Oligonucleotides Safely Cross the Blood-Brain Barrier to Knock Down Gene Expression

Neurodegenerative diseases, brain tumors, and infectious diseases and inflammatory conditions that impact
the brain wreak havoc on a person’s health and are notoriously difficult to treat. Oligonucleotide drugs could
provide solutions to many pathological brain conditions if certain challenges could be overcome. Researchers
at Tokyo Medical and Dental University, Takeda Pharmaceutical, and Ionis Pharmaceuticals may have found a
solution.

There are numerous barriers to creating oligonucleotides therapeutics to treat brain conditions.
Oligonucleotide drugs must overcome many barriers in the body before they can do the work they were
created for. Like all oligo drugs, those intended to treat the brain face swift clearance from the body, chemical
degradation, the immune system, and difficulty crossing cell membranes (1).
Oligonucleotide therapies that are intended to reach the central nervous system (CNS) face further challenges,
the first of which is the blood-brain barrier (BBB). The blood-brain barrier is a highly intricate system of
mechanisms that work together to maintain brain homeostasis and prevent foreign molecules from entering
the brain (1). Once in the CNS, the oligonucleotides must still show efficient RNA reduction (2). Toxicity, the
inflammatory response, and immunogenicity are serious risks that must also be addressed (1).
Some drugs have been developed that are safe and effective when delivered directly to the CNS through
intrathecal injection. ASOs are highly effective at treating certain CNS disorders when administered in this
way. Nusinersen, which treats spinal muscular atrophy via intrathecal injections, is an ASO that has gained FDA

approval. However, intrathecal injections can be difficult for patients to endure, especially young children.
Unfortunately, single-stranded ASOs cannot currently enter the brain after systemic administration.
Oligonucleotide drugs that treat brain conditions will be better accepted by patients if they can be created in a
way that allows them to be administered systemically, through IV injections or subcutaneously. Subcutaneous
injections potentially offer the additional benefit of being self-administered, eliminating the need for repeated
trips to a medical facility. However, for these methods to work, the drug must be engineered in a way that
allows it to cross the blood-brain barrier. Often, even if an oligonucleotide drug can cross the blood-brain
barrier without being degraded, the BBB is damaged.

Engineering a solution.
Ligand conjugation has proven to be successful in delivering oligonucleotides to the liver, and many conjugates
are being developed to enable oligonucleotides to reach cells and tissues beyond the liver. Lipids, in particular,
may provide an excellent solution in reaching this goal. Cholesterol and α-tocopherol are two specific lipids
that have shown promise. In one instance, gapmers conjugated to α-tocopherol displayed much greater
inhibitory efficacy than those that were unconjugated (3).
Cholesterol, a lipid found in every cell of the body, has been widely studied and is especially promising.
Cholesterol conjugated oligonucleotides are internalized via cholesterol binding receptors, escape renal
clearance, and demonstrate increased cellular uptake (4). Locally injected cholesterol-modified siRNA has led
to functional gene silencing in the brain (5, 6).
Biscans et al. recently determined that “the chemical nature of the lipid conjugate has a profound impact on
the degree of overall siRNA retention” and certain lipids resulted in higher retention in specific tissues than
others. Interestingly, in some tissues, a specific lipid conjugation would result in high concentration of siRNA,
without producing productive silencing (7).
This was proven true of ASOs as well. Researchers at Tokyo Medical and Dental University, Takeda
Pharmaceutical, and Ionis Pharmaceuticals have developed an oligonucleotide drug that can be administered
systemically, without damaging the blood-brain barrier, and suppress target gene expression in multiple types
of cells in the brain by up to 90%.
What is this incredible invention? DNA/RNA heteroduplex oligonucleotides (HDOs) conjugated to cholesterol
or α-tocopherol at the 5ʹ end of the RNA strand (2).
The teams have been working on DNA/RNA heteroduplex oligonucleotides (HDOs) to deliver more potent
gene silencing in target cells for many years. In 2015, they reported the development of an HDO (Toc-HDO)
which consists of DNA/LNA gapmer ASO and an RNA strand complementary to the DNA strand, conjugated to
α-tocopherol on the 5’ end.
This hybridization markedly enhanced the activity of the parent ASO. It was tested in mice and cynomolgus
monkeys and was less toxic to the liver, was not found to stimulate the immune system, and no additional offtarget genes were downregulated (8). However, this specific structure was only effective in the liver, and
delivery to the brain was negligible. So, they screened many other lipid ligands that conjugate to HDOs, using
higher doses than previously in the hopes of developing a drug that could safely reach the CNS after systemic
administration (2).

Cholesterol and α-tocopherol were two of the lipid ligands conjugated to the HDOs (Chol-HDOs and Toc-HDOs)
targeting Malat1 in the CNS. Mice were IV injected weekly over a period of four weeks. Malat1 levels in the
CNS were reduced by an astonishing 90% after repeated dosing of the Chol-HDO and remained reduced for
more than two months. An approximate 50% reduction was observed with the Toc-HDO.
Additionally, marked reduction of the target RNA was seen in multiple regions of the CNS and in multiple cell
types, with the greatest effects in neurons and microglial cells. Again, greater reduction was seen in mice who
received Chol-HDO. Subcutaneous dosing delivered similar results. Some adverse effects were seen, but
effects were reduced when the Chol-HDO was administered subcutaneously, rather than through an IV (2).
Importantly, they did not observe any damage to the blood-brain barrier. The effects were also seen when the
ASO targeted other neurodegenerative diseases, and when tested in rats. Dr. Takanori Yokota provides a brief
explanation of the work in this video.
This fascinating work highlights the potential of oligonucleotides to safely treat brain conditions. If Chol-HDOs
prove to be safe and effective in delivering ASOs to knockdown gene expression in the human central nervous
system, neurodegenerative diseases that are currently untreatable or difficult to treat may have met their
match. While this work is incredibly promising, it does still need a lot of work to determine whether it could be
safe in humans. However, when paired with the recent advances in using siRNA therapeutics to heal the brain,
it is exciting to see that we are closer than ever to providing true solutions to curing devastating brain
conditions.
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