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Development of polymeric ligands for muscle-targeted nucleic acid delivery
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In this study, we aimed to develop polymeric nanomedicines for the muscle-targeted oligonucleotide delivery directed
toward the molecular therapy of muscle diseases, including Duchenne muscular dystrophy. Herein, we highlighted two
types of delivery vehicles, i.e., oligonucleotide-polymeric ligand conjugates (polyligands) and oligonucleotide-loaded
polyion complex (PIC).

At first, the size of nanomedicines (or polyligands) was optimized for the muscle accumulation via systemic route. To
this end, a series of polyligands with varying sizes were synthesized to covalently introduce the varying numbers of
poly(ethylene glycol) (PEG) into the backbone polymer. After systemic administration, a smaller sample (< 8 nm in
hydrodynamic diameter) was rapidly eliminated from the bloodstream through the kidney filtration. In contrast, the
polyligands with a size of > 11 nm showed much longer blood retention profiles, resulting in more efficient accumulation
in the muscle tissue compared with the smaller control. As a result, 11-15 nm-sized polyligands achieved the most
efficient accumulation in the muscle tissue after intravenous injection into mice. Interestingly, the muscle accumulation
of the polyligands was significantly enhanced in a murine model of muscular dystrophy (mdx mouse). The polyligands
were apparently accumulated in the inflammatory (or regenerative) muscle tissues in the tissue section images.

Next, polyligands were chemically modified with targeting molecules that can recognize glucose transporters (GLUT)
for enhanced muscle accumulation. The sugar-installed polyligands showed ~2 times higher muscle accumulation after
intravenous administration. An additional targeting molecule (2" ligand) was further installed to polyligands. The
obtained 2" polyligands also showed twice more efficient muscle tissue accumulation. Interestingly, the 2" polyligands
dramatically enhanced the heart accumulation compared with non-modified polyligands. The heart targeting might be
explained by the recognition of 2" polyligands to cell surface polysaccharides, but the detailed mechanism should be
clarified by additional studies. Overall, polyligands demonstrated their targetability to the muscle and heart tissues via
systemic route.

Based on the above results, we first delivered oligonucleotides after their covalent conjugation with polygands. The
obtained oligonucleotide-polyligand conjugates were analyzed to have ~6 oligonucleotides per conjugate. In in vivo
experiments, the conjugates showed the longer blood retention and higher muscle tissue accumulation. However, the
gene knockdown efficiency of the conjugates was comparable to that of naked oligonucleotide. This suggests that the
release of oligonucleotides from conjugates should be a rate-limiting step. Thus, we altered oligonucleotide-loading from
covalent conjugation to electrostatic interaction. Indeed, we prepared PICs by simply mixing Y-shaped cationic polymers
and oligonucleotides in aqueous media. The prepared PICs, termed unit PICs, were composed of 1-2 Y-shaped polymers
and 1 oligonucleotide, thereby showing a relatively small size of ~15 nm in hydrodynamic diameter. The unit PICs
achieved much more efficient accumulation in the muscle tissue of mdx mice, accompanied by the enhanced gene
knockdown in the muscle tissue, compared to naked oligonucleotides.

Ultimately, we verified the therapeutic potential of uPICs for exon skipping therapeutics. Indeed, the exon-skipping
oligonucleotide-loaded uPICs were applied to a transgenic mouse that can express luciferase gene with exon-skipping
(thereby allowing us to determine the exon-skipping efficiency via luminescence intensity). As a result, the unit PICs
induced ~2 time more efficient exon skipping effect in the muscle tissue after intramuscular administration, in
comparison with a naked oligonucleotide control. These results demonstrate that unit PICs are a promising

oligonucleotide nanomedicine that can target the (inflammatory) muscle tissues.



