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Small interfering RNA (siRNA) drugs were first proposed in
1999. They have reached the market for administration to pa-
tients after more than 20 years of development. The US Food
and Drug Administration has approved six siRNA drugs in
recent years: patisiran, givosiran, lumasiran, vutrisiran, incli-
siran, and nedosiran. siRNA drugs are based on the post-tran-
scriptional gene regulation mechanism of RNA interference.
These drugs have gained widespread attention for their effec-
tiveness, low dosage, and low frequency of administration.
Theoretically, siRNA drugs have great potential due to their
ability to silence almost any target gene. However, drug deliv-
ery, especially the extrahepatic one, remains a major challenge.
Currently, all approved drugs target the liver. The high blood
flow, natural filtration function, and drug delivery methods
of the liver overall ensure high efficacy and stability of the drugs
themselves. This review summarizes the history of siRNA drug
development and the mechanisms of action, with a focus on the
drug targets, indications, and key clinical trial results to intro-
duce the status of both marketed drugs and those currently in
clinical trials. Additionally, this review provides a brief analysis
of several key stages of the commercialization process of
siRNA drugs.
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INTRODUCTION
The concept of RNA interference (RNAi) was proposed in 1998 by
Andrew Fire and Craig Mello. They demonstrated that double-
stranded RNA is the causative agent of post-transcriptional gene
silencing in Caenorhabditis elegans.1 RNAi was identified in 1972,
when scientists noticed that sense and antisense RNA molecules
bind together and decrease the production of gene products.2 The dis-
covery of post-transcriptional gene silencing3 in plants was made in
1992, and subsequent research was performed in 1994. In 1998, it
was shown that sense-antisense hybrids or self-complementary tran-
scripts were efficient inducers of post-transcriptional gene silencing in
plants.4 David Baulcombe discovered small interfering RNA (siRNA)
for the first time in plants in 1999 and subsequently demonstrated its
ability to selectively silence genes in mammalian cells. In 2001, siRNA
was found to induce RNAi in human cells, and in 2003, researchers
investigated the therapeutic potential of siRNA in animals. Fire and
Mello received the Nobel Prize in Physiology or Medicine in 2006
for their significant contribution to the development of RNAi. Since
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2003, multiple companies worldwide have developed drugs using
the RNAi mechanism. The first generation of drugs faced frequent
setbacks due to immature technology and limited efficacy. Patisiran
is the world’s first siRNA drug that was successfully launched in
2018.5

This article specifically describes the mechanisms of action, advan-
tages, and main obstacles encountered in the development of siRNA
drugs. In addition, the six siRNA drugs currently on the market are
described, as well as the progress in the development of siRNA drugs
by leading companies.
siRNA DRUGS
Formation of siRNA and mechanism of action

siRNA is a negatively charged and double-stranded RNA molecule of
21–23 nt. siRNA exerts its effects through RNAi, allowing selective
targeting and high specificity.6 It expands drug targets to upstream
RNAs of functional proteins, regulating the expression of target genes
at the post-transcriptional level.

RNAi is a highly conserved phenomenon in evolution, where double-
stranded RNA induces an efficient and specific degradation of
homologous mRNA.7 The initiation of RNAi starts with a long
double-stranded RNA molecule, known as the precursor of siRNA
(pre-siRNA), which has a length of 70–100 nt. siRNA is generated
by the cleavage of pre-siRNA by the protease complex Dicer.

The mature siRNA associates with the protein Argonaute-2 (AGO2)
to form the RNA-induced silencing complex (RISC). During the for-
mation of RISC, AGO2 disassembles the siRNA into two individual
strands: the guide strand and the passenger strand. The passenger
strand undergoes degradation, while the guide strand works as a tem-
plate to form base pairs with the target mRNA. The target mRNA is
fragmented by the activity of nucleases inside the RISC, leading to the
suppression of gene expression.8 siRNA can be metaphorically
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Figure 1. Structures of chemical modifications for
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compared to a pair of genetic scissors that selectively remove disease-
related genes to obtain a specific therapeutic effect.

Advantages of siRNA drugs and challenges in development

Most conventional small-molecule drugs act on the proteins and
require a higher degree of structural precision compared to siRNA
drugs. The development required to obtain conventional small-mole-
cule drugs is significantly difficult and challenging. In contrast, the
development of siRNA drugs has become significantly less chal-
lenging, with a relatively simpler and more convenient synthesis.
Theoretically, siRNA drugs can target and treat any disease with a
high degree of target specificity.
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siRNA drugs offer several advantages, such as a
wide range of ways to administer them, infre-
quent doses, long-lasting effects in the body,
and manageable safety profiles. These drugs
have a high efficacy in silencing genes, poten-
tially requiring just one or two doses each year
and long-lasting therapeutic effects. However,
there are substantial obstacles in advancing
their development despite the aforementioned
benefits of siRNA drugs over the conventional
ones. Unaltered siRNA is effective for a short
time in the body and is readily broken down
by nucleases. They are easily filtered out by
the kidneys due to their small size. In addition,
siRNA stimulates the innate immune system,
leading to the initiation of an immunological
response. Off-target effects and toxicity are sig-
nificant obstacles to the clinical progress of
siRNA drugs.9

Scientists have overcome these obstacles after
more than 2 decades of study in the field of
siRNA drugs by optimizing the chemical mod-
ifications of siRNA and the delivery methods.
Chemical alterations effectively inhibit the acti-
vation of the natural immune response trig-
gered by immunostimulatory siRNA, improve
chemical durability and efficacy, and decrease
toxicity caused by unwanted targets.10 These al-
terations are realized on several components of
the nucleotide structure, including the ribose,
phosphate backbone, and bases. For example,
the replacement of the 20-OH group on the
ribose with a 20-O-methyl (20-OMe) group, a
20-O-methoxyethyl (20-MOE) group, or a
20-deoxy-20-fluoro (20-F) group greatly in-
creases the half-life and stability of siRNA,11

thus improving the accuracy and stability of

siRNA binding to the target mRNA and resulting in a higher affinity.
Phosphate modifications, including phosphorothioate (PS), increase
the resistance of siRNA to nucleases and promote its cellular absorp-
tion. Some other phosphate modifications, including phosphorodi-
thioate (PS2), enhance the affinity between RISC and siRNA. Meth-
ylphosphonate and methoxypropyl-phosphonate remarkably
alleviate hepatotoxicity. Base modifications such as naturally occur-
ring base structures (5-methylcytosine and N6-methyladenine) effec-
tively reduce innate immune recognition while ensuring overall safety
(Figure 1). There are many methods for drug delivery, but currently
only two delivery approaches have been commercialized: lipid nano-
particles (LNPs) and conjugation-based coupling techniques.
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LNPs are chemically synthesized multi-component lipid formula-
tions. They encapsulate siRNA to deliver it to target tissues, protecting
the siRNA from nuclease degradation, enhancing tissue penetration,
and reducing cytotoxicity. When LNP-siRNA enters the body, the
serum protein apolipoprotein E (ApoE) is absorbed onto the surface
of the LNP. ApoE has a high affinity for the low-density lipoprotein
receptor (LDLR), which is highly expressed on the surface of hepato-
cytes. Therefore, LNP-siRNA reaches the liver through ApoE-medi-
ated targeting. LNP-siRNA is internalized into hepatocytes and enters
the endosomes. The acidic pH environment of the endosomes re-ion-
izes the ionizable lipids in LNP,which allows the escape of siRNA from
the endosomes into the cytoplasm. siRNA exerts its function in the
cytoplasm through this method to achieve gene silencing. Patisiran
is the first marketed siRNA drug that uses LNP import technology.

Conjugates refer to chemical substances that are fully modified
siRNAs coupled with targeting ligands. These conjugates help siRNA
find pathways to reach specific cells or tissues in the body. Conjugates
operate as a “lock-and-key” system, where the lock is the receptor
found on the target cells, and the key is the ligand attached to the
siRNA. N-Acetylated galactosamine (GalNAc)-coupled modification
is currently the most commonly used siRNA drug delivery system.
The siRNA-GalNAc conjugate is a compositionally defined approach
for uptake into the liver that increases it into the hepatocytes by�10-
fold in preclinical models. Cell entry occurs during the internalization
and recycling of the asialoglycoprotein receptor (ASGPR). GalNAc is a
ligand for ASGPR, which is an endocytic receptor highly and specif-
ically expressed on the surface of hepatocytes. ASGPR-mediated endo-
cytosis effectively transports galactose-derived ligands from the cell
surface to the cytoplasm, bringing GalNAc-siRNA conjugates into
the cell to form endosomes. A small amount of siRNA escapes into
the cytoplasm through the endosomal lipid bilayer to exert its func-
tion. Five other siRNA drugs on the market today are GalNAc-modi-
fied compounds.

DEVELOPMENT OF siRNA DRUGS
Marketed siRNA drugs

Alnylam Pharmaceuticals has led the development of siRNA-based
medicines. Currently, there are six siRNA drugs that have been
approved by the US Food and Drug Administration (FDA): patisiran,
givosiran, inclisiran, lumasiran, vutrisiran, and nedosiran (Table 1).
An introduction to each of these medications is provided in this
review.

Patisiran

Patisiran is the first siRNA drug approved for clinical use (2018) in
the treatment of hereditary transthyretin-mediated amyloidosis
(hATTR) by targeting the transthyretin (TTR) gene.12 hATTR is a
rare genetic disorder characterized by the abnormal accumulation
of TTR, leading to the formation of amyloid proteins that accumulate,
thus affecting the function of multiple organs. TTR functions as a car-
rier protein for both thyroid hormone and vitamin A. Mutations lead
to the instability of TTR, making it more prone to form deposits.
Abnormal TTR proteins accumulate in the body and form amyloid
deposits in various tissues and organs, such as the nervous system,
heart, and kidneys, affecting their normal structure and function.13

Patisiran specifically attaches to and breaks down the TTR mRNA,
leading to a decrease in the production of TTR in the liver. It is
administered by intravenous injection at 3-week intervals. Corticoste-
roids, acetaminophen, and antihistamines are administered as pre-
medication to avoid adverse reactions during the administration of
patisiran. Patients weighing less than 100 kg are recommended to
take a dose of 0.3 mg/kg, while a dose of 30 mg is recommended
for patients weighing 100 kg or more (Table 2).

Givosiran

Givosiran is the second siRNA drug approved by the FDA (2019).
This drug specifically targets aminolevulinate synthase 1 (ALAS1),
which is the first enzyme involved in the synthesis of heme and
bilirubin. It catalyzes the synthesis of d-aminoporphyrin from
5-aminolevulinic acid, an essential process in porphyrin biosynthesis.

Genetic defects in patients with acute hepatic porphyria (AHP) lead
to the disruption of certain metabolic pathways, causing abnormal
activation of ALAS1. This condition causes an abnormal increase in
the synthesis of heme and bilirubin, consequently leading to the
disruption of porphyrin metabolism in the body. This results in acute
episodes of abdominal pain, neurological symptoms, muscle symp-
toms, nausea, and vomiting. Givosiran reduces ALAS1 levels in liver
cells, lowering the circulating levels of d-aminolevulinic acid and por-
phobilinogen, thus treating AHP. The suggested dosage is 2.5 mg/kg
of body weight once per month by subcutaneous injection (Table 2).14

Lumasiran

Lumasiran was approved by the FDA in November 2020 for the treat-
ment of primary hyperoxaluria type 1 (PH1). Its goal is to lower
oxalate levels in the urine and plasma of both children and adults.
The medicine silences hydroxy acid oxidase 1 (HAO1) and reduces
the presence of glycolate oxidase (GO), which is the enzyme that en-
codes HAO1. This action inhibits the synthesis of oxalate in the liver
and restores its levels to treat PH1.

PH1 is an uncommon hereditary metabolic condition characterized
by the excessive synthesis of oxalate, mostly in the liver. Its excessive
accumulation causes serious health problems, particularly kidney
damage. If an effective intervention is not promptly initiated, then
it rapidly progresses to end-stage renal disease, requiring intensive
dialysis with a consequent very high mortality rate.15 The dose of
lumasiran depends on the individual’s body weight. Patients with a
weight above 20 kg are treated with an initial dose of 3 mg/kg once
per month for a total of three doses to rapidly achieve a therapeutic
level. This is then followed by a maintenance dose of 3 mg/kg admin-
istered subcutaneously once every 3 months (Table 2).

Vutrisiran

Vutrisiran is an FDA-approved drug for hATTR on the market
from June 2022. It targets the same diseases that are targeted by
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Table 1. Recently marketed and clinical stage drugs, as well as the targets of these drugs and associated diseases

Drug Target Indication Phase NCT no.

Patisiran TTR ATTR commercial NCT03862807

Givosiran ALAS1 AHP commercial NCT02949830

Lumasiran HAO1 PH1 commercial NCT04152200

Vutrisiran TTR hATTR commercial NCT03759379

Inclisiran PCSK9
primary hypercholesterolemia
(heterozygous familial
and non-familial)

commercial NCT04929249

Nedosiran LDH PH1 commercial NCT04555486

Fitusiran SERPINC1 hemophilia 3
NCT02035605
NCT02554773

Cemdisiran (ALN-CC5) C5 complement-mediated diseases 3
NCT02352493
NCT05133531

Belcesiran A1AT A1AT deficiency 2
NCT04174118
NCT05146882
NCT04764448

Elebsiran (ALN-HBV02) unspecified HBV/HDV 2 NCT03672188

Zilebesiran (ALN-AGT) AGT hypertension 2
NCT03934307
NCT04936035

ALN-HSD HSD17B13 NASH 2 NCT04565717

ALN-APP APP CAA/AD 1 NCT05231785

ALN-TTRsc04 TTR ATTR 1 NCT05661916

ALN-PNP PNPLA3 NASH 1
NCT05648214
NCT06024408

ALN-KHK KHK T2DM 1 NCT05761301

ALN-BCAT unspecified hepatocellular carcinoma 1 –

Fazirsiran (ARO-AAT) A1AT A1AT deficiency 3
NCT03362242
NCT03945292
NCT05677971

Plozasiran (ARO-APOC3) APOC3 hypertriglyceridemia 3
NCT03783377
NCT04720534

Zodasiran sodium (ARO-ANG3) ANGPTL3 ASCVD 2 NCT03747224

GSK4532990 HSD17B13 alcoholic hepatitis/cirrhosis/NASH 2 NCT04202354

JNJ-3989
HBV polymerase and
precore/core protein

chronic hepatitis B 2 NCT03365947

ARO-PNPLA3 PNPLA3 NASH 1 NCT04844450

ARO-C3 C3
complement-mediated liver
disease/IgA nephropathy

1/2 NCT05083364

ARO-CFB CFB complement-mediated diseases 1/2 NCT06209177

ARO-MUC5AC MUC5AC
mucociliary and inflammatory
lung disease

1/2 NCT05292950

ARO-RAGE RAGE
mucociliary and inflammatory
lung indication

1/2 NCT05276570

ARO-MMP7 MMP7 IPF 1/2 NCT05537025

ARO-DUX4 DUX4 FSHD 1/2 NCT06131983

ARO-DM1 DMPK DM1 1/2 NCT06138743

ARO-SOD1 SOD1 ALS 1 NCT05949294

HZN-457 xanthine dehydrogenase gout 1 NCT05565768

STP705 TGF-b1/COX-2 isSCC/BCC 2
NCT05422378
NCT04293679

(Continued on next page)
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Table 1. Continued

Drug Target Indication Phase NCT no.

STP707 TGF-b1/COX-2
hepatic tumor (hepatocellular
carcinoma)

1
NCT05037149
NCT05309915

STP122G factor XI antithrombotic therapy 1 NCT05844293

Zerlasiran (SLN360) LPA LPA-related cardiovascular disease 2
NCT04606602
NCT05537571

SLN-124 TMPRSS6 b-thalassemia/MDS/polycythemia vera 1/2
NCT04559971
NCT04718844
NCT05499013

PH-762 PD-1 melanoma 1 NCT06014086

PH-894 BRD4 solid tumor 1 TrialTroveID-467142

Olpasiran LPA ASCVD 3

NCT03626662
NCT04987320
NCT04270760
NCT05581303

Imdusiran (AB-729) unspecified HBV 2
TrialTroveID-334421
TrialTroveID-426794

A1AT, a-1-antitrypsin; AD, Alzheimer disease; AGT, angiotensinogen; AHP, acute hepatic porphyria; ALAS1, aminolevulinate synthase 1; ALS, amyotrophic lateral sclerosis;
ANGPTL3, angiopoietin-like protein 3; APOC3, apolipoprotein C-III; APP, amyloid precursor protein; ASCVD, atherosclerotic cardiovascular disease; ATTR, transthyretin-mediated
amyloidosis; BCC, basal cell carcinoma; 4BRD4, bromodomain-containing protein; C3 and C5, complement components 3 and 5; CAA, cerebral amyloid angiopathy; CFB, comple-
ment factor B; COX-2, cyclooxygenase-2; DM1, myotonic dystrophy type 1; DMPK, myotonic dystrophy protein kinase; DUX4, double homeobox 4; FSHD, facioscapulohumeral
muscular dystrophy; FXI, factor XI; HAO1, hydroxy acid oxidase 1; hATTR, hereditary transthyretin-mediated amyloidosis; HBV, hepatitis B virus; HDV, hepatitis D virus;
HSD17B13, 17-b-hydroxysteroid dehydrogenase 13; IPF, idiopathic pulmonary fibrosis; IsSCC, squamous cell carcinoma in situ; KHK, ketohexokinase; LDH, lactate dehydrogenase;
LPA, lipoprotein(a); MDS, myelodysplastic syndrome; MMP7, matrix metalloproteinase 7; MUC5AC, mucin 5AC; NASH, non-alcoholic steatohepatitis; PCSK9, proprotein conver-
tase subtilisin/kexin type 9; PD-1, programmed cell death protein 1; PH1, primary hyperoxaluria type 1; PNPLA3, patatin-like phospholipase domain-containing 3; RAGE, receptors
for advanced glycation end products; SERPINC1, serpin family C member 1; SOD1, superoxide dismutase 1; T2DM, type 2 diabetes mellitus; TGF-b1, transforming growth factor b1;
TMPRSS6, transmembrane protease serine 6; TTR, transthyretin-mediated amyloidosis.
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patisiran. However, it is different from patisiran because it utilizes
Alnylam’s improved stabilization chemistry and third-generation
GalNAc-siRNA delivery platform. The prescribed dose for this
medication is 25 mg by subcutaneous injection once every 3 months
(Table 2).16

Inclisiran

Inclisiran was approved by the European Union in December 2020
for the treatment of primary hypercholesterolemia (both heterozy-
gous familial and non-familial) or mixed dyslipidemia, and is the
only siRNA medication for lowering cholesterol. This medication
Table 2. Recommended doses and administration frequency of marketed siRN

Drug Recommended doses and administration frequency

Patisiran
patients weighing <100 kg are recommended to take a dose of
intravenous injection 1� every 3 weeks

Givosiran suggested dosage is 2.5 mg/kg body weight 1�/month by subc

Lumasiran
dose of lumasiran depends on the individual’s body weight; pa
total of 3 doses to rapidly achieve the therapeutic level; this is
subcutaneously once every 3 months

Vutrisiran prescribed dose for this medication is 25 mg by subcutaneous

Inclisiran
medicine is administered by subcutaneous injection, initially 1
every 6 months, resulting in a total of 2 injections per year of

Nedosiran
suggested dose for people weighing R50 kg and aged R9 yea
weighing <50 kg is 128 mg; recommended dose for children a
dose for patients weighing R50 kg and aged R9 years is 160
specifically inhibits proprotein convertase subtilisin/kexin type 9
(PCSK9), which is an essential enzyme involved in the breakdown
of LDL-cholesterol (LDL-C) in the body. PCSK9 inhibits the recycling
and reuse process of LDLRs. The decreased PCSK9 expression in the
body results in an increase in the number of LDLRs on the surface of
liver cells, which bind to more LDL, leading to their removal from the
bloodstream.17 The medicine is administered by subcutaneous injec-
tion, initially once at month 0 and again at month 3. Next, the main-
tenance dose is administered every 6 months, resulting in a total of
two injections per year of a volume of 1.5 mL containing 284 mg of
the active ingredient (Table 2).
A drugs

0.3 mg/kg, while a dose of 30 mg is recommended for patients weighing R100 kg;

utaneous injection

tients weighing >20 kg are treated with an initial dose of 3 mg/kg 1�/month for a
then followed by a maintenance dose of 3 mg/kg administered

injection once every 3 months

� at month 0 and again at month 3; next, the maintenance dose is administered
a volume of 1.5 mL containing 284 mg of the active ingredient

rs is 160 mg; recommended dose for patients aged R12 years and
ged 9–11 years and weighing <50 kg is 3.3 mg/kg; recommended
mg
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Nedosiran

Nedosiran was approved in the United States in September 2023 for
the treatment of children aged 9 years and older suffering from PH1,
as well as adults who have a relatively preserved kidney function. This
medication decreases oxalate overproduction by suppressing the
expression of liver lactate dehydrogenase (LDH). LDH transforms
glyoxylate into oxalate in liver cells, which is the last stage in hepatic
oxalate synthesis. Nedosiran is the second siRNA medication autho-
rized for the treatment of PH1, following the approval of lumasiran.
However, the target of this medication is different from lumasiran,
with a broader range of action. Theoretically, the lowering of LDH
potentially ameliorates all subtypes of PH, including PH1, PH2,
and PH3.18 This medication is administered subcutaneously once
per month, with a dose according to body weight and age. The recom-
mended dose for patients aged 12 years or older and weighing less
than 50 kg is 128mg, while it is 3.3 mg/kg for children aged 9–11 years
and weighingless than 50 kg. The recommended dose for patients
weighing 50 kg or more and aged 9 years is 160 mg (Table 2).

Drugs in the clinical trial stage

In addition to the six medications described above that completed the
process to become commercially available, there are currently more
siRNA drugs undergoing refinement in clinical trials. There are 138
projects listed on ClinicalTrials.gov through July 2024 that involve
“siRNA and small interfering RNA.” The next step in this review is
to examine several leading companies in the field of siRNA drug
research and present the drugs that each company is promoting to
the market.

Alnylam Pharmaceuticals

Alnylam Pharmaceuticals is at the forefront of the siRNA-based med-
icine industry. This company produced four of the six siRNA medi-
cations currently available for purchase: patisiran, givosiran, luma-
siran, and vutrisiran. Alnylam also participated in the creation of
inclisiran. The company’s drug research and development has
expanded to cover a broader range of diseases, such as non-alcoholic
steatohepatitis (NASH), Alzheimer disease (AD), and type 2 diabetes
mellitus (T2DM). Alnylam is developing more than 10 experimental
medications, each at various stages of clinical development. A
comprehensive summary of the present progress of each of these
medications is presented below.

The medications undergoing phase 3 clinical trials include vutrisiran,
fitusiran, and cemdisiran. Vutrisiran is under investigation to eval-
uate its efficacy and safety in individuals diagnosed with ATTR
amyloidosis accompanied by cardiomyopathy. The other two medi-
cations are described in Table 1.

Fitusiran specifically targets antithrombin III (ATIII), which is a pro-
tein encoded by the serpin family C member 1 (SERPINC1) gene. It
inhibits the synthesis of ATIII, thus increasing the coagulation
activity. Hemophilia is a hereditary disorder characterized by the
lack of specific clotting factors, compromising the coagulation
system. Fitusiran utilizes enhanced stabilization chemistry-GalNAc
6 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
(ESC-GalNAc) conjugation technology for systemic and subcutane-
ous injection. It is included in nine clinical trials.

The phase 1 clinical trial (this study was registered at ClinicalTrials.
gov: NCT02035605)19 demonstrated that the drug exerts statistically
significant therapeutic effects compared to placebo in both healthy
volunteers and patients (ANOVA p < 0.01), indicating its potential
ability to treat hemophilia. The phase 2 clinical trial (this study was
registered at ClinicalTrials.gov: NCT02554773) assessed the long-
term safety and tolerability of this drug in patients with severe hemo-
philia A and B. The results revealed that they are tolerable, being used
potentially as a preventive therapy. Four phase 3 clinical trials have
concluded, and one is now in progress.

Cemdisiran (ALN-CC5) specifically targets the C5 component of the
complement pathway, being used to treat complement-mediated dis-
orders such as paroxysmal nocturnal hemoglobinuria (PNH) and
myasthenia gravis. This medication uses Alnylam’s GalNAc conju-
gate delivery system for subcutaneous administration of the doses.
C5 activation represents a crucial phase in the complement cascade,
leading to the formation of C5a and C5b. Abnormalities in these
two components lead to the abnormal synthesis of the membrane
attack complex, whose penetration into red blood cells induces hemo-
lysis. This process contributes significantly to the nocturnal hemolysis
observed in individuals with PNH. Disruptions in C5a and C5b
potentially cause inflammatory response, worsening myasthenia
gravis. The medicine is under investigation in a total of 13 clinical tri-
als, with 4 of them already concluded, 6 prematurely interrupted, and
3 still in progress.

A concise overview of the significant trial outcomes is now described.
The phase 1/2 clinical trial (this study was registered at Clinical-
Trials.gov: NCT02352493)20 started in January 2015 and aimed to
assess the safety and efficacy of the drug in healthy subjects and
PNH patients. The initial results of the phase 1 study showed no sig-
nificant negative adverse events when participants withdrew from the
study. Overall, ALN-CC5 was considered safe and well tolerated. The
ongoing phase 3 trial (this study was registered at ClinicalTrials.gov:
NCT05133531) is assessing the safety and effectiveness of the combi-
nation of pozelimab and cemdisiran.

The company is currently performing phase 2 clinical trials for four
drugs: belcesiran, elebsiran (ALN-HBV02), zilebesiran (ALN-AGT),
and ALN-HSD (Table 1). Most of these medications are designed
to treat liver ailments. A concise overview of each medication is sum-
marized below.

Belcesiran specifically targets a-1-antitrypsin (A1AT) primarily for
the treatment of liver disease caused by A1AT deficiency (AATD).
This hereditary condition is frequently characterized by inadequate
or anomalous A1AT levels due to mutations in the SERPINA1
gene, whose accumulation and harm in the liver potentially results
in the onset of liver disease. Three clinical trials have been performed
for this medication. The phase 1 trial (this study was registered at

http://ClinicalTrials.gov
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ClinicalTrials.gov: NCT04174118)21 demonstrated that this drug is
safe and well tolerated, also inducing a significant and proportional
decrease in serumA1AT levels. The phase 2 trial (this study was regis-
tered at ClinicalTrials.gov: NCT05146882) was interrupted, while
another phase 2 trial (this study was registered at ClinicalTrials.gov:
NCT04764448) is under way to assess the safety, tolerability, pharma-
cokinetics, and pharmacodynamics of two different doses of belce-
siran in patients.

ALN-HBV02 was created by Alnylam Pharmaceuticals using Vir Bio-
technology’s ESC+ technology, specifically designed to combat infec-
tions caused by the hepatitis B virus (HBV) and hepatitis D virus
(HDV). The results of a phase 1/2 clinical trial (this study was regis-
tered at ClinicalTrials.gov: NCT03672188)22 revealed its promising
liver safety in both preclinical and clinical investigations. In addition,
it induced a dose-dependent reduction of HBV surface antigen
(HBsAg) in patients with chronic HBV infection. These results sup-
port the use of ALN-HBV02as a potential therapy for HBV.

ALN-AGT is a subcutaneously injected long-acting RNAi therapy
that specifically targets angiotensinogen (AGT). Alnylam developed
this medication to cure hypertension using its ESC-GalNAc conjugate
delivery platform technology.

The medication has successfully concluded three clinical trials. The
findings of the phase 1 clinical trial (this studywas registered at Clinical-
Trials.gov: NCT03934307)23 fromMay 2019 toApril 2022 revealed that
the continuous administration of the drug induces a remarkable 99%
decrease in serumAGT levels and a sustained blood pressure reduction
in patients with grade II/III obesity and hypertension. Blood pressure
decreased by an average of �27 ± 8 mmHg from the initial measure-
ment to week 24. Finally, the medicine was accepted, with only a few
documented negative effects. These results suggest that the pharmaco-
dynamics, efficacy, and safety of ALN-AGT are not affected by body
mass index, providing a promising prospect in the treatment of hyper-
tension, even in individuals who are obese. A phase 2 clinical trial (this
studywas registered atClinicalTrials.gov:NCT04936035)24 successfully
achieved its primary objective after a 3-month treatment period. It
induced a drop in 24-h mean systolic blood pressure of up to
16.7 mmHg when compared to a placebo. The study also met key sec-
ondary endpoints, demonstrating a sustained reduction in systolic
blood pressure and continued control of hypertension in the sixth
month. ALN-AGT was found to be safe and tolerable in subjects diag-
nosed with mild to moderate hypertension.

ALN-HSD specifically targets 17-b-hydroxysteroid dehydrogenase 13
(HSD17B13),25 developed by Alnylam in partnership with Regeneron
to treat chronic liver disorders and NASH. HSD17B13 is a liver-spe-
cific ketone steroid reductase enzyme involved in hormone and lipid
metabolism. This medication completed two clinical trials. The phase
1 clinical trial (this study was registered at ClinicalTrials.gov:
NCT04565717) demonstrated promising outcomes, indicating a
satisfactory safety and tolerability. Moreover, an evident decrease in
liver HSD17B13 mRNA expression was observed. There are other
plans in progress to start a phase 3 clinical trial to assess the effective-
ness of the medicine in patients with NASH.

Apart from the medications listed above that are in phase 2/3, the
company is currently performing phase 1 research on five other
drugs: ALN-APP, ALN-TTRsc04, ALN-PNP, ALN-KHK, and
ALN-BCAT (Table 1).

ALN-APP is an RNAi therapeutic agent in the target of the amyloid
precursor protein (APP)26 for the treatment of cerebral amyloid an-
giopathy (CAA) associated with cerebral hemorrhage and AD. APP
is the precursor of the b-amyloid protein, and both disorders are
characterized by the presence of amyloid plaques. Themedicine is un-
dergoing phase 1 clinical research (this study was registered at
ClinicalTrials.gov: NCT05231785) to assess its safety, tolerability,
pharmacokinetics, and pharmacodynamics after intrathecal adminis-
tration to adults with early-onset AD.

ALN-TTRsc04 is a subcutaneous RNAi therapy created by Alnylam
using its IKARIA platform to treat ATTR amyloidosis by targeting
TTR.27 This drug is currently under phase 1 clinical trial (this study
was registered at ClinicalTrials.gov: NCT05661916).

ALN-PNP targets the patatin-like phospholipase domain-containing
3 (PNPLA3)28 gene, developed to treat NASH. The drug is being
tested in two phase 1 clinical trials (these studies were registered at
ClinicalTrials.gov: NCT05648214 and NCT06024408) to evaluate
its safety, tolerability, and pharmacokinetics in healthy adult partici-
pants, as well as in patients with non-alcoholic fatty liver disease
(NAFLD) and patients with genetic risk factors for PNPLA3.

ALN-KHK specifically targets ketohexokinase (KHK),29 created by
Alnylam using its ESC+GalNAc conjugation technology for the treat-
ment of T2DM, since KHK is involved in glucose metabolism. The
drug is currently in a phase 1/2 clinical trial (this study was registered
at ClinicalTrials.gov: NCT05761301) to assess the safety, tolerability,
effectiveness, pharmacokinetics, and pharmacodynamics of a single
dose of ALN-KHK in overweight to obese adult volunteers with no
other health problems. Additionally, the trial aims to evaluate the
safety, tolerability, effectiveness, and pharmacodynamics of multiple
doses of ALN-KHK in obese patients with T2DM.

ALN-BCAT specifically targets the WNT pathway30 to treat hepato-
cellular carcinoma. The aberrant activation of the WNT pathway is
strongly associated with tumor progression. This activation results
in an excessive increase in cell division, disruption of normal cell
orientation, tissue organization, and a transformation into mesen-
chymal cells. This also gives tumor cells greater invasiveness and
metastatic potential. The medication is now ready for phase 1 clinical
trials.

Arrowhead Pharmaceuticals

Arrowhead Pharmaceuticals is a firm specializing in the study and
development of RNAi therapeutics, aiming to increase the quality
Molecular Therapy: Nucleic Acids Vol. 36 March 2025 7

http://www.moleculartherapy.org


www.moleculartherapy.org

Review
of life of patients and address many serious chronic diseases through
the use of cutting-edge RNA therapies. Their drug development in-
cludes a wide range of fields, such as liver, cardiovascular, and motor
neuron diseases, among others. The company is developing approx-
imately 10 medications at different stages. Two medications are in
phase 3 clinical trials, 3 drugs in phase 2, and 10 drugs in phase 1.
Below is an overview of the specific targets, disorders that are
involved, and the publicly accessible clinical trial outcomes for each
medication.

Fazirsiran (ARO-AAT) and plozasiran (ARO-APOC3) (Table 1) are
drugs currently in phase 3 clinical trials. ARO-AAT31 is currently in
the phase 3 stage of clinical testing to address liver diseases linked to
AATD, which is a rare genetic disorder severely impairing the liver
and lungs of affected individuals. ARO-AAT reduces the production
of abnormal A1AT protein in the liver, responsible for progressive
liver disease in AATD patients. This medicine was evaluated in
four clinical trials. The phase 1 clinical trial (this study was registered
at ClinicalTrials.gov: NCT03362242) was performed from March to
October 2018 and demonstrated that it was well tolerated by healthy
adult volunteers at all tested doses (up to 300 mg). The drug was
administered three times every 28 days, with no occurrences of death
or serious (SAE) or mild adverse events. Both single and multiple
doses of ARO-AAT effectively decreased serum AAT levels. The
phase 2 clinical trial (this study was registered at ClinicalTrials.gov:
NCT03945292) showed that the medication effectively decreases
A1AT levels in the liver and that its reduction in the serum depends
on the dosage. In addition, the medicine showed a decrease in liver
inflammation, as assessed by histology. The trial demonstrated
good tolerability, with no adverse events related to the study medica-
tion. Currently, a phase 3 study (this study was registered at Clinical-
Trials.gov: NCT05677971) is under way to evaluate the efficacy of
ARO-AAT in the treatment of liver diseases associated with AATD.
The study specifically focuses on patients with METAVIR1 fibrosis
stages F2–F4.

ARO-APOC332 is used to treat hypertriglyceridemia by lowering the
synthesis of apolipoprotein C-III (APOC3). The drug is involved in
11 clinical trials to date. The results from the phase 1/2 trial (this study
was registered at ClinicalTrials.gov: NCT03783377) performed in
March 2019 indicate that the subcutaneous injection of ARO-
APOC3 resulted in APOC3 reduction and changes in key lipid pa-
rameters in patients with familial chylomicronemia syndrome
(FCS) compared to non-FCS patients. The safety parameters in FCS
patients were similar to those in non-FCS patients, suggesting that
ARO-APOC3may be a promising RNAi therapeutic drug. The results
of the phase 2 trial SHASTA-2 (this study was registered at Clinical-
Trials.gov: NCT04720534)33 on subjects with severe hypertriglyceri-
demia and baseline triglycerides (TGs) greater than 500 mg/dL re-
vealed that the treatment with 10, 25, and 50 mg of ARO-APOC3
at the 16-week time point consistently reduced APOC3 by 87%,
TGs by 86%, and non-high-density lipoprotein-cholesterol (non-
HDL-C) by 45%, and increased HDL-C by 99%. The phase 3 trials
are still in progress.
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Arrowhead Pharmaceuticals is currently performing phase 2 clinical
trials using three drugs: zodasiran sodium (ARO-ANG3),
GSK4532990, and JNJ-3989 (Table 1).

ARO-ANG334 is specifically formulated to decrease the synthesis of
angiopoietin-like protein 3 (ANGPTL3). This medication was used
in six clinical trials. A completed phase 1/2 trial (this study was regis-
tered at ClinicalTrials.gov: NCT03747224) assessed the safety of
ARO-ANG3 (primary objective), its pharmacokinetics (in healthy
participants), and its pharmacodynamics (secondary objective).
ARO-ANG3 is well tolerated, with similar adverse events in both
active and placebo cohorts. ARO-ANG3 was quickly and consis-
tently absorbed into the bloodstream of healthy individuals, reaching
its maximum concentration between 6.0 and 10.5 h. It was then
cleared from the plasma in 24–48 h, with an average duration of
3.9–6.6 h. ARO-ANG3 treatment in healthy participants resulted
in a reduction of ANGPTL3 levels by 45%–78% on average at day
85 after administration. The three highest doses of the medication
led to a reduction in TG concentrations (median �34% to �54%)
and non-HDL-C levels (mean �18% to �29%) (exploratory end-
points). These first studies provide evidence that ANGPTL3 could
be a promising target for treating atherosclerotic cardiovascular dis-
ease (ASCVD), and indeed there is now the intention to perform a
phase 3 trial.

GSK4532990, formerly called ARO-HSD, specifically acts on
HSD17B13, which is a component of the hydroxysteroid dehydroge-
nase family responsible for the metabolism of hormones, fatty acids,
and bile acids. The silencing of HSD17B13 decreases the occurrence
of alcoholic hepatitis, cirrhosis, and NASH as revealed by published
human genetic data. The results of a phase 1/2 trial (this study was
registered at ClinicalTrials.gov: NCT04202354)35 demonstrated that
the drug was well tolerated at doses less than or equal to 200 mg.
Short-term treatment reduces liver HSD17B13 mRNA and protein
levels, together with a decrease in ALT.

JNJ-3989 was previously known as ARO-HBV. The medication was
developed by Arrowhead Pharmaceuticals in collaboration with
Pfizer as a potential cure for patients with chronic HBV infection
alongside other direct-acting antiviral medicines. It is administered
by subcutaneous injection to suppress all gene products of the
HBV, by intervening at an earlier stage in the reverse transcription
process. The results of a phase 1/2 trial (this study was registered at
ClinicalTrials.gov: NCT03365947)36 showed that JNJ-3989 effectively
reduced all viral indicators, especially HBsAg, compared to other
markers. Hepatitis B e antigen-positive (HBeAg+) patients reported
a greater reduction in HBsAg compared to HBeAg� patients. The
decrease in HBeAg, hepatitis B core-related antigen, and HBV RNA
is typically linked to the decrease in HBsAg. These findings are
confirmed in a more extensive phase 2b trial.

The following medications are undergoing phase 1 clinical trials in
Arrowhead Pharmaceuticals’ pipeline (Table 1): ARO-PNPLA3,
ARO-C3, ARO-CFB, ARO-MUC5AC, ARO-RAGE, ARO-MMP7,
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ARO-DUX4, ARO-DM1, ARO-SOD1, and HZN-457. ARO-
PNPLA3,37 previously known as JNJ-75220795, is formulated to
reduce the expression of PNPLA3 in the liver. PNPLA3 is present
in the liver of patients carrying the common I148M mutation that
promotes fat accumulation and injury. A phase 1 clinical trial (this
study was registered at ClinicalTrials.gov: NCT04844450) showed
promising results after the administration of a single dose of ARO-
PNPLA3, with no SAEs, no significant increase in TGs or LDL-C dur-
ing treatment, and a dose-dependent average reduction of 40% in
liver fat in patients with the homozygous I148M mutation.

ARO-C338 reduces the synthesis of complement component 3 (C3),
thus working as a potential therapeutic strategy for many comple-
ment-mediated disorders, including complement-mediated liver dis-
ease and immunoglobulin A nephropathy. A phase 1/2 clinical trial
(this study was registered at ClinicalTrials.gov: NCT05083364) is under
way, and the results indicate no SAEs or trial interruption due to
adverse events. A mean reduction of 88% in C3 levels was consistently
observed during the treatment period, providing strong evidence that
the administration every 3 months or less frequently is potentially safe.

ARO-CFB decreases the amount of complement factor B (CFB)39

produced in the liver. It is a regulator in the amplification of the alter-
native complement pathway, being a potential target for treating kid-
ney disorders, as well as disorders in other parts of the body caused by
complement activation. A phase 1/2a dose-escalation trial (this study
was registered at ClinicalTrials.gov: NCT06209177) is ongoing, aim-
ing to assess the safety, tolerability, pharmacokinetics, and pharmaco-
dynamics of both single and multiple doses of ARO-CFB. This study
is being performed on adult healthy volunteers and adult patients who
have complement-mediated kidney disease.

The objective of ARO-MUC5AC is to decrease the synthesis of mucin
5AC (MUC5AC)40 in the treatment of different obstructive and in-
flammatory lung diseases affecting the mucosal lining. The medicine
is being used in two clinical trials. One of the phase 1/2a trials
(this study was registered at ClinicalTrials.gov: NCT05292950) aims
to evaluate the impact of ARO-MUC5AC on healthy subjects and
patients with asthma.

ARO-RAGE reduces the synthesis of receptors for advanced glycation
end products (RAGE)41 to cure different obstructive and inflamma-
tory lung diseases affecting the mucosa. The medication was used
in three clinical trials. The phase 1/2 trial (this study was registered
at ClinicalTrials.gov: NCT05276570) was completed and showed
that ARO-RAGE induced a knockdown of the target gene of up to
90% after a single inhalation dose, with a maximum of 95%. The
mid-term results demonstrated that the amount of soluble RAGE
in bronchoalveolar lavage fluid and serum decreased in a dose-depen-
dent manner. This indicates that both healthy volunteers and patients
with asthma tolerated the treatment well.

ARO-MMP7 decreases the production of matrix metalloproteinase 7
(MMP7),42 thus being a potential treatment to cure idiopathic pulmo-
nary fibrosis (IPF). The medicine is under phase 1/2a research (this
study was registered at ClinicalTrials.gov: NCT05537025) to assess
the effect of ARO-MMP7 solution by inhalation on both healthy
volunteers and patients with IPF.

ARO-DUX4 targets the gene encoding the human double homeobox
4 (DUX4)43 protein as a potential therapy for patients with faciosca-
pulohumeral muscular dystrophy (FSHD). This drug is entering
phase 1/2a trial (this study was registered at ClinicalTrials.gov:
NCT06131983) to evaluate its safety, tolerability, pharmacokinetics,
and pharmacodynamics in adult patients diagnosed with FSHD
type 1.

ARO-DM1 decreases the expression of the myotonic dystrophy pro-
tein kinase (DMPK)44 gene as a potential treatment strategy for myo-
tonic dystrophy type 1 (DM1). A phase 1/2a dose-escalation trial
(this study was registered at ClinicalTrials.gov: NCT06138743) is un-
der way to assess its safety, tolerability, pharmacokinetics, and phar-
macodynamics in individuals with DM1 aged between 18 and 65
years.

ARO-SOD1 decreases the production of superoxide dismutase 1
(SOD1)45 in the central nervous system, being a potential treatment
strategy for patients with amyotrophic lateral sclerosis (ALS) caused
by SOD1 mutations. The medication is under a phase 1 randomized,
placebo-controlled, dose-escalation study (this study was registered at
ClinicalTrials.gov: NCT05949294) to assess its safety, tolerability,
pharmacokinetics, and pharmacodynamics in adult patients with
ALS. The patients involved in the study have an SOD1 mutation
that is considered to be the cause of ALS.

HZN-457 is modified with GalNAc to specifically target and suppress
xanthine dehydrogenase46 activity in the liver to treat gout. The med-
icine has successfully concluded a phase I trial (this study was regis-
tered at ClinicalTrials.gov: NCT05565768) involving randomized,
placebo-controlled, single ascending dose (SAD) research. The pur-
pose of the study was to assess its safety, tolerability, pharmacoki-
netics, and pharmacodynamics in a group of healthy volunteers.
Nevertheless, the outcomes of this experiment have not yet been
revealed.

Sirnaomics

Sirnaomics is a biopharmaceutical company specializing in the devel-
opment of more than 10 siRNA medicines. Of these, three are under-
going phase 1/2 clinical trials (Table 1), while the remaining are in the
investigational new drug application stage or in the preclinical devel-
opment phase. A concise overview of the three drugs under clinical
trials is presented below.

STP70547 is the primary product of Sirnaomics, working as a
dual inhibitor of transforming growth factor b1 (TGF-b1) and
cyclooxygenase-2 (COX-2), both viable targets for the development
of cancer and fibrosis therapy. STP705 is involved in three clinical tri-
als: an advanced clinical study for in situ squamous cell carcinoma,
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the last stage of phase 2 for basal cell carcinoma, and the final stage of
phase 1 for fat remodeling. Furthermore, STP705 has been designated
as an orphan drug for the treatment of cholangiocarcinoma and pri-
mary sclerosing cholangitis.

So far, STP705 is involved in 11 clinical investigations. The objec-
tive of a phase 1 trial (this study was registered at ClinicalTrials.-
gov: NCT05422378) is to evaluate its safety and tolerability after
subcutaneous injections in adult participants who underwent
abdominoplasty. The trial procedure consisted of three treatment
cycles separated by a 28-day interval and consisting of seven sub-
cutaneous injections of 120, 240, or 360 mg (in 0.5 mL or 1.0 mL
per injection) as well as 1.0 mL placebo. Patients were randomly
divided in a double-blind manner and eight subjects aged between
18 and 65 years received injections in seven areas of 1 cm2 each on
the lower abdomen. They were subsequently monitored on days 2
and 7 after the surgery. The results revealed that STP705 was well
tolerated at all administered dosages, concentrations, and volumes,
demonstrating exceptional safety, with few instances of local skin
responses.

A phase 1/2 clinical trial (this study was registered at ClinicalTrials.
gov: NCT04293679)48 that was concluded in October 2020 assessed
the safety and efficacy of STP705 administered by intralesional injec-
tion in adult patients with in situ cutaneous squamous cell carcinoma.
The main objective was to assess the percentage of patients who
achieved complete histological clearance. Twenty-five patients were
treated with STP705, and 19 of them (76%) achieved histological
clearance, while 80% and 100% of patients achieved histological clear-
ance in the 30-g treatment group and the 60-g treatment group. These
findings revealed that STP705 is a non-invasive, secure, and effective
therapy for cutaneous in situ squamous cell carcinoma. The suggested
doses for future investigations are 30 mg each treatment and 60 mg
each treatment.

The company is in the first phases of developing its second signif-
icant product, STP707, which is an inhibitor of TGF-b1 and
COX-249 and intravenously administered. It uses the company’s
unique polypeptide nanoparticle as a delivery platform for RNAi-
based therapy. The medication is being used in two phase 1 clinical
trials to assess the safety and effectiveness of intravenous STP707
administration in patients who have advanced/metastatic or surgi-
cally unresectable solid tumors (this study was registered at Clinical-
Trials.gov: NCT05037149). Initial findings have revealed very
encouraging clinical prospects. A separate phase 1 clinical trial
(this study was registered at ClinicalTrials.gov: NCT05309915) is
being performed to assess the safety, tolerability, and pharmacoki-
netics of the intravenously delivered increasing dosages in healthy
individuals.

STP122G is in the early stages of development as an anticoagulant in
antithrombotic therapy, such as for stroke patients and patients un-
dergoing orthopedic surgery. Leveraging Sirnaomics’ proprietary
GalAhead platform delivers drugs using GalNAc-siRNA conjugates.
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This drug specifically targets factor XI (FXI),50 which is a plasma
glycoprotein that is mostly produced in the liver and is involved in
maintaining coagulation stability and amplification. A phase 1 trial
(this study was registered at ClinicalTrials.gov: NCT05844293) was
performed in May 2023 to assess the safety, tolerability, pharmacoki-
netics, and pharmacodynamics of subcutaneous FXI-GalNAc-siRNA
SAD in healthy individuals. Part of the trial has been completed, and
the safety data demonstrated no dose-limiting toxicity or SAEs; there-
fore, the study will proceed to the next dose cohort.

Silence Therapeutics

Silence Therapeutics is a firm specializing in developing RNAi med-
ications using a specific delivery system called mRNAi GOLD. The
drug targets are in the liver because this organ expresses nearly half
of the 30,000 human genes, including thousands of genes associated
with diseases. This platform’s delivery mechanism in the liver is high-
ly precise, potentially allowing the cure of any condition with a high
gene expression in the liver. Additionally, unintended adverse reac-
tions are prevented by its ability to avoid off-target cells and tissues.
Indeed, the company’s siRNA therapeutics are specifically engineered
to perfectly match their target mRNAs. The company has six drugs in
development; two have reached phase 2 clinical trials (Table 1), while
the remaining four drugs are in the preclinical stage. These drugs in
the clinical stages are introduced below.

Zerlasiran (SLN360)51 is a GalNAc-siRNA combination designed to
target lipoprotein(a) (LPA) to treat cardiovascular disorders linked
to LPA by subcutaneous administration. Two clinical trials have
been performed. The phase 1 clinical trial (this study was registered
at ClinicalTrials.gov: NCT04606602)52 was completed in August
2023 and demonstrated that this drug reduces LPA by 98% after a sin-
gle dose in 32 healthy volunteers. Moreover, the effect lasts for more
than 5 months, with good tolerability and no detected clinically sig-
nificant safety issues. The phase 2 trial (this study was registered at
ClinicalTrials.gov: NCT05537571) aims to investigate the efficacy,
safety, and tolerability of SLN360 in participants with high LPA levels
who are at high risk of ASCVD. The trial started in January 2023, and
the results have not yet been released.

SLN-124 is a GalNAc-siRNA combination designed to specifically
target the transmembrane protease serine 6 (TMPRSS6) for the treat-
ment of b-thalassemia, myelodysplastic syndromes (MDSs), and
polycythemia vera. A total of four clinical trials have been carried
out—two have been completed, one has been interrupted, and one
is in progress. The safety and tolerability of SLN124 were assessed
in a phase 1 trial (this study was registered at ClinicalTrials.gov:
NCT04559971)53 on 24 healthy volunteers, with doses of 1.0, 3.0,
and 4.5 mg/kg. The trial also evaluated pharmacokinetic characteris-
tics and pharmacodynamic biomarkers of iron metabolism to deter-
mine the decrease in iron. All SLN124 dosages resulted in a substan-
tial decrease in transferrin saturation (TSAT). The achieved absolute
level of TSAT (10%–16%) is lower than the level at which tissue iron
use becomes limited (<20%) and is equal to or below the level required
to support normal erythrocyte production for health (<16%).
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Another phase 1 trial (this study was registered at ClinicalTrials.gov:
NCT04718844) involved adult subjects with a-/b-thalassemia and
MDSs at low and very low risk. The objective was to assess the effec-
tiveness and safety of SLN124. No significant negative effects were
observed after receiving a single dose, such as SAEs and treatment-
emergent adverse events (TEAEs) associated with SLN124 or
TEAEs that lead to treatment interruption. No toxicity was observed
with the maximum allowable dose or any instance of liver injury
caused by the medicine. A clinical trial (this study was registered at
ClinicalTrials.gov: NCT05499013) is under way to investigate the ef-
fect of increasing dosage in individuals with polycythemia vera. The
trial is designed as a randomized, double-blind phase 1/2 study.

Other companies

In addition to the aforementioned companies specializing in the cre-
ation of siRNA medications, several other companies are involved in
the development of siRNA drugs. An overview of these corporations
and their siRNA medications are listed below.

Phio Pharmaceuticals specializes in RNAi and performs research on
its use in the field of immuno-oncology. This company possesses a
distinctive self-delivering siRNA technology known as INTASYL,
which is primarily directed to immuno-oncology.

PH-762 (Table 1) is an RNAi molecule that blocks the activity of pro-
grammed cell death protein 154 used in cell-based cancer immuno-
therapy, specifically in a treatment called adoptive cell therapy. It
uses RXi Pharmaceuticals’ self-delivering RNAi technology to treat
melanoma and other solid cancers. The medication has been in a
phase 1 clinical trial (this study was registered at ClinicalTrials.gov:
NCT06014086) since November 2023 to assess its efficacy in treating
cutaneous squamous cell carcinoma, melanoma, or Merkel cell carci-
noma by a dose-increasing manner.

PH-894 (Table 1) is an RNAi molecule that enters tumor cells and
suppresses the activity of the bromodomain-containing protein 4
(BRD4).55 This medication is specifically designed to treat advanced
stage IV melanoma, head and neck squamous cell carcinoma, hepa-
tocellular carcinoma, Merkel cell carcinoma, and other types of solid
tumors. It is scheduled to undergo a phase 1 trial (TrialTroveID-
467142) to assess its pharmacodynamics in patients with solid
tumors.

Amgen’s olpasiran (Table 1),56 previously known as AMG 890, is a
therapeutic medication that specifically targets and reduces the levels
of LPA and is undergoing research and development for its potential
use in treating ASCVD. It is currently in phase 3 trials, with the
completion of five linked trial programs. A phase 1 trial (this study
was registered at ClinicalTrials.gov: NCT03626662)57 assessed its
safety, tolerability, pharmacokinetics, and pharmacodynamics in in-
dividuals with high levels of LPA in their blood plasma, with the
main objective being the assessment of the safety and tolerability of
the treatment, as well as any changes in LPA concentration and the
pharmacokinetic properties as secondary outcomes. Participants
tolerated well the single doses of olpasiran, resulting in a significant
reduction in LPA values by 71%–97%. The effect of the administra-
tion of 9 mg or higher doses lasts for several months. The serum con-
centration of the drug is directly correlated with the dose. These data
confirm that liver-targeted siRNA successfully lowers high plasma
LPA levels. The drug was already subjected to phase 1 study in China
(this study was registered at ClinicalTrials.gov: NCT04987320). A
phase 2 trial (this study was registered at ClinicalTrials.gov:
NCT04270760)58 performed in December 2021 reported that patients
receiving a dose R75 mg Q12W experienced a reduction of almost
95% in LPA levels at week 36. The results of the non-treatment exten-
sion period showed that patients who had previously taken 75 mg or
more of the medication experienced an approximate 40%–50%
reduction in placebo-adjusted LPA percentage nearly 1 year after
their last administration. No additional safety concerns were observed
during the extended time of the treatment. A clinical trial with the
registration number NCT05581303 is under way to assess the impact
of olpasiran on ASCVD and increased LPA. The study is being per-
formed at multiple centers and follows a double-blind, randomized,
placebo-controlled design and started in December 2022.

Arbutus Biopharma’s imdusiran (AB-729)59 (Table 1) is a GalNAc
RNAi therapy that specifically targets HBsAg or other HBV targets.
This medication uses Arbutus Biopharma’s unique GalNAc conjugate
technology. The clinical trials arrived at phase 2. The results of the
initial phase 1 trial (TrialTroveID-334421) showed that the average
levels of HBsAg remained lower than the initial levels after 48 weeks
of follow-up. An evident and consistent reduction in HBsAg levels
was observed during and after treatment with imdusiran. Addition-
ally, this drug was generally safe and well tolerated after 48 weeks
of repeated administration, with no adverse events related to the
treatment or any need for discontinuation due to adverse events.
The medicine is undergoing evaluation in phase 2a research
(TrialTroveID-426794), which is randomized, blinded, and per-
formed at many centers, with the aim of analyzing the safety and re-
actogenicity of AB-729 in conjunction with VTP-300 in people with
chronic hepatitis B who underwent virologic suppression.

SUMMARY AND OUTLOOK
siRNA drugs are gradually being introduced into the market, offering
advantages such as high efficiency and low dosing frequency. These
drugs are becoming increasingly mature through a series of innova-
tions in the optimization of delivery and advancements in chemical
modifications. Manymedications on the market are designed to affect
the liver, while some drugs are being tested in clinical trials that target
tissues outside the liver. The transition from the preclinical phase to
the market for a successful siRNA medicine consists of six essential
stages: target screening, drug design and synthesis, screening of the
delivery strategy and chemical modifications, proof of concept
(POC) in animals, clinical POC, and finally, regulatory approval.60

Most screening targets are currently disease targets by analyzing up-
regulated biomarkers in disease tissues or animal models. However,
the therapeutic outcome of inhibiting or knocking down a disease
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target is frequently ineffective, probably because of pathological com-
pensations or other factors. The upstream signaling analysis of the
interactions with the target or multi-target co-inhibition to achieve
synergy is performed to reach the desired effect. Patient biopsies
are the best samples for analysis, and the best results are obtained
by analyzing many complex samples using genetics, multi-omics,
and artificial intelligence.61 In addition to being silent inside the target
tissue, the target should also be secure enough to be silent outside of
the target tissue. Target selection must also include the influence of
the proliferation rate of the cell type containing the target gene.62

Finally, target selection must take into account the impact of the turn-
over mRNA rates63 that, when high, counteract the silencing medi-
ated by RNAi.

Genetic data such as mRNA expression patterns, SNPs, sequence
specificity, homology, and functionality must be analyzed to design
the appropriate drug. Computer technology is used to anticipate
the cross-species targeting, functionality, and specificity of siRNAs
to increase the probability that the use of a specific siRNA will be suc-
cessful. The correlation between siRNA effect in vitro, in vivo, and in
clinical settings is often low, thus requiring innovation to improve the
predictive accuracy. Machine learning is used to advance this devel-
opment.64 Drug design involves the comparison of mRNA transcripts
from different species using databases and analyzing the homology65

of target sequences in humans and experimental animals. Regions
with identical sequences are often preferred targets, and this process
accelerates the overall pace of drug development.

The method of drug synthesis is constantly evolving. In the past,
siRNA synthesis through phosphoramidite chemistry was complex,66

involving a four-step cycle of deprotection, coupling, capping, and
oxidation.67 However, this method no longer meets the demand of
large-scale production of siRNA drugs due to high risks, significant
consumption of raw material,68 minimal product yield,69 and poor
economic profitability. These problems have become barriers in the
development of siRNA drugs. Enzymatic synthesis of oligonucleo-
tides has improved these problems70 by enabling high-yield and
high-purity siRNA production. This approach optimizes the tradi-
tional four-step chemical synthesis using a simplified two-step
extension and deblocking process,71 reducing the use of reagents.
Additionally, the aqueous-based process avoids the extensive con-
sumption of organic solvents and harmful by-products,72 thus
enhancing atom economy.

Twomore important aspects of a functional design are effective deliv-
ery and chemical alteration. The most common delivery mechanism
currently used is suffix-mediated delivery; extrahepatic delivery
through aptamers,73 lipids,74 antibodies,75 modified proteins,76 pep-
tides,77 and other targeting affixes is still being developed. GalNAc-
mediated intrahepatic delivery is also efficient and long-lasting.
siRNAs have significant effects on the eyes, skin,78 lungs, and central
nervous system,79 in addition to that on the liver. The effects of these
drugs on other tissues, such as heart and kidney are being explored.
The four most common chemical modifications at the moment are
12 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
20-OMe,80 20-F,81 PS,82 and 50-(E)-vinylphosphonate83 combinations.
These modifications may be applied to most sequences and have
different benefits, including improved siRNA stability, decreased
toxicity, and extended drug persistence.

Animal POC is a POC that in vivo drugs have a statistically significant
silent effect on a target at a safe and tolerable dose in humans. After
siRNAs are designed, they should first be evaluated in disease models.
For instance, the relevant species are monkeys and rats. A variety of
tests are performed, including in vitro and in vivo pharmacodynamic
studies; safety pharmacology studies; absorption, distribution, meta-
bolism, and excretion studies; repeated dose toxicity studies in rats;
repeated dose toxicity studies in cynomolgus monkeys; genetic
toxicity tests; carcinogenicity studies; and reproductive and develop-
mental toxicity studies.

Clinical POC is categorized into phase 1, 2, and 3 clinical trials. Phase
1 clinical trials are designed to test the safety, maximum tolerated
dose, pharmacokinetics, and pharmacodynamics of a drug, and
drug-drug interactions and are usually performed in a small number
of healthy volunteers and patients. Phase 2 clinical trials are larger
than phase 1 and are carried out in a patient population to evaluate
safety, pharmacokinetics, and pharmacodynamics. They also explore
the planning of phase 3 trials to determine the optimal dose, optimal
frequency, and dosing endpoints. Phase 3 trials use a larger and more
diverse target population to evaluate the drug and are designed to
determine the efficacy and the incidence of adverse effects. Only after
the completion of these phases is an siRNA drug marketed with a reg-
ulatory approval.

In conclusion, siRNA drugs are crucial at every stage from research to
market launch. Each stage has driven the rapid development of
siRNA drugs, from the continuous optimization of target screening,
drug design, and synthesis methods to the technological innovation
of delivery strategies and chemical modifications. siRNA treatments
show considerable promise in various disease areas, including
genetic disorders, metabolic diseases, cardiovascular diseases, neuro-
logical ailments, cancer, and immune system disorders. A few medi-
cations are already approved and have demonstrated encouraging
therapeutic results, while the majority of the drugs are still in research
and development. In the future, siRNA drugs are expected to occupy
an important position in the global pharmaceutical market with the
completion of more research and the launch of new products.
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