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Abstract

The highly specific induction of RNA interference-mediated gene knockdown, based on the direct application of small
interfering RNAs (siRNAs), opens novel avenues towards innovative therapies. Two decades after the discovery of the RNA
interference mechanism, the first siRNA drugs received approval for clinical use by the US Food and Drug Administration
and the European Medicines Agency between 2018 and 2022. These are mainly based on an siRNA conjugation with a target-
ing moiety for liver hepatocytes, N-acetylgalactosamine, and cover the treatment of acute hepatic porphyria, transthyretin-
mediated amyloidosis, hypercholesterolemia, and primary hyperoxaluria type 1. Still, the development of siRNA therapeutics
faces several challenges and issues, including the definition of optimal siRNAs in terms of target, sequence, and chemical
modifications, siRNA delivery to its intended site of action, and the absence of unspecific off-target effects. Further siRNA
drugs are in clinical studies, based on different delivery systems and covering a wide range of different pathologies including
metabolic diseases, hematology, infectious diseases, oncology, ocular diseases, and others. This article reviews the knowledge
on siRNA design and chemical modification, as well as issues related to siRNA delivery that may be addressed using different
delivery systems. Details on the mode of action and clinical status of the various siRNA therapeutics are provided, before
giving an outlook on issues regarding the future of siRNA drugs and on their potential as one emerging standard modality
in pharmacotherapy. Notably, this may also cover otherwise un-druggable diseases, the definition of non-coding RNAs as
targets, and novel concepts of personalized and combination treatment regimens.

1 The History: RNAIi/siRNA Discovered, Not
Invented

Key Points

Gene knockdown via RNA interference can be induced
by small interfering RNAs and opens novel avenues
towards innovative therapies in many diseases.

The concept of RNA interference (RNAi) was discovered
in 1998 as a naturally occurring defense mechanism against
the invasion of foreign nucleic acids and the control of gene

expression [1]. Soon thereafter, small interfering RNAs Despite their very attractive mechanism of action, the
(siRNAs) were identified as mediators of RNAi in mam- development of small interfering RNA therapeutics faces
malian cells [2]. Moreover, it was found that the delivery several challenges and issues.

of siRNAs is necessary and sufficient for inducing RNAi-

: Two decades after the discovery of the RNA interference
mediated gene knockdown, as the other components of the

mechanism, the first small interfering RNA drugs have
received approval for clinical use and several other small
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RNAIi machinery are provided by the cell. It thus quickly
became obvious that RNAi based on the direct application
of siRNAs opens novel avenues towards innovative thera-
pies. The availability of powerful siRNA in silico prediction
tools and comprehensive human genome data allows for the
straightforward definition of siRNAs against a given target
gene. This soon led to the first attempts to explore siRNAs as
therapeutics. These, however, were associated with several
setbacks, mainly owing to issues regarding siRNA delivery,
stability, specificity, and unwanted side effects.

2 The Beauty: The RNAi Mechanism
Different from Other Drug Actions

The details of the RNAi mechanism have been extensively
studied; the reader is referred to many excellent reviews
on this topic and to Fig. 1 for illustration. Briefly, the
endoribonuclease Dicer processes longer double-stranded
RNA or short-hairpin RNA into mature siRNA [3]. This
siRNA, which can also be delivered directly to the cell as a

Synthetic siRNA
sense/passenger strand
antisense/guide strand 3 w5

chemically synthesized molecule, is introduced in the RNA-
induced silencing complex (RISC) that comprises several
distinct proteins including Argonaute-2 (Ago-2) and Dicer
[4]. After siRNA activation by removing its ‘sense’ or ‘pas-
senger’ strand, the remaining ‘antisense’ or ‘guide’ strand
directs RISC towards binding to the target messenger RNA
(mRNA), where Ago-2 in RISC mediates cleavage [5]. In
contrast to antisense technologies, RNAI relies on a catalytic
mechanism, as, after target mRNA cleavage, siRNA-loaded
RISC is able to dissociate and bind to another mRNA mol-
ecule. In consequence, very low siRNA concentrations in the
picomolar range are able to induce efficient gene knockdown
and intracellular amounts of less than 2000 siRNAs per cell
have been determined as sufficient [6]. The mechanism
should also be distinguished from microRNAs (miRNAs),
which bind with only partial complementarity while siRNA
action relies on 100% complementarity.

The fact that siRNAs thus act post-transcriptionally on
the mRNA level rather than post-translationally on pro-
teins allows for inhibiting targets for which no inhibitors
are available or possible to develop and which are therefore
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Fig. 1 Schematic of the mechanism of synthetic small interfering
RNA (siRNA)-mediated knockdown. Synthetic mature siRNA can be
effectively delivered to the cell by nanocarriers, as an siRNA conju-
gate or through other mechanisms (see text for details). The double-
stranded siRNA comprises the ‘sense’ or ‘passenger strand’ (red) and
the ‘antisense’ or ‘guide strand’ (blue). After cell entry, for exam-
ple, via endocytosis and escape from the endosome, the siRNA is
introduced into the RNA-induced silencing complex (RISC), which
comprises several distinct proteins including Argonaute-2 (Ago-2),
Dicer, and the transactivation response element RNA-binding protein
(TRBP). Upon siRNA activation by removing its ‘sense’ or ‘passen-
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ger’ strand, the remaining ‘antisense’ or ‘guide’ strand directs RISC
towards sequence-specific binding to the target messenger RNA
(mRNA). The siRNA action relies on 100% complementarity to the
target sequence, and by bringing RISC into close proximity to its tar-
get mRNA, it initiates Ago-2-mediated mRNA cleavage (black scis-
sors). Because of this cleavage and the subsequent presence of unpro-
tected ends, the mRNA is rapidly degraded by intracellular RNAses,
leading to the efficient prevention of protein synthesis. After mRNA
cleavage, the siRNA-loaded RISC can dissociate and bind to another
mRNA target molecule, thus acting in a catalytical manner
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considered as ‘undruggable genes’ [7]. This profoundly
extends the spectrum of potential targets beyond the small
fraction of druggable proteins [8].

3 The Challenge: Developing the Optimal
siRNA

The optimal siRNA should have the following characteris-
tics: no activation of the innate immune system, efficient and
specific cleavage of its target, no off-target (i.e., effects on
non-target genes) or other toxic effects, and long half-life/
slow degradation in the body circulation and inside the target
cells. From a therapeutic point of view, the first important
aspect is the selection of the right target to be silenced for
treating a particular disease. So far, mainly protein-coding
mRNAs have been therapeutically addressed by siRNAs
[9]. Since the Encyclopedia of DNA Elements (ENCODE)
project in 2012 [10], it is known that a major part of the
human genome encodes for non-protein coding RNAs.
Among those, long noncoding RNAs are of particular inter-
est from a clinical viewpoint, comprising many novel puta-
tive therapeutic targets [10], especially for the prospective
treatment of cancer [11, 12]. Likewise, RNAi is a promising

General features an siRNA should have: General features that should be avoided:
to prevent unspecific or weak binding to the target -RNA d . to prevent off-target effects or poor target mRNA
mRNA, to allow unwinding and RISC incorporation: Si es'gn binding:
GC content of an siRNA ~30 - 60% « secondary structures in the sense or antisense stand
internal repeats
to ensure preferential loading of the antisense strand: palindromes
. y rical nucleotide CCC or GGG sequences
weak base pairing at the 5'-end of the antisense strand A U noG A (no G/c) miRNA seed matches
*  known toxic motifs
more G/C at the 5’-end
to prevent activation of the immune system
1 2345167 8910111213141516 171819..(29) specific recognition sequence patterns
siRNA sense/passenger strand -0 00000000000000000000 high ”U” contents
iRNA -~ YYYWWETETETTEETTEETT
antisense/quide strand 3 y @ -5' dsRNA length > 30 bp

therapeutic approach to fight infections caused by patho-
genic viruses featuring single-stranded RNA genomes and
subgenomic RNA transcripts (e.g., hepatitis C virus, respira-
tory syncytial virus, influenza, coronaviruses) [13-16]. The
worldwide rampant severe acute respiratory syndrome coro-
navirus 2 pandemic has especially catalyzed the progress in
promising antiviral siRNA therapy development [17-21].

The first protocol for designing an effective siRNA was
published in 2001 [22]. Therein, Elbashir et al. recom-
mended the use of siRNAs with 21 nucleotides in length,
with a G/C content of ~ 50% and 3’-overhangs of two
nucleotides. Since then, extensive research has led to many
improvements in siRNA design, which is currently based on
sophisticated algorithms (see below and Fig. 2).

The length of siRNAs now used ranges from 19 to 29
nucleotides [23, 24]. Short siRNAs may tend towards more
unspecific binding, but in the range of 19-25 nucleotides
siRNAs show similar efficiency in gene silencing [25]. The
use of short siRNA is preferred because longer siRNAs can
provoke an inflammatory antiviral immune response [26].
Currently, however, the introduction of chemical nucleotide
modifications can effectively prevent this unwanted side
effect (reviewed in [27]). Synthetic RNA entry can erro-
neously be recognized as viral RNAs by endosomal and

low G/C content

3 nucleotide overhangs (e.g.,
dTdT, chemical modifications) G/C
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sequences close to the start codon are possible but not recommended
selecting regions in the ORF about 50-100 nucleotides downstream of the start codon
siRNAs closer to the start codon are more efficient than those further downstream

Fig.2 Schematic of important features and parameters in the small
interfering RNA (siRNA) design. General important features for an
optimal siRNA design (upper boxes) and the identification of optimal
messenger RNA (mRNA) target positions (lower box) are described.
The scheme of the double-stranded siRNA (center; red, ‘sense’ or

‘passenger’ strand; blue, ‘antisense’ or ‘guide’ strand) shows the char-
acteristic deoxyribonucleic acid overhangs at the 3’-end (e.g., dT;
black circles), but does not include any chemical modifications (for
details, see below). dsRNA double-stranded RNA, miRNA microRNA,
ORF open reading frame, UTR untranslated region
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intracellular host pattern recognition receptors of the innate
immune system (e.g., Toll-like receptors [TLR-3, TLR-8,
and TLR-9], retinoic acid inducible gene I receptor, and
double-stranded RNA-activated protein kinase) [26, 28,
29]. Type I interferons (interferon-a and interferon-f) and
inflammatory cytokines are produced as antiviral immune
response [30]. The activated protein kinase leads to the inhi-
bition of mRNA translation and cell death by phosphoryla-
tion of eukaryotic translation initiation factor 2-alpha. To
prevent activation of the immune system, specific sequence
patterns or high “U” content (recognized by TLRs) should
be avoided. Instead, shorter (< 24 bp) or chemically modi-
fied siRNA can be used (preventing activated protein kinase)
and 3'-overhangs allow evasion from retinoic acid inducible
gene I receptor immune sensing.

To design the most effective siRNAs, essential param-
eters and position-specific nucleotide preferences have been
uncovered in numerous biological and bioinformatics stud-
ies. Several protocols have been published, and online avail-
able algorithms or proprietary software programs assist in
the design of new siRNAs [25, 31-37].

As a basic parameter, the GC content of an siRNA is
addressed by algorithms and its range should be between
~30 and 60% [33, 34]. Too low GC content can lead to weak
or unspecific binding, whereas too high GC content may
impede unwinding by helicase and incorporation in the
RISC complex [25]. Between nucleotides 9 and 14, how-
ever, low GC content is important to increase RISC function
during mRNA cleavage [38]. Sequences that could lead to
secondary structures in the sense or antisense stand must
be avoided (e.g., internal repeats, palindromes, CCC or
GGG sequences) [32, 34, 39]. A proper duplex formation
is essential for functional siRNA. Additionally, sequences
that contain single nucleotide polymorphisms, miRNA seed
matches, and known toxic motifs must be avoided [40—42].
An asymmetrical nucleotide content in the duplex and weak
base pairing at the 5’-end of the antisense strand is very
important to ensure preferential loading of the antisense
strand into the RISC complex (‘strand bias’) [31, 34]. There-
fore, more A/U at the 5’-end of the antisense strand and more
G/C at the 5'-end of the sense strand reduce the risk of sense
strand incorporation into RISC and the associated off-target
effects. The strongest correlation with siRNA efficiency
was found for the presence of U at position 10 of the sense
strand [34]. This seems to be because RISC cleaves its target
mRNA between nucleotide 10 and 11, with a preference for
cutting 3' of U rather than other bases [25, 43]. Further rules
include the presence of A at positions 4 and 19 of the sense
strand, the absence of G at position 13 and of G/C at position
19 of the sense strand, and the presence of A at position 6 of
antisense strand. A dTdT nucleotide overhang at the 3'-end
enhances resistance of siRNA duplexes to degradation by
RNAse [31, 34, 35].
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Despite a long controversial debate regarding the influ-
ence of the target mRNA structure on siRNA efficiency,
many studies uncovered a direct correlation of the local tar-
get secondary structure and target site accessibility on RNAi
efficiency [44—48]. In this context, the 5'-untranslated region
(and 3'-untranslated region) of mRNA as well as sequences
close to the start codon are not recommended as siRNA tar-
gets, as the binding of regulatory proteins in this area may
impede RISC binding and thus the silencing effect. Rather,
selecting regions in the open reading frame about 50-100
nucleotides downstream of the start codon is recommended.
Furthermore, siRNAs closer to the start codon seem to be
more efficient than those further downstream [25].

If different mRNA transcript variants exist, gener-
ated by alternative splicing during transcription, use of
alternative promoters or alternative polyadenylation sites,
sequences that are not present in all relevant variants must
be excluded. The following transcript databases and brows-
ers assist in these analyses: NCBI (https://www.ncbi.nlm.
nih.gov) [49], Ensembl (https://www.ensembl.org) [50], and
UCSC Genome (https://genome.ucsc.edu) [51]. Therapeutic
efficacies will highly rely on the selection of a function-
ally relevant target gene. In oncology, this may be based
on high levels of (over-)expression or the identification of
critical driver mutations. For viral RNA targets, it is crucial
to identify suitable regions with nucleotide sequences highly
conserved between variants or strains, which are not subject
to high selection pressure and contain functionally essential
components of the virus [21].

4 The Chemistry: siRNA Modifications

To enhance siRNA functionality and improve other siRNA
properties, various nucleotide modifications have been
developed and implemented in siRNA design. As basic
building blocks of RNA, natural nucleotides usually consist
of aribose sugar, with a 1’-nucleobase group and a 3'-phos-
phate group. Based on the structure of an RNA nucleotide,
it can be distinguished between phosphonate modifications
(Fig. 3A), base modifications (Fig. 3B), and ribose modifica-
tions (Fig. 3C). Chemical modifications of siRNA nucleo-
tides and the use of analogs provide solutions to many of
the challenges in the development of siRNA therapeutics.
Although completely unmodified or slightly modified siR-
NAs are able to mediate gene silencing in vivo (especially
in tissues where local application is possible), extensive
modifications can (i) efficiently suppress immunostimulatory
siRNA-driven activation of innate immune response, (ii)
improve chemical stability and efficacy, and (iii) decrease
off-target-induced toxicity [52, 53]. Based on the natural
structure of nucleotides, chemical modifications can be
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Fig.3 Overview of chemical oligonucleotide modifications relevant for small interfering RNA. Based on the structure of an RNA nucleotide, it
can be distinguished between A phosphonate modifications, B base modifications, and C ribose modifications. Adapted from Hu et al. [27]

implemented in the ribose moiety, the phosphate backbone,

and the bases (Fig. 3).

Ribose modifications (Fig. 3C) at the 2'-position are the
most common and widely used for protecting siRNA from

a ribonuclease attack [27]. As the 2'-OH group is essential

for enzymatic hydrolysis, but not required for RNA activity,

it can be replaced for example by 2'-O-methyl (2'-O-Me;
a natural ribose sugar). 2’-O-methyl is the most frequently
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used siRNA modification [54], which significantly increases
not only the siRNA stability and half-life, but also siRNA
affinity to the target mRNA [55], while simultaneously
reducing immunogenicity. A series of other analogs have
been introduced as well, such as 2'-O-methoxyethyl as
another very useful and popular analog, mediating higher
siRNA binding affinity to RNA and resistance towards a
nuclease attack [53]. The substitution of the 2'-OH group
by highly electronegative fluorine like 2’-deoxy-2'-fluoro
(2'-F) or 2'-arabino-fluoro is very efficient as well [56]. The
2'-F modification is widely employed in clinically and pre-
clinically used siRNAs and confers a C3-endo conformation
beneficial for binding activity. 2'-O-benzyl and 2'-O-methyl-
4-pyridine confer increased activity when placed at posi-
tions 8 and 15 of the siRNA guide strand [57]. Other modi-
fications at the 2'-C, 4'-C, or the whole sugar ring include
unlocked nucleic acids, locked nucleic acids (LNAs), glycol
nucleic acid, constrained 5-methyluracil nucleoside (S)-cEt-
BNAs, tricyclo-DNA, and phosphorodiamidate morpholino
oligomers. Both unlocked nucleic acids and glycol nucleic
acid act as thermally destabilizing nucleotides that mini-
mize off-target effects by blocking the entry of the passenger
strand and promoting RISC loading of the guide strand, thus
introducing chemical asymmetry into duplex siRNAs. The
last ribose modification to be mentioned here is LNAs, i.e.,
a bicyclic furanose unit locked in an RNA mimicking sugar
conformation. Locked nucleic acids significantly increase
the affinity of base pairing by “locking” the ribose into its
preferred C3'-endo conformation [58].

Many phosphate modifications are used as well (Fig. 3A),
for example, phosphorothioate (PS as Rp or Sp isomer, or
at the 5'-end), phosphorodithioate, methylphosphonate,
methoxypropylphosphonate, 5'-(E)-vinylphosphonate, and
peptide nucleic acid. The PS linkage is obtained by a sulfur
atom replacing one non-bridging oxygen of the phospho-
diester and was initially introduced in antisense oligonu-
cleotide (ASO) modification [59, 60]. These modifications
confer resistance to nucleases, enhance hydrophobic protein-
binding properties (e.g., to blood serum proteins), extend
the half-life of modified oligonucleotides in the circulation
and seem to be beneficial for their cell entry, while barely
affecting in vivo biodistribution profiles (predominant accu-
mulation in excretion organs) [61, 62]. In contrast, substan-
tial PS modification was shown to reduce to some extent
the oligonucleotide binding affinity to its target sequence
[53], and excessive protein binding was found to be associ-
ated with in vivo toxicity [63, 64]. Still, PS modification is
very important and necessary for both, ASO and siRNA. In
fact, the clinically approved siRNA therapeutics givosiran,
lumasiran, and inclisiran (all from Alnylam Phamaceuti-
cals) contain PS modifications. More specifically, Alnylam
introduced two PS linkages at the first two nucleotides at
the 5'-ends of the sense strand and of the antisense strand,
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respectively, and two additional PS linkages at the first two
nucleotides at the 3’-end of the antisense strand of the siRNA
[27]. The PS2 modification increases the affinity between
RISC and siRNA. For further enhancement of siRNA sta-
bility, analogs with a conformation similar to natural phos-
phates, but resistant to dephosphorylation have been identi-
fied. Among them, the 5'-(E)-VP modification is the most
potent and metabolically stable modification. Additionally,
siRNA carrying an (E)-VP at the 5-end of the guide strand
augments gene silencing by enhanced binding to human
Ago-2 [65-67].

Base modifications or replacements (Fig. 3B) are not
widely used for siRNA and ASO modifications, and up to
now rather a subject of research. However, these modifica-
tions may provide prospective benefits and opportunities to
improve drug development. Indeed, innate immune recog-
nition of ASO can be reduced and resistance to nucleases
can be improved when using the base analogs 2-thiouri-
dine, N6-methyladenosine, and 5-methylcytidine, or other
base analogs of uridine and cytidine residues. Because the
safety of these non-natural residues in metabolism remains
unclear, the use of naturally occurring base structures, for
example, SmC or 6mA, is currently preferred [27]. The use
of N-ethylpiperidine triazole-modified adenosine analogs
for siRNA modification is able to disrupt nucleotide/TLR8
interactions and therefore decreases the immunogenicity of
siRNA [68, 69]. A practical strategy to reduce the passenger
strand-mediated off-target effects might be the 5-nitroindole
modification at position 15 of the siRNA passenger strand.
Notably, siRNAs containing 5-fluoro-2'-deoxyuridine moie-
ties may provide an additional strategy for siRNA-based can-
cer therapy, by quickly releasing 5-fluoro-2'-deoxyuridine
after cell entry with a subsequent induction of a variety of
DNA-damage repair and apoptosis pathways that trigger cell
death [70].

The following siRNA modifications and combinations
thereof are frequently used in siRNA therapeutics approved
for clinical use or currently in clinical studies (Fig. 4).
These include 2'-O-Me (e.g., QPI-1002 (ISNP) [71] and
QPI-1007 [72]; Quark Pharmaceuticals), 2'-O-Me and 2'-F
(e.g., Partisiran [Onpattro®] [73]; Alnylam Pharmaceuti-
cals), 2'-O-Me, 2'-F and PS (e.g., Givosiran [Givlaari®]
[74, 75], Inclisiran [Leqvio®] [76], Lumasiran [Oxlumo®]
[77]; Alnylam Pharmaceuticals), 2'-O-Me, 2'-F, PS, and
inverted Base (e.g., ARO-AAT [78] and ARO-APOC3
[79]; Arrowhead Pharmaceuticals), and 2'-O-Me, 2'-F, PS,
and glycol nucleic acid (e.g., ALN-HBV02 [VIR-2218]
[80]). In initial therapeutic siRNA developments, unmodi-
fied or partially modified (e.g., Partisiran [Onpattro®])
siRNAs were typically used. As a result of scientific pro-
gress, however, most siRNAs are currently fully modified
(e.g., givosiran [Givlaari®], inclisiran [Leqvio®], lumasiran
[Oxlumo®], vutrisiran [Amvuttra®]). In this context, various
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Fig.4 Chemical modification patterns of small interfering RNAs
approved for clinical use: patisiran, givosiran, inclisiran, lumasiran,
and vutrisiran. Modifications are indicated by colored circles, and
phosphorothioate modifications are highlighted as well; see the lower
panel for an explanation of the symbols. Adapted from Hu et al. [27]

modification patterns have been commercially developed,
such as standard template chemistry, enhanced stabilization
chemistry (ESC), advanced ESC and ESC plus (all estab-
lished by Alnylam Pharmaceuticals), or designs established
by Arrowhead Pharmaceuticals and Dicerna Pharmaceuti-
cals, respectively (reviewed in [27]).

During the siRNA design, sequences of both strands
(antisense and sense) need to be checked for sequence speci-
ficity via a BLAST analysis with a reference sequence data-
base (Refseq-RNA database). Sequences that have perfect or
near-perfect complementarity to unintended targets should
be discarded to reduce the risk of off-target effects. A query
coverage with other genes of less than 78% and a match of
< 15 out of 19 nucleotides is considered tolerable [25, 81].
To exclude the probability of unpredictable off-target effects,
siRNA knockdown studies analyzed by whole transcriptome
sequencing can be performed. The effectiveness of various
siRNA candidates to silence the specific target gene of inter-
est must be experimentally verified. Although these func-
tional gene knockdown studies can be facilitated by using
reporter gene assays, it is strongly recommended to include
appropriate target cells that endogenously express the tar-
get gene [82]. Comparable to other pharmaceutical drugs,
market authorization requires preclinical safety and efficacy

studies in vitro and in vivo, animal models, biodistribution
patterns, and clinical studies. For example, regulatory guide-
lines and preclinical tools related to RNA biodistribution
have been reviewed recently [83].

5 OneIssue: Therapeutic Delivery of siRNA

RNA molecules must be considered as instable, and prone
to rapid enzymatic and non-enzymatic degradation. Moreo-
ver, they are sufficiently small (7-8 nm in length and 2-3
nm in diameter) to be subject to renal clearance while being
still too large (~ 13 kD) for membrane passage and cellular
uptake. The half-life of chemically unmodified naked siR-
NAs in the bloodstream is only ~ 5 minutes [84] and only a
few cell types such as neurons or retinal ganglion cells are
capable of taking up naked siRNAs. Thus, the development
of delivery strategies has been a major bottleneck on the
way towards using siRNAs in vivo and in particular towards
their translation into the clinics. It still represents a major
limitation to their therapeutic use in many pathologies. Thus,
initial clinical studies of siRNA therapeutics only a very few
years after their discovery focused on local treatment, for
example, intravitreal injection (see [85] for review). Upon
systemic application, the liver as a target organ is compara-
tively easy to reach and at the forefront of the development.
In general, it can be distinguished between covalent coupling
of targeting moieties directly to the siRNAs and delivery
systems based on various nanoparticles. The latter include
a wide selection of inorganic, lipid, polymeric, or other car-
rier systems for siRNA adsorption or encapsulation, medi-
ating siRNA protection, cellular uptake, and intracellular
processing to the correct subcellular site of action. As this
is not the major topic of this article, the reader is referred to
many comprehensive reviews on siRNA delivery, for exam-
ple [86-91].

So far, clinical approval of siRNA drugs has been limited
to siRNA conjugates with GalNAc for delivery into hepato-
cytes, based on high affinity binding to the asialoglycopro-
tein receptor (ASGPR), which is highly expressed on the
surface of hepatocytes, while largely absent on other cells
[92-95], and lipid-based nanoparticles (LNPs), in particu-
lar ‘stable nucleic acid lipid particles’ as second-generation
LNPs [96]. Based on liposomes for the formulation of cyto-
static drugs such as doxorubicine (Doxil®), daunorubicine
(DaunoXome®), or vincristine (Marqib0®) that have been
approved already (see e.g., [87] for review), further adapta-
tion with regard to lipid composition and overall LNP design
has led to systems adapted to siRNA delivery. In particular,
second-generation systems with pH-dependent ionization
properties have addressed problems related to a permanent
positive nanoparticle surface charge, including clearance by
the reticuloendothelial system and toxicity. These systems
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are essentially uncharged at a physiological pH, but acquire
a positive charge at a low pH, for example, in the endoso-
mal/lysosomal system. They are capable of interacting with
apolipoprotein E3, a transporter of lipids to hepatocytes, and
thus show a high efficacy for hepatocyte delivery with lower
side effects compared with lipids with a permanent positive
charge [97]. As a result, three lipid-based siRNA delivery
systems are available from Alnylam and Arbutus, DLin-
DMA, DLin-MC3-DMA, and L319. From a large screen-
ing of thousands of lipidoids obtained by a strategy based
on combinatorial chemistry, other LNPs were identified as
efficient [27, 98]. These and other studies have established
important properties of LNPs for siRNA delivery to the
liver, including the pKa of the lipids, the polyethylenglycol
content and molecular weight, and the hydrophobic tails
[99-101]. Beyond lipids, other companies have focused on
other delivery systems for clinical translation (see below
and Table 1).

For hepatocyte targeting, the already mentioned Gal-
NAc is considered as superior over liposomal systems with
regard to efficacy and safety. Trivalent or tetravalent Gal-
NAc moieties are coupled to the 5'-end or 3’-end of siRNA
sense strands via a linker, with triantennary GalNAc show-
ing the highest affinity for ASGPR [102]. To avoid rapid
renal clearance and achieve a better delivery performance,
subcutaneous administration of GalNAc siRNAs has been
found advantageous over an intravenous application. Cel-
lular uptake is mediated by ASGPR-mediated endocyto-
sis. Beyond Alnylam, other companies such as Arrowhead
(TRiM; Targeted RNAi Molecule) and Dicerna have estab-
lished GalNAc-based conjugate platforms as well, or Gal-
NAc analogs as ASGPR ligands (see [27] and references
therein). Other targeting moieties including RGD motifs,
i.e., ligands to integrins avp3 and avp5 for delivery into
tumor cells, or avp6 for reaching lung epithelial cells, are
explored as well (see below, Sect. 8).

Table 1 Short overview of commonly used siRNA drug-delivery systems

6 The Present Situation: First siRNA Drugs
Approved for Clinical Use

Twenty years after the discovery of the RNAi mechanism,
the first siRNA drugs have received approval for clinical
use (Table 2).

6.1 Patisiran

Patisiran (Onpattro®; Alnylam) was the first siRNA drug
approved in 2018 for clinical use [103—105]. It is directed
against the transthyretin (TTR) gene, for treating heredi-
tary variant transthyretin amyloidosis. The TTR protein is
a transporter protein for thyroid hormone, thyroxine, and
retinol. It is produced in the liver and leads, when mutated,
to misfolding of TTR fibrils and their deposition and accu-
mulation in various organs and tissues. Hereditary vari-
ant transthyretin amyloidosis is a rare, progressively fatal
disease. Predominant symptoms are cardiomyopathy and
polyneuropathy, mainly characterized by sensory, motor,
and autonomic dysfunction. Treatment options are limited
to liver transplantation, where applicable, and TTR tetramer-
stabilizing drugs, tafamidis and diflunisal. The chemically
modified siRNA is formulated in a lipid nanoparticle, com-
prising the cationic ionizable lipid DLin-MC3-DMA, cho-
lesterol, the polar phospholipid DSPC, and PEG-modified
lipids (PEG,y-C-DMG) [106]. After their mixing under
acidic conditions, small pH-sensitive liposomes are formed
that fuse into larger lipid nanoparticles upon pH neutraliza-
tion. Upon an intravenous injection of patisiran, the PEG-
modified lipids are replaced by serum proteins, in particular
apolipoprotein, which interacts with the cholesterol compo-
nent of the lipid nanoparticle and mediates targeted delivery
to hepatocytes. There, the internalized lipid nanoparticles
reach the endosome where, at a lower pH, DLin-MC3-
DMA becomes cationic and eventually leads to endosome
disruption.

Patisiran is to be administered via an intravenous injec-
tion every 3 weeks. With the recommended dose of 0.3
mg/kg, steady state is reached within 24 weeks. In order

Type Examples

Drug conjugates
Lipid-based nanocarriers

Polymeric nanocarriers

Antibody-siRNA conjugates, polymer-siRNA conjugates, GalNAc-siRNA conjugates, cholesterol-siRNA conjugates
Liposomes, stealth liposomes, solid-lipid nanoparticles, stable nucleic acid lipid particles, lipid nanoparticles

Nanoparticles based on degradable or non-degradable polymers [chitosan, cyclodextrine, poly(ethylene imine),

poly(L-lysine), poly(beta-amino-ester)]; dendrimers [poly(propylene imine), poly(amidoamine)]

Inorganic nanocarriers
Others

Silica nanoparticles, metal/metal oxide nanoparticles (Au, FeXOy)
Carbon-based nanoparticles, hydrogels, quantum dots, natural ECVs (exosomes, larger ECVs)

ECVs extracellular vesicles, GalNAc N-acetylgalactosamine, siRNA small interfering RNA
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Table 2 siRNA therapeutics approved for clinical use

Pathology/disease Drug name Delivery system Mode of = Target gene Status/important past  ClinicalTrials.gov
applica- or ongoing studies identifier
tion

Acute hepatic por- Givosiran (Givlaari®)  GalNAc conjugate ~ s.c. ALAS-1 Approved (FDA: 2019, -
phyria EU: 2020)

Real-world clinical NCT04883905
management and
safety
Transthyretin-mediated Patisiran (Onpattro®)  Lipid nanoparticle  i.v. TTR Approved (FDA: 2018; —
amyloidosis (DLin-MC3- EU: 2018)
DMA)

Phase IV observational NCT04561518,

studies NCT04201418
(mutations)

Pregnancy surveillance NCT05040373
program

Phase III, active, not NCT03997383
recruiting

Hypercholesterolemia  Inclisiran (Leqvio®) GalNAc conjugate ~ s.c. PCSK9 Approved (EU: 2020; -

FDA: 2021)
Open-label extension ~ NCT03814187
Phase III, completed NCT03397121

NCT03399370
NCT03400800

Phase III, recruiting NCT04765657
Retrospective multi- NCT05438069

center analysis in

Germany

Homozygous familial Phase III, recruiting NCT04659863
hyper-cholester-
olemia and elevated
low-density lipopro-
tein cholesterol

Phase I1I, recruiting NCT04652726

Hypercholesterolemia Phase II, active, not NCT04666298

(Japanese participants recruiting
with a high car-
diovascular risk and
elevated low-density
lipoprotein choles-
terol)

Patients with cardio- Phase II (ORION-3) NCT03060577
vascular disease and Phase III (ORION-4)  NCT03705234
high cholesterol

Atherosclerotic cardio- Phase III, recruiting NCT05030428
vascular disease

Transthyretin-mediated Vautrisiran (Amvuttra®) GalNAc conjugate ~ s.c. TTR Approved (FDA: -
amyloidosis 2022)

Phase III, active, not NCT03759379
recruiting (HELIOS-A)
Phase III, active, not NCT04153149
recruiting (HELIOS-B)

Primary hyperoxaluria Lumasiran (Oxluma®) GalNAc conjugate  s.c. GO Approved (FDA: 2020;
type 1 EU: 2020)

Expanded access, NCT04125472

approved for market-
ing
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Table 2 (continued)

Pathology/disease Drug name Delivery system Mode of  Target gene Status/important past  ClinicalTrials.gov
applica- or ongoing studies identifier
tion
Prospective obser- NCT04982393
vational study (BON-
APHIDE) recruiting
Phase III, active, not NCT04152200
recruiting
Primary hyperoxaluria Phase III, completed ~ NCT03681184
type 1 (children and
adults)
Primary hyperoxaluria Phase 111, active, not ~ NCT03905694
type 1 (infants and recruiting
young children)
Phase II (long-term NCT03350451

safety), active, not
recruiting

EU European Union, FDA US Food and Drug Administration, GalNAc N-acetylgalactosamine, i.v. intravenous, s.c. subcutaneous, siRNA small

interfering RNA

to prevent infusion-related reactions, patients are pre-medi-
cated intravenously with an antihistamine and a corticoster-
oid as well as oral acetaminophen [107]. After phase I and
phase 1II trials, approval was based on the favorable results
from the large global APOLLO phase III trial [73, 108].
Based on a rapid and robust 81% decrease of serum TTR
levels over the whole 18-month study period, a statistically
significant improvement in polyneuropathy as determined
by the modified Neuropathy Impairment Score as well as all
secondary endpoints (motor strength, body mass index, level
of disability, mobility, several scaring systems for measuring
quality of life) was observed. It was also found to be well
tolerated [107]. In a global Open-Label Extension (OLE)
study, the long-term safety of patisiran is currently evaluated
in adults with hereditary transthyretin-mediated amyloido-
sis and symptomatic polyneuropathy, who participated in
a previous study. A most recent publication presented the
12-month efficacy and safety results of a prospective study
of patisiran in patients with hereditary variant transthyretin
amyloidosis who had polyneuropathy progression post-liver
transplantation, demonstrating that the drug reduced serum
TTR, was well tolerated, and improved or stabilized key dis-
ease impairment measures [109]. Phase IV observational
studies (ConTTRibute) in patients with or without mutations
and a pregnancy surveillance program are ongoing as well.

6.2 Givosiran
Givosiran (Givlaari®; Alnylam) was the second siRNA ther-
apeutic to reach the market, receiving US Food and Drug

Administration (FDA) approval in 2019 [110, 111]. It is
directed against 8-aminolevulinic acid synthase 1 (ALAS1),
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which plays a critical role in acute hepatic porphyria (AHP).
Acute hepatic porphyria is a rare genetic disorder based on
mutations in genes involved in heme biosynthesis [112].
More specifically, the upregulation of hepatic ALAS1 leads
to the accumulation of heme intermediates, 8-aminolevulinic
acid, and porphilinogen, which cause neurotoxicity. This
can result in chronic symptoms as well as debilitating and
potentially life-threatening acute porphyria attacks (abdomi-
nal pain, nausea, vomiting, constipation, weakness, and
psychiatric symptoms). Furthermore, AHP can contribute
to comorbidities such as chronic neuropathy, liver disease,
systemic arterial hypertension, or chronic kidney disease.
Treatment options for AHP are limited and include the
elimination of precipitating factors, carbohydrate loading
(ALASI1 is upregulated during fasting), symptomatic sup-
portive therapy, and hemin administration. Givosiran leads
to ALAST knockdown in hepatocytes and thus to a reduction
in circulating 5-AKA and porphilinogen levels.

Givosiran is based on ESC and GalNAc technology
developed by Alnylam. Preclinical studies performed in
mice, rats, and cynomolgus monkeys showed a rapid, robust,
and sustained reduction in ALAS1 [113, 114], and provided
the basis for clinical studies (Table 2 [74, 115]; see [116] for
details). Upon subcutaneous injection, givosiran is rapidly
absorbed, shows high (>90%) plasma protein binding, rapid
liver uptake, and sustained knockdown activity over the
dosing regimen of once per month. In the phase III ENVI-
SION trial in patients with acute intermittent porphyria, it
was found to be generally well tolerated, with an acceptable
safety profile. Givosiran led to a significantly lower rate of
porphyria attacks and better results for multiple other dis-
ease manifestations as compared with the placebo group.
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The increased efficacy, however, was accompanied by a
higher frequency of hepatic and renal adverse events [75].
Based on these results from the ENVISION trial, Givosiran
has been approved in the USA, the European Union, and in
other countries for the treatment of AHP [110, 111]. It is
administered by a subcutaneous injection once per month
at a recommended dosage of 2.5 mg/kg. Additional data on
long-term efficacy and safety are still needed. In this regard,
results from the OLE study after completion of the ENVI-
SION study will be of interest. The 24-month interim analy-
sis demonstrated long-term givosiran administration to result
in a sustained 8-aminolevulinic acid and porphobilinogen
reduction. Long-term givosiran showed an acceptable safety
profile and significant benefits in patients with AHP with
recurrent attacks, based on the reduction in attack frequency,
hemin use, and severity of daily worst pain while improving
quality of life [117].

6.3 Inclisiran

Inclisiran (Lqui0®; Novartis) is another GaINAc-siRNA
conjugate, developed for the treatment of homozygous
familial hypercholesterolemia and elevated low-density
lipoprotein cholesterol (LDL-C). By treating hypercholes-
terolemia as a very prevalent indication, its impact may well
exceed those of other siRNA therapeutics, especially con-
sidering the increasing need for novel treatment options in
this disease beyond statins. It targets PCSK9 (pro-protein
convertase subtilisin/kexin type 9), a key enzyme in the
LDL-C metabolic pathway. More specifically, knockdown
of PCSKO results in increased recycling of LDL receptors
on the surface of hepatocytes. Thus, the higher receptor den-
sity in the hepatocyte plasma membrane leads to enhanced
LDL-C binding and reduced levels of circulating LDL-C
[118]. Several clinical trials with larger numbers of patients
have been performed. Most recently, the final results from
three phase III studies, ORION-9 (heterozygous familial
hypercholesterolemia), ORION-10 (artherosclerotic vascular
disease), and ORION-11 (artherosclerotic vascular disease
outside the USA) have been released. Collectively, 300 mg
of inclisiran was administered at days 1, 90, and 270, and a
> 60% reduction in PCSK9 levels as well as a durable reduc-
tion in LDL-C by 51% at days 510 or 540 were observed.
Treatment was associated with lower levels of non-high-
density lipoprotein cholesterol, total cholesterol, triglycer-
ides, and apolipoprotein B [119, 120]. Participating patients
are eligible for enrollment into an ongoing OKE (ORION-
8) for monitoring the effects of inclisiran over 3 years. In
Europe, Leqvio® received approval in late 2020 while the
FDA rejected approval because of unresolved issues with
inspection-related conditions at a third-party manufacturing
facility. By mid-2021, Novartis had announced the trans-
fer of the manufacturing of inclisiran to an Austria-based

Novartis-owned facility and the complete response resub-
mission. Still, whether decreased PCSK9 and LDL-C lev-
els will translate into improved cardiovascular outcomes
remains to be seen, considering previous studies on the mon-
oclonal anti-PCSK9 antibody evolocumab, which was able
to reduce LDL-C without improving cardiovascular mortal-
ity. Indeed, in a pooled analysis of ORION-9, ORION-10,
and ORION-11, only a 2.5 decrease in major cardiovascular
events upon inclisiran treatment was found [121].

6.4 Lumasiran and Nedosiran

Two siRNA drugs/drug candidates, nedosiran and lumasiran,
exist for the treatment of primary hyperoxaluria (PH), a very
rare inherited disease characterized by an accumulation of
hepatic glyoxylate. Primary hyperoxaluria can be sub-classi-
fied into three groups, based on different gene mutations. By
lactate dehydrogenase (LDH), glyoxylate is metabolized to
oxalate, which is filtered by the kidneys and leads to recur-
rent calcium oxalate kidney stones. One siRNA strategy
aimed at the knockdown of LDH for inhibiting this final
enzymatic step in oxalate production ([122]; see Sect. 7).
Another target is glycolate oxidase, which catalyzes the con-
version of glycolate to the main oxalate precursor glyoxylate
[123].

Lumasiran (ALN-GO1, Oxlumo®; Alnylam) targets
glycolate oxidase and has already gained FDA approval
for PH type 1 (PH1) in November 2020. [124]. Again, it
uses Alnylam’s ESC and GalNAc platform technologies. Its
safety and efficacy was assessed in children aged > 6 years
and adults with PH1 ILLUMINATE-A; [125]; [126]). As a
primary endpoint, a decrease of urinary oxalate levels over
months 3-6 was defined. Indeed, 65.4% and 53.5% reduc-
tions relative to baseline and placebo, respectively, were
seen. All secondary endpoints were met as well, including
the proportion of patients reaching normalization or near
normalization of urinary oxalate levels and the reduction in
plasma oxalate. Most ILLUMINATE-A patients rolled over
into the extension period of ILLUMINATE-B (infants and
young children aged < 6 years) or ILLUMINATE-C (adults
with advanced PH1), which are both ongoing.

6.5 Vutrisiran

Vutrisiran (Alnylam) is an siRNA drug that targets TTR
for treating the same disease as patisiran, i.e., hereditary
variant transthyretin amyloidosis. However, it is based on
Alnylam’s enhanced stabilization chemistry and third-gen-
eration GalNAc-siRNA delivery platform [127-129]. It was
granted orphan drug designation by the FDA and the EMA,
as well as a Fast Track designation in the USA. Clinical
phase III studies on the safety and efficacy are ongoing in
both patients with hereditary transthyretin-mediated with
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polyneuropathy (HELIOS-A; vutrisiran vs patisiran) or car-
diomyopathy (HELIOS-B; vutrisiran vs placebo). Based on
positive 9-month results from the HELIOS-A study, vutri-
siran received FDA approval in June 2022.

7 The Future: Other siRNAs in Other
Diseases

Beyond the first siRNA therapeutics having reached the mar-
ket, several others are in early or late-stage clinical trials
(Table 3).

7.1 Metabolic Diseases

Nedosiran (DCR-PHXC; Dicerna Therapeutics) is another
drug developed for the treatment of PH (see above). It spe-
cifically inhibits the expression of the major LDH isoform
in the liver. As this is the final common step in the synthesis
of oxalate, LDH knockdown is also efficient for treating the
other hyperoxaluria subtypes, i.e., PH2 and PH3, and may be
more potent than GO targeting by lumasiran. As a GalNAc-
siRNA conjugate, it is subcutaneously injected once per
month. Data from the multi-dose open-label PHYOX3 trial
showed a sustained long-term urinary oxalate reduction in
patients with PH1 and PH2, reaching normal or near-normal
ranges [130]. In agreement with preclinical data in mice and
non-human primates [122] as well as the absence of liver-
specific adverse effects in natural LDHA-deficient patients
[131], the drug was generally well tolerated. Clinical studies
were also expanded towards patients with PH3 and early
end-stage kidney disease. Recent data from a phase III study
in infants and young children demonstrate a rapid sustained
reduction in the spot urinary oxalate-to-creatinine ratio and
plasma oxalate as well as acceptable safety in patients aged
< 6 years with PH1 [130].

Cemdisiran is another liver-targeted GalNAc-siRNA drug
that leads to the knockdown of the complement 5 (C5) pro-
tein. It is under development for the treatment of life-threat-
ening rare complement-mediated diseases [132], including
paroxysmal nocturnal hemoglobinuria, immunoglobulin A
nephropathy, atypical hemolytic uremic syndrome, and gen-
eralized myasthenia gravis. The reduction in circulating C5
protein levels inhibits the activity of the terminal comple-
ment pathway. Consequently, the formation of the membrane
attack complex and the release of the C5a anaphylatoxin
are prevented [133, 134]. This knockdown also covers a
point mutant of the C5 gene observed in some patients with
paroxysmal nocturnal hemoglobinuria. Early clinical stud-
ies revealed a rapid, robust, and sustained C5 suppression
maintained up to 13 months following single and multiple
doses, supporting the further evaluation of cemdisiran as a
single therapeutic or combined with complement inhibitor
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antibodies [135]. A phase II study evaluating its effects on
proteinuria in adults with immunoglobulin A nephropathy
is ongoing.

7.2 Hematology

Hemophilia A and B are the indications for fitusiran (ALN-
AT3), a GalNAc-siRNA conjugate targeting the SER-
PINC1 mRNA. By thus reducing antithrombin production
and increasing thrombin generation, fitusiran corrects the
coagulation imbalance and prevents the bleeding phenotype
[136—138]. In phase I and phase II trials in patients with or
without inhibitors, fitusiran caused a very profound, dose-
dependent antithrombin reduction [139, 140]. Phase III trials
have been completed or are still ongoing. Given its profound
and durable effects on hemostasis, independent of the pres-
ence of an inhibitor and reversible with antithrombin, the
absence of anti-drug antibody formation (as opposed to
immunotherapeutics), the favorable dosing regimen (once-
monthly subcutaneous injection), and the safety profile with
limited adverse effects, fitusiran emerges as a promising
drug.

7.3 Infectious Diseases

Viral diseases are addressed as well in siRNA drug develop-
ment programs. The siRNA drug RG6346 mediates selective
knockdown of the viral hepatitis B surface antigen, which is
required for the hepatitis V virus lifecycle, in liver hepato-
cytes. Results from a phase I trial presented in November
2020 showed four-monthly doses to lead to a substantial
and durable reduction in hepatitis B surface antigen levels,
lasting up to 1 year after the last dose. A phase II study of
RG6346 alone or in combination with other investigational
drugs/approved long-term hepatitis B virus treatments was
initiated in March 2021 (NCT04225715). More recently,
the first siRNA drug targeting coronavirus disease 2019
(COVID-19) was tested in clinical studies as well. In vitro,
an siRNA targeting severe acute respiratory syndrome coro-
navirus 2 RNA-dependent RNA polymerase was identified
as most efficient for inhibition of viral replication. This siR-7
was formulated with a peptide dendrimer (KK-46). In a Syr-
ian hamster model for severe acute respiratory syndrome
coronavirus 2 infection, a significant reduction in virus titers
and lung inflammation was observed upon exposing animals
to inhalation of siR-7-EM/KK-46 [17]. Based on these data,
the efficacy and safety of MIR 19 were tested in a phase II,
randomized, controlled, multi-center study in patients with
symptomatic moderate COVID-19 (NCT05184127).
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ClinicalTrials.gov identi-

fier

Status/important past or

ongoing studies

Target gene

Mode of application

Delivery system

Drug name

Table 3 (continued)
Pathology/disease
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NCTO03747224

ANGPTL3 Phase I, completed

ARO-ANG3 GalNAc s.C.

Dyslipidemic patients
including familial

conjugate

hypercholesterolemia

and severe hypertriglyc-

eridemia

NCT04832971

Phase II, recruiting

Mixed dyslipidemia

NCT05089084

Phase III, recruiting

ApoC3

S.C.

GalNAc

Familial chylomicronemia ARO-APOC3

conjugate

syndrome

NCT04720534

Phase II, recruiting

Severe hypertriglyceri-

demia

NCT04998201

Phase II, recruiting

Mixed dyslipidemia

AKI acute kidney injury, COVID-19 coronavirus disease 2019, DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine, GalNAc N-acetylgalactosamine, i.v. intravenous, n.d. not defined, s.c. subcuta-

neous, siRNA small interfering RNA

7.4 Oncology

An example from oncology is NU-0129, an siRNA target-
ing the cancer-promoting Bcl2L.12 gene in glioblastoma.
For delivery, brain-penetrant RNAi-based spherical nucleic
acids are employed, consisting of gold nanoparticle cores
covalently conjugated with radially oriented and densely
packed siRNAs [141]. A single-arm, open-label, phase 0,
first-in-human study in patients with recurrent glioblastoma
demonstrated gold enrichment in the tumors (tumor cells,
tumor-associated endothelium, macrophages) and a signifi-
cant reduction in Bcl2L12 protein levels, with no significant
treatment-related toxicity [141].

Mutated KRAS is the most prominent oncogenic driver
in many cancers. An siRNA targeting the G12D mutant of
KRAS has been formulated in a biodegradable polymeric
matrix for sustained local release (LODER; Local Drug
EluteR) [142]. Notably, a currently ongoing study in patients
with locally advanced pancreatic cancer employs the combi-
nation of this siRNA with established chemotherapy based
on gemcitabine or nab-paclitaxel [143].

7.5 Ocular Diseases

Several siRNA drug developments have looked into eye
diseases. These include glaucoma, age-related macular
degeneration (AMD), dry eye disease (dry eye syndrome),
diabetic macular edema (DME), and various inherited retinal
diseases. The first siRNA drug for treating ocular patholo-
gies was bevasiranib in 2004. Bevasiranib was developed
for targeting vascular endothelial growth factor (VEGF) in
the treatment of DME and AMD. After promising phase I
and phase II results on safety and efficacy [144], however, a
phase III trial was terminated early because of a lack of effi-
cacy in visual loss reduction (NCT00499590), and another
phase III trial was withdrawn [145].

Going in the same direction, Sirna-027 was developed
for targeting the VEGF receptor VEGFRI1 in patients with
AMD. Clinical studies demonstrated a significant improve-
ment in best corrected visual acuity (BCVA); however, no
correlation between the BCVA changes and the administered
dose was observed. A phase II clinical trial was discontin-
ued after recognizing off-target effects associated with TLR3
activation and the inability to achieve the desired visual acu-
ity objective [146, 147].

The choroidal neovascularization resulting from AMD,
diabetic retinopathy, and macular edema has been addressed
by PF-04523655, an siRNA targeting the hypoxia-inducible
gene RTP801 whose upregulation leads to neuronal cell
death. Notably, its mechanism of action is thus independ-
ent of VEGF-targeted therapies. The phase II DEGAS trial
in patients with visual loss due to DME, however, revealed
only marginal efficacy when compared with focal/grid laser
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photocoagulation. The small improvement in BCVA and
increasing patient discontinuation rates led again to the early
termination of the trial. In contrast, the phase II MONET
trial on PF-04523655 for the treatment of neovascular AMD
revealed BCVA improvement. This was particularly so when
combining PF-04523655 with the anti-VEGF drug ranibi-
zumab. The results from a further phase II clinical trial
(MATISSE; NCT01445899) for evaluating the safety, tol-
erability, and pharmacokinetic profile in patients with DME
following dose escalation, as a monotherapy or in combina-
tion with ranibizumab versus ranibizumab alone have not
been published yet.

Glaucoma as the leading cause of irreversible blindness
worldwide. The main risk factor for glaucoma, increased
intraocular pressure, is an imbalance between aqueous
humour production and outflow. The p-adrenergic recep-
tor 2 located in the eye has been shown to be involved in
aqueous humour secretion [148]. Consequently, SYL040012
(Bamosiran), an siRNA targeting p-adrenergic receptor 2,
has been developed. A phase II study in patients with glau-
coma or elevated intraocular pressure demonstrated a sta-
tistically significant reduction in intraocular pressure at one
dose level, with the drug being locally and systemically well
tolerated [149].

Another indication of siRNAs in ocular diseases is dry
eye syndrome, a multifactorial disease characterized by tear
film disruption and damage of the ocular surface. Tivani-
siran (SYL1001) targets the capsaicin receptor TRPV1 (tran-
sient receptor potential cation channel subfamily V member
1), which is involved in inflammatory response modulation
and pain stimuli transmission. As a nociceptive transducer
expressed in ocular tissues, it is critically involved in medi-
ating ocular pain [150]. Clinical trials demonstrated tivani-
siran to be efficient and safe upon topical application. Ocular
pain and conjunctival hyperemia in dry eye syndrome were
reduced [151].

7.6 Other Diseases

Acute kidney injury (AKI) affects up to 30% of patients
undergoing cardiac surgery and thus contributes to morbid-
ity and mortality. Reduced renal perfusion and ischemia rep-
erfusion injury are the main mediators of the mechanisms
contributing to postoperative AKI development. On the cel-
lular level, ischemia reperfusion injury leads to cell injury
and death. As the transcription factor p53 activates genes
responsible for growth arrest or cell death after exposure
to ischemia reperfusion injury, teprasiran has been devel-
oped for p53 knockdown. It has been evaluated for the pre-
vention of AKI and its consequences in high-risk patients
undergoing cardiac surgery [71]. In a phase II study, the
incidence, severity, and duration of early AKI in high-
risk patients undergoing cardiac surgery were found to be

significantly reduced after teprasiran administration [152]
and provided the basis for a phase III study. Beyond AKI,
teprasiran has also been evaluated for reducing the incidence
and severity of delayed graft function with kidney allografts
(NCT02610296).

8 The Outlook I: siRNA Delivery Issues
Revisited

The Human Genome Project as well as substantial progress
in technologies such as next-generation sequencing and
other major breakthroughs in the last decades have provided
a wealth of information about the human genome and the
pathophysiological role of genetic factors in various diseases
[153, 154]. This has greatly extended the portfolio of pos-
sible targets for therapeutic intervention; however, many of
those prove to be essentially un-druggable by small-mole-
cule compounds or biologicals at the protein level. Not sur-
prisingly, RNAs are thus considered as important targets for
specific therapy. More recently, major advances also include
a growing insight into the pivotal (patho-)physiological roles
of different non-coding RNAs such as miRNAs, circRNAs,
long non-coding RNAs, and others. Again, the straightfor-
ward, if not only possible approach for therapeutic interven-
tion is RNA-based drugs. Thus, RNAs have proven to be
much more versatile than initially thought, being targets as
well as drugs. Twenty years after the discovery of RNA,
this has paved the way towards the first siRNA therapeutics.

Currently, five siRNA drugs have been approved (pati-
siran, givosiran, inclisiran, lumasiran, vutrisiran) and several
others are in late stages of phase III clinical trials. Notably,
there is a clear focus on hepatocyte delivery, with GalNAc
being the most popular platform for siRNA bioconjuga-
tion and delivery. For good reasons, the vast majority of all
siRNA drugs in clinical trials are based on GalNAc conju-
gates: GalNAc bioconjugates are comparatively straightfor-
ward to synthesize and administer (subcutaneously), they
show a favorable biocompatibility/toxicity profile, and very
high efficacy. Among the approved siRNA drugs, nanopar-
ticles (LNPs) are only used in the case of patisiran, which
certainly has to be considered as a landmark in the develop-
ment of siRNA therapeutics. However, in the light of other
hereditary transthyretin-mediated-targeted siRNA drugs,
including vutrisiran, the future of patisiran may be limited.

Despite this obvious success in translating siRNA drugs
into the clinics, the limitation to liver hepatocytes must be
kept in mind. While some major advances have been made
regarding central nervous system, ocular, or renal siRNA
delivery, a ‘second siRNA drug breakthrough’ may be
required with regard to other extra-hepatic siRNA deliv-
ery platforms and siRNA applications. Here, LNPs as well
as other nanoparticles may play pivotal roles. The major

A\ Adis
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requirements remain the same: efficacy in siRNA deliv-
ery, safety, biocompatibility/biodegradability as well as
addressing issues regarding production, standardization, and
approval as multi-component systems.

In parallel, siRNA conjugation partners other than Gal-
NAc may offer potential for clinical translation: RGD for
binding to integrins or folate for binding to the folate recep-
tor on cancer cells; glucagon-like peptide 1 for binding its
receptor on pancreatic beta cells; transferrin for binding to
the transferrin receptor protein 1, to only name a few. In a
more general way, antibodies binding to their cell-specific
surface targets can be considered as an interesting conjuga-
tion partner. Notably, this approach has eventually reached
the clinics in the form of immunotoxins such as gemtu-
zumab ozogamicin (Mylotarg®) or trastuzumab emtansin
(Kadcyla®).

Beyond delivery to the desired organ, a major bottleneck
is also the intracellular processing, as siRNAs are dependent
on an exclusively intracellular mode of action. In this regard,
it is of relevance that, upon cellular internalization, only a
very small proportion of siRNAs escapes the endosomal/
lysosomal system, with the vast majority of the siRNA mol-
ecules being either degraded or recycled back to the surface.
In the case of LNPs, only a 1-2% fraction of the internal-
ized siRNAs was found to be actually released into the cyto-
plasm [6, 155]. This highlights the requirement for nano-
particles capable of increasing the release of siRNAs from
the endosomes/lysosomes. Alternative strategies are the
co-delivery of endosome-disrupting small-molecule drugs
[156], or the avoidance of the endosomal/lysosomal pathway
in favor of the endosome-Golgi-ER pathway, which may lead
to higher siRNA efficacy as shown in a recent study [157].
Approaches may also include looking into natural delivery
systems such as extracellular vesicles (exosomes, others)
or extracellular vesicle components. Indeed, in preclinical
studies, exosomes have already been used for short-hairpin
RNA delivery in pancreatic tumor-bearing mice [158] and
the extracellular vesicle modification of nanoparticles such
as polyethylenimine/siRNA complexes has been found to
enhance nanoparticle efficacy and to efficiently deliver
siRNAs to mouse tumor xenografts [159]. Mesenchymal
stromal cell-derived exosomes are already used in a clinical
study for KRAS G12D siRNA delivery, for the treatment of
metastatic pancreatic ductal adenocarcinoma in patients with
a KrasG12D mutation (NCT03608631).

Still, nanoparticles such as LNPs are comparatively large
in size (often ~100 nm and above) and their extravasation
from the bloodstream may therefore be limited to fenestrated
endothelia. While this makes them optimal for the liver, but
also solid tumors because of the enhanced permeability and
retention effect [160], the preference for fenestrated tis-
sues may limit their clinical use in other diseases. Other
drawbacks of nanoparticles such as LNPs include that it is
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often necessary to administer them intravenously, making
it a comparatively complex process that is unfavorable for
patients. Additionally, the possible toxicity of their excipi-
ents may require pre-treatment of patients with anti-inflam-
matory drugs as seen in the case of patisiran. This is not so
in the case of bioconjugates; however, they are limited by
their dependency on suitable surface markers for binding
and internalization. Clearly, there will not be a one-fits-all
solution for all desired therapeutic siRNA applications.

8.1 The Outlook II: siRNA Drugs Emerging as One
Standard Modality in Pharmacotherapy

Upon resolving the still existing problems regarding siRNA
delivery, RNAi drugs will also reach the market for treating
other pathologies. Beyond the obvious and already discussed
aspect of being able to target otherwise un-druggable genes,
they may well turn out to be easier to develop than small-
molecule inhibitors, which, by acting on the protein level,
require a high level of structural precision and improvement,
and are therefore more challenging and complex to develop.
At the same time, siRNA production is easier and cheaper
as compared with antibodies, thus making them competi-
tive also price wise, and siRNA therapeutics may come
with advantages regarding the mode of administration and
the dosing period. This is highlighted for example by the
direct comparison of the anti-PCSK9 monoclonal antibody
evolocumab (Repatha®) with the PCSK9-targeting siRNA
drug inclisiran: the latter is substantially cheaper to synthe-
size and relies on less frequent administrations (only three
subcutaneous injections at days 1, 90, and 270 in the above-
mentioned clinical studies; [161]).

Beyond the exploration of oncogenes as obvious targets
in oncology, as is already done for example by knockdown
of mutant KRAS, the treatment of many other diseases is
feasible as well. This may also include neurodegeneration, as
recently demonstrated in preclinical studies on Alzheimer’s
disease (siRN-30), or viral diseases. Needless to say that the
COVID-19 pandemic and the development of RNA-based
vaccines have further boosted the development and public
visibility of RNA-based drugs. The treatment of viral infec-
tions such as COVID-19 based on siRNA-mediated knock-
down of crucial target genes is feasible as well, as already
shown on the preclinical level. Other diseases that are some-
times based on rather subtle mutations will become drugga-
ble as well. Beyond siRNAs, small RNA drugs may well also
include miRNAs for miRNA replacement or antimiRNAs for
miRNA inhibition.
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9 The Conclusion: More siRNA Drugs Ahead

More than two decades after the discovery of RNAi, siRNA
drugs have opened novel avenues towards innovative thera-
pies in many diseases. Despite several major challenges and
issues, including siRNA delivery and side effects, which
have delayed the clinical translation of this entirely new class
of pharmacological compounds, several siRNA drugs have
received approval for clinical use and several more siRNAs
are in late-stage clinical studies. An important step will be
the further exploration of siRNA drugs beyond the liver, still
emphasizing the need for appropriate delivery strategies.
The almost unlimited availability of siRNAs against any
target gene also highlights the need for identifying optimal
targets. Furthermore, considering siRNA combinations or
siRNAs against non-coding RNAs highlights that the poten-
tial of siRNA drugs has only partially been explored so far.
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