Ligand Conjugation — Expanding the Reach of Oligonucleotide Therapeutics

Oligonucleotide therapies possess enormous potential as healing, life-changing, and cancer-
curing drugs. However, there are many barriers to utilizing oligonucleotides to treat disease.
Discovering or creating effective delivery methods for each target cell or tissue type solves
many of these problems and there are multiple solutions that have proven to work in some
capacity. In a previous article, we delved into lipid-nanoparticles which have achieved
tremendous success in delivering siRNAs, mRNA in COVID-19 vaccines, and a CRISPR treatment
which is in clinical trials. Yet there is another delivery method that is just as promising and
highly effective at delivering many types of oligonucleotides to various cell types — ligand
conjugation.

Although there are many different ligands that could potentially be conjugated to
oligonucleotides, ligand conjugation rests on an underlying principle. Each type of cell in the
human body has specific molecules that can bind to the receptors on the cell. When these
molecules (called ligands) are linked to an oligonucleotide, they facilitate delivery to cells that
have the corresponding receptor. This allows for highly specific delivery to desired cell types,
which minimizes drug exposure to other parts of the body and improves the safety of the drug.
It also reduces the amount of drug required to treat disease. Many biomolecules have been
investigated to this end.

One of the most well-known and successful conjugates is N-acetylgalactosamine (GalNAc),
which binds to the asialoglycoprotein receptor (ASGPR) that is abundantly expressed in
hepatocytes (the functional cells of the liver) (1, 2). GalNAc conjugation enables highly specific,



efficient delivery of oligonucleotides to the liver. It also triggers potent and durable results (1,
3). Many companies have developed delivery platforms that utilize GalNAc conjugation.

Lipids, including cholesterol and fatty acids, may be an effective option to deliver
oligonucleotides to the brain, liver, heart, kidneys, lungs, spleen, muscle, and adipose tissue.
Cholesterol has been well studied (3) and one significant study in mice found that after a single
intratumoral injection, cholesterol-conjugated, nuclease-resistant siRNAs achieved sustained
and potent tumor-specific gene silencing (4). Docosahexaenoic acid may provide a solution to
delivering siRNA to the brain (5) and conjugating docosanoic acid to siRNAs enabled efficient,
sustainable, and non-toxic gene silencing in both skeletal and cardiac muscles after systemic
injection (6). Palmitic acid conjugation improved the potency of ASOs in cardiac and skeletal
muscle tissue (7).

Peptides can specifically interact with certain proteins on the cell surface (5) and may be useful
in treating many diseases, including neuromuscular and neurodegenerative diseases (8, 9).
Transferrin receptor 1-targeting peptides are being investigated to create low molecular weight
ligands for muscle-specific targeted delivery of oligonucleotides. Folate is already used in
delivery systems for drugs that fight cancer (10) because folate receptors are over-expressed in
many tumors (5, 11). Transferrin is another ligand that could be used for the delivery of
oligonucleotides to tumors, as well as the brain and endothelial cells (11).

Antibodies could be used whole or as fragments. They have high specificity and affinity for their
targets (11). Conjugating siRNAs with anti-CD71 Fab' fragment resulted in durable gene-
silencing in the heart and skeletal muscle of mice for one month after intravenous
administration. A myostatin-targeting siRNA conjugated with anti-CD71 Fab' fragment was used
to treat a mouse model of peripheral artery disease, which resulted in significant silencing of
myostatin, leading to increased muscle mass and improved running performance (20). Not only
are they useful as therapeutic agents, but also for imaging and detection (21). Aptamers,
similarly to antibodies, have high specificity and affinity for their targets. However, they have
low immunogenicity and are much smaller than antibodies (11). Conjugating siRNA to aptamers
contributes to accumulation in certain cell types and some aptamers can penetrate the blood-
brain barrier (5).

Other molecules have also been studied. Amisamide is a high-affinity ligand of sigma receptors
that are over-expressed on many types of cancer. Anandamide is a ligand of the vanilloid and
cannabinoid receptors that are expressed in certain B-cells and neuronal cells. Carbachol is
structurally similar to acetylcholine and binds to muscarinic and nicotinic receptors which can
be targeted to treat neuronal disorders and COPD. a-Tocopherol is a type of vitamin E, and it
shows inherent antioxidant, anti-inflammatory, immune-stimulatory, anti-cancer, and
nephroprotective properties (10). Many of these molecules displayed promising results but are
still in early stages of discovery.

As you can see, each ligand has unique traits that cause it to be a valid option to investigate for
delivering oligonucleotide to a specific cell type. Two excellent reviews cover the various ligands



in great depth: Cellular Targeting of Oligonucleotides by Conjugation with Small Molecules and
Current Development of siRNA Bioconjugates: From Research to the Clinic.

Although many groups have focused on conjugating a single type of molecule to an
oligonucleotide, others have gone beyond this. One group recently experimented with
designing a series of cholesterol-GalNAc dual conjugated ASOs and successfully reduced the
renal distribution of ASOs while only slightly reducing gene-silencing activity which could
reduce the nephrotoxic potential of ASOs (12).

Ligand conjugation has been engineered into delivery platforms with commercial applications
and teams are racing to find effective ligand conjugations.

Alnylam Pharmaceuticals uses both lipid nanoparticles and conjugates to deliver siRNA. Alnylam
designed a platform that conjugates three GalINAc molecules to one siRNA (trivalent GalNAc-
conjugated siRNAs) to deliver siRNA to the liver and developed the enhanced stabilization
chemistry (ESC)-GalNAc delivery platform which is still used today. Although other candidates
were progressing and Patisiran reached commercial application, upon discovering that GalNAc-
siRNA conjugate delivery platform resulted in far superior potency and safety, Alnylam stopped
the other programs (2). Currently, Alnylam has three approved siRNA medicines, givosiran,
lumasiran, and inclisiran (licensed to Novartis) which use this delivery platform, and many more
in development to treat genetic, cardio-metabolic, and infectious diseases (2).

Alnylam and PeptiDream just announced an agreement to discover and develop peptide-siRNA
conjugates to deliver siRNA to cell and tissue targets outside the liver. Alnylam will choose a set
of receptors, then PeptiDream will use their peptide discovery platform to select, optimize, and
synthesize peptides for each receptor. Alnylam will then create peptide-siRNA conjugates and
perform studies to determine final peptide selection.

Arrowhead Pharmaceuticals developed a delivery platform called Dynamic PolyConjugates
(DPCs) which employed GalNAc along with cholesterol modified siRNA (1, 2). Although
candidates were in development with the DPC platform, when the company discovered a safer,
more effective platform they had the courage to terminate studies that were in progress and
moved to follow-on candidates that utilized the new platform, called Targeted RNAi Molecule
(TRiM). TRiM can incorporate a variety of targeting ligands, including GalNAc and ligands of
integrin avP3, avp5, and avB6 (2). With the ability to use ligands designed to transport siRNA to
different types of cells, TRiM is being used to develop RNAi medicines that treat tumors and
diseases in the lung, liver, and muscle, including hepatitis B, hypertriglyceridemia, and cystic
fibrosis. The choice to switch to the new platform swiftly produced results and Arrowhead
currently has multiple candidates in Phase 1 and 2 trials and partnerships with Janssen, Amgen,
Takeda Pharmaceutical Company, and Horizon Therapeutics.

Dicerna Pharmaceuticals has also developed a GalNAc delivery platform for RNAi therapies. In
contrast to Alnylam’s use of triantennary GalNAc conjugates, Dicerna uses four GalNAc




molecules to create a tetra-antennary GalNAc conjugate (1, 2). This technology, the GalXC
platform, has produced potent, durable effects. Dicerna is also developing technology to deliver
siRNA beyond the liver. Since these technological advances retain key pharmacological features
from GalXC, it is referred to ad GalXC-Plus, and may potentially be applied to skeletal muscle,
central nervous system, and adipose tissue.

Silence Therapeutics is focused on targeting disease-associated genes in liver cells. In contrast
to many other companies that are searching for methods to deliver oligonucleotides to tissues
outside of the liver, Silence is committed to identifying new GaINAc mRNAi drugs to target
many of the thousands of liver-expressed genes that have not yet been targeted. They have
developed a GalNAc-siRNA platform called mRNAi GOLD. This platform is used in their
medicine, SLN124, which is being developed to treat iron-loading anemia conditions,
thalassemia, and myelodysplastic syndrome (MDS). Early results showed that SLN124 was well
tolerated, improved red blood cell production, and reduced anemia. Another candidate,
SLN360, was designed to silence the gene that makes lipoprotein(a), which is expected to lower
the risk of heart attack, stroke, and heart disease.

Wave Life Sciences developed the stereopure chemistry platform which may allow for
optimized pharmacological properties, including greater stability, enhanced activity and
selectivity, and longer duration of effect, with broad applicability across modalities including
antisense, exon-skipping, microRNA, RNAI, and RNA-guided gene editing (13). Currently focused
on neurology, Wave Life Science has multiple candidates in the preclinical and clinical stages
and collaborates with Takeda on four of them.

OliX Pharmaceuticals has developed asymmetric siRNA (asiRNA) to down-regulate expression of
disease-causing genes. OliX partnered with AM Chemicals to combine AMC's GalNAc-linker
technology with OliX’s proprietary asymmetric siRNA (asiRNA) to develop therapies for liver
diseases.

Regulus Therapeutics utilizes multiple strategies to deliver microRNA, and GalNAc conjugation
is included among them. Regulus combines their proprietary linker conjugate with RNA
technologies from Alnylam and lonis (1). To treat disease, they develop mimics of microRNA as
well as anti-miR, which inhibits microRNA. Regulus developed RG-101, a hepatocyte targeted
GalNAc conjugated oligonucleotide that antagonizes miR-122 to treat Hepatitis C (14). RG-101
was recently investigated for use in combination with other drugs as a single-visit cure for
chronic hepatitis C (15).

Geron has developed Imetelstat, an ASO conjugated to palmitic acid, targeting human
telomerase to treat certain types of cancer. Geron is currently conducting two Phase 3 clinical
trials of Imetelstat: IMerge, a Phase 2/3 trial in myelodysplastic syndromes (MDS), and
IMpactMF, a Phase 3 trial in refractory myelofibrosis (MF).

lonis Pharmaceuticals has developed three medicines that are commercially approved, with
many more in clinical trials. Their newer platforms use ligand-conjugated antisense (LICA)




technology to deliver ASOs to target cells. Following Alnylam’s lead that resulted in successful
delivery of siRNA, lonis conducted an in-depth investigation of triantennary GalNAc-conjugated
ASOs. After determining the optimal structure, lonis began adding THA-C6 triantennary GalNAc
to ASQO’s, which greatly increased their potency.

One example is AKCEA-TTR-Lgx (ION-682884), a drug that shares the same nucleotide sequence
as inotersen which has been approved for the treatment of adults with polyneuropathy of
hereditary ATTR amyloidosis (hATTR). In contrast to inotersen, AKCEA-TTR-Lgx is a ligand-
conjugated antisense (LICA) drug that utilizes a triantennary N-acetylgalactosamine moiety
(GalNAcs). This advanced design increases drug potency, which means that patients can be
given lower, less frequent doses (16, 17). A Phase 3 clinical trial has begun to compare
inotersen and AKCEA-TTR-Lgx to determine the differences in patients’ neuropathy symptoms,
quality of life, and TTR protein levels in the blood (18).

With multiple successes in delivering ASOs to the liver, lonis has expanded their focus to
identifying ligands that will enhance the delivery of ASOs to cells and tissues beyond the liver.
So far, they have made significant progress in identifying ligands that enhance delivery to the
pancreas, heart, and skeletal muscle.

In a collaboration between AstraZeneca and lonis, it was determined that conjugating ASOs to a
ligand of the glucagon-like peptide-1 receptor (GLP1R) productively delivers ASO cargo to
pancreatic B-cells both in vitro and in vivo. The target genes in pancreatic islets were silenced
without affecting target gene expression in the liver or other tissues (19).

Bicycle Therapeutics recently entered an agreement with lonis that gives lonis exclusive access
to Bicycle’s proprietary bicyclic peptides (Bicycles) with high affinity to the transferrin receptor
(TfR1) for the purpose of tissue-targeted delivery of oligonucleotide therapeutics. Bicycle does
retain the rights to use TfR1 Bicycles for all non-oligonucleotide therapeutic purposes. The use
of Bicycles expands the LICA platform, allowing muscle-specific targeted delivery with increased
potency and more convenient administration, while reducing costs because manufacturing
processes are less complex.

Suzhou Ribo Life Science Co. Ltd. (Ribo) is a leading siRNA drug development company in China
that lonis collaborated with to develop and commercialize RNA-targeted therapeutics in China.
Ribo was granted a license for the right to commercialize lonis Generation 2+ antisense drugs in
metabolic disease, cancer, and possibly a third pre-specified Generation 2+ antisense drug. Ribo
is also conducting a discovery program to identify drugs that utilize lonis' ssRNAi technology.

Ligand conjugation is proving to be a valuable approach to realizing the potential of
oligonucleotides in a range of cell and tissue types throughout the body. Teams around the
world are racing to engineer ligand conjugated oligonucleotide drugs with an ever-expanding
range of targets to treat previously untreatable diseases and, although there has been
significant progress in ligand conjugation technology, a lot of work still must be done to
optimize new ligands and overcome potential safety concerns and potential adverse side



effects. As countless hours are invested into this approach, we anticipate further extraordinary
results that will leave a lasting impact.
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