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The year 2023 marks the 25th anniversary of the discovery of
RNAi. RNAi-based therapeutics enable sequence-specific gene
knockdown by eliminating target RNA molecules through
complementary base-pairing. A systematic review of published
and ongoing clinical trials was performed. Web of Science,
PubMed, and Embase were searched from January 1, 1998, to
December 30, 2022 for clinical trials using RNAi. Following in-
clusion, data from the articles were extracted according to a
predefined protocol. A total of 90 trials published in 81 articles
were included. In addition, ongoing clinical trials were
retrieved from ClinicalTrials.gov, resulting in the inclusion of
48 trials. We investigated how maturation of RNAi-based ther-
apeutics and developments in delivery platforms, administra-
tion routes, and potential targets shape the current landscape
of clinically applied RNAi. Notably, most contemporary clin-
ical trials used either N-acetylgalactosamine delivery and sub-
cutaneous administration or lipid nanoparticle delivery and
intravenous administration. In conclusion, RNAi therapeutics
have gained great momentum during the past decade, resulting
in five approved therapeutics targeting the liver for treatment
of severe diseases, and the trajectory depicted by the ongoing
trials emphasizes that even more RNAi-based medicines also
targeting extra-hepatic tissues are likely to be available in the
years to come.
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INTRODUCTION
In 1998, Andrew Fire and Craig Mello described the pathway of RNAi
in the worm Caenorhabditis elegans.1 RNAi induces post-transcrip-
tional gene silencing (PTGS). This conserved and potent gene
silencing mechanism may be harnessed for gene therapy and clinical
application. PTGS can be induced by short-lived RNAi-based mole-
cules such as small interfering RNA (siRNA), the cells own effectors,
microRNAs (miRNAs), or promotor-dependent RNA species such as
short hairpin RNA (shRNA).2 Importantly, siRNA-based PTGS is
mediated by cytosolic cleavage of target mRNA and involves the
RNA-inducing silencing complex (RISC), including argonaut protein
2 (Ago2) and the target mRNA-specific siRNA guide strand (Fig-
ure 1).3 Ago2 has slicer activity which is used to cleave target
mRNA, when the siRNAs are bound to the target mRNA and associ-
ated with RISC.4 siRNAs originate from long double-stranded RNA
(dsRNA) sequences, which are cleaved in the cytosol by Dicer.5
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With regard to the outcome of silencing miRNAs induce translational
repression, whereas siRNAs, which are fully complementary to target
sequences, induce Ago2-mediated degradation.6

The cell has its own endogenous PTGS system on the basis of miRNA
effectors. Several pathways exist, and the canonical pathway starts in
the nucleus (Figure 1).7 RNA polymerase II (Pol II) or polymerase III
(Pol III) transcribes the primary miRNA transcript, which initially is
cleaved by Drosha in the nucleus to release the �70-nt-long stem-
loop structure. This pre-miRNA is then transported to the cytosol
by exporting 5 (XPO5), and finally cleaved by Dicer.5,8,9 Next, one
of the miRNA duplex strands is incorporated in Ago1–4 inside
RISC and here specifies mRNA targets silencing via translation inhi-
bition and by inducing mRNA decay (Figure 1).10,11 Non-canonical
miRNA pathways also exist. One example is the Dicer-independent,
Ago2-dependent miRNA, called miR451, where no passenger strand
is produced.12–14 Another example is miRtrons, which bypass Dro-
sha.15 An alternative to siRNAs are shRNAs, used to express siRNA
in the cell.16 shRNAs are transcribed from DNA in vivo by a Pol III
promotor and these vector encoded molecules were described in
2002. shRNA bypass Drosha, and XPO5 mediates the nuclear export
of the pre-miRNA-like molecules.16 shRNA can be embedded in a
pri-miRNA scaffold, which allows the cell to use the tissue specific
Pol II for transcription called miR-shRNA (Figure 1).16

RNAi represents an entirely new way to treat disease with an unprec-
edented potential for specific gene targeting through the endogenous
miRNA machinery. Several potential disease targets for RNAi-based
therapy currently have unattractive treatment options or no treat-
ment options at all. Hence, the mechanism of RNAi and the emer-
gence of RNAi therapeutics have been studied extensively over the
years, and recently reviewed in several prominent papers.17–20

Selected highlights during this journey include in 2001, three years af-
ter Fire and Mello’s discovery, the finding that precision duplex si-
lencers consisting of 21 and 22 nt dsRNA sequences with terminal
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Figure 1. The RNAi mechanism and entry points of RNAi therapeutics

The left-hand side shows the RNAi pathway and formation of siRNAs. The right-hand side shows different entry points for DNA-based or RNA-based RNAi therapeutics that

enters the cell and are loaded into RISC to mediate homology-dependent degradation of target mRNA. Delivery platforms for DNA-based therapeutics include viral and non-

viral vectors encoding Pol II driven miRNA mimics or Pol III-driven shRNA. RNAi-based therapeutics are delivered naked as GalNAc-conjugated, modified, or unmodified

Dicer-substrate siRNA or synthetic siRNAs or complexed in nanoparticles (gold, lipid, or polymer based). Created using BioRender.com.
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2 nt 30 overhangs could elicit RNAi-based PTGS in mammalian cells
(Figure 2).21,22 Another important finding, the demonstration that
RNAi holds therapeutic promise to prevent liver injury, was reported
in 2003.23 In this study Song et al. showed that RNAi targeting Fas
protects mice from hepatitis (Figure 2). In 2004 the first clinical trial
470 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
using a siRNA-based treatment called siRNA-027, was initiated for
the treatment of age-related macular degeneration (AMD).24,25 One
year later, in 2005, potent nuclear RNAi-mediated knockdown was
shown in the nucleus of human cells.26 In 2006, Fire and Mello
were awarded the Nobel Prize in Physiology or Medicine for their
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Figure 2. Milestones in the development of RNAi-based therapeutics

Timeline of important milestones since the discovery of the RNAi mechanism in 1998: 1998,1 2001,5,22 2002,16 2003,23 2004,*24,25 2005,26 2006,27 2008,*28,29 2011,*30

2014,*31 2017,*32 2018.*33–35 siRNA, short-interfering RNA; RISC, RNA-inducing silencing complex; shRNA, short hairpin RNA; wAMD, wet age-related macular degen-

eration; LNP, lipid nanoparticle; GalNAc, N-acetylgalactosamine. The asterisks before or after numbers indicate that the study mentioned is included in the published clinical

trials analyzed in this systematic review. Created using BioRender.com.
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groundbreaking discovery (Figure 2).27 Evidence for RNAi-based
nanotherapeutics from systemically administered siRNA via targeted
nanoparticles (NPs) for cancer treatment in humans was provided in
2008.28,29

A fewyears later, in 2011, the first study demonstrating delivery of RNAi
therapeutics using lipid NPs (LNPs) and its potential applications to
treatment was published.30 Interestingly, Gish and co-workers used
LNPs composed of a plasmid encoding RNAi-based molecules com-
plexed with cholesteryl spermine.30 In 2014, the first RNAi-based treat-
ment for cardiovascular disease using a potent inhibitor of PCSK9 was
published.31 N-acetylgalactosamine (GalNAc)-conjugated delivery was
introduced in 2017 (Figure 2).32 It all culminated in 2018, when the first
RNAi-based drug, patisiran, was approved by the U.S. Food and Drug
Administration (FDA) and the European Medicines Agency (EMA)
as treatment for hereditary transthyretin amyloidosis (hATTR) (Fig-
ure 2).33–35 Since then, four other RNAi therapeutics (givosiran, luma-
siran, inclisiran, and vutrisiran) have been approved formedical use.34,35

By its 25th anniversary, RNAi-based therapy has established itself as
an important treatment strategy that may benefit patients with other-
wise incurable diseases. This systematic review investigates how the
maturation of RNAi therapeutics and developments in delivery plat-
forms, administration routes, and potential targets shape the current
landscape of clinically applied RNAi. The most remarkable finding
was that the approved RNAi drugs successfully but solely target the
liver and targeting of extra-hepatic tissues seems to be the next frontier.

RESULTS
During the search period, which was restricted to the publication year
of Fire and Mello’s seminal paper, 1998, and forward, we retrieved
2,723 articles: 1,016 articles from Web of Science, 1,060 from
PubMed, and 647 from Embase; 1,234 duplicates were removed.
The two reviewers screened 1,489 titles/abstracts in Covidence;
1,382 articles were found to be irrelevant. The kappa coefficient for
agreement between reviewers was 0.92. On the basis of full text
screening 118 clinical trials were extracted; 28 not original or dupli-
cate trials were excluded. In total, 90 clinical trials published in 81 ar-
ticles were included for data extraction (Figure S1A). Four hundred
fifty ongoing clinical trials were retrieved from ClinicalTrials.gov.
One reviewer screened the entries in the database; 402 were found
to be irrelevant, and 48 ongoing clinical trials were included for
data extraction (Figure S1B). Ongoing clinical trials were listed by
the year of trial initiation. An overview of the published and ongoing
clinical trials is shown in Tables S1 and S2. Seven articles presented
two or more clinical trials with individual National Clinical Trial
(NCT) numbers. A list of these articles is provided as Table S3.
Design, inclusion/exclusion criteria, and search strategy are described
in materials and methods.

Types of RNAi therapeutics

The first papers describing findings from clinical trials using RNAi
therapeutics were published in 2008, ten years after the discovery of
the RNAi mechanism. From 2008 to 2022, the annual number of pub-
lished clinical trials using RNAi-based drugs increased almost 10-fold
(Figure 3). Likewise, the number of ongoing clinical trials initiated
from 2015 to 2021 increased approximately 7-fold. However, in
2022 the number of ongoing trials using siRNA-based drugs
decreased by almost 40%. In each of the investigated years, siRNA
was by far the most frequently used type of RNAi-inducing molecule
in both the published and ongoing clinical trials, respectively. In 2008
and 2019 siRNA was used in all of the published and ongoing clinical
trials. In 2022 siRNAs still dominated; it was used in �90% of both
published and ongoing trials, and in 2023, so far all of the published
Molecular Therapy: Nucleic Acids Vol. 33 September 2023 471
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Figure 3. Types of RNAi therapeutics

Frequency distribution of RNAi-based drugs (siRNA,

miRNA, shRNA, and miR-shRNA) used in the published

and ongoing clinical trials from 2008 to 2023 and 2015 to

2023, respectively. Color-coded annotations for the dis-

tribution are included.
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and ongoing clinical trials have been siRNA-based. Delivery of ex-
pressed shRNAs as a treatment option has a low but almost constant
frequency in the published trials through the years. A similar fre-
quency of shRNA-based drugs was observed in the ongoing trials.
Only few miRNAs and miR-shRNAs have been investigated in the
published studies or are under investigation in the ongoing clinical
trials (Figure 3).

A clear tendency from the trials reported during the past 25 years is
that synthetic siRNA dominates the field of RNAi therapeutics used
in the clinic.
Delivery platforms of RNAi therapeutics

The delivery platform, that is the way to modify or package the
RNAi-based molecule, is key to the effectiveness of the RNAi
drug. Several factors, including oligonucleotide charge and size,
RNase susceptibility, and immunogenicity, as well as interaction
with reticuloendothelial system and endocytosis play important
roles of the applied delivery platform. From 2008 to 2016 several
different delivery platforms were used in the published and ongoing
clinical trials, e.g., ex vivo methods (see Table S4), LODER technol-
ogy (Local Deliver EluteR; a cancer drug delivery platform devel-
oped by Silenceed to enable insertion of the RNAi therapeutic
directly into the core of solid tumors), and NPs (LNPs, polymer
NPs, and gold NPs), with NPs being the most frequently used (Fig-
ure 4A). From 2017 onward, naked delivery of RNAi-based drugs is
the most common method, and in 2022 79% and 63% of the pub-
lished and ongoing trials used naked delivery. In comparison, in to-
472 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
tal 11% and 19% of the published and ongoing
trials describes NP delivery of RNAi-based
molecules, and 11% and 13% of the published
and ongoing trial were delivered by ex vivo
methods (Figure 4A). In 2023 naked delivery
is used in all of the published and ongoing tri-
als. LODER technology was used in 1% and 2%
of all published and ongoing trials. Degrada
BALL technology (a porous NP drug delivery
platform developed by Lemonex) and exo-
somes were both used in 2% of all ongoing
clinical trials.

LNPs are most frequently used in the trials for
NP delivery. LNPs were used in 91% and 56%
of all published and ongoing clinical trials (Fig-
ure 4B). Other types of NPs delivery include
polymer NPs used in 5% and 44% of all the published and ongoing
clinical trials. Gold NP delivery was used in 5% of all the published
clinical trials. Notably, the last clinical trial based on LNP delivery
was initiated in 2020. From this time forward, polymer NPs seem
be the preferred type of NP in the ongoing trials.

GalNAc-conjugated delivery of RNAi-based drugs is the most com-
mon form of naked delivery with 68% and 77% in total of the pub-
lished and ongoing clinical trials (Figure 4C). GalNAc conjugates
were not used before 2017, and after its introduction a significant
shift in the delivery method unfolded, from LNP based to naked
based (Figures 4B and 4C). Other types of naked delivery include
chemical modifications (9% and 3%), cholesterol conjugation (9%
and 7%), and unmodified delivery (14% and 13%), in the published
and ongoing clinical trials, respectively (Figure 4C).

The most remarkable finding in delivery technology since the discov-
ery of RNAi was the replacement of LNP-based delivery by GalNAc
conjugation as the predominant method in 2017.

Administration of RNAi therapeutics

A similar shift in administration route was observed after 2017.
Hence, before this year various deliver routes had been applied,
whereas subcutaneous (s.c.) administration of RNAi therapeutics pre-
dominated after 2017. This finding is further substantiated by assess-
ing the accumulated numbers as depicted in the pie charts in Figure 5:
44% and 50% of the published and ongoing trials use s.c. administra-
tion, and 36% and 21% use intravenous (i.v.) administration.
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In 2017, i.v. administration was usedmore frequently than s.c. adminis-
tration (50%and40%), andbefore2017, s.c. administrationwasnot used
at all (Figure 5). However, from 2020 to 2022 s.c. administration was the
predominant type of administration, with 79% of the published clinical
trials using this type of administration in 2022 alone, compared with
16%of the trials using i.v. administration (Figure 5). In 2023 so far, every
published clinical trial used s.c. administration. In the ongoing clinical
trials, s.c. administration has in general been the most used form of
administration, with 44% of trials being based on this form in 2022.

Other administration routes have also been investigated in the pub-
lished clinical trials, especially before the emergence of s.c. adminis-
tration in 2017. These include, e.g., intradermal (6% and 10%), intra-
vitreal (5% and 4%), eye drops (1% and 4%), and inhalation (2% and
2%) in total in the published and ongoing clinical trials (Figure 5). The
ongoing clinical trials in 2021–2023 re-investigated a number of
administration routes used before 2017, and they also explore trans-
plant and intralesional administration as new administration options,
which have not been investigated in the published clinical trials.

Development of the GalNac technology has been the reason for the
radical shift toward naked delivery in 2017 and the switch to s.c.
administration. As shown in Figure S2A almost all (97% and 96%)
of the published and ongoing clinical trials combining naked delivery
with s.c. administration, used GalNAc-conjugated RNAi-based drugs.
Ninety percent and 83% of the published and ongoing trials used i.v.
administration in combination with LNPs (Figure S2B).

In summary, 2017 indicated a shift from the i.v. to the s.c. administra-
tion route in the clinical trials, andmost clinical trials have been based
on GalNAc conjugates combined with s.c. administration, or LNP
combined with i.v. administration.

Diseases targeted by RNAi

Diseases were grouped on the basis of etiology (Figure 6) or the tissue
targeted by the RNAi therapeutics (Figure 7). Types of disease etiol-
ogy included broad categories such as cardiovascular, tumor, liver,
and viral (Figure 6).

Etiology of the disease

RNAi therapy has been evaluated for several disease categories (Fig-
ure 6A). Cardiovascular, liver diseases, and tumor were targeted in
about one-fifth of the published and ongoing clinical trials. Viral dis-
ease (e.g., HIV, respiratory-syncytial virus [RSV], and Ebola virus)
was targeted in 18% and 10% of the published and ongoing clinical
trials. Other diseases targeted in the published and ongoing trials
include kidney (7% and 10%), eye (6% and 10%), and blood-mani-
fested (3% and 8%) diseases.
Figure 4. Delivery platforms of RNAi therapeutics

(A) Frequency distribution of methods used to deliver RNAi therapeutics to the target tis

2023, respectively. See Table S4 for explanation of the “Ex vivo” category. (B) Frequenc

trials from 2008 to 2023 and 2015 to 2023, respectively. (C) Frequency distribution of the

2008 to 2023 and 2015 to 2023, respectively. Color-coded annotations are included f
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Intravenous administration was primarily used to treat tumors (34%
and 60%) and liver disease (31% and 10%) in the published and
ongoing clinical trials (Figure 6B). The LNP delivery platform was
used in more than half (56%) of the published trials with i.v. admin-
istration (Figure S2B). On the other hand, 43% and 38% of all s.c.
administered RNAi therapeutics in the published and ongoing trials
were used to treat cardiovascular-related diseases (Figure 6C).

Tissues and genes targeted by RNAi therapeutics

The number of RNAi therapeutics targeting specific tissues were as-
sessed in the published and ongoing trials (Figure 7). Most RNAi-
based drugs from the published and ongoing clinical trials target
the liver (52% and 42%), although this may influence disease etiology
in other organ systems. Tumors (21% and 23%) and viral infections
are the second and third most frequent target, respectively (18%
and 10%) of the published and ongoing clinical trials (Figure 7).

Comparison of the results categorized by disease etiology with target
of the therapeutics shows that RNAi-based medicines applied in
treatment of cardiovascular diseases all target the liver (Tables S5
and S6). These medicines include inclisiran, olpasiran, SLN360, and
ALN-AGT01. In principle, the potency of RNAi enables the targeting
of every disease-causing gene in the human genome. The gene loci
and resulting proteins targeted by RNAi-based drugs are summarized
in Figure 8. PCSK9, located on chromosome 1, is a prominent
example of a targeted gene. The encoded protein, PCSK9, is involved
in hypercholesterolemia by regulating hepatic lipoprotein meta-
bolism. The mRNA transcribed by PCSK9 is the target in 15 and 6
published and ongoing clinical trials for the treatment of atheroscle-
rotic cardiovascular disease (ASCVD) (hypercholesterolemia).
Another example is TTR, located on chromosome 18. It also encodes
a liver-expressed protein, and the involvedmRNA is targeted 10 and 2
times in the published and ongoing clinical trials for the treatment of
hATTR. Other frequent targets in the published and ongoing trials
include VEGFA (2 and 0), HBV-antigens (9 and 3), and ALAS1 (5
and 0). A total of 64 genes (including viral genes) have been targeted
in the published and ongoing clinical trials.

Approved RNAi-based drugs

At present, five RNAi-based drugs (patisiran, givosiran, lumasiran, in-
clisiran, and vutrisiran) have been approved by the FDA and the EMA.
Selected characteristics are listed in Table S7. All have been identified
in the published clinical trials, and all except for givosiran are applied
in the ongoing clinical trials. They are all siRNA-based and target the
liver. Except for patisiran, which is delivered i.v. in LNPs, they are
administrated s.c. as GalNAc conjugates. In total, 68 different experi-
mental RNAi medicines were identified from the published and
ongoing clinical trials (Figure 7). Many of the genes, including TTR,
sue used in the published and ongoing clinical trials from 2008 to 2023 and 2015 to

y distribution of the types of NP types delivered in the published and ongoing clinical

type of naked RNAi molecules used in the published and ongoing clinical trials from

or every distribution.
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Figure 5. Administration of RNAi therapeutics

Frequency distribution of the types of administration routes used in the published and ongoing clinical trials from 2008 to 2023 and 2015 to 2023, respectively. Pie charts

showing the overall distribution of the types of administration routes used in the published and ongoing clinical trials. Color-coded annotations are included for every dis-

tribution.
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LDHA, LPA, CCR5, STMN1, and a number of oncogenes, are targeted
by more than one RNAi therapeutics (Figures 7 and 8).

The world of clinical RNAi

RNAi-based treatment options are investigated all around the world
and patients are recruited from 60 different countries, with the vast
majority of the published and ongoing clinical trials being recruited
from the United States (55 and 40) (Figure S3). A high number of
studies were likewise recruited from countries include Germany (27
and 11), United Kingdom (28 and 16), France (19 and 13), the
Netherlands (18 and 12), and Italy (10 and 6). Fifty-three percent
and 46% of the published and ongoing clinical trials recruited partic-
ipants from more than one country. Cyprus, Iceland, Serbia, and Si-
erra Leone published trials with available published data, but for the
present there are no ongoing trials. On the other hand, even though
ongoing clinical trials are recruited from Chile, Croatia, Estonia,
Ireland, Latvia, Lithuania, Mauritius, Puerto Rico, Romania, and
Thailand, no studies have yet been published (Figure S3).

DISCUSSION
Since its groundbreaking discovery, RNAi has been used extensively
in basic research and clinical trials. The purpose of this systematic re-
view was to provide a detailed overview of RNAi agents applied in the
clinic, on the basis of published and ongoing clinical trials from the
discovery 25 years ago until present day.

Use of RNAi-based molecules comes with inherent challenges
because these molecules are vulnerable to nuclease-mediated degra-
dation, have unfavorable physicochemical features that preclude sim-
ple transfer into cells, andmay contribute to activation of the immune
system. Safe and effective RNAi therapeutics therefore require sophis-
ticated delivery technologies.36 The success of RNAi drugs critically
depends on chemical modifications and/or technologies designed to
protect the RNAi effector from degradation and to warrant their sys-
temic stability, to facilitate localization to the target tissue, and finally,
to safeguard successful intracellular delivery. On the other hand,
RNAi represents an entirely new way to treat disease applicable to a
plethora of targets. Indeed, this systematic review clearly demonstrate
that the field of clinically applied RNAi is rapidly evolving. Cardiovas-
cular diseases are currently the dominant group of diseases targeted
by RNAi. However, treatment for a wide range of tissues from eyes
to joints, and genetic to acquired diseases have been and are being
investigated.

Recent inclusive narrative reviews, with detailed description of themech-
anismsofRNAi18 anddevelopmentofnovelRNAi therapeutics6,17,19,37–39

including the chemistry of the RNAi-based drugs,20 the delivery mecha-
nisms, the cellular uptake mechanisms of antisense oligonucleotides
(ASOs) and their endocytotic pathways, should be acknowledged.40,41

The current review includes both published and ongoing clinical tri-
als. Thus, the review not only summarizes the historic and contempo-
rary field of clinical RNAi, but also provides a strong indication of its
further direction. Notably, most of both published and ongoing clin-
ical trials have recruited or are recruiting patients from the North
America, Europe, South America, India, China, Russia, and South Af-
rica, with the United States being the leading country in terms of
number of trials. A clear tendency seems to be that regions or coun-
tries from which patients have been recruited continue their efforts by
participating in the ongoing studies. Importantly, several “new-
comers” from Africa, Central and South America, Europe, and Asia
actively contribute to the ongoing trials, thereby adding more efforts,
Molecular Therapy: Nucleic Acids Vol. 33 September 2023 475
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Figure 6. Disease etiology

(A) Overall distribution of the types of RNAi-treated diseases in the published and ongoing clinical trials, from 2008 to 2023 and 2015 to 2023, respectively. (B) Overall

distribution of the types of RNAi-treated diseases using i.v. administration in the published and ongoing clinical trials, from 2008 to 2023 and 2015 to 2023, respectively. (C)

Overall distribution of the types of RNAi-treated diseases using s.c. administration in the published and ongoing clinical trials from 2008 to 2023 and 2015 to 2023,

respectively. Diseases are grouped by etiology. Color-coded annotations are included for every distribution.

www.moleculartherapy.org

Review
capacity, additive partnership, and knowledge into developing RNAi
therapeutics. The continuous and increasing interest in RNAi-based
treatment, reflected by the increase in the number of published and
ongoing clinical trials clearly has been fueled by the successful devel-
opment of Patisiran for treatment of hATTR spearheaded by Anylam
Pharmaceuticals.33 The approval of the first RNAi therapeutics was a
major scientific milestone for the entire field of RNAi and the atmo-
sphere of RNAi optimism has sparked a new flood of interest not only
476 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
from the scientific society, but importantly also from investors and
big pharma. In celebration of the 25th anniversary of RNAi, this
important outcome should be highly recognized.

The most remarkable finding was the high number of published clinical
trials, amounting to 90 since the discovery of RNAi in 1998. These have
paved the way for the five FDA- and EMA-approved RNAi therapeutics
for the treatment of severe diseases for which there previously were
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Figure 7. Tissues targeted by the RNAi therapeutics

Overall distribution of tissues targeted by the RNAi therapeutics in the published and ongoing clinical trials, from 2008 to 2023 and 2015 to 2023, respectively. The names of

the RNAi therapeutics are included in the organ box together with the number of RNAi therapeutics found to target the specific organ in the published and ongoing clinical

trials. The color of the border of the organ boxes correlates with the color-coded annotations in Figure 6. The five FDA- and EMA-approved therapeutical RNAi-based drugs

are highlighted in bold. Inspired by Hu et al.20 Created using BioRender.com.
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unattractive or no treatment options at all. The drugs all target the liver
which reflects the high accessibility of this organ through hepatic recep-
tors, the specific anatomyof the liver, and the effective transfer of siRNAs
by i.v. administrated LNPs or s.c. delivered GalNAc-conjugated siRNAs
(see below). A remarkable decrease in the number of ongoing clinical tri-
als targeting the liver was observed, most likely reflecting that the field
awaits selection of new targets following the successes obtained by s.c.
administration of GalNAc-conjugated siRNAs to hepatic tissue.
Historically, one must acknowledge the variety of types of RNAi
therapeutics. From our literature study, it is clear that synthetic
siRNAs are used more frequently than vector encoded RNAi-based
molecules. An obvious advantage of siRNAs is that they are
simpler to manufacture and quality assess, whereas shRNAs needs
delivery of large DNA-based constructs to the nucleus. Hence,
siRNAs require repeated administration, while shRNA-based
therapies are typically more persistent. siRNA duplexes may
Molecular Therapy: Nucleic Acids Vol. 33 September 2023 477
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Figure 8. Genome distribution of target loci

Heatmap showing the chromosomal location of genes targeted by RNAi therapeutics in the published (circles on the left chromosome) and ongoing clinical trials (circles on

the right chromosome). Viral targets are shown below (circles on the left and right side of viruses depict the target in the published and ongoing clinical trials, respectively).

Color-coded annotations are included on the right hand. Red refers to the highest number of studies targeting the mRNA of the given protein, whereas light blue refers to the

lowest number of studies targeting the mRNA of the given protein (e.g., PCSK9 located on chromosome 1 encodes the PCSK9 protein. It is targeted 15 and 6 times in the

published and ongoing clinical trials). Created using BioRender.com.
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activate the innate immune system via intra- and extracellular
RNA sensors.42,43 shRNAs are less likely to elicit this response.
On the other hand, shRNAs are primarily delivered by viral vec-
tors that potentially induce immune and cytotoxicity.44,45 Addi-
478 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
tionally, shRNA-based molecules may saturate the processing
pathway used by miRNAs, thereby interfering with the function
of miRNAs and the endogenous RNAi machinery.45,46 Repression
of off-target mRNAs, primarily mediated by so-called seed site
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matches47,48 is a general risk of RNAi. Both siRNAs and shRNAs
can elicit off-target effects, but chemical modifications of the seed
site and the co-delivered passenger strand may alleviate this
concern.49

The biggest challenge of RNAi-based therapy is devising technology
that allows efficient, specific, and safe delivery to the target cells.
Many of the published and ongoing clinical trials take advantage of
the efficient endocytosis of GalNAc-conjugated siRNAs and LNPs
by liver cells, where both i.v. and s.c. administration are frequently
applied. Hence, the liver can effectively endocytose GalNAc-conju-
gated siRNAs and LNPs. The first approaches to siRNA administra-
tion were focused on LNP-based delivery platforms offering a
shielded compartment, isolated from immune components and
serum nuclease activity, and a drug-biodistribution profile dictated
by the packing agent.36 The function of LNPs is to protect the siRNA
from degradation and renal clearance, thereby prolonging half-life
and facilitating easy endosomal escape.50,51 To deliver siRNAs across
barriers, the LNPs also needs to have a neutral surface charge pro-
vided by ionizable cationic lipid components, leading to reduced
interaction with and binding of non-specific serum proteins.37,51

LNPs can associate with blood-circulating apolipoprotein E (ApoE)
leading to cell-uptake via the low-density lipoprotein receptor
(LDLR) on hepatocytes.37,41,52 However, dsRNA is recognized as
non-self by extracellular and intracellular receptors, thus activating
an immune response. An alternative is modifying the siRNA (e.g.,
by GalNAc conjugation). This receptor-based delivery platform
centered on GalNAc conjugation enables the siRNA to bind to the
asialoglycoprotein receptor (ASGPR) densely found on hepatocytes,
facilitating clathrin-dependent receptor-mediated endocytosis lead-
ing to robust RNAi-mediated gene silencing.53 The unmodified
siRNA drug ALN-RSV01 administered intranasally for the treatment
of RSV did not make it past phase II, underscoring that competent
and discriminating ASGPR-targeting ligands in combination with ad-
vantageous administration route have been key factors for clinically
translation of GalNAc-siRNA-based molecules.17,54

Comparing the published and ongoing trials a clear tendency toward
applying RNAi therapeutics in tumor treatment seems to unfold. The
enhanced permeability and retention effect, possibly as a consequence
of immature blood vessels and reduced lymphatic flow, seems to drive
efficient transfer to and accumulation of RNAi drugs in tumor tissue.55

Interestingly, both unmodified and chemically modified RNAi thera-
peutics are investigated for the treatment of diseases using local
administration. A prominent example of an unmodified RNAi-based
drug is SYL1801 (phase II) which is administered locally by eye drops
for treatment of neovascular AMD (NCT05637255). An example of a
chemically modified RNAi drug is teprasiran (phase II) used to treat
acute kidney injury.56

Intravenous administration is attractive as it facilitates quick and wide-
spread distribution of the RNAi therapeutic. Another advantage of i.v.
administration is the ability to delivery viral particles encoding shRNA
ormiR-shRNA.This could allow targeteddelivery and saferRNAi treat-
ment. However, i.v. administration is invasive and may result in infec-
tion, extravasation, and infiltration. These characteristics may also be
challenging if the drug is not well-tolerated by the patient, or if the con-
centration is too high – resulting in an extensive immune response and
cytotoxicity.57 To avoid these disadvantages the field has attempted to
replace i.v. administration by s.c. administration, as this method is
less invasive and allows slower uptake through the lymphatic system
and capillaries into the circulation.58 Hence, s.c. administration has
dominated the scene since 2017. A similar dominance of s.c. over i.v.
administration is also observed in ongoing clinical trials. The fact that
i.v. administration is less frequently used for liver-related diseases in
the ongoing clinical trials compared with the published trials, further
substantiates the prominent efficacy of s.c. administration developed
for liver-targeting RNAi therapeutics. Subcutaneous administration
has not been used for delivery of LNPs. A plausible explanation for
this observation is that LNPs are often retained at the injection site
because they are too large to enter capillaries and the lymph system.

Taken together, LNP systems are currently one of the most sophisti-
cated non-viral nucleic acid delivery platforms enabling gene thera-
pies. The recent decades of using lipid-based delivery systems for
small molecule therapeutics have driven the efforts of evolving LNP
technology for delivery of RNAi-based molecules38 and profoundly
affected the success of, e.g., COVID-19 vaccines.59,60

Before 2017 several other administration routes besides s.c. and i.v.
were applied. These routes were abandoned because of their unsuc-
cessful application. However, on the basis of the gained knowledge
from the success of s.c. and i.v. administrated drugs, the field seems
to have shifted toward reimplementation of previously used adminis-
tration routes, including intradermal, intratumoral, intravitreal,
topical eye drops, and inhalations. The idea is to tailor the therapy us-
ing local administration of RNAi therapeutics as in the case of intra-
vitreal injections of naked siRNAs to the eye or intertumoral injection
of siRNAs. Notably, ex vivo delivery of RNAi-based drugs seems to
slightly lag behind the rest of the field, and the few examples are based
on gene transfer of shRNA- or miR-shRNA-encoding genes to tumor
cells, T helper cells, B cells, and hemopoietic stem cells (Table S2).

A notable observation is the relative few gene targets currently exploited
for treatment despite the almost unlimited potential of RNAi-based
drugs.61 The trajectory depicted by the ongoing clinical trials shows
that futureRNAi therapeuticsmay bebasedon siRNAs, delivered naked
or in a conjugated form(such asGalNAc)using thewell-established s.c.-
and intravitreal-based administration routes as well as novel, less
proven methods. These approaches may hence be based on eye drop,
inhalation, submucosal, intranasal, and intralesional administration
for the targeting of a wide variety of diseases affecting the eye, CNS, kid-
ney, blood, skin, joints, or lipid tissues (ClinicalTrials.gov; Table S2).
This notion is further supported by the massive activity of pharmaceu-
tical corporations includingAlnylam,Gradalis, Dicerna, Olix, Novartis,
and Sylentis.
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Alnylam has pioneered the translation of RNAi medicines for espe-
cially liver-related and liver-targeted diseases and has recently also
focused their activities on infectious, cardio-metabolic, andCNS disor-
ders. However, the view on RNAi-based drugs looked quite different at
the end of 2016 when Alnylam halted their phase III trial of revusiran
because of severe adverse events, resulting in several large pharmaceu-
tical companies backing out of the RNAi field. Despite this setback, Al-
nylam persisted and performed, on the basis of their enhanced stabili-
zation chemistry (ESC), the first clinical trials using GalNAc-siRNA
conjugates. The increased stability of ESC-GalNAc-siRNA conjugates
resulted in efficacy ten times greater than standard template chemistry
because of considerably increased liver exposure and sustained gene
silencing.36 In 2018 Alnylam had six GalNAc-siRNA conjugates in
clinical trials and by January 2023 the company has increased its activ-
ity to ten active RNAi-therapeutic-based clinical trials.

Gradalis develops shRNA for tumors (ex vivo intradermal delivery
and i.v. LNP-based delivery, 3 ongoing clinical trials). Olix targets hy-
pertension (s.c. administration of GalNAc-conjugated siRNA, 1
ongoing clinical trial) and AMD (intravitreal administration of
cholesterol-conjugated siRNA, 1 ongoing clinical trial). Novartis fo-
cuses on treating ASCVD (s.c. administration of GalNAc-conjugated
siRNA, 5 ongoing clinical trials). This atmosphere of RNAi optimism
has stimulated a new global wave of investment and licensing deals,
reinvolving big pharma, such as Novo Nordisk, Eli Lilly, and Janssen.

Only a few studies have focused on diseases of the eye, which otherwise
have been at the forefront of gene therapy.62Notably, the eye is the target
tissue in thefirst siRNAclinical trial and is especially attractive forRNAi-
based treatment, primarily because of its small size and the intraocular
immune privilege, which both favor local delivery and thus limiting
inflammation and off-target effects.63 The only approved RNA-based
drug for the eye, Macugen, targeting VEGF in the eye, has been with-
drawn by the request of the marketing holder.64 The observed discrep-
ancy most likely reflects that retinal gene therapy has aimed at treating
loss-of-function diseases rather than gain-of-function diseases such as
hATTR. Another reason is unmet endpoint goals, which lead to discon-
tinuation of a phase III trial of bevasiranib (NCT00499590). However,
seven different RNAi-based drugs, fighting various eye diseases
including wet AMD (wAMD) (AGN-211745 [phase I], PF-04523655
[phase I/II], OLX10212 [phase I], SYL1801 [phase II], and 4D-150
[phase I/II]), diabetic macular edema (DME; PF-04523655 [phase I]),
glaucoma (SYL040012 [phase I]), and eye discomfort, particularly dry
eye disease (Sjögren’s syndrome) (tivanisiran (SYL1001) [phase III])
are currently being investigated in clinical trials. As an alternative to us-
ing synthetic siRNAs, novel vector encoded shRNAs may offer a more
persistent solution.16 A number of recent studies using shRNA-,
agshRNA-, and miRtron-based therapy have already been investigate
in pre-clinical settings,2,65,66 indicating that such RNAi-basedmolecules
targeting the retina may also find its way into clinical trials.62,67,68

In conclusion, the broad spectrum of diseases identified in the
ongoing clinical trials is excellent news not only for patients but
also the entire field of RNAi. Twenty-five years ago, RNAi was first
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described in C. elegans. After two and a half decades of maturation,
a handful of approved RNAi treatments targeting the liver exist and
treatment for other tissues are dedicatedly investigated. These exiting
findings clearly signal that RNAi-based drugs are here to stay and
have almost indefinite potential. As RNAi therapy is making headway
in the clinic, the progress of the liver therapeutics discussed will hope-
fully provide the unmet need for treatment of extra-hepatic disease
thereby improving the quality of life for a great spectrum of patients.
MATERIALS AND METHODS
Design and inclusion/exclusion criteria

This systematic review was conducted with adherence to the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 statement guidelines (the PRISMA 2020
statement checklist provided in Table S8). The review was not regis-
tered. Inclusion/exclusion criteria, search strategy, and extraction
protocol were defined prior to the literature search. For the identifica-
tion of published clinical trials, we included all original research arti-
cles on clinical trials using RNAi. Non-interventional studies were
excluded. The search period was restricted to the publication year
of Fire and Mello’s seminal paper,1 1998, and forward. Non-original
articles, studies in non-human species, and pure in vitro/ex vivo
studies were excluded. For the identification of ongoing clinical trials,
we included active entries in ClinicalTrials.gov using RNAi.
Search strategy

We searched Web of Science (All Databases), PubMed, and Embase
from January 1, 1998, to December 30, 2022. The search was per-
formed December 30, 2022, using Google Chrome Version
108.0.5359.124 (Official Build) (arm64). The search string was built
from synonyms of RNAi together with the above-mentioned inclu-
sion/exclusion criteria. For a limited number of studies, the online
publication date was in the end of 2022 with the consequence that
the paper first appeared in the journal the following year. In these
cases, the studied are figured in 2023.

Articles were imported to Endnote 20.4 (build 18004) with semi-
automated removal of duplicates, and with subsequent manual
removal of duplicates not found by Endnote. Articles were imported
into Covidence systematic review software (Veritas Health Innova-
tion, Melbourne, Australia) and independently screened by titles/ab-
stracts by two reviewers. Included full text articles were screened by
two reviewers, who also extracted clinical trials identified in each ar-
ticle. Clinical trials were excluded according to the above-mentioned
criteria and limitations. Furthermore, clinical trials sharing NCT
number with a trial published earlier, were also excluded. All
conflicts between reviewers during the screening process were re-
solved by consensus. Data from included clinical trials were ex-
tracted according to the extraction protocol (Table S9). If data for
a given clinical trial (with NCT number) were missing in the corre-
sponding included article, data were, if possible, retrieved from
ClinicalTrials.gov.
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We searched ClinicalTrials.gov for ongoing clinical trials using the fil-
ters “recruiting,” “enrolling by invitation,” and “active, not recruiting.”
The search was performed January 18, 2023, using Google Chrome
Version 108.0.5359.124 (Official Build) (arm64). The aforementioned
extraction protocol was deployed on these studies.

The full search strategy including inclusion/exclusion criteria for iden-
tification of published and ongoing clinical trials via databases and
ClinicalTrials.gov is provided as in the supplemental information.

Our assessment of LNPs and chemical modifications of RNAi effec-
tors were limited to general categories of LNP-based and chemical
modification delivery platforms. Another limitation was that only
one reviewer screened/extracted the ongoing clinical trials. We did
not assess the risk for bias in the included published and ongoing
studies.

Statistics

Descriptive statistics were performed for study characterization and
kappa statistical analysis was performed to determine interrater
agreement (title/abstract screening). Statistical analyses and accom-
panying figures were made in Prism 9.5.1 for Mac OS X (GraphPad
Software, San Diego, CA).

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2023.07.018.
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