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Abstract

Antisense oligonucleotides (ASOs) are emerging therapeutic agents that modulate gene expression
at the RNA level, offering distinct therapeutic advantages over conventional small-molecule drugs
and biologics. By directly targeting RNA, ASOs expand the spectrum of druggable targets to include
those previously considered "undruggable" and enable shorter development timelines with
improved research and development efficiency. These attributes position ASOs as a highly promising
platform for precision and personalized medicine. Recent advances in chemical modification
strategies and delivery technologies have markedly accelerated the clinical translation. This review
systematically examines the technological evolution of ASOs therapeutics, detailing their
mechanisms of action, key chemical modification strategies, and advanced delivery systems. It also
provides a comprehensive overview of the current global clinical landscape, including approved
drugs, discontinued candidates, and ongoing clinical trials. Finally, this review discusses the major
challenges facing the field and outlines future directions, with the aim of informing subsequent basic
research and clinical development efforts.

Keywords: antisense oligonucleotides; RNA-targeted therapeutics; chemical modification; precision
medicine

1. Introduction

RNA functions as a central mediator of cellular information flow and gene regulation. Increasing
evidence suggests that both messenger RNA (mRNA) and non-coding RNA (ncRNA) contain highly
structured and functionally critical elements, and that aberrations within these elements are closely
linked to the pathogenesis of numerous human diseases[1]. Notably, only approximately 1.5% of the
human genome encodes proteins, and up to 80% of protein-coding targets are considered
"undruggable” by conventional therapeutic methods, posing a substantial challenge to drug
discovery[2]. RNA-targeting therapeutics have therefore emerged as a transformative strategy,
enabling access to previously inaccessible regulatory pathways and expanding the landscape of
druggable targets.

Among diverse RNA-targeting strategies, oligonucleotide therapeutics have achieved
remarkable clinical progress, owing to their broad target accessibility, relatively streamlined
development paradigms, and controllable manufacturing costs. This class includes antisense
oligonucleotides (ASOs), small interfering RNAs (siRNAs), microRNAs (miRNAs), small activating
RNAs (saRNAs), and aptamers[3]. Currently, ASOs represent the most established modality among
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approved oligonucleotide drugs, with 14 marketed products (including subsequently withdrawn
agents), outnumbering siRNAs (8) and aptamers (2), underscoring their relative maturity and
leadership in clinical translation[4,5]. Continuous technological innovation, particularly iterative
advances in chemical modifications and delivery platforms, has been fundamental to this success[3].
These innovations have addressed key barriers to clinical translation, including limited in vivo
stability, inefficient cellular uptake, and off-target toxicity. Moreover, improved translational
strategies and growing clinical validation have enabled ASOs to expanded beyond rare genetic
disorders into broader chronic indications.

This review offers a systematic overview of the technological evolution of ASOs, tracing their
progression from conceptual inception to contemporary clinical applications. It outlines the core
mechanisms underlying ASO-mediated gene regulation, summarizes major chemical modification
strategies and advanced delivery systems, and analyzes the global clinical translation landscape,
including approved drugs, discontinued candidates, and ongoing clinical trials. Finally, it discusses
the principal challenges facing the field and highlights future development directions, with the aim
of informing both fundamental research and the advancement of next-generation clinical candidates.

2. Evolutionary History

The development of ASOs technology represents a remarkable journey in expanding
druggability within the theoretical framework of the "Central Dogma". Through iterative cycles of
proof-of-concept validation, periods of setbacks and stagnation, and sustained technological
innovation, the field has ultimately achieved substantial clinical breakthroughs (Figure 1).
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Figure 1. Timeline of antisense oligonucleotide (ASO) technology development. This timeline delineates the
three-stage evolutionary trajectory of ASOs technology: Inception and Preliminary Validation (1978-1990s),
marked by the conceptualization of ASOs and early chemical modifications (e.g., phosphorothioate [PS])
leading to the first FDA-approved ASO (Fomivirsen); Setbacks and Technological Reshaping (2000s—2015),
characterized by clinical trial challenges that drove advancements in second-generation chemistries (e.g., 2"-O-
methoxyethyl [2'-MOE]) and targeted delivery (e.g., N-acetylgalactosamine [GalNAc] conjugation); and
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Clinical Explosion and the Golden Age (2016—present), defined by transformative approvals (e.g., Nusinersen
for spinal muscular atrophy) and the maturation of ASOs as a versatile therapeutic platform. The figure was
created with BioRender.com. PS: phosphorothioate; PMO: phosphorodiamidate morpholino oligomer; PNA:
peptide nucleic acid; 2'-MOE: 2'-O-methoxyethyl; LNA: locked nucleic acid.

2.1. Inception and Preliminary Validation (1978-1999)

ASOs are synthetic, single-stranded nucleic acid analogs, typically ranging from 12 to 30
nucleotides in length, that selectively recognize and bind target RNA through Watson—Crick base
pairing, thereby modulating gene expression[6]. The concept of the ASO was initially introduced by
Paul C. Zamecnik and Mary L. Stephenson in 1978, when they demonstrated that a sequence-specific
oligonucleotide complementary to Rous sarcoma virus 355 RNA could inhibit viral replication in
tissue culture, establishing the theoretical foundation of the field[7,8].

Over the following two decades, first-generation chemical modifications (most notably
phosphorothioate (PS) backbone substitution) were developed to overcome poor nuclease stability
and suboptimal pharmacokinetic properties[9]. A milestone during this period was the 1998 approval
by the U.S. Food and Drug Administration (FDA) of Fomivirsen (Vitravene) for the treatment of
cytomegalovirus retinitis in AIDS patients[10]. Fomivirse was restricted to local intravitreal injection,
because it failed to resolve the metabolic and toxicity challenges associated with systemic
administration[11]. Its eventual withdrawal underscored the inherent limitations of first-generation
ASOs technology and highlighted the need for further chemical and delivery innovations.

2.2. Setbacks and Technological Reshaping (2000-2015)

At the beginning of the 21st century, the ASOs field faced a critical trade-off between toxicity
and efficacy. First-generation ASOs were limited by low target affinity, non-specific immune
activation, and severe off-target toxicity, resulting in multiple Phase III trials failures and plunging
the field into a "valley of Death"[12]. A pivotal turning point came with the advent of second-
generation chemistries, including 2'-O-methoxyethyl (2-MOE), together with the implementation of
the chimeric "Gapmer" design strategy [13]. The 2013 FDA approval of Mipomersen (Kynamro) for
the treatment of homozygous familial hypercholesterolemia reignited enthusiasm for ASOs
development [14]. Although Mipomersen faced commercial setbacks due to injection-site reactions
and hepatotoxicity, it provided proof of concept for the systemic reduction of liver-derived target
proteins [15]. These safety concerns, in turn, catalyzed advances in precision engineering, including
N-acetylgalactosamine (GalNAc)-mediated liver targeting, stereopure (chiral) synthesis, and protein-
interaction profile optimization [16,17]. Additionally, the pioneering application of the Risk
Evaluation and Mitigation Strategy and the granting of orphan drug designation for Mipomersen
established important operational and regulatory precedents, offering a framework that has
informed subsequent ASOs development [18].

2.3. Clinical Explosion and the Golden Age (2016—Present)

With the continued refinement of chemical modifications, such as locked nucleic acid (LNA) and
constrained ethyl (cEt), alongside advances in delivery technologies, ASOs have entered a period of
rapid clinical development [13,17]. The approval of Nusinersen (Spinraza) in 2016 marked a
transformative milestone. Administered via intrathecal injection to bypass the blood-brain barrier, it
provided an effectively treatment for spinal muscular atrophy, previously recognized as a leading
genetic cause of infant mortality [19]. This success validated the therapeutic potential of ASOs in
splice modulation and restored confidence in nucleic acid therapeutics within the pharmaceutical
industry. Additionally, GalNAc conjugation also has revolutionized hepatic targeting. A new
generation of ASOs, exemplified by Eplontersen and Olezarsen, has demonstrated high potency and
sustained efficacy, with dosing intervals extended up to as long as six months while maintaining
favorable safety profile[16,20,21]. Collectively, these advances have propelled ASOs from a niche
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modality focused primarily on orphan diseases to a versatile therapeutic platform with broad
potential across diverse indications.

3. Mechanisms of Action

ASOs modulate gene expression through sequence-specific hybridization with target RNA[6]
(Figure 2). Their action process can be conceptualized into three stages: pre-hybridization,
hybridization, and post-hybridization.

3.1. Pre-hybridization: Cellular Uptake and Trafficking

Upon entering the tissue, ASOs can be passively internalized through gymnosis; however,
cellular uptake predominantly relies on receptor-mediated endocytosis[22]. Cell surface receptors,
such as Stabilin-land Stabilin-2, recognize and internalize ASOs via clathrin-dependent pathways,
serving as a major in vivo entry route[23,24]. In hepatocytes, the asialoglycoprotein receptor exhibits
high endocytic efficiency; multivalent GalNAc ligands promote synergistic receptor engagement,
induce conformational changes, and promote efficient ASO endocytosis[25].

Following endocytosis, ASOs traffic from early endosomes to late endosomes or multivesicular
bodies. Only the small fraction can successfully escape into the cytoplasm or nucleus, where they
exert their biological activity, making endosomal escape the principal rate-limiting step for
therapeutic efficacy[26]. Intracellularly, ASOs form dynamic complexes with nucleic acid-binding
proteins that regulate their nucleocytoplasmic shuttling and intracellular retention[9].

The chemical structure of ASOs determines their protein-binding properties, subcellular
localization, and applicable administration routes[27]. Fully PS backbones enhance reversible
binding to plasma proteins, increase nuclease resistance, prolong circulating half-life, and promote
accumulation in highly perfused tissues such as the liver and kidneys following intravenous
administration[28]. Conversely, mixed backbones, chimeric structures composed of
phosphorothioate and phosphodiester linkages, reduce protein-binding affinity and accelerate renal
clearance, making them appropriate for local administration settings where minimal systemic
exposure is desired[29]. Chiral phosphorus backbones further improve target RNA binding
specificity through defined spatial configuration, thereby reducing off-target effects and informing
the selection of optimal administration routes[30].
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Figure 2. Mechanism of actionof antisense oligonucleotides (ASOs). ASOs are internalized into target cells
through endocytosis, traverse the endocytic pathway, undergo endosomal escape to reach the cytoplasm or
nucleus. They modulate gene expression through two core mechanisms: (1) nuclease-mediated degradation,
wherein ASO-target RNA heteroduplexes recruit RNase H1 to catalyze site-specific cleavage of pathogenic
transcripts; and (2) steric blockade, which inhibits interactions between RNA and regulatory molecules (e.g.,
spliceosomes, ribosomes). Specific modes of action include RNase H1l-mediated mRNA degradation, steric
blockade-modulated alternative splicing (e.g., exon skipping to restore reading frames in dystrophin deficiency),
and steric blockade-suppressed translation (e.g., binding to 5" untranslated regions to inhibit initiation). The

figure was created with BioRender.com.

3.2. Hybridization: Target RNA Recognition

Following successful intracellular trafficking to the appropriate subcellular compartments,
ASOs initiate sequence-specific molecular recognition and hybridization with their target RNA[31].
To achieve effective binding, they must overcome steric hindrance imposed by complex RNA
structures, such as hairpins and pseudoknots, and dynamically compete with endogenous RNA-
binding proteins already associated with the transcript[32]. These proteins include spliceosomal
components that regulate pre-mRNA splicing, heterogeneous nuclear ribonucleoproteins responsible
for RNA transport and processing, and ribosomes engaged in translation[32,33]. The spatial
accessibility of the target site, along with the hybridization kinetics, are key efficacy determinants.
These factors govern binding stability, target engagement efficiency, and ultimately the magnitude
and durability of the pharmacological response[34].
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3.3. Post-hybridization: Functional Modulation of Target RNA

Upon formation of a stable ASO-target RNA complex, ASOs exert their effects through distinct
mechanistic pathways defined by how they modulate target RNA function[35]. A major class
operates via RNase Hl-dependent cleavage. In this mechanism, ASOs form DNA/RNA
heteroduplexes with the target transcript, thereby recruiting the endogenous endonuclease RNase
H1. Activation of RNase H1 induces site-specific cleavage of phosphodiester bonds within the RNA
strand, resulting in degradation of pathogenic transcripts and suppression of pathogenic protein
translation[35]. Because RNase HI1 is localized in both the cytoplasm and nucleus, this pathway
enables the degradation of mature cytoplasmic mRNAs as well as nuclear-retained pre-mRNAs and
immature transcripts, thereby broadening the spectrum of targetable RNAs[36].

In contrast, RNase Hl-independent ASOs function primarily through steric hindrance. These
molecules competitively bind to specifict RNA sequences and physically obstruct interactions with
regulatory proteins, spliceosomes, or ribosomes[37]. Within the nucleus, splice-switching ASOs
target exon—intron junctions or splicing regulatory elements to modulate alternative splicing. For
example, in Duchenne muscular dystrophy, exon-skipping ASOs restore the translational reading
frame, enabling the production of partially functional dystrophin[38]. In the cytoplasm, ASOs bind
regulatory regions such as the 5’ untranslated region or upstream open reading frames to modulate
translation, either enhancing protein synthesis by relieving inhibitory elements or suppressing
initiation to reduce protein expression[39]. This steric mechanism also extends to ncRNAs,
including miRNAs and long non-coding RNAs (IncRNAs), by reducing their abundance or
obstructing their functional domains[3].

Beyond these classic mechanisms, several emerging strategies are under active investigation.
Notably, RNA in situ editing through adenosine deaminase acting on RNA-recruiting ASOs enables
precise adenosine-to-inosine conversion to correct pathogenic mutations at the RNA level without
modifying genomic DNA[40]. Additionally, ASOs can form triplex structures with DNA or RNA
duplexes to inhibit transcription[41], or mask RNA-binding protein recognition motifs, thereby
modulating RNA splicing, stability, and translation efficiency[42]. Collectively, these expanding
mechanistic modalities significantly broaden the therapeutic scope of ASOs in gene regulation and
precision therapeutics.

4. Chemical Modifications

Mechanisms of action define the functional direction and efficacy of ASOs, whereas chemical
modifications balance selectivity and safety, endowing the stability and druggability[43] (Figure 3).
The progressive maturation of these complementary technologies has been instrumental in
translating ASOs from conceptual innovation to validated clinical therapeutics.
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Figure 3. Chemical modification of antisense oligonucleotides (ASOs). This figure summarizes three core
modification strategies that enhance ASOs, druggability by optimizing stability, binding affinity, and safety. (a)
Backbone modifications (Blue section): Target phosphodiester (PO) linkages or backbone topology (e.g.,
phosphorothioate [PS], phosphorodiamidate morpholino oligomers [PMOs], peptide nucleic acids [PNAs]).
These modifications improve nuclease resistance, prolong in vivo half-life, and modulate protein-binding
profiles while retaining or abrogating RNase H1 activity. (b) Ribose modifications (Pink section): Focus on the 2'
position (e.g., 2'-O-methyl [2"-O-Me], 2'-fluoro [2'-F]) or conformational locking via bridged structures (e.g.,
locked nucleic acid [LNA], constrained ethyl [cEt]). These enhance hybridization stability with target mRNAs
and reduce immunogenicity. (c) Base modifications (Green section): Include 5-methylcytosine (5-MeC) and C5-
propynyl substitutions to mask CpG motifs (avoiding Toll-like receptor 9 activation) or strengthen base-stacking
interactions, respectively, without disrupting helical geometry. The figure was created with BioRender.com. PS:
Phosphorothioate; BS: boranophosphate; MP: methylphosphonate; PTE: phosphotriester; PA:phosphoramidate;
PS2: phosphorodithioate; C3-amide: (3'-CH2-CO-NH-5)’; formacetal linkage: (3'-O-CH2-O-5); Thioformacetal:
replaces the 3'-sided oxygen atom with a sulfur (3’-5S-CH2-O-5’); MMI: Methylene (methylimino), another
nitrogen that contains an achiral four-atom linkage (3'-CH2N(CH3)-O-5"); PO: phosphodiester; PMO:
phosphorodiamidate morpholino oligomer; TMO: Thiophosphoramidate morpholino oligomer; PNA: peptide
nucleic acid; tcDNA: Tricyclo-DNA; SNA: serinol nucleic acid; 2'-O-Me: 2'-O-methyl; 2'-O-MOE: 2'-O-(2-
methoxyethyl); 2'-F: 2'-fluoro; LNA: locked nucleic acid, also known as 2',4'-bridged nucleic acids, BNA; cEt:
constrained ethyl bridged nucleic acid; UNA: unlocked nucleic acid; GNA: glycol nucleic acid; ENA: ethylene-
bridged nucleic acid; 5-MeC: 5-Methylcytosine; 5-MeU: 5-Methyluridine; W: Pseudouridine (5-ribosyluracil);
m1W¥: N1-Methylpseudouridine.
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4.1. Backbone Modifications

Backbone modifications are central to improving metabolic stability, minimizing
immunogenicity, and optimizing tissue distribution, with phosphodiester (PO) linkages modification
as the foundational strategy[9,35]. Among these, PS substitution, where a non-bridging phosphate
oxygen is replaced by sulfur, is the most clinically established backbone modification[9]. PS chemistry
enhances nuclease resistance, alters biodistribution through improved protein interactions, and
preserves the ability to recruit RNase H[44]. Accordingly, the majority of approved ASOs incorporate
PS linkages. The "Gapmer" structure further optimizes the therapeutic index by combining a central
DNA-like "gap," which supports RNase Hl-mediated cleavage, with chemically modified "wings"
that enhance affinity and stability[37]. Moreover, stereoselective synthesis controlling the chirality
(Sp or Rp) of PS linkages reduces backbone heterogeneity, mitigates non-specific interactions, and
enhances efficacy[30,45]. Emerging non-natural linkages, such as mesyl-phosphoramidate (MsPA),
phosphoryl-guanidine (PG), and boranophosphate (PB), further modulate surface charge and
conformational properties, thereby improving cellular uptake while maintaining RNase H1
compatibility and reducing immune stimulation[46,47].

Another alternative strategy involves modifying the topological framework of the
oligonucleotide[13]. Phosphorodiamidate morpholino oligomers (PMOs) replace the ribose ring with
a morpholine moiety linked via neutral phosphorodiamidate bonds, substantially reducing non-
specific protein interactions[13,38]. Operating primarily through steric blockade, PMOs are well
suited for prolonged intravenous administration, as exemplified by for the treatment of Duchenne
muscular dystrophy[48]. Thiophosphoramidate morpholinos (TMOs) further improve stability
through sulfur or nitrogen modifications[49]. Peptide nucleic acids (PNAs) use a neutral
pseudopeptide backbone that eliminates electrostatic repulsion, thereby strengthening target-
binding affinity[50]. Similarly, serinol nucleic acids (SNAs), in which ribose is replaced by serinol,
enable hybridization with various chiral oligonucleotides, offering additional opportunities to
optimize the stability and sequence specificity[51,52].

4.2. Sugar Modifications

Sugar modifications, particularly at the 2’ position of the ribose ring or through conformational
locking, substantially enhance target affinity, improve stability, and reduce toxicity[53]. Classical
non-bridged 2’ modifications, such as 2'-O-methyl (2'-OMe), 2'-O-methoxyethyl (2'-MOE), and 2'-
fluoro (2'-F), favor a C3'-endo sugar pucker, thereby strengthening hybridization to complementary
mRNA sequences[54]. Among these, 2-MOE, a representative of second-generation chemistry,
confers enhanced nuclease stability and attenuates immunogenicity[55]. The 2'-OMe modification is
synthetically accessible and well tolerated, whereas 2'-F further increases binding affinity with
minimal steric hindrance, albeit with potential concerns regarding metabolite-associated toxicity[56].
The clinical success of Nusinersen (Spinraza), an 18-mer PS backbone ASO uniformly modified with
2'-MOE, exemplifies the impact of sugar chemistry optimization, enabling high-affinity binding to
SMN?2 pre-mRNA and pioneering splicing-modulating therapy for spinal muscular atrophy[57].
Additionally, the 2'-O-[2-(N-methylcarbamoyl) ethyl] (2'-MCE) modification demonstrates
comparable activity to 2’-MOE with reduced hepatotoxicity, positioning it as a promising next-
generation 2'-O-alkyl alternative[58]. Conformationally locked bridged nucleic acids (BNAs), which
establish a 2' - 4' chemical bridge, have been developed to optimize ASOs hybridization affinity and
structural rigidity[59]. Locked nucleic acids (LNAs), characterized by a 2'-O,4'-C-methylene bridge,
increase the melting temperature by approximately 3-8°C per monomer[60]. The introduction of a
methyl group to LNAs, forming constrained ethyl (cEt) derivatives, further improves the therapeutic
index[61]. Ongoing efforts focus on reducing toxicity, as demonstrated by BNAP-AEO’s ability to
mitigate central nervous system toxicity, and optimizing tissue distribution, with cycloalkane-
incorporated BN As enhance dosing efficiency[59,62].

For ribose-deficient backbones systems such as PMO and PNAs, limited membrane permeability
and suboptimal solubility remain the key challenges, which are being addressed through
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modifications of side-chains, linkages, or terminals[35]. For example, arginine-rich cell-penetrating
peptides promote endocytosis[63], cationic linkers create "charge-chimeric" PMOs to enhance muscle
uptake[64], and lipid or GalNAc conjugates enable efficient tissue-selective biodistribution[65].

4.3. Nucleobase Modification

Unmodified CpG motifs, which are cytosine—guanine dinucleotides, activate Toll-like receptor
9 (TLRY), leading to severe influenza-like symptoms and inflammatory responses in early candidate
ASOs[66]. The modification of CpG motifs with 5-methylcytosine (5-MeC) effectively mimics
endogenous DNA methylation, thereby preventing innate immune activation without altering
heteroduplex geometry[53]. This kind of modification is frequently employed in current clinical
ASOs.

To develop shorter and more potent ASOs, heterocyclic bases are engineered to introduce
additional hydrogen bonds or enhance stacking interactions. For instance, C5-propynyl substitutions
(C5-propynyl-C/U) strengthen m—m stacking, thereby increasing the melting temperature[67,68].
Additionally, the G-Clamp, a tricyclic cytosine analog, forms four hydrogen bonds with guanine,
allowing for the reduction in an ASO length to 10-12 nucleotides (as opposed to the conventional ~20
nucleotides) and consequently decreasing renal burden[69,70].

5. Delivery Strategies

Despite chemical modifications, ASOs” high hydrophilicity and large molecular weight limit
intrinsic transmembrane permeability, making efficient, safe, and precise delivery a critical
bottleneck in ASOs developments. The common delivery strategies are shown in Figure 4.

5.1. Naked ASOs

Naked ASOs depend on their inherent physicochemical properties for in vivo distribution and
cellular uptake[65]. They demonstrate efficacy in local administration but face challenges in systemic
delivery. Local administration methods, such as intravitreal injection, are commonly used for ocular
diseases, as evidenced by the use of Fomivirsen (Vitravene)[71]. In contrast, by the contrast early
systemic administration strategies, including intravenous or subcutaneous routes, required high
doses to achieve passive uptake by the reticuloendothelial system, leading to non-specific
accumulation in the liver and kidneys and raising biosafety concerns, as seen with Mipomersen
(Kynamro))[72]. Furthermore, systemic administration is ineffective at penetrating brain tissue due
to the blood-brain barrier[73]. However, ASOs exhibit a prolonged half-life in cerebrospinal fluid,
lasting several months, which facilitates extensive distribution in the spinal cord and brain[74].
Consequently, intrathecal injection of naked ASOs has become the "gold standard" for treating central
nervous system diseases, as exemplified by Nusinersen (Spinraza)[74,75].
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Figure 4. Delivery strategies for antisense oligonucleotides (ASOs). This diagram outlines three key
approaches to overcoming ASO transmembrane barriers and improving targeted delivery. (a) Administration
routes: Clinically validated routes include intravitreal injection (for ocular diseases), intrathecal injection (for
central nervous system diseases), subcutaneous injection, and intravenous injection (for systemic delivery).
Route selection is guided by target tissue accessibility and the need to minimize systemic exposure.
(b)Conjugate-based delivery: ASOs are covalently linked to ligands (e.g., GalNAc for hepatocyte targeting via
asialoglycoprotein receptor [ASGPR]), lipophilic moieties (e.g., palmitic acid), or biomacromolecules (e.g.,
antibodies, cell-penetrating peptides) to enhance tissue specificity and cellular internalization (c) Non-viral
carrier delivery: ASOs are encapsulated or loaded into nanocarriers such as lipid-based nanoparticles (LNPs),
polymersomes, or exosomes. These carriers protect ASOs from nuclease degradation, promote endocytic uptake,
and facilitate endosomal escape, thereby improving bioavailability and therapeutic efficacy. LNP: Lipid
Nanoparticles; LNEs: Lipid Nanoemulsions; SLN: Solid Lipid Nanoparticles; NLC: Nanostructured Lipid

Carriers; NP: Nanoparticles. The figure was created with BioRender.com.

5.2. Conjugate-Based Delivery

Conjugate-based delivery attaches biologically active ligands or carriers to ASOs, thereby
precisely modulating their delivery properties[23]. Ligands, such as carbohydrates, vitamins, and
small molecules, are conjugated to the termini of ASOs through click chemistry or linkers, exploiting
receptor-ligand interactions to facilitate tissue-specific endocytosis[23,76]. For instance, trivalent
GalNAc binds to the asialoglycoprotein receptor, enhancing hepatic targeting, reducing the required
dosage, and extending dosing intervals[25]. Comparative studies between Inotersen (Tegsedi) and
GalNAc-conjugated Eplontersen (Wainua), (both targeting transthyretin, demonstrate that
Eplontersen exhibits superior efficacy and a lower incidence of thrombocytopenia and
nephrotoxicity[21]. However, the hepatocyte-specific targeting of GalNAc presents limitations for
certain therapeutic applications. For example, Bepirovirsen (GSK3228836)[77,78], which is more
effective than its GalNAc-conjugated counterpart (GSK3389404)[79,80], circumvents the use of
GalNAc to facilitate entry into hepatocytes for viral transcript degradation and access to non-
parenchymal cells for immune stimulation, thereby enhancing the treatment of hepatitis B[81].
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Lipophilic moieties, such ascholesterol, palmitic acid, vitamin E, and bile acids, have been shown
to enhance the pharmacokinetics and cellular uptake of ASOs[82]. Imetelstat (Rytelo), a telomerase
inhibitor approved in 2024, utilizes a palmitoyl modification and a specialized
phosphorothioamidate (N3'-P5’) backbone to improve exposure and uptake, thereby increasing its
efficacy in treating bone marrow disease[83,84]. Studies have demonstrated that ASOs conjugated
with fatty-acid can improve muscle cellular uptake and gene-silencing potency[85], while ASOs
conjugated with vitamin E or cholesterol enhance tumor uptake and activity[86].

Biomacromolecules, including antibodies, peptides, and aptamers, facilitate "precise targeting"
and enable penetration into deep tissues[87]. Antibody-oligonucleotide conjugates (AOCs), such as
those involving anti-transferrin receptor 1(TfR1)-antibodies, enhance the crossing of the blood-brain
barrier or uptake by muscle tissues[88,89]. Peptide-oligonucleotide conjugates (POCs) utilize cell-
penetrating peptides or homing peptides to improve membrane translocation and facilitate
endosomal escape, as demonstrated by peptide-conjugated PMO technology in the treatment of
neuromuscular diseases[63,90]. Aptamers, which are structured nucleic acids that recognize cell
surface receptors through spatial complementarity[91], are instrumental in guiding the delivery of
drugs. A recently study shown that the gold nanoparticles conjugated with an a7/31 integrin-
targeting aptamer have been used to deliver microRNA-206 to muscle satellite cells, promoting
muscle regeneration in a mouse model of Duchenne muscular dystrophy[92], which provides a
potential research direction for the targeted delivery of ASOs.

5.3. Carrier-Based Delivery

In addition to conjugate-based strategies, various carrier-based delivery systems being
developed to address the challenges associated with the cellular uptake of ASOs.

Lipid-based nanoparticles, which include liposomes, lipid nanoparticles, lipid nanoemulsions,
solid lipid nanoparticles, and nanostructured lipid carriers, are designed to navigate physiological
barriers effectively[93]. Among these, lipid nanoparticles, characterized by anionizable lipid core, are
recognized as the most efficient vehicles for the delivery of small nucleic acid[94]. Solid lipid
nanoparticles and nanostructured lipid carriers provide advantages such as stability and sustained
release[95], while lipid nanoemulsions are particularly suitable for the solubilization of lipophilic
cargo in multimodal systems[96].

Synthetic polymers such as polyethyleneimine and polylactic-co-glycolic acid, along with
natural polymers like chitosan and hyaluronic acid, as well as lipid—polymer hybrid nanoparticles,
facilitate the formation of polyplexes with ASOs through electrostatic interactions, thereby
safeguarding them from degradation[97]. Additionally, the incorporation of stimulus-responsive
modifications in the polymer side chains, such as pH or redox-responsive motifs, can potentially be
employed to enhance the compartment-specific release of ASOs within cells[98].

Inorganic nanocarriers, such as mesoporous silica nanoparticles, gold nanoparticles, silver
nanoparticles, and iron oxide nanoparticles, exhibit controllable properties and surface modification
capabilities|99]. Mesoporous silica nanoparticles, are characterized by their ultra-high specific surface
area and ordered mesoporous structures, which facilitate efficient drug loading and controlled
release[100]. Gold and silver nanoparticles utilize metal-sulfur bonds or electrostatic interactions to
achieve high-density loading, thereby enhancing resistance to nucleases[101]. For instance,
functionalized ASO-gold nanoparticles have been used to inhibit pathogenic genes in drug-resistant
bacteria, thereby restoring sensitivity to 3-lactam antibiotics[102]. Iron oxide nanoparticles enable
magnetically targeted delivery through external magnetic fields and serve as theranostic agents,
particularly as contrast agents in magnetic resonance imaging[103]. Additionally, the surface
engineering of inorganic carriers can synergistically improve cellular uptake. For instance, ASOTARI,
which consists of glucose polymer-modified silica nanoparticles, is selectively internalized by
bacteria via the bacterial-specific ABC sugar transporter pathway, facilitating targeted treatment of
drug-resistant bacterial keratitis[104].
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Biomimetic and cell-derived carriers exhibit low immunogenicity and exceptional ability to
penetrate biological barriers, effectively delivering therapeutic agents by emulating endogenous
biological transport mechanisms[105]. Exosomes, also known as extracellular vesicles, are natural
facilitators of intercellular communication. They possess distinctive surface proteins and lipid
compositions that endow them with tissue-targeting capabilities and membrane fusion potential,
thereby protecting ASOs from immune clearance and aiding in endosomal escape[106]. CDK-004
(ex0ASO-STAT6), an exosome-mediated ASO targeting STAT6 for the treatment of hepatocellular
carcinoma, was previously investigated but ultimately discontinued due to the complexity of the
delivery system, as well as concerns regarding efficacy and safety[107]. Cell-membrane vesicles,
which are created by coating carriers with membrane components derived from erythrocytes,
leukocytes, or tumor cells, provide a "camouflage effect" that extends the circulation time of ASOs.
Additionally, they exploit the chemotactic properties of the source cells to achieve targeted
enrichment at sites of inflammation or tumor, thereby enhancing biocompatibility and targeting
precision[108].

6. Clinical Translation Landscape
6.1 Insights from Approved Drugs

ASOs have emerged as a promising class of sequence-specific nucleic acid therapeutics, with
their clinical efficacy substantiated by an increasing number of approved drugs across diverse disease
areas. This overview synthesizes their key clinical breakthroughs and technological advancements to
underscore their expanding role in contemporary therapy (see Table 1).

The clinical translation of ASOs began with technological exploration and regulatory validation,
a foundational stage exemplified by the approval of Fomivirsen (Vitravene) during the early
technological era. Administered via intravitreal injection, Fomivirsen circumvented systemic
delivery risks, minimized whole-body exposure, and facilitated the monitoring of therapeutic
efficacy[11]. Its success not only marked a pivotal breakthrough in the clinical application of ASOs
but also provided regulatory validation for sequence-specific nucleic acid therapeutics, thereby
laying the groundwork for subsequent advancements towards systemic delivery, the next critical
stage in ASO evolution.

Building on the regulatory and technological foundations established by Fomivirsen, ASOs have
progressed to systemic delivery, demonstrating significant advancements in the treatment of liver-
related diseases. The liver's intrinsic capacity for high oligonucleotide uptake, due to its role as a
major source of circulating proteins and metabolic factors, facilitates effective systemic delivery of
ASOs[109]. Mipomersen (Kynamro), the first systemically administered ASO targeting APOB-100 for
homozygous familial hypercholesterolemia, established safety parameters for systemic ASO delivery
through its market withdrawal[76]. In contrast, Volanesorsen (Waylivra) and Olezarsen (Tryngolza),
both targeting the APOC3 pathway, illustrate advancements in the platform. Notably, Olezarsen
achieves a 50-60% reduction in triglycerides through monthly subcutaneous administration, while
eliminating thrombocytopenia toxicity and negating the need for complex Risk Evaluation and
Mitigation Strategies [20,110]. In the context of hereditary transthyretin-mediated amyloidosis, the
successful approvals of Inotersen (Tegsedi) and Eplontersen (Wainua) have established ASOs as a
foundational therapy for liver-derived diseases[111]. Overall, cardiovascular and metabolic disorders
serve as a critical bridge for ASOs transitioning from orphan drugs to chronic disease therapeutics,
paving the way for their exploration in complex areas like neurological disorders.
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Table 1. Overview of Approved ASOs.
Trade First .. . oo e . Delivery

Drug Name Name Applrova Company Target Indication Mechanism Modification = Delivery route Status

Fomivirsen Vitravene 1998 Ionis & Novartis CMV mRNA CMV RNase H mediated PS naked IvT Withdraw
retinitis n
Mipomersen Kynamro 2013 Ionis & ApoB-100 HoFH RNase H mediated 2'-MOE Gapmer  naked SC Withdraw
Genzyme n
Eteplirsen Exondys 51 2016 Sarepta Dys Exon 51 DMD Steric blocking PMO naked v Marketed
Nusinersen Spinraza 2016 Ionis & Biogen SMN2 SMA Steric blocking 2'-MOE, PS naked IT Marketed
Inotersen Tegsedi 2018 Ionis & Sobi TTR hATTR RNase H mediated 2'-MOE Gapmer  naked SC Marketed
Amyloidosis
Volanesorsen =~ Waylivra 2019 Ionis & Sobi APOC3 FCS RNase H mediated 2-MOE Gapmer  naked SC Marketed
Golodirsen Vyondys 2019 Sarepta Dys Exon 53 DMD Steric blocking PMO naked v Marketed
53
Viltolarsen Viltepso 2020 Nippon Dys Exon 53 DMD Steric blocking PMO naked v Marketed
Shinyaku
Casimersen Amondys 2021 Sarepta Dys Exon 45 DMD Steric blocking PMO naked v Marketed
45

Tofersen Qalsody 2023 Ionis & Biogen SOD1 ALS RNase H mediated 2-MOE Gapmer  naked IT Marketed
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Eplontersen Wainua 2023 AstraZeneca & TTR hATTR RNase H mediated 2'-MOE Gapmer GalNAc sC Marketed
Ionis Amyloidosis
Imetelstat Rytelo 2024 Geron Telomerase MDS Telomerase N3'-P5' Thio Lipid v Marketed
Corporation hTR inhibition
Olezarsen Tryngolza 2024 Ionis APOC3 FCS RNase H mediated 2'-MOE Gapmer GalNAc SC Marketed
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Building on their success in treating liver and metabolic diseases, ASOs have achieved clinical
prominence in the realm of neurological disorders, an area characterized by significant unmet
medical needs. This advancement is largely attributed to the sophisticated application of PMO
technology and enhanced delivery methods[13]. PMO technology enhances ASO stability and target
specificity in the central nervous system, enabling the approval of four ASOs—Eteplirsen (Exondys
51), Golodirsen (Vyondys 53), Viltolarsen (Viltepso), and Casimersen (Amondys 45)—for the
treatment of Duchenne muscular dystrophy by modulating splicing to restore the reading frame or
enhance functional transcripts[38]. Additionally, the use of intrathecal injection allows for the
bypassing of the blood-brain barrier, enabling direct delivery to the central nervous system, with
Nusinersen (Spinraza) serving as a benchmark for central nervous system targeted ASOs[112].
Beyond this, Tofersen (Qalsody), approved for SOD1-associated amyotrophic lateral sclerosis based
on reductions in neurofilament light chain rather than solely clinical survival, has established a new
paradigm for the accelerated approval applicable to other disease areas, including oncology[113].

Leveraging technological advances and approval paradigms from neurological and metabolic
diseases, ASOs have expanded into oncology with innovative applications that extend their
druggable space beyond traditional RNA expression modulation. Imetelstat (Rytelo), the first
oligonucleotide telomerase inhibitor approved for oncological use, addresses a critical unmet need
in patients with lower- to intermediate-risk, transfusion-dependent myelodysplastic syndromes
[114]. Unlike classical PS-gapmer ASOs, which primarily focus on modulating RNA expression,
Imetelstat binds to the template region of the telomerase RNA component, directly inhibiting
enzymatic activity. This action results in telomere shortening and apoptosis of malignant clones,
classifying it as a sequence-specific RNA-targeting oligonucleotides[115]. Its approval not only
expands the ASO therapeutic landscape to include functional inhibition of RNA—protein complexes
but also paves the way for ASO-based cancer therapies, potentially extending their application to
areas such as inflammation and immunotherapy.

In conjunction with their expansion into oncology, ASOs have made significant strides in the
fields of inflammation and immunotherapy —representing the latest frontier in their clinical
development. This progress is marked by a strategic transition from acute symptom control to long-
acting prevention, thereby enhancing patient adherence and disease management. A notable example
of this shift is Donidalorsen (Dawnzera), which received approval in 2025 for the prophylaxis of
hereditary angioedema in patients aged 12 years and older. Donidalorsen offers flexible
subcutaneous dosing options (every 4 or 8 weeks) and reduces frequency and severity of attacks by
reducing plasma prekallikrein levels to inhibit the overactivation of bradykinin pathway[116]. Its
approval underscores the role of ASOs in sustainable disease management and broadens their clinical
application scenarios. Collectively, these advancements across metabolic, neurological, oncologic,
and inflammatory diseases reflect the progressive evolution of ASO technology. This evolution raises
important questions regarding the logical sequence of their clinical development, which will be
analyzed in the subsequent section.

6.2. Lessons from Failed Attempts

The clinical application of ASOs is accompanied by numerous challenges. Analyzing
unsuccessful candidates offers valuable insights for future research and development efforts. To
highlight these critical obstacles and derive actionable lessons, this discussion focuses on
representative examples. A comprehensive summary of drugs that did not succeed in clinical trials
is presented in Table 2.
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Phase Drug Name /Code Clinical Trial ID Target Indication Disease Category Mechanism  Modification Delivery Delivery route
I Trabedersen NCT00761280 TGEF-p2 Glioma Oncology & RNase H PS Intratumora naked
(AP 12009) NCT00431561 Hematology mediated 1 Perfusion

NCT00844064
NCT05935774
III Aprinocarsen NCT00017407 PKC-a Multiple Solid Oncology & RNase H PS v naked
(ISIS 3521/LY900003) NCT00034268 Tumors Hematology mediated
NCT00003989
III Custirsen NCT01188187 Clusterin CRPC Oncology & RNase H 2'-MOE v naked
(OGX-011) NCT01578655 Hematology mediated Gapmer
I Oblimersen NCT00024440 BCL2 Bcl-2 Positive Oncology & RNase H PS v naked
(G3139/Genasense) NCT00518895 Malignancies Hematology mediated
NCT00021749
I Drisapersen NCT01254019 DMD Exon 51 DMD Neuromuscular  Steric blocking  2'-O-Me PS SC naked
(PRO051/GSK2402968) NCT01153932 Diseases
NCT01462292
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I Tominersen NCT03761849 HTT HD Neurological RNase H 2'-MOE IT naked
(RG6042/IONIS-HTTRx) NCT03842969 Diseases mediated Gapmer
NCT02519036
III Sepofarsen NCT03913143 CEP290 LCA10 Ophthalmic Steric blocking ~ 2'-O-Me PS IVT naked
(QR-110) NCT03140969 Diseases
111 Alicaforsen NCT02525523 ICAM-1 Crohn's Disease Immunological RNase H PS IV/Enema naked
(ISIS 2302) NCT00063830 Diseases mediated
NCT00048113
I Mongersen NCT02596893 SMAD7 Crohn's Disease Immunological RNase H PS PO pH-dependent
(GED-0301) NCT02367183 Diseases mediated Coating
I IONIS-DGAT2Rx NCT03334214 DGAT?2 Hepatic Steatosis ~ Cardiovascular & RNase H 2'-MOE SC naked
Metabolic Diseases mediated Gapmer
I ISIS-GCGRRx NCT02824003 GCGR T2DM Cardiovascular & RNase H 2'-MOE SC naked
NCT01885260 Metabolic Diseases mediated Gapmer
NCT02583919
I ISIS-GCCRRx NCT01968265 GCCR T2DM Cardiovascular & RNase H 2'-MOE SC naked
Metabolic Diseases mediated Gapmer
I ISIS-FGFR4Rx NCT02476019 FGFR4 Obesity Cardiovascular & RNase H 2'-MOE SC naked
Metabolic Diseases mediated Gapmer
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I CIVI-007 NCT04164888 PCSK9 Hypercholesterole Cardiovascular & RNase H LNA Gapmer SC GalNAc
NCT03427710 mia Metabolic Diseases mediated
II IONIS-GHR-LRx NCT04522180 GHR Acromegaly Cardiovascular & RNase H 2'-MOE / cEt SC GalNAc
NCT03967249 Metabolic Diseases mediated Gapmer
NCT03548415
II ISIS-PTP1BRx NCT01918865 PTP1B T2DM Cardiovascular & RNase H 2'-MOE SC naked
Metabolic Diseases mediated Gapmer
I IONIS-PTP1BRx NCT01918865 PTP1B T2DM Cardiovascular & RNase H 2'-MOE SC naked
(ISI1S-404173) Metabolic Diseases mediated Gapmer
I Vupanorsen NCT04516291 ANGPTL3 Severe Cardiovascular & RNase H 2'-MOE SC GalNAc
(ISIS 703802) NCT03514420 Hypertriglyceride Metabolic Diseases mediated Gapmer
NCT03360747 mia / CV Risk
Reduction
I Atesidorsen EUCTR2012-003147-30 GHR Acromegaly Cardiovascular & RNase H 2'-MOE SC naked
(ATL1103) ACTRN12615000289516 Metabolic Diseases mediated Gapmer
I Miravirs NCT01200420 miR-122 HCV Infectious Diseases Anti-miR LNA anti-miR SC naked
(SPC3649)
II RG-101 EudraCT:2015-001535-  miR-122 HCV Infectious Diseases Anti-miR LNA anti-miR SC GalNAc

21
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EudraCT:2015-004702-
42
EudraCT:2016-002069-
77
EudraCT:2013-002978-
49
I GSK3389404 NCT03020745 AllHBV HBV Infectious Diseases RNase H 2'-MOE SC GalNAc
(GalNAc-bepirovirsen) RNAs mediated Gapmer
I Donidalorsen NCT04549922 ASKCOV COIVD-19 Infectious Diseases RNase H 2'-MOE SC GalNAc
(ISIS 721744) mediated Gapmer
I OGX-427 NCT01829113 Hsp27 Multiple Solid Oncology & RNase H 2'-MOE v naked
NCT01120470 Tumors Hematology mediated Gapmer
NCT01681433
II Danvatirsen NCT02983578 STAT3 Multiple Solid Oncology & RNase H 2'-cEt Gapmer v naked
(AZD9150) NCT02417753 Tumors Hematology mediated
NCT03334617
NCT03794544
NCT01839604
NCT02546661

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.1165.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 March 2026

d0i:10.20944/preprints202603.1165.v1

20 of 44
NCT02499328
NCT03527147
NCT02549651
NCT03421353
II ISIS 5132 NCT00002587 C-RAF-1 Advanced Solid Oncology & RNase H PS v naked
(CGP69846A) NCT00002588 Tumors Hematology mediated
NCT00002589
I ISIS 2503 NCT00004193 HRAS Pancreatic Cancer Oncology & RNase H PS v naked
NCT00005594 Hematology mediated
NCT00006467
I G4460 NCT00002592 c-myb CLL Oncology & RNase H PS v naked
(LR-3001) Hematology mediated
I AEG35156 NCT00882869 XIAPMrna  Hepatocellular Oncology & RNase H 2'-MOE v naked
(GEM640) Carcinoma Hematology mediated Gapmer
I Gataparsen NCT01107444 BIRC5  Second-line NSCLC Oncology & RNase H 2'-MOE v naked
(LY2181308/1S15-23722) NCT00620321 (Survivin) Hematology mediated Gapmer
NCT00642018
I Apatorsen NCT00487786 HSPB1 Multiple Solid Oncology & RNase H 2'-MOE v naked
(OGX-427) NCTO01829113 (Hsp27) Tumors Hematology mediated Gapmer
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NCT02423590
NCT01454089
NCT01844817
II QR-421a NCT03780257 USH2A exon arRP Ophthalmic Steric blocking ~ 2'-O-Me PS IVT naked
(Sepofarsen) NCT05158296 13 Diseases
I QR-1123 NCT04123626 RHO P23H adRP Ophthalmic RNase H 2'-cEt Gapmer IVT naked
(IONIS-RHO-2.5Rx) Diseases mediated
I PGN-EDOS51 NCT06079736 DMD Exon 51 DMD Neuromuscular  Steric blocking PPMO v CPP
Diseases
I Avicursen ACTRN12618000936203  CD49d DMD Neuromuscular RNase H 2'-MOE SC naked
(ATL1102) Diseases mediated Gapmer
I SRP-5051 NCT04004065 DMD Exon 51 DMD Neuromuscular  Steric blocking PPMO v crp
(Vesleteplirsen) Diseases
I IONIS-PKKRx NCT03254362 PKK Chronic Migraine Neurological RNase H 2'-MOE SC naked
Diseases mediated Gapmer
I WVE-120101 NCT03225833 mHTT SNP1 HD Neurological RNase H PN Chemistry IT naked
NCT04617847 Diseases mediated
I WVE-120102 NCT03225846 mHTT SNP1 HD Neurological RNase H PN Chemistry IT naked
NCT04617860 Diseases mediated
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I ION-827359 NCT03647228 SCNN1A/B/G Cystic Fibrosis Respiratory Diseases RNase H 2'-cEt Gapmer INH naked
(IONIS-ENaC-2.5Rx) mediated
I Fesomersen NCT03358030 Factor XI Thromboprophylax = Hematological RNase H 2'-MOE SC naked
(ISIS 416858) NCT02553889 is / Anticoagulation Diseases mediated Gapmer
II QR-313 NCT03605069 COL7A1 RDEB Genodermatoses  Steric blocking  2'-O-Me PS TOP naked
(WNG-313) Exon73
I/1I RG125 NCT02826525 miR-103/107 T2DM with Cardiovascular & Anti-miR LNA anti-miR SC GalNAc
(AZD4076) NCT02612662 NAFLD /NASH Metabolic Diseases
/1 Cavrotolimod NCT03684785 TLR9 PD-1 Resistant Oncology & Immune SNA SC naked
(AST-008) NCT03086278 Tumors Hematology Activation
I/II AZD5312 NCT02144051 AR CRPC Oncology & RNase H 2'-cEt Gapmer v naked
NCT03300505 Hematology mediated
/I BIIB105 NCT04494256 ATXN2 ALS(ATXN2) Neurological RNase H 2'-MOE IT naked
(ION541) Diseases mediated Gapmer
I EZN-2968 NCT00466583 HIF-1a Solid Tumors or Oncology & RNase H LNA Gapmer v naked
NCT01120288 Lymphoma Hematology mediated
I RO7070179 NCT02564614 HIF1A HCC Oncology & RNase H Unknown v naked
Hematology mediated
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CDK-004 NCT05375604 STAT6 HCC Oncology & RNase H Unknown v exosome
Hematology mediated
Radavirsen NCT01747148 M1/M2 Influenza A Virus Infectious Diseases Steric blocking PMO v PMOplus
(AVI-7100)
RO7062931 NCT03038113 All HBV HBV Infectious Diseases RNase H LNA Gapmer SC GalNAc
NCT03505190 RNAs mediated
ALG-020572 NCT05001022 All HBV HBV Infectious Diseases RNase H BNA Gapmer SC GalNAc
RNAs mediated
BIIB078 NCT03626012 C9orf72 ALS/FTD Neurological RNase H 2'-MOE IT naked
(IONIS-C9Rx) NCT04288856 Diseases mediated Gapmer
WVE-004 NCT04931862 C9orf72 ALS/FTD Neurological RNase H PN Chemistry IT naked
NCT05683860 Diseases mediated
NIO752 NCT04539041 TAU pPsp Neurological RNase H 2'-MOE IT naked
Diseases mediated Gapmer
ISIS 388626 NCT00836225 SGLT2 T2DM & Obesity ~ Cardiovascular & RNase H 2'-MOE SC naked
Metabolic Diseases mediated Gapmer
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One major challenge in the clinical application of ASOs is the imbalance between risk and
benefit, which can lead to the discontinuation of products if long-term systemic toxicity or
unacceptable safety signals arise, making risk management impractical. For example, (Kynamro)
carried a Boxed Warning and required Risk Evaluation and Mitigation Strategies due to the risks of
elevated transaminases and hepatic steatosis risks, and it was ultimately withdrawn from the market
in 2019, only five years after receiving approval, due to severe hepatotoxicity[18]. Similarly,
Vupanorsen, which targets ANGPTL3, exemplifies a mid-stage termination resulting from an
unfavorable risk-benefit profile. Pfizer and Ionis discontinued the program in 2022 because the Phase
IIb lipid-lowering efficacy was insufficient to counterbalance emerging concerns about hepatic
steatosis[117]. Additionally, SRP-5051 (Vesleteplirsen), designed to improve the uptake of PMOs in
neuromuscular diseases through conjugation with an arginine-rich cell-penetrating peptide,
demonstrated greater potency than first-generation PMOs. However, it led to severe
hypomagnesemia and the renal tubular toxicity due to renal accumulation of the cationic peptide,
prompting Sarepta to announce the discontinuation of exon 51-skipping therapy for Duchenne
muscular dystrophy[118]. These cases highlight that ASOs are not inherently unsafe; rather, the
therapeutic window is collectively influenced by factors such as the chemical backbone, sequence
characteristics, dosage exposure, and the risk profile of the patient population. Like the FDA's 2024
guidance on “Clinical pharmacology considerations for the development of oligonucleotide
therapeutics” emphasizes systematic assessment of immunogenicity, hepatic and renal impairments,
and drug-drug interactions[119].

Another critical hurdle is the failure to establish meaningful efficacy endpoints, particularly in
oncology and other complex systemic diseases. Factors such as tissue heterogeneity, compensatory
pathways, and the contexts of combination therapy frequently impede the translation of single-target
knockdown into meaningful clinical benefits, particularly as the standard of care continues to
evolve[120]. Clinical trial designs must address three critical questions: "What is the incremental
benefit?", "Who benefits?" and "How does it complement existing therapies?" Without clear answers
to these questions, Phase III programs may be terminated due to negative primary endpoints or
futility, even when early molecular signals are positive[121].A notable example is Custirsen (OGX-
011), which targets Clusterin in prostate cancer. Phase III clinical trials evaluating Custirsen in
combination with docetaxel and prednisone for metastatic castration-resistant prostate cancer failed
to demonstrate a benefit in overall survival, as was similarly observed in a subsequent study
involving cabazitaxel[122,123]. Casimersen, which received approval based on the surrogate
endpoint of increased dystrophin expression, reported that its post-marketing confirmatory Phase III
trial (NCT02500381) failed to meet the primary clinical endpoints[124], which underscores the
uncertainty of translating surrogate endpoints into long-term clinical benefits. Sarepta is currently
engaged in discussions with the FDA regarding potential withdrawal or alternative supporting
evidence of Casimersen[125]. The principal challenge for ASOs in complex diseases may not be the
binding to target RNA, but rather achieving adequate effective exposure and effect size to impact
survival or remission endpoints. Therefore, current development strategies should prioritize
biomarker-driven patient stratification, combination therapies, and innovations in delivery methods.

An often underappreciated yet equally significant challenge in therapeutic development is the
discrepancy between the site of delivery and the effect at the clinical endpoint. Successful delivery to
the target organ does not guarantee access to cellular compartments essential for clinical endpoints.
For instance, Sepofarsen, developed by ProQR for targeting CEP290 in Leber Congenital Amaurosis
10, failed to meet the primary endpoint of improved Best Corrected Visual Acuity in a pivotal Phase
II/III trial[126]. In-depth analysis revealed that although Sepofarsen restored full-length CEP290
protein at the molecular level, the photoreceptor cell structures in patients with advanced disease
stages had undergone irreversible degeneration, and simultaneously the concentrations of the drug
in the central macular fovea may have been insufficient[127]. Similarly, Tominersen (RG6042)
developed for Huntington’s disease and targeting the huntingtin protein, demonstrated reductions
in cerebrospinal fluid huntingtin protein levels in Phase I/II trials[128]. However, the Phase III was
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terminated prematurely due to a lack of clinical benefit and adverse trends in the high-dose
cohorts[129]. A critical factor in this outcome was Tominersen’s non-selective knockdown of both
mutant and wild-type huntingtin proteins, with the latter being essential for neuronal survival[130].
These failures indicate that even with effective administration routes, functional endpoints may be
limited by disease stage, exposure variability, and irreversible tissue damage.

In addjition to scientific and regulatory challenges, the limited commercial viability of ASOs can
impede their clinical application, even when these drugs possess a robust mechanistic rationale and
demonstrated efficacy. Changes in the therapeutic landscape, diminished patient demand, or the
emergence of superior treatment modalities can render certain drugs clinically unnecessary. For
instance, Fomivirsen (Vitravene), a landmark in pharmaceutical history, was voluntarily withdrawn
from the European market in 2002 due to "commercial reasons rather than safety concerns[131]”,
primarily because the advent of highly active antiretroviral therapy , which drastically reduced
cytomegalovirus retinitis incidence[18]. The clinical application of ASOs is thus influenced not only
by scientific and regulatory factors but also by epidemiology of diseases, the evolution of treatment
landscapes, and commercial accessibility, particularly in infectious diseases, ophthalmology, and rare
diseases.

6.3. Trends in the Clinical Pipeline

ASOs applications are expanding across neurological, neuromuscular, ophthalmic, respiratory,
renal, inflammatory-immune, infectious, and oncological indications. Here, only representative
examples are discussed; a summary of investigational drugs currently in clinical trials is provided in
Table 3.

Most Phase III programs focus on indications with well-established regulatory and clinical
pathways, aligning with recent approvals (e.g., Olezarsen, Eplontersen, Donidalorsen, Tofersen, and
Imetelstat). These candidates target three main areas: (i) liver-derived targets in cardiovascular or
metabolic diseases and immune-inflammatory disorders; (ii) neurological diseases amenable to
intrathecal injection; and (iii) infectious diseases with clear virologic endpoints or attack-frequency
outcomes.

Pelacarsen (TQJ230; targeting Lp[a]) represents the largest global ASOs clinical trial to date to
date, its cardiovascular outcomes trial readout will determine ASOs’ potential to penetrate the
mainstream cardiovascular pharmacotherapy market[132]. ION582 (BIIB121) and GTX-102
(Apazunersen) exemplify "gene activation" strategy, they target UBE3A silencing regions to
"unsilence" the paternal UBE3A gene to address the root cause of Angelman syndrome through
shifting from “replacement” to “restorative” therapy[133]. Additionally, competition between
Bepirovirsen (GSK3228836) and AHB-137 underscores that the unique clinical value of dual
mechanism (target transcript degradation plus immune activation) in complex immune
microenvironments of hepatitis B therapy[134].

Phase 1II trials serve as the primary arena for ASOs targets validation and platform iteration.
Trabedersen (AP 12009; OT-101) , initially terminated in glioma setting due to insufficient clinical
benefit[135], was repurposed as a potent TGF-{32 inhibitor following the identification of TGF-f as a
key driver of PD-1 blockade resistance[136], and Oncotelic is now pursuing regulatory approval for
OT-101 for the treatment of pancreatic and lung cancer[137]. In the neuromuscular diseases, WVE-
N531 (Exon 53 skipping therapy) uses PN chemistry stereochemical modifications to optimize
pharmacology, targeting muscle satellite cells to promote myofiber regeneration and achieving
substantial dystrophin restoration without carriers[30]. Learning from Tominersen, WVE-003 targets
the mHTT SNP3 locus for allele-selective degradation in HD, preserving wtHTT while silencing
mutant protein, and is poised to initiate pivotal Phase III trials[128].
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Table 3. Potential ASOs in Ongoing Clinical Trials.
Phase Drug Name/Code Clinical Trial ID Target Indication Disease Category Mechanism Modification Delivery Delivery route
I Zilganersen NCT04849741 GFAP Alexander Syndrome Neurological Diseases RNase H mediated 2'-MOE IT naked
(ION373) Gapmer
I ION582 NCT06914609 UBE3A-ATS Angelman Syndrome Neurological Diseases RNase H mediated 2'-MOE IT naked
(BIIB121) NCT05127226 Gapmer
III GTX-102 NCT06617429 UBE3A-ATS Angelman Syndrome Neurological Diseases RNase H mediated 2'-MOE IT naked
(Apazunersen) NCT07157254 Gapmer
NCT04259281
I ION363 NCT04768972 FUS ALS (FUS) Neurological Diseases RNase H mediated 2'-MOE IT naked
(Jacifusen,Ulefnerse Gapmer
n)
I Zorevunersen NCT06872125 SCN1A Dravet Syndrome  Neurological Diseases TANGO 2'-MOE ODN IT naked
(STK-001) NCT04740476
NCT04442295
III Eteplirsen NCT02420379  DMD Exon DMD Neuromuscular Steric blocking PMO v naked
(approved LTE) NCT02286947 51 Diseases
I Bepirovirsen NCT05630820 AllHBV HBV; CHB Infectious Diseases ~ RNase H mediated 2'-MOE SC naked
(GSK3228836) NCT05630807 RNAs Immune Activation Gapmer
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I AHB-137

11 NEXAGON

(Lufepirsen)

III Sefaxersen
(IONIS-FB-LRx,
RO7434656)

III Pelacarsen

(TQJ230)

NCT04449029

NCT04954859

NCT04676724

NCT04544956

NCT02981602

NCTO07246889

NCT07146100

NCT05717686

NCT06550128

NCT07069569

NCT06115993

NCT05966493

NCT04081103

NCT01165450

NCT05797610

NCT03815825

NCT04014335

NCT04023552

NCT06875973

All HBV

RNAs

Connexin 43

Complemen

t Factor B

LPA

HBV

PCED

IgA Nephropathy

(IgAN)

Lp(a), CVD

Infectious Diseases =~ RNase H mediated Med-Oligo™

Immune Activation

Ophthalmic Diseases Steric blocking ODN

Immunological RNase H mediated 2'-MOE

Diseases Gapmer
RNase H mediated 2'-MOE

Cardiovascular &

Metabolic Diseases Gapmer

SC naked

naked

Eye Gel

SC GalNAc

SC GalNAc
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NCT05305664
NCT05900141
NCT06267560
NCT06813911
NCT05646381
NCT03070782
I Olezarsen NCT05079919 APOC3 sHTG- CORE Cardiovascular &  RNase H mediated 2'-MOE SC GalNAc
NCT05552326 Metabolic Diseases Gapmer
NCT05681351
I Olezarsen NCT05355402 APOC3  Hypertriglyceridemia Cardiovascular &  RNase H mediated 2'-MOE SC GalNAc
NCT05610280 w/ ASCVD or High CV  Metabolic Diseases Gapmer
NCT03385239 Risk
NCT02900027
III Eplontersen NCT04136171 TTR ATTR-CM Cardiovascular &  RNase H mediated 2'-MOE SC GalNAc
Metabolic Diseases Gapmer
III Olezarsen NCT05185843 APOC3 FCS Cardiovascular & = RNase H mediated 2'-MOE SC GalNAc
(approved LTE) Metabolic Diseases Gapmer
III Donidalorsen NCT05139810 PKK HAE Immunological RNase H mediated 2'-MOE SC GalNAc
(approved LTE) Diseases Gapmer
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I AZD2693 NCT05809934 PNPLA3 MASH Cardiovascular &  RNase H mediated 2'-MOE SC GalNAc
(ION839) (CTR20232127) Metabolic Diseases Gapmer
I IONIS-AGT-LRx NCT03714776 AGT Resistant Hypertension =~ Cardiovascular &  RNase H mediated 2'-MOE SC GalNAc
NCT04083222 Metabolic Diseases Gapmer
II ION224 NCT03334214 DGAT?2 MASH with Fibrosis Cardiovascular &  RNase H mediated 2'-MOE SC GalNAc
(IONIS-DGAT2Rx)  NCT04932512 Metabolic Diseases Gapmer
I QR-421a NCT06627179 USH2A arRP Ophthalmic Diseases Steric blocking  2'-O-Me PS IVT naked
(Ultevursen) exon 13
I Fesomersen NCT04534114 Factor XI Thromboprophylaxis / Hematological Diseases RNase H mediated 2'-MOE SC GalNAc
(BAY2976217) Anticoagulation Gapmer
I AZD2373 NCT06824987 APOL1 AMKD Kidney Disease RNase H mediated 2'-cEt Gapmer SC naked
(Opemalirsen)
II OT-101 NCT06079346 TGF-32 PDAC; MPM Oncology & RNase H mediated PS Intratumor naked
NCT05425576 Hematology al
Perfusion
I BP1001 NCT02781883 Grb-2  AML. ALL. CML-BP Oncology & RNase H mediated P-ethoxy-DNA v Liposome
(Prexigebersen) . MDS Hematology
I Danvatirsen NCT05814666 STAT3 HNSCC Oncology & RNase H mediated 2'-cEt Gapmer v naked
(AZD9150) Hematology
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I BIIB080 NCT05399888 MAPT AD Neurological Diseases RNase H mediated 2'-MOE IT naked
(IONIS-MAPT Rx) ~ NCT03186989 Gapmer
II WVE-003 NCT05032196 mHTT SNP3 HD Neurological Diseases RNase H mediated PN Chemistry IT naked
(Stereopure)
II WYVE-N531 NCT04906460  Dystrophin DMD Neuromuscular Steric blocking PN Chemistry v naked
Exon 53 Diseases (Stereopure)
/11 Elsunersen NCT05737784 SCN2A SCN1A-Associated Neuromuscular RNase H mediated 2'-MOE IT naked
(PRAX-222) DEE Diseases gapmer
I/ DYNE-251 NCT05524883 Dys Exon 51 DMD Neuromuscular Steric blocking PMO v Fab-PMO (
Diseases AOCQC)
I/ AOC-1044 NCTO05670730  Dys Exon 44 DMD Neuromuscular Steric blocking PMO v Fab-PMO (
(del-zota) Diseases AOCQ)
I/ ISTHO0036 NCT02406833 TGF-32 POAG Ophthalmic Diseases RNase H mediated LNA Gapmer IVT naked
I ASOTARI NCT06451172 Essential Antibiotic-resistant Ophthalmic & Trojan Horse ~ PNA Eye Drops  GP-SiNPs-
genes for bacterial keratitis Infectious Diseases Strategy asPNA
bacterial
I STK-002 ISRCTN41725621 OPA1 ADOA Ophthalmic Diseases TANGO 2'-MOE IVT naked
Gapmer
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NIO752 NCT05469360 TAU AD Neurological Diseases RNase H mediated 2'-MOE IT naked
NCT06372821 Gapmer
ION356 NCT05786433 PLP1 PMD Neurological Diseases RNase H mediated 2-MOE / cEt IT naked
Gapmer
ION716 NCT06249918 Prion CJD Neurological Diseases RNase H mediated 2'-MOE IT naked
Protein Gapmer
AMX0114 NCT06665165 CAPN2 ALS (CAPN2) Neurological Diseases RNase H mediated 2'-MOE IT naked
Gapmer
Atipeksen NCT07215416 ~ ATM Exon A-T Neurological Diseases  Steric blocking 2'-MOE PS IT naked
53
BP1002(Liposome)  NCT04072458 Bcl-2 Bcl-2 Positive Oncology & RNase H mediated P-ethoxy-DNA v Liposome
NCT05190471 Malignancies Hematology
Danvatirsen NCT03819465 STAT3 NSCLC Oncology & RNase H mediated 2'-cEt Gapmer v naked
(AZD9150) Hematology
Danvatirsen NCT05986240 STAT3 AML /MDS Oncology & RNase H mediated 2'-cEt Gapmer v naked
(AZD9150) Hematology
OT-101 NCT06579196 TGF-p2 NSCLC Oncology & RNase H mediated PS Intratumor naked
Hematology al
Perfusion
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Early-stage trials feature diverse delivery formats and exploratory mechanisms. DYNE-251
(exon 51) from Dyne Therapeutics and AOC-1044 (exon 44) from Avidity use TfR1 antibody
conjugation on PMO backbones for active muscle cell transport, with early data showing superior
exon-skipping efficiency and protein restoration compared to unconjugated PMOs[138]. In oncology,
developed BP1002 (L-Bcl-2) by encapsulating Bcl-2 antisense sequences in neutral-charged liposomes
(Lipobilisome), completing dose escalation with preliminary efficacy signals[139]. For bacterial
infections, ASOTARI uses a “Trojan horse” strategy via bacteria-specific ABC sugar transporters,
improving gene-silencing efficiency and in vivo antibacterial activity for drug-resistant pathogens
treatment[104]. In neurological disease, central nervous system indications are expanding to rare
genetic disorders (e.g., Pelizaeus—Merzbacher Disease, Creutzfeldt-Jakob Disease, and Epileptic
Encephalopathy), while for Alzheimer’s disease and Amyotrophic Lateral Sclerosis, research focuses
on mechanism refinement and delivery optimization[140].

Beyond clinical-stage candidates, ASOs hold significant translational potential in other disease
areas, particularly antifungal therapy[65,141]. Studies have shown that 2'-O-Me and LNA-gapmer
ASOs can inhibit EFG1, a Candida albicans virulence transcriptional factor, suppressing hyphal
formation, biofilms formation and virulence in Galleria mellonella infection models[142]. Multi-
target strategies targeting virulence pathways regulatory nodes (e.g., RAS1 and RIM101) have also
emerged, with combined 2-OMe ASOs enhancing hyphal formation control[143]. A recent study
constructed a functionalized nanoconstruct (FTNx) to silence FKS1 (3-1,3-glucan synthase) and CHS3
(chitin synthase), key fungal cell-wall biosynthesis genes, achieving synergistic inhibition in vitro and
improved survival in a murine disseminated candidiasis model[144]. Despite challenges in fungal
cell wall penetration, endocytosis, and intracellular transport, ASOs therapy holds promise as an
adjunct to traditional antifungal through multi-targeting, higher-affinity backbones, and enhanced
delivery systems.

Due to the highly programmable nature of sequence design, ASOs are ideal for individualized
precision therapy, enabling direct translation of genetic sequencing data into drug synthesis[145].
Milasen, a landmark in gene therapy and individualized medicine (N-of-1 trials), completed the
entire process from diagnosis to dosing in one year, successfully correcting a rare splicing mutation
and alleviating epileptic symptoms[146]. This breakthrough catalyzed the establishment of the n-
Lorem Foundation, dedicated to developing therapies for ultra-rare diseases and promoted
regulatory reforms for adaptive approval and rapid-response mechanisms[147] (N-of-1 of ASOs
therapy initiated by the n-Lorem Foundation are summarized in Table 4). The evolution of the ASOs
field is driving a paradigm shift from “one-size-fits-all” to personalized medicine.

Table 4. ASOs for Individualized Therapy.

NCT Drug Name /
Target Indication Sponsor status
Number Code
NCT071972 n-Lorem
ASXL3 nL-ASXL3-001 BRS Active
68 Foundation
NCT072154 ASO targeting academic
ATM A-T Active
16 ATM institution
NCT067063 n-Lorem
ATNI1 nL-ATN1-002 DRPLA Active
88 Foundation
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NCT070843 n-Lorem
ATN1 nL-ATN1-002 DRPLA Active
11 Foundation
NCT072217 n-Lorem Not yet
ATN1 nL-ATN1-001 DRPLA
60 Foundation recruiting
NCT063921 nL-CHCHD- ALS (CHCHD10 n-Lorem
CHCHD10 Active
26 001 related) Foundation
NCT069774 nL-CHCHD- ALS (CHCHD10 n-Lorem
CHCHD10 Active
51 001 related) Foundation
NCT070956 nL-CHCHD- ALS (CHCHD10 n-Lorem
CHCHD10 Enrolling
86 001 related) Foundation
NCT065655 academic
FLVCR1 nL-FLVC-001 PCARP Enrolling
72 institution
NCT068164 nL-LMNB1- n-Lorem
LMNB1 ADLD Active
98 001 Foundation
NCT071972 nL-MAPKS- n-Lorem
MAPKSIP3 NEDBA Active
94 001 Foundation
NCT071771 nL-PRPH2- n-Lorem
PRPH2 Retinal Dystrophy Active
96 001 Foundation
NCT063144 nL-SCN2A- SCN2A-Related academic
SCN2A Active
90 002 Disorders institution
NCTO070957 ALS (TDP-43 n-Lorem
TARDBP nL-TARD-001 Active
12 related) Foundation
NCT072223 nL-TUBB4- academic
TUBB4A Leukodystrophy Active
71 001 institution

7. Challenges and Perspectives

7.1 Challenges

Despite the commercial success of ASOs therapeutics in treating specific diseases, their

expansion to broader therapeutic indications remains hindered by multiple interconnected

challenges. These bottlenecks primarily revolve around bioavailability limitations, safety thresholds

optimization, and the lag in clinical evaluation frameworks, all of which demand targeted

innovations to unlock the full potential of ASO-based therapies[3,18].
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Delivery efficiency persists as the primary rate-limiting factor for ASOs efficacy. Although
hepatocyte-targeted therapies with GalNAc conjugation have achieved substantial success,
macromolecular nucleic acids still face formidable biological barriers in extrahepatic targeted
diseases[76]. The blood-brain barrier remains a major obstacle for central nervous system indications,
restricting effective brain tissue penetration despite advances in intrathecal delivery[73].
Additionally, low endosomal escape rates limit cytosolic or nuclear access, while microbial cell wall
penetration poses unique challenges for anti-infective applications[26]. These delivery hurdles
collectively result in suboptimal target engagement and require excessive dosing, exacerbating safety
concerns.

Balancing potency and toxicity represent another critical challenge. Ultra-high-affinity
chemistries (e.g., LNA, cEt) enhance target binding but simultaneously increase the risk of off-target
hybridization with homologous transcripts, leading to unintended gene silencing or cellular
dysfunction[13]. Chemical modifications can significantly improve ASOs pharmacokinetics, while
they are prone to induce off-target effects and adverse events, including thrombocytopenia,
hepatorenal toxicity, and immune-inflammatory responses[65].

The disconnect between preclinical models, surrogate biomarkers, and clinical outcomes
magnifies development risk. For example, in Duchenne Muscular Dystrophy, increased dystrophin
expression—used as a surrogate endpoint for approval —has not consistently translated to functional
improvements in long-term clinical trials[38,125]. This gap highlights the need for more predictive
biomarkers and clinical evaluation frameworks that better align molecular effects with patient-centric
outcomes (e.g., mobility, quality of life, survival)[148]. Additionally, the high cost of ASOs
development and manufacturing —exacerbated by the need for personalized or ultra-rare disease
therapies—raises accessibility concerns, particularly for patients in resource-limited settings[147].

7.2. Future Directions

To address these challenges, future research will focus on three interconnected pillars:
innovative delivery systems, precision engineering of ASOs molecules, and refined clinical
development strategies. Advancements in delivery technology will prioritize tissue-specific targeting
and enhanced transmembrane transport. For central nervous system disorders, novel strategies —
such as the antibody-oligonucleotide conjugates (AOCs) targeting blood-brain barrier transport
receptors (e.g., TfR1) or stimulus-responsive nanocarriers—aim to improve brain parenchymal
penetration and cellular uptake[140]. For non-hepatic peripheral tissues (e.g., muscle, kidney),
peptide conjugation (e.g., CPPs) and biomimetic carriers (e.g., exosomes, cell membrane vesicles)
offer promising avenues to overcome endosomal barriers and reduce off-target accumulation[105].
Small-molecule endosomal escape enhancers, which disrupt endosomal membranes without
inducing cytotoxicity, are also being explored to boost intracellular ASO bioavailability[87].

Precision engineering of ASOs will focus on optimizing specificity, stability, and safety.
Stereopure synthesis—controlling the chiral configuration of PS linkages—reduces product
heterogeneity and non-specific protein interactions, thereby narrowing the therapeutic window[30].
Allele-selective ASOs, designed to target mutant transcripts while sparing wild-type alleles (e.g.,
WVE-003 for Huntington’s disease), mitigate on-target toxicity associated with non-selective gene
silencing[130]. Additionally, next-generation chemical modifications (e.g., 2'-MCE, BNAP-AEO) aim
to maintain high binding affinity while minimizing hepatotoxicity and immunogenicity, expanding
the applicability of ASOs to chronic disease populations requiring long-term treatment[3,43].

Refined clinical development strategies will emphasize biomarker-driven patient stratification
and adaptive trial designs. Integrating transcriptomic and genomic data will enable the identification
of patient subgroups most likely to benefit from ASOs therapy, reducing trial size and improving
success rates[149]. For complex diseases (e.g., cancer, hepatitis B), combination therapies —pairing
ASOs with immune checkpoint inhibitors, small molecules, or other nucleic acid therapeutics —will
leverage synergistic mechanisms to overcome compensatory pathways and enhance therapeutic
efficacy[109,120]. Furthermore, regulatory frameworks for personalized ASOs (e.g., N-of-1 trials for
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ultra-rare diseases) will continue to evolve, streamlining approval pathways while ensuring safety
and efficacy[147].

As these innovations mature, ASOs therapeutics are poised to evolve from a niche orphan drug
platform to the "third pillar" of pharmacotherapy —complementing small molecules and biologics.
The expansion of ASOs to common diseases (e.g., cardiovascular disorders, neurodegenerative
diseases) will be driven by large-scale clinical trials (e.g., Pelacarsen for Lp[a]-mediated
atherosclerosis[132]) and the validation of dual-mechanism strategies (e.g., Bepirovirsen for hepatitis
B, combining transcript degradation and immune activation[134]). Additionally, the emergence of
RNA editing ASOs (AIMers[150]) and gene activation strategies (e.g., for Angelman syndrome) will
extend ASOs applications beyond gene silencing to precise transcript correction and restoration,
addressing the root cause of genetic diseases without altering genomic DNA. In summary, while
significant challenges remain, the continuous refinement of chemical modifications, delivery systems,
and clinical trial designs will unlock the full therapeutic potential of ASOs. By addressing unmet
medical needs across rare and common diseases, ASOs are positioned to transform the landscape of
precision medicine and improve outcomes for countless patients worldwide..
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