is possible, are also attractive sites for SiRNA drug
development. LNPs and nanoparticles can also penetrate leaky or more permeable
vasculature?425, It remains uncertain whether the enhanced permeability and retention of
tumour vasculature can lead to effective gene knockdown in solid cancers using
nanoparticles, especially as poor tumour vascularization (and its consequence, hypoxia) are
common.

Targeted delivery

SiRNAs can also be targeted for uptake in selected tissues or cell types by taking advantage
of high-affinity antibody or antibody fragments26-28, apt aner s (nucleic acids selected for
high-affinity binding)2%-31, or receptor ligands32-36 to bind to cell surface receptors and to
mediate cell-specific uptake. Targeted uptake has the advantages of being effective at a
lower dose and reduced toxicity from knockdown in unintended tissues. These targeting
moieties can be directly conjugated to siRNAs, bound non-covalently, or incorporated into
LNPs or other nanoparticles. In particular, subcutaneous administration of sSiRNAs
conjugated to trivalent N-acetylgalactosamine (GalNAc)33:37-39 which mediates hepatocyte
uptake through the hepatocyte-restricted asialoglycoprotein receptor (ASGPR) causes
whole-liver, durable gene knockdown without limiting toxicity40. These GalINAc-siRNA
conjugates are currently being evaluated in a Phase 111 study for the treatment of a rare
genetic neurodegenerative disease. It is likely that they will eventually replace most
therapeutic LNP efforts for liver targets, as conjugated siRNAs seem to be better tolerated
than LNPs, are simpler and cheaper to manufacture, and can be administered
subcutaneously. The GaINAc-ASGPR ligand-receptor pair appears to be more effective
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than other siRNA conjugates that have been tried thus far, which are generally taken up into
cells but do not result in efficient knockdown, possibly because of inefficient endocytosis or
endocytic release.

Endocytosis and endosomal escape

Most methods of siRNA delivery involve endocytosis. To function, siRNAs need to escape
to the cytosol, where the RISC works. Thus, release from the endosome is an important
barrier. Understanding the mechanism (or mechanisms) that promotes and limits endosomal
release, which is not currently well understood, should help to optimize this limiting step.
We recently developed a high-resolution imaging technique that enabled us to identify
releasing endosomes and to time and quantify siRNA endosomal releasel’. Only a small
percentage of the siRNAs in LNPs that are taken up by the cell are released into the
cytoplasm. siRNAs in LNPs are released only from maturing endosomes during a narrow
time window: ~5-15 minutes after endocytosis. The releasing endosome is rapidly
recognized by galectins, which are cytosolic glycoprotein sensors*! that target the damaged
endosome for autophagy. However, inhibiting autophagy does not enhance cytosolic
delivery, suggesting that another mechanism limits release. The prevailing theory of
endosomal release, called the “proton sponge theory’ (REF. 42), is that a build-up of positive
charge in the endosome is needed to disrupt the endosomal membrane for release. Indeed,
endosomal release and gene knockdown are enhanced by co- or pre-transfection of cationic
polymers or their incorporation into siRNA nanoparticles that become more positively
charged as the endosome acidifies3#43. However, it is uncertain how well tolerated these
compounds are in vivo.

Target selection

Target selection for therapeutic gene knockdown is guided by considerations that overlap
with conventional drug target selection; however, because all cells have the RNAI
machinery and any gene can be knocked down, in principle any disease-causing gene can be
suppressed in any cell type. This greatly expands the world of potential drug targets beyond
the enzymes and receptors that are druggable with conventional small molecules. As most
gene products have non-redundant functions in normal physiology, efficient knockdown of
any gene could lead to anticipated or unanticipated direct toxicity. Target selection is key to
minimize these problems. Direct toxicity is less likely to occur if humans with null or
hypomorphic mutations are asymptomatic or even protected. For example, individuals with
rare nonsense mutations of the PCSK9 gene encoding proprotein convertase subtilisin/kexin
type 9, an enzyme that degrades the LDL receptor, have extremely low blood cholesterol but
are healthy#*. Knockdown of some gene targets that are needed for health in otherwise
normal individuals might be well tolerated and beneficial in certain disease backgrounds, but
efficiently suppressing these targets is risky. One example is the antithrombin gene AT3, the
mutation of which causes hypercoagulability. AT3 knockdown is being investigated in Phase
I clinical trials for haemophilia, in which hypercoagulability is not likely to be a problem?>.
Other anticipated direct target side effects, such as splenic atrophy from knockdown of
kinesin spindle protein (KSP)*® or non-alcoholic fatty liver disease from modulation of
cholesterol metabolism, may be clinically well tolerated.
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Potential toxicities

All oligonucleotide therapies have off-target effects that can cause unintended toxicity
(BOX 4). To limit the therapeutic dose and potentially increase the therapeutic window for a
therapeutic SiRNA, the first step is to identify a highly potent siRNA sequence. Multiple
SiRNA sequences designed according to empirical rules derived from sequences that have
shown high knockdown efficiency#7:48 are usually screened in vitro, and siRNAs with low
picomolar 1Csq (half-maximal inhibitory concentration) can generally be identified.

MicroRNA-like off-target effects

In addition to ontarget effects, siIRNAs exhibit sequence-specific off-target effects, including
downregulation of genes with partial sequence complementarity4?. Primarily, this effect is
mediated by inhibition of the translation of MRNAs complementary to the siRNA seed
region (nucleotides at position 2-8 of the antisense strand), in a manner similar to

nmi cr oRNAs (MiRNAs)°%:51, Chemical modification of the siRNA antisense strand, in
particular the 2"-O-methyl modification of position 2, can significantly reduce off-target
effects!4. Changing the sequence or using pools of oligonucleotides that reduce the
concentration of any individual oligonucleotide® can also limit off-target effects. In
addition, siRNA cocktails could provide the added benefit of reducing mutational escape
from viral or cancer targets. However, obtaining approval for cocktails may be more
difficult.

Innate immune activation

siRNAs can activate innate immune receptors, triggering interferon and inflammatory
responses®3, through recognition by Toll-like receptor 3 (TLR3)%* and TLR7 (REF. 55). In
fact, TLR activation was probably responsible for the promising early clinical trial data for
ocular anti-angiogenic siRNAs>* and topically applied siRNAs against respiratory syncytial
virus. Formulation of siRNAs in lipid-based delivery vehicles, which deliver siRNAs to
endosomal compartments in which TLRs reside, seems to further enhance innate immune
activation®®. Limited chemical modification of the siRNA (selective 2-O-methyl
modification of one strand), however, can block binding to these receptors1213.24 There
may be clinical situations, such as viral infection and cancer, in which these off-target
effects could be beneficial®6. However, signs of immune activation (injection reactions,
complement activation and flu-like symptoms) occur to some extent with all oligonucleotide
therapies and may be a particular problem for LNPs and phosphorothioate-modified
oligonucleotides®’. There is also some evidence that cellular uptake of LNPs or other
nanoparticles, even those lacking nucleic acid cargo, can trigger innate immune
responses®®°9, Pre-medication can alleviate most of these side effects. Another potential
source of toxicity, which has so far not been described, could result from the accumulation
of non-biodegradable chemically modified nucleotides, unnatural lipid or lipidoid
components of LNPs, or polymers used to construct nanoparticles. The design of suitable
biodegradable analogues® should address these problems if they occur.
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Adaptive immune responses

Compared with protein-based therapeutics, nucleic acids have the advantage that they do not
efficiently elicit antibodies, which would limit the effectiveness of repeated dosing. In fact,
gene knockdown has not declined with chronic administration in the few clinical studies in
which it has been tested. Although naked RNAS are poor immunogens, antibodies are easily
generated against RNA—protein complexes. These are prominent in a variety of autoimmune
diseases. So far, there have been no reports of antibodies against sSiRNAs bound to proteins,
but it is unclear whether experiments to date have looked for such antibodies. Some
strategies for sSiRNA delivery append polyethylene glycol (PEG) to the oligonucleotide to
reduce excretion and improve circulating half-life. Recently, a large Phase 111 trial of a
PEGylated RNA aptamer against factor IX, which is used as an anticoagulant during cardiac
surgery, had to be terminated by Regado Biosciences because of severe anaphylactic
reactions (some of which led to death) to the PEG component of the RNASL. This raises
serious concerns about all siRNA delivery strategies that involve PEGylated
oligonucleotides.

Clinical studies

Here, we discuss clinical trials of siRNA therapeutics, which have shown quantitative
evidence of gene knockdown (TABLE 1).

First-generation LNPs

A first-generation LNP, 1,2-dilinoleyloxy-3-dimethylaminopropane (DLinDMA), which
potently knocked down liver gene expression in rodents and non-human primates!®, showed
limited liver gene knockdown in initial clinical studies and caused some toxicity
(complement and innate immune activation). ALN-VSP, an LNP formulation (DLinDMA)
of siRNAs targeting KSP and vascular endothelial growth factor A (VEGFA)*®, was tested
in 41 patients with treatment-resistant liver metastases from a variety of tumours. Disease
stabilized in three patients, and one heavily pretreated patient with endometrial carcinoma
had a complete remission that lasted for the duration of the study (26 months and 50 ALN-
V/SP doses). However, mMRNA knockdown was not convincingly shown. Administration of
ALN-TTRO01, which is designed to knockdown TTR, at a dose of 1 mg per kg knocked down
TTR serum levels by 40%; TTR is expressed in the liver, and when mutated it causes
familial amyloidotic neurodegeneration and cardiomyopathy®2. Treatment was associated
with infusion reactions, but none of these was serious. Ongoing Phase I/11 studies of TKM-
PLKZ1, a modified DLinDMA LNP with improved circulation time and enhanced tumour
penetration and containing Polo-like kinase 1 (PLK1)-targeting siRNAs®3, is being
evaluated in select tumours, but so far it has failed to demonstrate unequivocal sequence-
specific anti-tumour effects. A Phase | trial of a similar construct that targeted two Ebola
virus genes (TKM-Ebola), which protected all non-human primates tested from a lethal
challenge with Zaire ebolavirus®4, was put on hold by the US Food and Drug Administration
(FDA) in July 2014 because of flu-like symptoms associated with the infusion. Nonetheless,
when the Ebola outbreak escalated during the summer of 2014, the FDA approved
‘expanded access’ to people with confirmed or suspected infections. A clinical study using a
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new construct designed to target the viral variant responsible for the recent West African
outbreak was recently placed on hold for lack of efficacy.

Second-generation LNPs

Second-generation LNPs show substantially improved siRNA delivery and knockdown in
the liver. Constructed with the anionic lipid dilinol eylmethyl-4-dimethylaminobutyrate
(DLin-MC3-DMA), they mediate potent gene knockdown in humans at reduced doses
compared with first-generation LNPs62:65 The furthest developed compound is ALN-
TTRO2 (also known as patisiran), which targets TTR and is being evaluated for familial
amyloidotic polyneuropathy. Ttr-deficient mice have a mild phenotype, suggesting that TTR
knockdown will be tolerated®6. In a Phase | dose-escalation trial®2, 32 patients and 17
healthy volunteers who were given single intravenous injections of ALN-TTR02 (0.15-0.3
mg per kg) showed ~85% knockdown of serum TTR protein at a nadir that was durable,
remaining reduced to ~60% of pretreatment levels 4 weeks later. In an open-label extension
Phase Il study of ALN-TTRO2, patients who were given 0.3 mg per kg ALN-TTRO02 every 3
weeks for 6 months demonstrated ~80% sustained knockdown of serum TTR, with little
toxicity (mild to moderate infusion reactions were observed in ~15% of patients).
Neurological disease stabilized and even improved over 6 months, in contrast to the
deterioration normally seen in historical control patients. A Phase I11 clinical trial was
initiated in 2013 that should be completed in 2017.

In a Phase | study in 32 healthy volunteers, ALN-PCS02, a second-generation LNP targeting
PCSKO9 for the treatment of familial hypercholesterolaemia, was administered in a single
dose of 0.4 mg per kg, and reduced serum PCSK9 by ~70% and serum LDL-cholesterol by
~40% at the nadir®®. The treatment was given with corticosteroid pretreatment to suppress
infusion reactions and was well tolerated. Thus, second-generation LNPs have shown
impressive and durable gene knockdown in the liver at reduced doses compared with the
first-generation products. Although infusion reactions are a potential problem, they can be
mitigated by steroid pretreatment.

GalNAc conjugates

Although second-generation LNPs provide an acceptable delivery solution for the liver, in
early-phase clinical trials GaINAc-conjugated siRNAs seem to provide robust knockdown.
They also have several advantages — for instance, they can be given subcutaneously, appear
to be better tolerated and do not require steroid pretreatment33. Moreover, conjugated
SiRNAs are much simpler to produce than LNP-formulated siRNAs. In a Phase | study in
healthy volunteers, weekly injections of up to 10 mg per kg GalNAc-conjugated sSiRNA
targeting TTR (ALN-TTRsc; also known as revusiran) resulted in sustained serum TTR
protein knockdown of >90% and only mild injection-site erythemas in a minority of subjects
as the main adverse reaction®”. Similar levels of TTR knockdown and injection-site reactions
were seen in preliminary data from a multi-dose (5 mg per kg and 7.5 mg per kg) Phase Il
trial of ALN-TTRsc in 2014. The study included 26 patients with TTR-mediated familial
amyloid cardiomyopathy (FAC) and senile systemic amyloidosis (SSA) with mutated and
wild-type TTR, respectively. Fifteen per cent of patients had minor (one patient had
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moderate) transient liver enzyme elevations that normalized with continued drug
administration, indicating a favourable safety profile.

Recent proprietary siRNA modifications developed by Alnylam Pharmaceuticals, termed
enhanced stabilization chemistry (ESC), improve gene knockdown potency by as much as
50-fold*0. GalNAc-conjugated ESC-modified siRNAs are now in Phase | studies for
haemophilia (ALN-ATS3, targeting AT3), complement-mediated diseases (ALN-CC5,
targeting complement component 5) and porphyrias (ALN-AS1, targeting 5-aminolevulinic
acid synthase 1 (ALASL), the first enzyme in haem biosynthesis). The haemophilia study
takes a new approach to treating these bleeding disorders. Instead of supplying the missing
clotting factors, it will seek to enhance thrombin generation and clotting by knocking down
AT3. Preliminary data from the Phase | dose-escalation trial in patients with severe
haemophilia showed >60% reduction in circulating AT3, increased thrombin generation and
improved blood clotting using a dose as low as 45 pg per kg®8. Clinical studies are planned
to begin to evaluate this platform for the treatment of hypercholesterolaemia (ALN-PCSsc)
and al-antitrypsin deficiency (ALN-AAT) in 2015, and hepatitis B virus infection (ALN-
HBV) in 2016 (REF. 69). Soon, clinical trials of GaINAc-conjugated ESC-siRNAs will
expand from treating small numbers of patients with orphan diseases to addressing more
common metabolic diseases.

Masked endosomolytic compounds

Arrowhead Research’s delivery strategy, referred to as Dynamic PolyConjugates (DPCs),
seeks to improve endosomal release by using non-lipid reversibly masked endosome-
disrupting peptides or polymers. The clinically most advanced DPC, called NAG-MLP, is
based on a masked amphipathic melittin-like membranolytic peptide (MLP) covalently
conjugated to GalNAc-targeting ligands, which bind to the ASGPR on hepatocytes and PEG
(to reduce nonspecific cell adhesion and thereby improve retention in the circulation)??.
siRNAs are conjugated to cholesterol, which facilitates cellular uptake, and injected
separately. The peptide is unmasked as the endosome acidifies to enhance endosomal
release. This platform is being evaluated in the clinic for treating chronic HBV infection
(using separate injections of the targeted membranolytic polymer and the siRNA) and AAT
deficiency. For HBV, a cocktail of two cholesterol-conjugated HBV-targeted siRNAS is co-
injected with NAG-MLP (ARC-520). A Phase | dose-escalation trial in healthy volunteers
and a Phase Ila dose-escalation trial in patients with chronic HBV infection have been
initiated. Preliminary results’! suggest that all NAG-MLP doses tested (0.01-4 mg per kg)
were well tolerated in 36 healthy volunteers receiving the active compound, with no changes
in laboratory parameters or severe drug-related adverse reactions. However, a few cases of
potential hypersensitivity reactions were noted, and the risk of immune reactions against the
PEGylated endosomolytic agent — especially with repeat dosing — is a potential concern.
In patients with chronic HBV infection, a modest ~50% reduction in HBsAg (HBV surface
antigen; a measure of viral load) at the nadir was seen after a single dose of 2 mg per kg
polymer, but further dose escalation is planned. A Phase I study testing ARC-AAT for the
treatment of liver-associated disease in patients with AAT deficiency has just begun’2. The
two-molecule approach has the advantage of being easily adapted to new targets and
facilitates the construction of RNA cocktails. However, requiring two different molecules to
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accumulate in the same endosome at the same time in functional amounts may limit efficacy
and increase toxicity. A single-molecule DPC that is being developed and has been tested
preclinically*3 may be more practical.

In addition to the clinical studies described above, there are ongoing early-phase clinical
studies by RXi Pharmaceuticals to reduce dermal scarring by targeting connective tissue
growth factor’3.74, by Dicerna Pharmaceuticals to treat primary and metastatic liver cancer
by targeting MYC®:76 and by Silence Therapeutics to treat pancreatic cancer, with
liposomes targeting protein kinase N3 in the tumour vasculature’”.

Recent clinical trials targeting the liver have shown promising, durable and well-tolerated
gene knockdown, with suggestions of clinical benefit, indicating that sSiRNA drugs,
especially GaINAc-conjugated ESC-siRNAs, are well poised to become a new class of
therapeutics within the next few years.

Moving beyond the liver

Although hepatocyte delivery seems to be a largely solved problem, treatment of most
diseases requires developing clinically acceptable methods to deliver siRNAs to other
tissues and organs. Tissues and organs that are readily accessible to topical application or
injection, such as the skin, mucosa and eye, should be the easiest to target. Indeed,
cholesterol-conjugated siRNAs may be suitable for delivery to many of these tissues’®.
Similarly, RXi Pharmaceuticals’ ‘self-delivering’ sd-rxRNAs, which are currently evaluated
in clinical trials with intradermal administration, have shown dose-dependent (albeit rather
modest) target gene knockdown in the eye following ocular administration in mice’s.

However, many commercial and academic efforts for the development of delivery platforms
are still devoted to improving the designs of LNPs and other nanoparticles. There are also
some efforts to use lipoproteins’® or exosomes8? — naturally produced lipid vesicles that
carry endogenous miRNAs which are taken up by nearby and distant cells — as SiRNA
carriers. Particle-based delivery is not ideal for targeting most internal organs and even
tumours, as LNPs and particulates are mostly trapped in the liver and extravasation is
limited in other tissues with non-fenestrated endothelium. Uniform and effective sSiRNA
delivery and gene knockdown in solid tumours by particles will probably be difficult, given
the heterogeneous and aberrant (albeit leaky) tumour vasculature.

The successes of relatively simply designed siRNA conjugates in the liver and the potential
toxicity of LNPs and other complex particles (and their liver trapping, increased cost and
regulatory complexity) suggest that more effort should be devoted to designing conjugated
siRNAs for targeted uptake. However, no small-molecule ligand—receptor pair with similar
delivery potency to the GaINAc-ASGPR pair has, so far, been identified. This ligand—
receptor pair may have been an especially fortuitous choice, as the receptor is highly
expressed and is recycled rapidly for new rounds of internalization“®. Antibody fragments
fused to protamine or to other nucleic acid-binding peptides have been used to deliver
siRNAs and knock down gene expression in tumours, disseminated blood cells and organs
such as the lungs26:27.81.82 hyt they are challenging to manufacture and develop into drugs.
Antibodies can also be directly conjugated to siRNAs. However, a recent systematic
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analysis of covalently coupled siRNA-antibody conjugates with different internalization
routes suggested that despite cellular internalization of the conjugates, only a subset were
able to deliver functional amounts of siRNA intracellularly83. Thus, although internalizing
siRNA-ligand conjugates can be constructed relatively easily, it may be necessary to select
abundant receptors that efficiently internalize their ligands or to devote more effort to
optimizing the ligand, the chemical modifications of the SiRNA to enhance silencing activity
and stability, or attaching modifying groups to enhance endosomal escape. Promising
recent efforts to enhance the cytosolic bioavailability of sSiRNAs include various endosome-
destabilizing compounds84 and chemical modifications that increase the hydrophobicity of
the oligonucleotide’3:85,

One especially attractive and flexible ‘conjugate’ platform for targeted delivery is RNA
chimaeras composed of an RNA aptamer, selected for high-affinity binding to a cell surface
receptor, and covalently linked to one strand of an siRNA2%-31, These are taken up by
receptor-mediated endocytosis and cleaved by Dicer to liberate an active sSiRNA. Recent
work with breast cancer homing epithelial cell adhesion molecule (EpCAM) aptamer—
siRNA chimaeras suggests that, like GaINAc conjugates, they concentrate in targeted tissues
after subcutaneous injection9. Application of improved chemistries for nuclease stability
and novel endosomal escape strategies may further improve this versatile sSiRNA delivery
platform.

Conclusions

SiRNA therapeutics are now well poised to enter the clinical formulary as a new class of
drugs in the near future. Clinical studies conducted in the past 2 years indicate that safe and
effective liver gene knockdown is achievable. Although targeting any individual gene might
lead to unanticipated clinical toxicity that could stop the development of any individual
siRNA drug, we anticipate a rapid expansion of clinical trials for multiple clinical
indications. The first siRNA drug approval could occur in the next few years. The lessons
learned about delivering siRNAs are likely to facilitate the development of ways to deliver
the larger cargo that is being contemplated for therapeutics using modified mMRNAs8® or
CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats—CRISPR-
associated 9)-mediated8” gene editing. However, the delivery obstacles for these other
approaches are greater than for siRNAs and should not be underestimated.
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Glossary
RNA An endogenous gene silencing mechanism, present in virtually all
interference eukaryotic cells, by which short double-stranded RNA molecules
(RNAI) induce translational inhibition and/or degradation of mMRNAs

containing partially complementary sequences.
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An experimental technique used to reduce gene expression using
sequence-specific oligonucleotides, typically by RNA interference
(RNAI) or antisense mechanisms.

The catalytic effector complex of RNA interference (RNAI)-mediated
gene silencing. The RISC is a multiprotein complex that incorporates
one strand of a small interfering RNA (siRNA) or microRNA.

Oligonucleotides (DNA or RNA) selected to bind with high affinity
to defined structures.

Endogenous, ~21-nucleotide-long, imperfectly paired double-
stranded RNA molecules present in both plants and animals that
guide the silencing of a multitude of genes bearing partially
complementary sequences.

The process of cytosolic entry of small interfering RNAs (siRNAS)
from a vesicular compartment, following initial endocytosis of the
siRNA (and delivery vehicle) into the target cell.
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Box 1

Classes of antisense oligonucleotide therapeutics and their mechanisms of
action

RNase H-dependent ASOs

RNase H-dependent antisense oligonucleotides (ASOs) are single-stranded, chemically
modified oligonucleotides that bind to complementary sequences in target mMRNAs and
reduce gene expression both by RNase H-mediated cleavage of the target RNA and by
inhibition of translation by steric blockade of ribosomes. The most clinically advanced
ASOs are ‘gapmer’ ASOs that incorporate a 5-nucleotide-long or longer central DNA
stretch between chemically modified RNA flanks®. RNase H cleaves within the central
DNA stretch. Once cleaved, the target mRNA is rapidly degraded.

Exon-skipping ASOs

Exon-skipping ASOs are single-stranded, chemically modified ASOs that target intron—
exon junctions (splice sites) or splicing-regulatory elements. Binding to the target site
inhibits splicing at this site and forces the choice of an alternative splice site. Changing
splice site leads to the translation of an alternative protein isoform that can restore
stability or function to a mutated gene product88. Both 2"-O-methyl phosphorothioate and
morpholino oligonucleotides have been evaluated clinically.

SIRNAs

Small interfering RNAs (SiRNAS) are 21-23-nucleotide-long, generally chemically
modified, double-stranded RNAs with an antisense active strand that is exactly
complementary to a sequence anywhere in the target mMRNA. siRNAs are taken up by the
cytosolic RNA-induced silencing complex (RISC), which ejects one strand, leaving the
antisense strand to bind to the target mMRNA and mediate its sequence-specific cleavage
by the RISC RNase Argonaute 2 (REF. 8). Once cleaved, the target mMRNA is rapidly
degraded.

Anti-miRs and miRNA mimics

Oligonucleotides can be used to antagonize (in which case they are known as anti-miRs)
or mimic the function of endogenous microRNAs (miRNAs). Native miRNAs are taken
up by the RISC, which suppresses gene expression of RNAs containing partially
complementary sequences by blocking their translation or accelerating their degradation.
They suppress the expression of hundreds of transcripts, but less efficiently than siRNAs.
Single-stranded, chemically modified (primarily with phosphorothioates or with
morpholino or locked nucleic acid backbones) ASOs can bind to miRNAs to block their
activity. Because miR-122 stabilizes the hepatitis C virus (HCV) genomic RNA, anti-
miRs targeting miR-122 in the liver have been tested in early-phase trials as a therapy for
HCV, with promising results®%-9. miRNAs are globally depleted in many cancers with
poor prognosis®L. Therefore, their replacement could be used as a form of cancer therapy.
lonizable liposomes encapsulating a mimic of a tumour suppressor miRNA (miR-34a)%2
are being evaluated in patients with primary and metastatic liver cancer.
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Box 2
Barriers to siRNA therapeutics and strategies to overcome them

Small interfering RNA (siRNA) therapeutics face multiple barriers along the pathway
from administration to delivery to the intracellular target site. The major barriers for both
nanoparticle-formulated and targeting ligand-conjugated siRNAs are indicated with a
number (see the figure). The table below provides a brief description of each barrier and
suggests possible strategies to overcome them.
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Approach

Description

1. Enter circulation or target tissue

Parenteral administration

1V administration used for LNPs and other nanoparticles

Subcutaneous injection

GalNAc conjugates are administered subcutaneously and
presumably reach the target tissue via lymphatics

Topical application

Used for targeting the skin, eye and mucosa

2. Avoid excretion

PEGylation

Increases the molecular weight of siRNA or delivery
vehicle to avoid renal excretion

Cholesterol conjugation

Cholesterol-conjugated siRNAs bind to circulating
lipoprotein particles

Nanoparticle formulation

Nanoparticles are above the renal filtration cut-off

3. Avoid nuclease degradation

Nucleic acid backbone modifications

Deoxynucleotides, phosphorothioate linkages and several
other modifications of the ribonucleotides confer nuclease
resistance

Nanoparticle formulation

Packaging within a delivery vehicle makes the RNA
inaccessible to nucleases

4. Avoid immune recognition

Nucleic acid backbone modifications

2"-O-methyl and 2"-fluoro modifications block innate
immune stimulation

PEGylation

Surface charge minimizes binding to phagocytic cells and
other cells

5. Extravasation

Target tissues with leaky vessels

The liver and spleen have a fenestrated endothelium.
Tumours can have leaky vessels

Endothelial transcytosis

Theoretically attractive approach to gain access to any
tissue

Target endothelial or blood cells

No need to exit the vasculature

6. Cellular uptake

Targeting ligand

Conjugate siRNA or delivery vehicle to receptor-targeting
moiety (ligand, aptamer or antibody fragment) for cell-
specific uptake

Association with endogenous ligand

Cholesterol-conjugated siRNAs and LNPs bind to serum
apolipoproteins conferring uptake in hepatocytes

7. Endosomal release

Membrane-destabilizing lipids

Lipid nanoparticles contain lipid bilayer-disrupting lipids
that are activated by low endosomal pH

Membrane-destabilizing peptides and
polymers

Masked endosomolytic peptides or polymers become
unmasked (positively charged) in acidic endosomes and
enhance endosomal escape of SiRNA

Increase endosomal accumulation

Even if endosomal release is inefficient, efficient uptake can
compensate for poor release, as only a few hundred
cytosolic siRNAs are needed for maximal knockdown

1V, intravenous; GalNAc, N-acetylgalactosamine; LNP, lipid nanoparticle; PEG, polyethylene glycol.
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Box 3
Clinically advanced siRNA delivery methods for the liver

There are several liver-targeted siRNA delivery strategies in the clinical development
phase (see the figure).

Lipid nanoparticles

Lipid nanoparticles (LNPs) are ionizable particles that are 50-100 nm in diameter, and
contain mixtures of polyethylene glycol-conjugated (PEGylated) lipids, cholesterol and
nucleic acids!2. lonizable LNPs are neutral in the circulation, where they associate with
apolipoproteins (in particular, apolipoprotein E3), which mediates their endocytosis,
primarily by hepatocytes?3. The lipids become protonated at low pH in endosomes,
which triggers endosomal membrane destabilization, leading to cytosolic release of some
of their nucleic acid cargo.

GalNAc conjugates

Trivalent (triantennary) N-acetylgalactosamine (GalNAc), positioned via a 20 A spacer,
is a high-affinity ligand37 for the asialoglycoprotein receptor, which is abundantly
expressed on hepatocytes. The receptor is efficiently endocytosed and releases its cargo
in acidic endosomes. Conjugation of triantennary GalNAc moieties to chemically
stabilized small interfering RNAs (siRNAs)33, antisense oligonucleotides (ASOs)?3 or
anti-miRs% enables gene targeting in hepatocytes.

Masked endosomolytic compounds

Masked endosomolytic compounds are polymeric multifunctional macromolecules that
incorporate both targeting ligands and endosomal escape moieties. In the original version
an amphipathic poly(vinyl-ether) was conjugated to GaINAc and PEG and to an siRNA
via a reversible disulfide linkage*3. The polymer becomes positively charged in the
acidic environment of endosomes, facilitating cytosolic escape of the sSiRNA. The
multifunctional endosomolytic polymer and cholesterol-conjugated siRNA can also be
injected separately and both accumulate in hepatocytes to mediate gene knockdown34,
Co-injection of a cholesterol-conjugated siRNA and melittin-like peptide® (a reversibly
masked amphipathic peptide polymer derived from bee venom conjugated to PEG and
GalNAC) is being evaluated in clinical studies’®.

Lipid nanoparticle siRNA-GalNAc Masked endosomolytic polymer
conjugate and cholesterol-siRNA conjugate

chﬁj/l *[::<T) Trivalent GalNAC
R
4 - PEG
Ry Ry
~ PN GalNAc
- ? % %
% ¢
et

zable lipid SIRNA
apuiation Membrane Cocktail of
Iytic peptide cholesterol-siRNAS
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Box 4
Sources of toxicity of siRNA therapeutics
On-tar get effects

Knocking down any endogenous gene can lead to anticipated or unanticipated direct
toxicity owing to non-redundant functions in the normal physiology of the target gene.

Sequence-specific off-target effects

Partial sequence complementarity of endogenous mRNAs with small interfering RNAs
(siRNAS) can lead to their suppression via a microRNA (miRNA) mechanism#9:51, Off-
target effects are concentration dependent and can be reduced by chemical nucleotide
modificationsl4, sequence selection and the use of cocktails or pools of oligonucleotides
that dilute off-target effects by reducing the concentration of individual
oligonucleotides®2. Chemically modified siRNAs do not significantly alter the expression
of more than a few non-targeted genes, and the reduction is rarely more than twofold14.

Innate immune activation

Double-stranded RNA can activate innate immune receptors, triggering inflammatory
and interferon responses, through recognition by Toll-like receptor 3 (TLR3)°4, TLR7
(REF. 55) and retinoic acid-inducible gene I protein (RIG-I; also known as DDX58).
Specific chemical modifications that also reduce sequence-specific off-target effects
largely abrogate binding and activation of these receptors13:24. However, signs of
immune activation (injection reactions, cytokine induction, complement activation and
flu-like symptoms) occur to some extent with many oligonucleotide therapies.

Toxicity of delivery vehicles

Endosomolytic components of delivery vehicles have to balance nonspecific cell
membrane permeabilization with endosome-disrupting activity to minimize toxicity.
Transient cytokine elevations are triggered by cell internalization of lipid-based vehicles,
even in the absence of nucleic acid cargo®®:9, but the mechanism by which this occurs is
not known. Although most oligonucleotides on their own do not induce antibodies,
protein—nucleic acid complexes are potentially highly immunogenic, and antibodies
against polyethylene glycol (PEG) in PEG-conjugated RNAs can cause anaphylaxis®l.
Repeat dosing and accumulation of delivery agents that are not biodegradable in target
organs could potentially lead to toxicity, which has prompted the development of
biodegradable delivery materials®.
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Figure 1. M echanism of gene knockdown by siRNAs
Exogenously administered small interfering RNAs (siRNAs; double-stranded ~22-

nucleotide-long RNA molecules with 2-nucleotide overhangs at the 3" ends) exploit the
endogenous RNA interference (RNAI) machinery. In the endogenous pathway, Dicer
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generates microRNAs (miRNAs) from RNA hairpins encoded by miRNA genes. The Dicer
machinery also processes exogenous double-stranded RNA (dsRNA) sequences containing
loops called short hairpin RNAs (shRNAS). Synthetic sSiRNAs bypass Dicer processing and
can directly associate with the RNA-induced silencing complex (RISC) to mediate
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recognition of target mRNASs through base-pair complementarity. Argonaute 2 in the RISC
complex then enzymatically cleaves the target mMRNA, leading to target gene knockdown.
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