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1. Background and Objectives

This research project was conducted over a two-year period from FY2024 to FY2025 with the goal of developing a novel
therapeutic strategy based on blood-brain barrier (BBB)-crossing heteroduplex oligonucleotides (HDOs) combined with
optimized drug delivery system (DDS) technology, together with advanced pharmacokinetic evaluation.

Oligonucleotide therapeutics, represented by antisense oligonucleotides (ASOs) and siRNAs, have emerged as a new
therapeutic modality capable of targeting molecules that are difficult to modulate using conventional small-molecule drugs or
antibody therapeutics. Progress in this field has been remarkable, and as of April 2026, 24 oligonucleotide drugs have been
approved worldwide. Furthermore, global efforts have accelerated toward the development of technologies enabling systemic
delivery—such as intravenous or subcutaneous administration—with efficient distribution to the brain, cardiac muscle, and
skeletal muscle.

BBB-crossing HDOs are expected to serve as next-generation oligonucleotide therapeutics capable of crossing the BBB and
reaching the central nervous system (CNS) after systemic administration. However, several challenges remained, including
safety, pharmacokinetics, and delivery efficiency.

Thus, the primary objective of this project was to obtain the nonclinical proof-of-concept (POC) and sought to address these
challenges through ligand optimization, efficacy studies in disease models, establishment of advanced biodistribution analysis

platforms, and integration with cutting-edge DDS technologies.

2. Heteroduplex Oligonucleotide (HDQO) Technology
HDO (Heteroduplex Oligonucleotide) is a double-stranded nucleic acid therapeutic composed of an antisense-active DNA
strand and a complementary RNA strand (cRNA). It possesses a unique molecular structure distinct from conventional
antisense oligonucleotides (ASOs) and siRNAs, and has been granted patents in seven countries worldwide. Various DDS
ligands can be conjugated to the 5’ end of the complementary RNA strand.
The proposed mechanism of action of HDO involves cellular uptake in its duplex form, followed by intracellular cleavage of
the complementary RNA strand by endogenous enzymes such as RNases. The released DNA strand subsequently exerts
antisense activity against the target RNA. Owing to this characteristic mechanism, HDO exhibits substantial advantages over
conventional ASOs in tissue delivery.
In general, ligand-conjugated ASOs show improved cellular uptake when ligand-receptor affinity is high; however,
insufficient dissociation from cell-surface receptors after internalization can reduce endosomal escape efficiency and limit
therapeutic efficacy. In contrast, in HDOs, cleavage of the complementary RNA strand within the endosomal environment
functionally enables the separation of the ligand moiety from the antisense-active strand, thereby facilitating efficient escape
of the active strand into the cytoplasm. As a result, target RNA engagement is markedly enhanced, leading to superior
pharmacological activity compared with conventional ligand-conjugated ASOs.
Indeed, in a preclinical study of familial amyloid polyneuropathy, intravenously administered HDO achieved approximately
99% suppression of the causative target gene, whereas a conventional single-stranded antisense oligonucleotide achieved
approximately 50% suppression (Nature Communications, 2015).
Based on this HDO platform, we further developed a BBB-crossing HDO capable of traversing the blood-brain barrier (BBB).
Because most conventional oligonucleotide therapeutics cannot cross the BBB, current CNS-targeting oligonucleotide drugs
generally require intrathecal (IT) administration. In contrast, in 2021 we reported the first successful systemic delivery
(subcutaneous or intravenous administration) of oligonucleotides into the brain using BBB-crossing HDO technology (Nature
Biotechnology, 2021).
In this project, we further advanced this BBB-crossing HDO platform toward the treatment of intractable neurological and
neuromuscular disorders, including ALS, by enabling systemic delivery to the brain, spinal cord, and muscle tissues, thereby
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improving disease pathology through target gene suppression. In parallel, DDS ligand structures were re-optimized to enhance

safety and maximize delivery efficiency for future clinical translation.

3. Improvement of Systemic Delivery Performance Through DDS Ligand Optimization

For the practical application of BBB-crossing HDOs, it is essential to optimize not only delivery efficiency to the central
nervous system, but also safety, peripheral tissue distribution, and tolerability during repeated administration. Our previously
developed BBB-crossing HDO utilized cholesterol as the DDS ligand and achieved robust brain delivery. However,
identification of next-generation ligands with improved safety profiles and greater clinical suitability remained an important
challenge.

Thus, in this study, conventional cholesterol-conjugated HDO (Chol-HDO) was used as the benchmark, and tocopherol-
conjugated HDO (Toc-HDO), together with multiple newly designed ligand-conjugated HDOs, were synthesized and
comparatively evaluated. Each candidate was assessed following systemic administration in mice for CNS delivery, target
gene suppression, major organ distribution, and safety.

Comparison of CNS delivery demonstrated that Toc-HDO showed reduced brain distribution relative to Chol-HDO,
accompanied by limited target gene suppression. In contrast, one novel ligand-conjugated HDO (Compound X) maintained
brain delivery comparable to that of Chol-HDO and produced robust gene silencing across multiple CNS regions, including
the cerebral cortex, striatum, cerebellum, brainstem, and spinal cord.

Safety evaluation further revealed that acute toxic findings observed after Chol-HDO administration were alleviated in mice
treated with Compound X-conjugated HDO. Specifically, transient deterioration in general condition and reduced tolerability
immediately after dosing were improved, indicating favorable properties for repeated administration.

Taken together, this study identified Compound X as a promising next-generation DDS ligand that preserves CNS delivery
and gene silencing efficacy while potentially improving safety and organ selectivity. These findings represent an important
technological advance toward the practical application of BBB-crossing HDOs and are expected to accelerate development

of systemically administered nucleic acid therapeutics for ALS, DM1, and other neurological or neuromuscular disorders.

4. Demonstration of Efficacy in a SOD1-ALS Model
Familial amyotrophic lateral sclerosis caused by SOD1 mutations (SOD1-ALS) accounts for approximately 2—3% of all ALS
cases. The disease is characterized by intracellular accumulation and abnormal aggregation of mutant SOD1 protein, leading
predominantly to progressive degeneration and loss of motor neurons. Patients develop muscle weakness, dysphagia,
respiratory failure, and other severe manifestations, highlighting the urgent need for disease-modifying therapies capable of
slowing disease progression.
For SOD1-ALS, the antisense oligonucleotide tofersen, which targets mutant SOD1, has already reached clinical use.
However, tofersen requires intrathecal administration, imposing a substantial burden on patients. In addition, increasing
evidence suggests that ALS pathology involves not only the central nervous system but also peripheral tissues such as skeletal
muscle and cardiac muscle, indicating that therapies targeting only the CNS may be insufficient.
In this study, we aimed to establish a novel therapeutic strategy for ALS using BBB-crossing HDO technology, enabling
systemic delivery of nucleic acid therapeutics to the brain and spinal cord while simultaneously targeting peripheral pathology
in skeletal and cardiac muscle. SOD1 was selected as the target molecule, and an HDO sharing the same target sequence
concept as tofersen was designed.
Efficacy was evaluated in G93A-SOD1 transgenic ALS model mice treated systemically with BBB-crossing HDO conjugated
to Compound X identified in the previous section. Significant reductions in SOD1 mRNA expression were observed across
multiple brain regions, demonstrating that the HDO can cross the BBB and achieve target gene suppression in the CNS
-6 -



following systemic administration. Importantly, robust effects were confirmed in disease-relevant regions including the
cerebral cortex, brainstem, and spinal cord.

In addition to the CNS, marked suppression of SOD1 expression was also observed in the quadriceps muscle (skeletal muscle)
and heart (cardiac muscle). These findings validate a therapeutic concept that is difficult to achieve with conventional
intrathecally administered oligonucleotide drugs: simultaneous targeting of the CNS and peripheral tissues. Given the
systemic nature of ALS, this represents an important step toward comprehensive disease intervention.

From a safety perspective, mortality was observed in mice receiving cholesterol-conjugated HDO, whereas no deaths or overt
abnormal behaviors were detected in the Compound X-conjugated HDO group. This finding suggests that Compound X may
be superior not only in efficacy but also in tolerability as a DDS ligand.

Collectively, these results demonstrate that BBB-crossing HDO enables target gene suppression in both central and peripheral

tissues following systemic administration, supporting its potential as a next-generation therapeutic approach for ALS.

5. Demonstration of Efficacy in a DM1 Model

Myotonic dystrophy type 1 (DM1) is an inherited neuromuscular disorder caused by CTG repeat expansion in the DMPK
gene. In addition to skeletal muscle pathology, DM1 is a multisystem disease involving cardiac abnormalities, central nervous
system manifestations, and dysfunction in multiple organs. No curative therapy has yet been established, and there remains a
strong need for novel treatments capable of simultaneously targeting skeletal muscle, cardiac muscle, and the CNS.

In this study, to examine the broader disease applicability of BBB-crossing HDO technology, we designed an HDO targeting
microRNA-23b (miR-23b), which has been implicated in DM1 pathology. As DDS ligands, cholesterol-conjugated HDO,
tocopherol-conjugated HDO, and Compound X-conjugated HDO identified in the previous section were prepared and
comparatively evaluated following systemic administration.

Cholesterol-conjugated HDO treatment resulted in mortality and severe deterioration in some mice. In contrast, no obvious
serious adverse events were observed in mice treated with tocopherol-conjugated HDO or Compound X-conjugated HDO,
suggesting an improved safety profile.

In efficacy studies, Compound X-conjugated HDO achieved robust suppression of miR-23b in CNS tissues. Favorable target
suppression was also observed in skeletal muscle and cardiac muscle. In addition, suppression in the liver tended to be lower
than that observed with cholesterol-conjugated HDO, suggesting reduced excessive distribution to non-target organs.

Taken together, these findings demonstrate that BBB-crossing HDO technology is applicable not only to ALS but also to
DMLI. The ability to simultaneously target the CNS, skeletal muscle, and cardiac muscle highlights the broad therapeutic
potential of systemically administered HDO-based therapeutics.

6. Direct Demonstration of Brain Delivery of BBB-Crossing HDO by CE-MS

In collaboration with advanced pharmacokinetic analysis technologies, the highest priority was to directly demonstrate at the
molecular level that BBB-crossing HDO reaches the brain following systemic administration. To this end, collaborative
studies were conducted during the project period using capillary electrophoresis-mass spectrometry (CE-MS), positron
emission tomography (PET) imaging, and mass spectrometry imaging (MSI).

Using CE-MS, we successfully achieved direct detection of HDO-derived nucleic acid components in brain tissue after
systemic administration. CE-MS is a highly sensitive analytical platform that integrates capillary electrophoresis as a
separation step upstream of mass spectrometry, enabling detection of ultra-trace biomolecules in complex biological samples.
HDO-derived parent strand components were detected in brain tissue samples collected after administration of BBB-crossing

HDO. The estimated concentrations were consistent with values previously inferred by quantitative PCR, supporting the
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validity of the measurements. These findings directly demonstrate that BBB-crossing HDO crosses the blood-brain barrier
and reaches the brain parenchyma after systemic dosing.

Although PET and MSI did not directly detect brain delivery under the conditions examined, useful datasets were obtained
for whole-body biodistribution analysis and metabolite characterization, respectively.

Collectively, these results provide chemical analytical evidence supporting CNS delivery of BBB-crossing HDO and establish
a new evaluation platform for assessing brain delivery of nucleic acid therapeutics, which has been challenging. Further
development of quantitative and metabolite analyses is expected to support future nonclinical development and clinical

translation.

7. Key Outcomes and Significance of This Study

The objective of this study was to establish the technological foundation for systemically administered nucleic acid
therapeutics capable of reaching the central nervous system through BBB-crossing HDO technology and to advance its path
toward practical application.

The first major outcome was optimization of DDS ligands, leading to the identification of a novel ligand candidate that
maintained CNS delivery while offering the potential for improved safety.

The second major outcome was demonstration of therapeutic applicability in disease models. In SOD1-ALS model mice,
systemic administration achieved target gene suppression not only in the brain and spinal cord but also in skeletal and cardiac
muscle. In studies targeting DM1, the technology also showed applicability to multisystem pathology involving the CNS,
skeletal muscle, and cardiac muscle.

The third major outcome was the use of CE-MS to directly demonstrate, at the molecular level, that BBB-crossing HDO
reaches the brain parenchyma after systemic administration. This finding provides important evidence supporting the CNS
delivery capability of the platform.

Taken together, these results establish BBB-crossing HDO as a promising technological foundation for the development of

systemically administered nucleic acid therapeutics for central nervous system disorders.

8. Future Perspectives

Although the original objective of this project was to obtain nonclinical proof-of-concept (POC), the limited project period
allowed us to primarily establish delivery technology and demonstrate target gene suppression. Building on these
achievements, the next stage will focus on full nonclinical POC studies.

For SOD1-ALS, studies using SOD1-G93A model mice will evaluate motor function improvement, survival extension, and
safety. For DM1, studies using HSALR model mice will assess therapeutic effects on muscle dysfunction as well as central
nervous system manifestations.

At the same time, the present study mainly focused on gene expression suppression, and changes at the protein level as well
as improvement of disease phenotypes remain to be demonstrated. These represent important next steps for validating the
therapeutic potential of a systemically administered nucleic acid medicine capable of simultaneously targeting the brain, spinal
cord, and muscle tissues.

In parallel, CE-MS-based pharmacokinetic analyses will be further expanded to quantify brain exposure, characterize

metabolites, and evaluate organ distribution, thereby establishing a data platform to support future nonclinical development.



