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RNA interference mediated by small interfering RNAs (siRNAs) has been exploited for the development of therapeutics. siRNAs can
be a powerful therapeutic tool because the working mechanisms of siRNAs are straightforward. siRNAs determine targets based on
their sequence and specifically regulate the gene expression of the target gene. However, efficient delivery of siRNAs to the target
organ has long been an issue that needs to be solved. Tremendous efforts regarding siRNA delivery have led to significant progress
in siRNA drug development, and from 2018 to 2022, a total of five siRNA drugs were approved for the treatment of patients.
Although all FDA-approved siRNA drugs target the hepatocytes of the liver, siRNA-based drugs targeting different organs are in
clinical trials. In this review, we introduce siRNA drugs in the market and siRNA drug candidates in clinical trials that target cells in
multiple organs. The liver, eye, and skin are the preferred organs targeted by siRNAs. Three or more siRNA drug candidates are in
phase 2 or 3 clinical trials to suppress gene expression in these preferred organs. On the other hand, the lungs, kidneys, and brain
are challenging organs with relatively few clinical trials. We discuss the characteristics of each organ related to the advantages and
disadvantages of siRNA drug targeting and strategies to overcome the barriers in delivering siRNAs based on organ-specific siRNA
drugs that have progressed to clinical trials.
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INTRODUCTION
Antisense transcripts to perturb the expression of target mRNAs
have been widely used for genetic analyses. DNA plasmids
expressing antisense transcripts of target mRNAs have been
introduced into mammalian cells1, and antisense transcripts
synthesized in vitro have been injected into frog oocytes2,3. The
strategy of suppressing gene expression using antisense tran-
scripts has also worked well in C. elegans. However, it was revealed
that double-stranded RNAs (dsRNAs) are more potent in suppres-
sing target genes than antisense transcripts4. Exogenous long
dsRNAs in worms are processed into short RNA duplexes of ~21-
22 nt by RNase III and loaded onto ARGONAUTE proteins to
suppress target gene expression. This biological process of RNA
interference (RNAi) is well conserved in diverse organisms,
including humans.
To apply RNAi to human cells, a short form of RNA duplexes

should be delivered because long dsRNAs induce innate immune
responses5. Exogenous ~21 nt RNA duplexes are incorporated into
AGO proteins, and one of the strands is selected as a guide strand
depending on the thermodynamic stability at the 5’ end of the
RNA duplexes6. When the guide strand of siRNA forms a complex
with AGO2 and binds to target RNAs with complementary
sequences without mismatches, the ribonucleoprotein complex
can cleave target RNAs (Fig. 1a). AGO2, among the four AGO
proteins in humans, possesses endonuclease activity that cuts the
phosphodiester bond of the target RNAs located between the
10th and 11th nucleotides from the 5’ end of the guide strand7.
siRNAs have long been considered promising drug platforms

because their working mechanisms have been well demonstrated,

and siRNAs can be designed to target a specific RNA based on
target sequences. Nevertheless, there are some factors to consider
when developing siRNAs as drugs (Fig. 1b). siRNAs can bind to off-
target RNAs with mismatches, which can result in translational
suppression or decay of the off-target RNAs8. The off-targeting of
siRNAs can be minimized by formulating siRNA sequences with
computational algorithms9. The other issues that have arisen in
using siRNAs as drugs are instability and potential immune
reactions. RNAs are unstable and easily degraded by enzymatic
and nonenzymatic hydrolysis. Unmodified naked siRNAs delivered
into organisms through intravenous injection can be rapidly
degraded because of vulnerability to RNases and phosphatases10.
Moreover, a high concentration of unformulated and unmodified
siRNAs that can be recognized by Toll-like receptor 3 (TLR3) or
serine/threonine protein kinase (PKR)11–14 activate innate immune
responses, leading to global translational blockade and cell death.
To overcome these issues, the backbone and nucleotides of
siRNAs are chemically modified15. Lastly, the delivery of negatively
charged bulky siRNA to cells was improved by fusing molecules
that can penetrate the lipid bilayers of cells or by encapsulating
siRNAs into liposomes or lipid nanoparticles (LNPs). As a result of
these tremendous efforts, the first siRNA-based drug, Patisiran,
was approved by the United States Food and Drug Administration
(US FDA) 20 years after the discovery of RNAi.
The approval of siRNA drugs has expanded the platforms used

for oligonucleotide drug development. Before siRNA drugs were
approved, only antisense oligonucleotide (ASO) drugs were used
to control the expression of target genes that could not be
targeted by traditional methods such as small molecules16.
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An ASO, a single-stranded oligonucleotide, binds to target RNAs
and regulates gene expression in various ways. An ASO can
perform RNase H1-mediated RNA cleavage, translational suppres-
sion, and splicing modulation17. The chemical modification of
ASOs is indispensable for their stability and efficacy; however, the
phosphorothioate or polyethylene glycol linkage backbone in
ASOs can increase the binding affinity to unintended proteins,
which is associated with toxicity18–20. siRNA drugs with less
modified linkage backbones can be developed as alternatives to
ASO drugs21,22.
As of December 2022, five siRNA drugs have been approved by

the US FDA: Patisiran (Onpattro)23, Givosiran (Givlaari)24, Luma-
siran (Oxlumo)25, Inclisiran (Leqvio)26, and Vutrisiran (Amvutta)27

(Table 1). All five approved siRNA drugs target mRNAs expressed
in the liver. This is not very surprising because siRNAs delivered
into an animal rapidly accumulate in the liver, a major organ for
detoxifying exogenous materials. However, siRNA drugs targeting
mRNAs expressed in other organs are also under development. In
this review, we discuss the features of organs from the perspective
of siRNA targeting. We focus on a few organs that are targeted by
currently available siRNA drugs and siRNAs in phase 2 and 3
clinical trials.

PREFERRED ORGANS TARGETED BY SIRNAS: LIVER, EYE AND
SKIN
Different strategies of siRNA delivery are being developed to
target various organs precisely. Among the many organs, we
categorized the liver, eye, and skin as preferred organs targeted by
siRNAs. The first siRNA drug to enter clinical trials was AGN211745
(siRNA-027)13, targeting the eye. All siRNA drugs approved by the
FDA target the liver23–27. Moreover, additional siRNA candidates

targeting the liver, eye, and skin have progressed to phase 2 or 3
clinical trials. This section will discuss organs that are the preferred
targets of siRNAs.

Liver
The liver is an essential organ responsible for numerous functions,
including protein synthesis, detoxification, and the production of
necessary biochemicals for sustaining life. Most drugs are
metabolized in the liver. In this process, enzymes located in the
endoplasmic reticulum of liver cells convert lipid-soluble metabo-
lites into water-soluble metabolites to excrete the metabolites
originating from drugs through the kidneys28.
Both passive and targeted siRNA delivery can be used for the liver

(Fig. 2a). Passive delivery is determined by the intrinsic properties
and anatomy of a specific tissue or cell type29. Recognition moieties
or drug carriers are not necessary for passive delivery (also known as
physiology-based targeting). The reticuloendothelial system (RES), a
part of the immune system, preferentially captures vesicles and
removes foreign bodies found in the blood circulation to protect the
body from harmful effects. Therefore, siRNAs encapsulated by
liposomes or LNPs tend to accumulate through passive delivery in
the liver, spleen, lymph nodes, and kidneys, which are filtering
organs belonging to the RES30,31. For targeted siRNA delivery, the
asialoglycoprotein receptor (ASGPR) is utilized. The expression of
ASGPR is negligible in other tissues but very high in parenchymal
hepatocytes, which comprise 70~85% of the liver volume. siRNAs
conjugated with N-acetylgalactosamine (GalNAc), a carbohydrate
moiety, specifically bind to ASGPR with a high affinity that results in
hepatocyte-specific uptake of the conjugates32. Four siRNA drugs
among the five FDA-approved drugs, except for patisiran, are
conjugated with GalNAc. GalNAc conjugation also provides addi-
tional stability to siRNAs (Table 1).

Fig. 1 siRNA working mechanism and its features. a General mechanism of action of synthetic small interfering RNA (siRNA). Exogenous
RNA duplexes of ~21 nt are incorporated into an RNA-induced silencing complex (RISC), which includes ARGONAUTE2 (AGO2). AGO2 cleaves
the passenger strand and liberates the guide strand of the siRNA. The guide strand then guides the RISC to the target mRNA and leads to the
cleavage of mRNA. b Considerations that point to the development of siRNAs as drugs: off-target effects caused by binding of the guide
strand to nontarget mRNA with mismatches, RNA stability decreased by degradation and hydrolysis, and immune responses induced by
dsRNA recognition.
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Table 1. siRNA drugs approved by the FDA as of 2022.

Drug/
Trade name

Date of
Approval

siRNA
Carrier

Routes of
administration

Indication and usage Target organ Target gene Reference

Patisiran/
Onpattro

August
10, 2018

Lipid
nanoparticles

intravenous Adult patients with
hereditary transthyretin
mediated (hATTR)
amyloidosis

Liver transthyretin (TTR) 23

Givosiran/
Givlaari

November
20, 2019

GalNAc-
conjugation

subcutaneous Adult patients with
acute hepatic
porphyria (AHP)

Liver aminolevulinate
synthase 1
(ALAS1)

24

Lumasiran/
Oxlumo

November
23, 2020

GalNAc-
conjugation

subcutaneous Adult and pediatric
patients with primary
hyperoxaluria type
1 (PH1)

Liver hydroxy acid
oxidase 1 (HAO1)

25

Inclisiran/
Leqvio

December
21, 2021

GalNAc-
conjugation

subcutaneous Adult patients with
heterozygous familial
hypercholesterolemia
or clinical
atherosclerotic
cardiovascular disease.

Liver proprotein
convertase
subtilisin/kexin
type 9 (PCSK9)

26

Vutrisiran/
amvuttra

June
13, 2022

GalNAc-
conjugation

subcutaneous Adult patients with
hereditary transthyretin
mediated (hATTR)
amyloidosis

Liver transthyretin (TTR) 27

Fig. 2 Preferred organs targeted by siRNAs: liver, eye and skin. The characteristics of the liver, eye, and skin as target organs of siRNA drugs
are described. a siRNAs injected intravenously are accumulated in the liver through the reticuloendothelial system (RES). siRNAs conjugated
with N-acetylgalactosamine (GalNAc) bind to hepatocyte-specific asialoglycoprotein receptor (ASGPR) with high affinity. b The eye is a
clinically accessible organ with immune-privileged regions: the vitreous cavity, anterior chamber, and subretinal space. siRNA drugs can be
administered topically or by intravitreal injections into the eye. c The skin is known to be the largest organ in the human body. Microneedles,
chemical enhancers, ultrasound, electrophoresis, and nanocarrier delivery systems can be used to deliver siRNAs to the skin.
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Patisiran, the first FDA-approved siRNA drug, is delivered to the
liver by LNPs to cure transthyretin-mediated amyloidosis (ATTR).
ATTR is a fatal disease caused by the accumulation of misfolded
TTR as amyloid fibrils in various tissues, including the heart, nerves,
and gastrointestinal tract. While TTR proteins are expressed in all
tissues of the human body, TTR mRNAs are primarily expressed in
the liver. Vutrisiran, approved in 2022, also targets TTR mRNAs.
Vutrisiran has advantages in the dosing method and interval.
While patisiran is delivered by intravenous injection once every
three weeks, vutrisiran is delivered subcutaneously only once
every 3 months27. Givosiran was developed to treat acute hepatic
porphyria (AHP), which is caused by the accumulation of
neurotoxic intermediates called aminolevulinic acid (ALA) and
porphobilinogen (PBG). ALA and PBG primarily accumulate in the
liver and circulate through the body, resulting in neurological
damage. Givosiran suppresses the expression of 5’-aminolevuli-
nate synthase 1 (ALAS1), an enzyme required for ALA production,
and reduces ALA and PBG levels. Lumasiran is used to treat
primary hyperoxaluria type 1 (PH1). PH1 is caused by a deficiency
in liver alanine glyoxylate-aminotransferase (AGT), which is
responsible for the detoxification of glyoxylate. In the absence
of AGT activity, glyoxylate is converted to oxalate, which forms
insoluble calcium oxalate crystals in the kidney and other organs.
Lumasiran cleaves hydroxy acid oxidase 1 (HAO1), an enzyme
involved in oxalate synthesis25. Inclisiran was developed to treat
heterozygous familial hypercholesterolemia and clinical athero-
sclerotic cardiovascular disease (ASCVD). Extremely high levels of
low-density lipoprotein (LDL) and cholesterol (LDL-C) in plasma
lead to premature ASCVD. Inclisiran delivered to the liver represses
the synthesis of proprotein convertase subtilisin/kexin type 9
(PCSK9), a protein necessary for LDL-C metabolism26.
Moreover, fifteen siRNA therapeutics have progressed to phase

2 and 3 clinical trials (Table 2). The potential siRNA drugs in phase
3 include nedosiran (DCR-PHXC), ARO-APOC3, fitusiran (ALN-
AT3SC), and revusiran (ALN-TTRSC), which target LDH, APOC3,
SERPINC1, and TTR, respectively. Eleven siRNAs, cemdisiran,
zilebesiran (ALN-AGT01), olpasiran (AMG 890), ARO-ANG 3, ARO-
HBV (JNJ-3989), AB-729, SLN360, ARO-AAT, ARC-520 and ND-L02-
s0201, are in phase 2. ARO-HBV, AB-729, and ARC-520 are for
infectious diseases; fitusiran is for hematology diseases, and
revusiran and ARO-AAT are for hereditary diseases. ND-L02-s0201
treats fibrotic diseases by inhibiting the expression of heat shock
protein 47 (HSP47). All the other drugs are for metabolic diseases.
Only ARC-520 and ND-L02-s0201 use a nanoparticle system to
deliver siRNAs, while the rest of the drugs use the GalNAc
conjugate delivery system.

Eye
The ocular system is located outside the cranium; thus, it is
clinically accessible, unlike other central nervous system tissues. In
particular, local delivery of siRNA to the ocular tissue is less
complicated than delivery to other tissues. Local and near-direct
delivery to the eye avoids the difficulties of systemic administra-
tion and minimizes systemic toxic effects. The additional
advantage of delivering siRNA drugs to the eye is in the immune
characteristics of the eye. The eye is an immune-privileged organ
with limited local immune and inflammatory responses to
maintain vision. This eye immune privilege is achieved through
anatomical and biochemical mechanisms and is maintained in the
vitreous cavity, anterior chamber, and subretinal space33. These
features make the eye an excellent candidate for siRNA therapy.
Indeed, the first siRNA drug that entered clinical trials was
AGN211745 (sirna-027), targeting the eye.
Drugs are usually delivered to the eye directly by topical

application (eye drops) or injection34 (Fig. 2b). For siRNA
therapeutics, topical and intravitreal injection methods have
likewise been used35. Topical administration is a noninvasive
method and can be self-applied. However, topical administration

is limited to diseases related to the anterior segment because
there are multiple barriers to the back of the eye. Only
approximately 10% of the applied dose is absorbed due to the
physical barrier consisting of the corneal and conjunctival
epithelium, nasolacrimal duct, and tears. Cell-penetrating peptide
and silicon-based delivery approaches have been developed as
siRNA delivery systems to increase the corneal permeability of
drugs36. Various siRNAs using topical routes are under develop-
ment37,38. The success of intravitreal injections of the anti-vascular
endothelial growth factor (VEGF) “bevasiranib”12 has made the
injection method common in drug delivery to the eye. Although
piercing the retina can cause a physical break in blood tissue
barriers and increase the risk of a systemic immune response39,40,
injection of drugs into the vitreous humor is the most efficient
method to deliver drugs to the posterior segments of the eye
because it can bypass the natural barriers of the eyes. By using this
advantage, siRNA drugs based on intravitreal injection are under
development to treat diseases occurring in the posterior segment,
such as age-related macular degeneration (AMD) and diabetic
retinopathy (DR)13,41.
Currently, among siRNAs targeting the eye, eight drugs have

progressed to phase 2 and 3 clinical stages: AGN211745 (sirna-
027), bevasiranib, tivanisiran (SYL1001), bamosiran (SYL040012),
codosiran (QPI-1007), PF-0423655, RXI-109, and SYL1801 (Table 2).
Both AGN211745 (sirna-027) and bevasiranib have been devel-
oped to inhibit the VEGF signaling pathway for treating
neovascular AMD. AGN211745 (sirna-027) targets VEGF receptor
1 (VEGFR1/FLT1), while bevasiranib targets VEGF itself. Tivanisiran
(SYL1001) was developed to reduce ocular pain/discomfort in
patients with dry eye disease by targeting Transient Receptor
Potential Vanilloid 1. (TRPV1), a cation channel that acts as a
nociceptive transducer. Bamosiran (SYL040012) targets the β2-
Adrenergic Receptor (ADRB2) to reduce aqueous humor produc-
tion and lower elevated intraocular pressure. Codosiran (QPI-1007)
inhibits the loss of retinal ganglion cells (RGCs) and prevents optic
neuropathy by targeting Caspase-2 (CASP2), which is highly
expressed in RGCs during optical injury. PF-0423655 was
developed for AMD patients by targeting RTP801 (DDIT4), a
hypoxia-inducible gene overexpressed in choroidal neovascular-
ization and diabetic retinopathy. SYL1801 targets NOTCH Regu-
lated Ankyrin Repeat Protein (NRARP) and reduces the effects of
the VEGF signaling pathway. Tivanisiran, bamosiran, and SYL1801
are administered topically, whereas AGN211745, bevasiranib,
codosiran (QPI-1007), and PF-0423655 are administered by
intravitreal injection.

Skin
Human skin consists of three main layers, the epidermis, dermis,
and hypodermis42, and it prevents excessive transepidermal water
loss and protects the human body from the external environment,
such as ultraviolet rays (UV), and from the entry of xenobiotics and
microbes. The skin is the largest and most accessible organ in our
body. In addition, it is relatively easy to apply treatment to local
areas, monitor modified areas, perform tissue biopsies, and
remove abnormal areas surgically for the skin. Thus, the skin is
an attractive organ for the development of therapeutics.
Topical administration is a noninvasive drug delivery method

commonly used for skin, but it is difficult to bypass a barrier called
the stratum corneum (SC), which is the outer layer of the
epidermis43,44. For transdermal drug delivery, physical methods
including microneedles, chemical enhancers, ultrasound, electro-
poration, and iontophoresis have been developed43 (Fig. 2c). In
addition to these general drug administration routes, delivering
siRNA drugs by another approach using nanocarriers is being
explored because nanocarriers have the advantages of biocom-
patibility, biodegradability, and versatility45,46.
Currently, among the siRNA studies that target the skin, four

drugs, STP705 (cotsiranib), BMT101 (cp-asiRNA), OLX10010, and
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RXI-109, have progressed to clinical trials. The goal of these siRNA
drugs is the same, treating hypertrophic scars caused by the
excessive production of collagen from myofibroblasts during
wound healing. All these siRNAs are delivered to the skin by

intradermal injection. BMT101 (cp-asiRNA), OLX10010, and RXI-
109 target connective tissue growth factor (CTGF), which is
involved in the formation of hypertrophic scars and keloids.
STP705 targets TGFβ1 and Cyclooxygenase-2 (COX-2/PTGS2),

Table 2. List of siRNA drug candidates in phase 2 and 3 clinical trials targeting the preferred organs: liver, eye, and skin.

Target organ Drug name Delivery system Target gene Disease status

Liver Nedosiran (DCR-PHXC) GalNAc
conjugate

LDH Primary hyperoxaluria type 1,2 Phase 3, enrolling by
invitation, NCT04042402

Fitusiran (ALN-AT3SC) GalNAc
conjugate

SERPINC1 Hemophilia A and B Phase 3, completed,
NCT03549871

ARO-APOC3 GalNAc
conjugate

APOC3 Familial chylomicronemia syndrome Phase 3, recruiting,
NCT05089084

Cemdisiran GalNAc
conjugate

C5 Paroxysmal nocturnal
hemoglobinuria

Phase 2, active, not
recruiting, NCT03841448

Zilebesiran(ALN-
AGT01)

GalNAc
conjugate

AGT Mild-to-moderate hypertension Phase 2 (KARDIA-1),
recruiting, NCT04936035

Olpasiran(AMG 890) GalNAc
conjugate

LPA Cardiovascular disease, patients
with elevated serum lipoprotein A

Phase 2, active, not
recruiting, NCT04270760

ARO-HBV (JNJ-3989) GalNAc
conjugate

HBV RNAs Hepatitis B Phase 2, completed,
NCT03365947

AB-729 GalNAc
conjugate

Viral antigens Hepatitis B,D Phase 2, active, not
recruiting, NCT04820686

ARO-ANG3 GalNAc
conjugate

ANGPTL3 Mixed dyslipidemia Phase 2, recruiting,
NCT04832971

Revusiran (ALN-
TTRSC)

GalNAc
conjugate

TTR Transthyretin (TTR)-mediated
amyloidosis

Phase 3, completed,
NCT02319005

SLN360 GalNAc
conjugate

LPA Cardiovascular diseases,
atherosclerosis

Phase 2, Not yet
recruiting, NCT05537571

ALN-PCSSC GalNAc
conjugate

PCSK9 Homozygous familial
hypercholesterolemia

Phase 2, completed,
NCT02963311

ARO-AAT GalNAc
conjugate

AAT Alpha-1 antitrypsin deficiency Phase 2, Active, not
recruiting, NCT03946449

ARC-520 Nanoparticle HBV RNAs Hepatitis B Phase 2, terminated
NCT02738008

ND-L02-s0201 Nanoparticle HSP47 Fibrosis Phase 2, completed,
NCT03538301

Eye AGN211745
(sirna-027)

naked siRNA VEGFR1 (FLT1) Neovascular AMD Phase 2, terminated,
NCT00395057

Bevasiranib naked siRNA VEGF Neovascular AMD Phase 3, Terminated,
NCT00499590

Tivanisiran (SYL1001) naked siRNA TRPV1 Dry eye disease with Sjogren
syndrome

Phase 3, completed,
NCT03108664

Bamosiran(SYL040012) naked siRNA ADRB2 Elevated intraocular pressure Phase 2, completed,
NCT02250612

Codosiran(QPI-1007) naked siRNA CASP2 Acute primary angle closure
glaucoma

Phase 2a, completed,
NCT01965106

PF-0423655 naked siRNA RTP801
(DDIT4)

Diabetic macular edema, choroidal
neovascularization, diabetic

Phase 2, completed,
NCT01445899

RXI-109 naked siRNA CTGF (CCN2) Wet AMD Phase 2, Unknown
NCT02599064

SYL1801 naked siRNA NRARP Wet AMD Phase 2, recruiting,
NCT05637255

Skin Cotsiranib (STP705) Nanoparticle TGFB1 and
COX-2
(PTGS2)

Hypertrophic scarring Phase 2, recruiting,
NCT04669808

BMT101(cp-asiRNA) naked siRNA CTGF (CCN2) Prevention of hypertrophic scarring Phase 2a, recruiting,
NCT04012099

OLX10010 naked siRNA CTGF (CCN2) Reducing recurrence of
hypertrophic scarring

Phase 2a, recruiting,
NCT04877756

RXI-109 naked siRNA CTGF (CCN2) Hypertrophic scarring Phase 2, Completed
NCT02030275

Resource: http://clinicaltrials.gov.
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which modulate signaling pathways related to hypertrophic
scars47.

Challenging organs to deliver siRNAs: the lungs, kidneys and
brain. siRNA targeting the lung, kidney, and brain has rarely
progressed to the clinical stage because there are many barriers to
targeting the lung, kidney, and brain. This section will discuss
organs that are challenging to target with siRNAs.

Lungs
The main function of the lungs is the process of gas exchange
called respiration. The lung is divided into a conducting region
responsible for air conductance and a respiratory region where
gaseous exchange takes place. The conducting region contains
the nasal cavity, pharynx, trachea, bronchi, and bronchioles, while
the respiratory region contains the respiratory bronchioles and
alveoli. To deliver drugs more efficiently, intratracheal, intranasal,
and inhalational drug delivery methods can be applied rather than
systemic drug delivery methods. Drug loss is low by avoiding first-
pass metabolism, and siRNA stability is better maintained because
the airway contains fewer nucleases than the serum.
The primary barrier in the lungs that siRNAs have to pass is the

extracellular barrier48 formed by anatomical, physiological, and
metabolic features of the lungs. Extracellular barriers include the

reticulate pulmonary architecture from the trachea to the alveoli
(Fig. 3a). The active clearance processes in this area, such as
mucociliary clearance, cough clearance, and effective immune
responses, inhibit the invasion of foreign material into the lungs.
In addition, the presence of respiratory mucus in the upper
airways and the airway surface liquid (surfactant) in the lower
airways act as major physical and chemical barriers, reducing the
drug penetration and diffusion rate48. To avoid the extracellular
barrier, the proper size and density of injected particles are
essential. As a drug delivery strategy, aerosolized particles are
usually delivered to the lungs by inhalation. In this case, the
distance at which the drug is deposited depends on the size and
density of the particles. When the aerodynamic diameter is
>10 µm, the drug will deposit in the nasal cavity and pharynx;
particles between 2 and 10 µm will deposit in the tracheobron-
chial region; and finally, particles between 0.5 to 1 μm will deposit
on lower bronchioles and alveoli49. Therefore, it is necessary to use
the optimal scale for the pulmonary route. Because it is known
that viral vectors increase cell uptake and siRNA efficacy, attempts
have been made to overcome barriers using them. However,
applying viral vectors to human therapeutics presents problems in
terms of uncontrolled viral replication, immunogenicity, tumor-
igenicity, and toxicity50,51. For these reasons, the size aspect is met
by utilizing naked siRNA aerosol delivery or nanoparticles52,53,

Fig. 3 Challenging organs to deliver siRNAs: lungs, kidneys, and brain. Characteristics of the pulmonary system, kidneys, and brain as
targeting organs of siRNA drugs are described. The lungs, kidneys, and brain have complex structures that limit a drug’s size. a siRNA is usually
delivered to the lungs through inhalation, and the location of the drug distribution differs depending on the size of the drug. Mouse and
human respiratory systems are very different in terms of anatomy. The mouse lung consists of four right lobes and one left lobe, whereas
human lungs consist of three right and two left lobes. Respiratory bronchioles do not exist in mice, whereas humans have many bronchioles
branched from bronchi. b The glomerular filtration barrier exists in the glomerulus, one of the components of the nephron. siRNAs can be
delivered to proximal tubular cells from the apical or basolateral side. siRNAs can be directly delivered to the kidney through the renal artery,
renal vein, ureteral, or intraperitoneal injection. c The brain has the most exceptional barrier, the blood‒brain barrier (BBB). Most siRNA
nanoparticles cross the BBB using receptor-mediated transcytosis (RMT) strategies.
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which are nonviral vectors. Naked siRNA generally fails due to the
lack of a significant gene silencing effect, but surprisingly, local
delivery in the lung has shown success54–56.
Regarding strategies for delivering siRNAs to the lungs, it is

difficult to apply animal studies directly to human studies57

because of the anatomical differences in the lungs between
animals and humans58. The numbers of lobes on each side of the
lungs and patterns of airway branching differ between humans
and rodents. In addition, human lungs contain small intraseg-
mental bronchi and respiratory bronchioles that are absent or rare
in rodents. Thus, the administration routes used in animal studies
are unsuitable for humans, and it is difficult to measure the
efficiency before starting clinical research. Even if an animal study
is conducted, human lung delivery must be considered.
Among many siRNA studies to target the pulmonary system,

there are two candidates that have reached the clinical stage:
ALN-RSV01 and MIR 19 (siR-7-EM/KK-46) (Table 3). ALN-RSV01,
developed to be administered by nasal spray as an antiviral drug,
silences the nucleocapsid protein transcripts of respiratory
syncytial virus (RSV). It was confirmed that RSV infection was
reduced in a phase 2 clinical trial. However, there was no further
progress in phase 2a and 2b trials, and the clinical trial could not
proceed to the end. MIR 19 was developed with inhalation
administration as a COVID-19 treatment. MIR 19 inhibits viral
replication by targeting SARS-CoV-2 RNA-dependent RNA poly-
merase (RdRp). It has progressed to the completion of a phase 2
clinical trial.

Kidneys
The kidneys have an important role in filtering blood and
eliminating wastes generated in the body. They also play a
homeostatic role by regulating electrolytes and water to maintain
the acid-base balance and blood pressure59. The diverse cell
types60 and structural complexity61 are the major barriers for
siRNA drugs to target the kidneys. While the liver and ocular tissue
consist of 4 and 5 cell types, respectively, the kidneys consist of at
least 26 cell types60. These diverse cell types of the kidneys make it
difficult to optimize and deliver drugs to specific cell types.
The glomerulus, one of the major constituents of nephrons, has

a glomerular filtration barrier that acts as a barrier to the delivery of
siRNA drugs (Fig. 3b). The glomerular filtration barrier comprises
the endothelial fenestration, glomerular basement membrane, and
podocyte extension filtration slits that are 70–90, 2–8, and 4–11 nm
in diameter, respectively. Therefore, the size of the drug is critical
for crossing this glomerular filtration barrier. Only small molecules
with diameters less than 6 nm can pass through the glomerular
filtration barrier62. Glomerular mesangial cells are the major targets
of siRNA delivery in the glomerulus63–65. For targeting mesangial
cells, siRNA drugs should be larger than 6 nm to prevent filtering
by the urinary tract but smaller than 70–90 nm to be captured in
the glomerulus and pass through the endothelial fenestration66.
Polyethylene glycol (PEG)-poly L-lysine (PLL) nanocarriers65 and
LNPs64 were used as vehicles for siRNA delivery. siRNAs in PEG-PLL
carriers and LNPs have been delivered to the glomerulus via
intraperitoneal65 and intravenous injections64. Naked siRNAs
through the renal artery have also been tried to target mesangial
cells63.

The tubular system, the other part of the nephrons, reabsorbs
endogenous compounds. Most RNA-based studies have
attempted to treat kidney disease by targeting proximal tubular
cells67–69. Proximal tubular cells can be targeted from either the
apical side (facing the tubular lumen) or the basolateral side
(facing the interstitium). Only naked siRNA, which is 3–6 nm in
size, can be applied from the apical side because siRNA drugs
need to pass through the glomerular filtration barrier (6–7 nm)
and be reabsorbed into the proximal tubular cells. Particles of
siRNA carriers with larger sizes can access tubular cells from the
basolateral side. They enter the tubulointerstitium by capillary
pressure and are absorbed into proximal epithelial cells70. Many
different strategies for delivering siRNAs to tubular cells have been
investigated71–73. If oligonucleotides are accommodated in
nanoparticles, they can pass through the glomerular filtration
barrier only in the condition of glomerular injury. This has led to
extensive studies on developing various strategies for delivering
siRNAs to tubular cells71–74. However, direct injection into the
kidneys, such as intraparenchymal injection65, retrograde ureter
injection67, renal vein injection71, and renal artery injection73, has
been mostly used in many preclinical studies because it can avoid
the size restriction caused by the glomerular filtration barrier. The
direct injection method also has the advantage of being able to
target the kidney locally, avoiding accumulation in the liver.
However, it has not been well applied to humans because the
method is too invasive and difficult to administer75.
Among many studies on siRNA targeting the kidneys, one

candidate has reached the clinical stage (Table 3). Teprasiran (I5NP,
QPI-1002), a naked p53 siRNA, was investigated to treat acute kidney
injury delayed graft function (DGF) after transplantation and cardiac
surgery. Teprasiran reduces the expression of the proapoptotic
protein P53 to protect the kidneys from cell death resulting from
acute ischemia‒reperfusion injury and to maintain tissue and organ
integrity76. Additionally, it was designated an orphan drug because
of its efficacy in a phase 3 pivotal trial for DGF.

Brain
The brain is an exceptional and extremely friable organ in the
human body. Because the CNS is an essential system that
monitors and coordinates the functions of internal organs and
responds to changes in the environment, it must be protected
from both endogenous and exogenous threats.
The biggest obstacle in targeting the brain with siRNA is the

blood‒brain barrier (BBB) (Fig. 3c). The BBB separates the
cerebrospinal fluid and blood, protecting the brain from patho-
gens such as viruses and various harmful substances, and
selectively controls the movement of ions and molecules to
regulate brain homeostasis. Brain capillary endothelial cells
(BCECs), known as the thin layer of the BBB, have tight junctions
(TJs) for molecules that strongly inhibit the passage of hydrophilic
substances over 300 Da between cells, which is called a “physical
barrier function.” Therefore, almost 98% of molecules cannot pass
through the BBB, with the sole exception of lipid-soluble small
molecules with a molecular weight <400 Da77. Because siRNAs are
hydrophilic and highly negatively charged molecules with a
molecular weight of ~14 kDa, it is challenging for them to pass
through the BBB78,79.

Table 3. List of siRNAs in phase 2 and 3 clinical trials targeting the challenging organs: lungs, kidneys, and brain.

Target organ Drug name Delivery system Target gene Disease Status

Lung ALN-RSV01 naked siRNA RSV nucleocapsid
messenger RNA

RSV01 Phase 2, completed, NCT00658086
discontinued

MIR 19(siR-7-EM/KK-46) Nanoparticle RdRp COVID-19 Phase 2, completed, NCT05184127

Kidney Teprasiran (I5NP, QPI-1002) naked siRNA P53 AKI Phase 3, completed NCT02610296

Resource: http://clinicaltrials.gov.
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Even if siRNAs pass through the BBB and reach the brain, the
endocytosis efficiency of highly negatively charged siRNAs is very
low80. In addition, the drug cannot be controlled to target specific
areas of the brain or specific cell types in the brain. The durability
of siRNAs in the brain is another issue. When siRNAs were injected
into the brain parenchyma, the silencing effect was observed only
in cells close to the injection site for a short time81 Increasing the
siRNA dose may provide sufficient effects of target gene
suppression in the brain. However, a high dose of siRNAs can
cause strong side effects in nontargeted cells in the brain82.
Recent studies have reported that long-lasting siRNAs are
expressed in a broad area of the brain when delivered into the
brain through the cerebrospinal fluid (CSF)83,84. A divalent siRNA
(di-siRNA), in which two siRNAs are chemically conjugated,
contains enough phosphorothioates in its backbone to help
cellular uptake and promote a broad distribution83. siRNA
conjugated with 2′-O-hexadecyl (C16) is broadly distributed and
efficiently suppresses a target gene for a long time84.
Although injection methods have been utilized in preclinical

research to deliver siRNAs to the brain, nanoparticles (NPs) have
been used in clinical trials to deliver siRNAs to the brain. Receptor-
mediated transcytosis (RMT), cell-mediated transport, carrier-
mediated transport, adsorptive-mediated transcytosis, and a
method for breaking the integrity of tight junctions are being
used as strategies to allow nanoparticles to pass through the
BBB85,86 (Fig. 3c). Most of the siRNA nanoparticles shown to cross
the BBB use the RMT strategy, which is known to transport a wide
range of proteins using the vesicular trafficking machinery in brain
endothelial cells. Among them, transferrin (Tf) and rabies viral
glycoprotein (RVG) tags are the most widely used87. Tf and RVG
bind to the transferrin receptor (TfR) and nicotinic acetylcholine
receptor (nAchR), respectively, both of which are located in the
endothelial cells of the brain88,89. TfR is widely expressed
throughout the human body, including the brain, but because
nAchR is expressed only in the brain, brain-specific targeting is
possible. This RVG strategy has been applied to suppress HMGB1,
mHTT, and BACE1, which are genes related to ischemic stroke,
Huntington’s disease, and Alzheimer’s disease, respectively90–92. In
addition to RVG and Tf, apolipoprotein E3-reconstituted high-
density lipoprotein (ApoE-rHDL)93, angiopep-294, leptin95, and T7
peptides96 are also promising candidates for RMT.
Delivery systems for siRNA targeting the brain have been

continually developed. One drug, NU-0129, has progressed to a
clinical trial. This drug has not yet entered phase 2, but it is the
only brain-targeting siRNA that has progressed to a clinical trial.
NU-0129 is a spherical nucleic acid (SNA) siRNA that targets the
glioblastoma oncogene BCL2L12 and crosses the BBB using the
RMT strategy. SNA consists of nanoparticles in which the siRNA
duplex is densely bound to the spherical gold surface. BCL2L12 is
overexpressed in glioblastoma, inhibiting apoptosis and P53,
thereby promoting cancer growth. An early phase 1 study was
conducted in 2020, and its safety profile was confirmed97.

CONCLUSION
RNA therapy is a promising treatment for a wide range of diseases,
including cancer, cardiovascular diseases, neurodegenerative
diseases, inflammatory conditions, viral infections, and eye
diseases. siRNAs have the advantages of higher specificity than
chemical drugs and a high degree of safety. siRNAs are also good
in terms of efficiency, and candidate groups of siRNA drugs can be
developed quickly and easily. All siRNA drugs approved as of 2022
target the liver, but understanding and researching siRNAs and
their delivery to diverse organs besides the liver continue to be a
goal. The liver has the hepatocyte-specific receptor ASGPR to
which GalNAc-conjugated siRNAs can bind with high affinity. In
addition, the eye and skin have a structure with good accessibility
for drugs. The lungs, kidneys, and brain have complex structures

that limit drug size, and the brain, in particular, has the most
exceptional barrier, the BBB. Nevertheless, to overcome these
barriers, siRNA drugs using various RNA modifications, conjugation
systems, and delivery systems are being tested in the preclinical
and clinical stages. Through understanding and researching each
organ in terms of siRNA delivery, siRNA drugs targeting other
organs beyond the liver are expected to emerge.
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