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targeted delivery of ASOs to tissues.

Introduction to tissue targeting

Selective tissue and cellular targeting of therapeutic agents has
been an active area of investigation for decades. Paul Ehrlich
first coined the term “magic bullet” — a therapeutic agent that
might be selectively designed to target an infectious agent with-
out affecting the host. This concept has been extended to include
anumber of therapeutic strategies, with cancer perhaps receiving
the most attention and, as a result, the most progress. The reasons
for pursuing targeted therapeutics include (a) to enhance thera-
peutic potency by directing more of the administered dose to the
target tissue, (b) to enhance delivery to the appropriate subcellular
compartment, (c) to reduce toxicity by decreasing drug concen-
trations in nontargeted tissue, (d) to enhance the agent’s pharma-
cokinetic profile by increasing circulation time, (e) to broaden the
agent’s therapeutic application by increasing the repertoire of cells
or tissues targeted, and (f) to decrease cost by lowering the total
dose administered.

Both physical and chemical methods can achieve specific tis-
sue targeting. Aerosol delivery to the lung and intrathecal admin-
istration to cerebrospinal fluid are examples of methods of physi-
cal delivery to specific tissues. Chemical tissue targeting can occur
either passively or actively. Examples of passive targeting include
enhancement of the therapeutic agent’s binding to plasma pro-
teins to increase its circulation time; formulation in lipid or other
types of nanoparticles; and direct conjugation to plasma proteins
or PEG, which increases the agent’s molecular size and decreas-
es clearance by glomerular filtration and the reticuloendothelial
system (RES). Active targeting can be achieved by attachment of
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Antisense oligonucleotides (ASOs) are chemically synthesized nucleic acid analogs designed to bind to RNA by Watson-Crick
base pairing. Following binding to the targeted RNA, the ASO perturbs RNA function by promoting selective degradation

of the targeted RNA, altering RNA intermediary metabolism, or disrupting function of the RNA. Most antisense drugs are
chemically modified to enhance their pharmacological properties and for passive targeting of the tissues of therapeutic
interest. Recent advances in selective tissue targeting have resulted in a newer generation of ASO drugs that are more potent
and better tolerated than previous generations, spawning renewed interest in identifying selective ligands that enhance

the drug to a ligand that binds to and is internalized by a specific
receptor expressed on the targeted cell. Perhaps the most devel-
oped example of active targeting is the use of antibodies to deliver
chemotherapeutic agents to cancer cells. Currently, four approved
drugs use a cytotoxic agent covalently attached to an antibody as
the targeting moiety, and more than 50 additional antibody-drug
combinations are in development (1, 2).

This Review focuses on various strategies to target synthet-
ic oligonucleotides to tissues and cell types to achieve antisense
effects. Antisense oligonucleotides (ASOs) are designed to bind to
nuclear or cytoplasmic RNA and so must be internalized by cells
and escape at least one cellular membrane to access their com-
plementary RNA. As we discuss, this creates unique challenges
for tissue targeting in that hydrophilic ASOs must bind to accep-
tors expressed on the cell surface and also be transported into the
cell and escape through a hydrophobic membrane bilayer to gain
access to their cognate RNA receptor.

ASO therapeutics

A comprehensive review of antisense technology is beyond the
scope of this Review, and the reader is referred to several recent
reviews for background (3, 4). Briefly, ASOs are chemically syn-
thesized oligonucleotides that bind RNA through Watson-Crick
base pairing, which provides their specificity. Once bound to
the targeted RNA, the oligonucleotide can either modulate RNA
function through nondegradative mechanisms or promote RNA
degradation through endogenous enzymes (5). Examples of
nondegradative mechanisms include blocking of translation,
enhancement of translation, modulation of RNA splicing, and
blocking of microRNA functions. In each case the oligonucle-
otide binds to the targeted RNA in a sequence-specific manner
and disrupts either RNA-protein binding or RNA structure. The
most clinically advanced nondegradative mechanism is modu-
lation of RNA splicing, with two approved drugs on the market:
eteplirsen for Duchenne muscular dystrophy and nusinersen for
the treatment of spinal muscular atrophy (6, 7). RNA degrada-
tive mechanisms rely on endogenous RNA nucleases to specifi-
cally degrade the targeted RNA at the site of ASO hybridization.
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Table 1. Chemical modifications commonly used in nucleic acid therapeutics

Modification Abbreviation Position
2'-0-Methyl RNA OMe Sugar
2'-Fluoro RNA F Sugar
2'-0-Methoxyethyl RNA MOE Sugar
Locked nucleic acid LNA Sugar
Constrained ethyl BNA cEt Sugar
Morpholino PMO Sugar and backbone
Phosphorothioate PS Backbone
Cholesterol, lipids NA Conjugate

BNA, 2'4’-bridged nucleic acid; PMO, phosphorodiamidate morpholino.

Nuclease stability Protein binding RNA binding (°C/mod.)
+ +/- +1
+/- + +1
++ +/- 11015
++ +/- +3t05
+++ +/- +3t05
++++ - +1
++ +++ -0.5
++ +++ NA

Two cellular nucleases are broadly used to promote selective
degradation of the targeted RNA, RNase H1 and Ago2. RNase
H1 recognizes the RNA-ASO heteroduplex, degrading the RNA
and leaving the ASO intact to bind to another targeted RNA.
Approaches using Ago2, the protein effector of the RNA interfer-
ence pathway, administer an RNA-RNA duplex complex (siRNA)
to cells or an organism. Once inside the cytoplasm, the duplex is
unwound, with one strand (the antisense or guide strand) inter-
acting with the nuclease Ago2 to form the RNA-induced silenc-
ing complex (RISC) (8).

To date, six antisense drugs have been approved by various
regulatory agencies (with an additional drug under review) to treat
diseases spanning viral infections, hyperlipidemias, and neurolog-
ical diseases (3). Well over 50 additional ASO drugs are in various
stages of clinical trials, including several in pivotal studies (sum-
marized in ref. 3). All approved antisense drugs and drugs under
regulatory review rely on passive oligonucleotide delivery to the
target tissues, which include liver, skeletal muscle, neurons, and
retinal cells. Recent clinical results demonstrate the utility of tis-
sue targeting for ASOs, demonstrating greatly enhanced poten-
cy compared with nontargeted ASOs (9, 10). These results have
incentivized researchers to identify additional safe and effective
targeting ligands for ASOs.

Introduction to chemical modifications of
oligonucleotides and formulations

Therapeutic oligonucleotides are used as single- or double-
stranded designs, the choice of which is dictated by the anti-
sense mechanism being harnessed. Unmodified single- or
double-stranded oligonucleotides typically do not possess suf-
ficient drug-like attributes to be used as effective therapeutics
(11). They lack sufficient metabolic stability in extracellular or
intracellular fluids or suitable pharmacokinetic properties. Some
nucleic acids can also trigger biological sensors like TLRs and
RIG-], producing undesired immune modulatory effects (12, 13).
To address these limitations, medicinal chemists devised chem-
ical modification or formulation strategies to help deliver these
agents for therapeutic applications (Figure 1).

Modifications that enhance nuclease stability and RNA affin-
ity. DNA and RNA represent the starting point for introducing
chemical modifications into nucleic acids (Table 1). Modifica-
tions can be made to the backbone, sugar, or nucleobases of
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DNA and RNA (11). Typically, modifications at the 2’ position
of the furanose ring in natural nucleic acids enhance affinity
for complementary RNA by shifting the furanose conformation
into the C3'-endo sugar pucker. Examples include 2'-O-methyl
(OMe), 2'-fluoro (F), and 2’-O-methoxyethyl (MOE) RNA. Con-
formational restriction of the furanose ring into the C3’-endo
sugar pucker gives modifications such as locked nucleic acid
(LNA) (14, 15) and constrained ethyl (cEt) (16), which provide
further increases in binding affinity for complementary RNA.
All these modifications typically enhance metabolic stability,
as the steric bulk of the modification hinders attack by nucle-
ases, which hydrolyze the internucleosidic phosphodiester
linkages (17). Phosphorodiamidate morpholinos (PMOs) rep-
resent another modification that enhances metabolic stability
and affinity for RNA by replacing the sugar and backbone with
a morpholino ring system (18).

Modifications to enhance nuclease stability and protein affinity.
While each modification discussed above enhances metabolic
stability and RNA-binding affinity of nucleic acids, the ability
to enhance interactions with proteins is a distinct property of
the phosphorothioate (PS) backbone modification (19). In the
PS linkage, one of the nonbridging oxygen atoms of the natural
phosphodiester linkage is replaced with a sulfur atom. PS-mod-
ified single-stranded oligonucleotides show enhanced avidity
for a host of plasma, cell surface, and intracellular proteins (4,
20). While the molecular origins of the enhanced protein-bind-
ing properties of PS oligonucleotides are not well understood,
they likely result from the anionic/hydrophobic nature of the
sulfur atom in the PS modification (21). At least 12-15 PS link-
ages are required for effective protein binding, suggesting an
avidity effect wherein each PS linkage contributes a small per-
centage to the overall interaction (22). Attaching hydrophobic
moieties such as fatty acids, cholesterol, or tocopherol at either
terminus of single- or double-stranded oligonucleotides rep-
resents another strategy to enhance the protein-binding prop-
erties of nucleic acid drugs (23).

Nanoparticulate formulations. Nucleic acids with no or limited
chemical modifications can be encapsulated within nanopartic-
ulate formulations to aid their delivery (Figure 1). Encapsulating
the oligonucleotide protects it from nuclease-mediated degra-
dation in the serum and in endosomal compartments. The lipid
nanoparticle (LNP) platform represents the leading formulation
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Figure 1. Chemical modification and formula-
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platform for delivery of nucleic acid drugs (24). LNPs typically
comprise the nucleic acid drug, an ionizable amino lipid, distea-
roylphosphatidylcholine, cholesterol, and a PEG lipid, which form
approximately 100-nm-diameter nanoparticles. Spherical nucleic
acids represent another distinct class of nanoparticulate formula-
tion with a hydrophobic core and a hydrophilic nucleic acid coro-
na. Nanoparticulate formulations are injected intravenously, and
their distribution is limited to phagocytic macrophages or tissues
with sinusoidal capillary architectures like the liver. In contrast,
PS-modified ASOs can be injected subcutaneously and distribute
broadly to almost all tissues in an animal (25).

Tissue and cellular barriers to activity

To achieve efficacy, an ASO has to travel from its site of injection
to its RNA target inside cells within tissues. In the process, the
ASO must avoid digestion by blood- and tissue-borne nucleases,
scavenging by the RES (unless the gene target resides in these
cells), and excretion into urine. Next, the drug must traverse the
capillary endothelium, leaving the blood compartment, and enter
the tissue interstitium. Upon arrival at the cell surface of interest,
the ASO adheres to protein “acceptors” on the cell surface that

Single-stranded PS-MOE gapmer ASO

facilitate cellular entry. Even after internal-
ization, the nucleic acid drug must survive the
aggressive nuclease milieu in endo-lysosomal
compartments, escape the vesicular struc-
tures, gain entry into the cytosol/nucleus, and
find the targeted RNA. Given these hurdles, it
is amazing that antisense technology works,
but overwhelming evidence supports this
conclusion. In the following sections, we will
discuss some of the tissue and cellular barriers
that must be overcome to facilitate effective
delivery, identifying strategies that may make
these processes more efficient.

Kidney filtration. Unmodified nucleic acids
are rapidly filtered and excreted in the urine
(26). Chemically modified nucleic acids such
as PS ASOs and lipid-modified siRNA, which
associate with plasma proteins, demonstrate
limited filtration and are efficiently reabsorbed
by cells of the proximal tubules in the kidney
(25). For nucleic acids encapsulated in nanoparticles, kidney fil-
tration is not an issue, but distribution is typically limited to the
liver and other cells of the RES.

Clearance by the RES. In the liver, the RES includes both
liver sinusoidal endothelial cells (LSECs) and Kupffer cells
(27). LSECs clear a variety of soluble waste macromolecules,
including hyaluronic acid, glycosaminoglycans of the extracel-
lular matrix, advanced glycation end products, oxidized LDL,
and heparin (28). In contrast, Kupffer cells clear large insoluble
waste fragments by phagocytosis. Other organs, like the spleen,
lymph nodes (LNs), and BM, also express a mosaic of scavenger
receptors that clear waste macromolecules and particulate prod-
ucts from blood (29). Reducing the surface charge on nanopar-
ticle formulations and PEGylation can reduce RES clearance by
mitigating interactions with scavenger receptors (30, 31).

Passage across the endothelium. If the nucleic acid drug survives
kidney filtration and RES-mediated clearance, the capillary endo-
thelium presents the next barrier to accessing the tissue inter-
stitium (32). There are at least three distinct classes of capillary
endothelium (33): the continuous endothelium in tissues such as
the heart and skeletal muscle; fenestrated endothelium in tissues
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such as the kidney, endocrine organs, and choroid plexus; and the
sinusoidal endothelium in liver, lymphoid, and hematopoietic
tissues. The nucleic acid drug can traverse this barrier in either a
paracellular or a transcellular manner.

For chemically modified nucleic acid drugs (molecular weight
5-15 kDa) and nucleic acids formulated in nanoparticles (~100
nm diameter), the paracellular route is essentially limited to tis-
sues such as the liver where gaps between endothelial cells and
an incomplete basement membrane facilitate the drug’s passage
from the bloodstream into the space of Disse (34). Presumably,
the porous nature of the liver sinusoids provides direct access
for macromolecular therapeutics to the hepatocyte cell surface.
Sinusoids are also found in lymphoid tissues and in hematopoietic
organs such as the spleen and the BM. Interestingly, all of these
tissues represent sites of significant accumulation for some classes
of nucleic acid therapeutics (25).

The fenestrated endothelium permits passage of molecules
with molecular weights of approximately 5000 Da or smaller
through openings in the endothelial cells, but these molecules still
need to traverse the intact basement membrane to access the tis-
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Figure 2. Models for interactions of formulated, chemically modified,
or ligand-conjugated oligonucleotides with cell surface receptors.
(A) Vitamin A-LNPs interact with retinol-binding proteins (RBPs) in
plasma and promote cellular uptake via RBP receptors (RBPRs). (B)
SNAs interact with scavenger receptors via multivalent interactions to
promote cellular uptake. (C and D) LDLR-mediated uptake of apoli-
poprotein E-decorated LNPs (C) or cholesterol-conjugated siRNA (D).
(E and F) Single-stranded PS ASOs (E) interact with stabilin receptors
more efficiently than double-stranded oligonucleotides (F). (G and H)
Trivalent GalNAc-modified ASOs (G) and siRNA (H) interact with the
ASGR with equal efficiency.

sue interstitium. Short nucleic acids can presumably exit through
these openings, as evidenced by accumulation of PS ASOs in the
kidneys. PS ASOs are filtered through the fenestrated endotheli-
um in the glomerulus and reabsorbed in the proximal tubules (25).
Nanoparticle formulations typically have reduced exposure to the
kidney, as their size prevents glomerular filtration.

Tight junctions between the endothelial cells of the contin-
uous endothelium limit paracellular passage of macromolecular
therapeutics. Transport across this barrier most likely occurs by
transcytosis (35). Several plasma proteins, such as albumin, trans-
ferrin, immunoglobulins, and lipoproteins, are transported across
the continuous endothelium by caveolin-mediated transcyto-
sis (36). In fact, approximately 60% of the body’s total albumin
resides in the tissue interstitium of skeletal muscle, skin, and oth-
er tissues at any given time (37). Thus, interactions with plasma
proteins may enable nucleic acid drug delivery into tissues such as
skeletal muscle and heart (38). It should be noted that the blood-
brain barrier (BBB) represents a special type of continuous endo-
thelium, further limiting passage of nucleic acid drugs.

Cellular entry. Upon entry into the tissue interstitium and
arrival at the cell surface of interest, nucleic acid drugs must
adhere to cell surface proteins, which can assist their cellular
entry via endocytic processes (Figure 2 and ref. 4). Unmodified
single- and double-stranded nucleic acids have poor cell uptake
properties because of their inability to adhere to cell surface pro-
teins (39). Cell uptake of single-stranded nucleic acids can be
augmented by the PS modification, which enhances avidity for
proteins, including cell surface proteins (40). Duplexes of PS oli-
gonucleotides can result in a substantial loss of binding affinity
for cell surface proteins (22, 41). Presumably, the flexible nature
of single-stranded nucleic acids facilitates interactions of the
hydrophobic/anionic sulfur atom of the PS backbone and the
amphipathic nucleobases with protein surfaces. In contrast, dou-
ble-stranded nucleic acids are more rigid and do not expose the
nucleobases for efficient interactions with protein surfaces (42).
Alternately, attaching hydrophobic moieties to single- and dou-
ble-stranded nucleic acids can enhance association with plasma
lipoproteins, which can facilitate uptake by lipoprotein uptake
receptors such as SR-BI or LDLR (43, 44). The cell uptake proper-
ties of nucleic acid drugs can also be enhanced by conjugation of
ligands for specific receptor systems, which can promote uptake
by targeted delivery (45).

Escape from endosomal vesicles. The major pathway for cel-
lular entry appears to be endocytosis. Once endocytosed into
early endosomes, the nucleic acid drug is within the interior of
the plasma membrane boundary and thus “inside” of the cell
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in one technical sense. From a topological perspective, howev-
er, the oligonucleotide resides in the extracellular space and
must still cross a lipid bilayer to gain access to its RNA target
in the cytosol/nucleus. The leading models for drugs formu-
lated with varying kinds of polymers or cationic lipids suggest
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Figure 3. The tissue and cellular barriers an oli-
gonucleotide drug must overcome for effective
delivery. Interaction with plasma proteins facili-
B tates distribution to peripheral tissues from the
site of injection. Oligonucleotide drugs can gain
access to the tissue interstitium by paracellular
or transcellular transport across the capillary
endothelium. Upon arrival at the cell surface of
interest, oligonucleotide drugs can gain cellular
entry by interaction with the targeted cell
surface receptor.

Tissue-specific
cell surface

that osmotic pressure caused by “proton
sponging” or pH-dependent lipid transi-
tions compromise endosomal integrity
or induce rupture, leading to release of
the drug into cytoplasm (46-48). Unfor-
mulated oligonucleotide drugs possess
no known mechanism to transit into the
cytosol yet obviously accomplish this
feat, given their clinically proven ability
to modulate the RNA target in the intend-
ed tissue. How these oligonucleotides
accomplish this topological conversion
(“endosomal escape”) is a fascinating
question relatively shrouded in mystery.

Liver

Strategies to overcome barriers
to activity

Effective delivery of nucleic acid drugs
to cells and tissues of interest requires
delivery strategies that can overcome the
challenges enumerated above (Figure 3).
In this section, we will highlight formula-
tion and chemical modification strategies
that have been successfully used to deliv-
er nucleic acid drugs in animals or in the
clinic. For ease of comprehension, this
section is divided into broad categories of
strategies focused on (a) formulation, (b)
chemical promotion of interactions with
plasma proteins, and (c) chemical promo-
tion of cell surface interactions.

Pancreas

Formulation strategies for single-stranded and
double-stranded oligonucleotide delivery

Lipid nanoparticles for delivery of siRNA to
liver. Strategies based on lipid nanoparticles
(LNPs) have effectively delivered nonstabi-
lized or minimally stabilized siRNA to the
liver (49). LNP-encapsulated siRNAs are
approximately 100 nm in diameter and have
neutral surface charge, which allows effec-
tive delivery to the liver parenchyma via the sinusoidal fenestrae.
Delivery to nonphagocytic cell types and tissues other than BM is
limited (50), as these particles do not cross the intact endothelium.
LNPs can acquire apolipoprotein E from plasma in their corona,
which actively directs them into hepatocytes via LDLR (51). Upon
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Table 2. Cell surface receptors involved in uptake of nucleic acid drugs

Nucleic acid cargo Ligand Receptor Class Tissue Cell type Refs.
ASO PS Stabilin-1and -2 Lectin/scavenger Liver, spleen, lymphatics, BM Endothelial cells 68
ASO PS ASGR Lectin Liver Hepatocytes 39,70
ASO PS SRA Scavenger Liver Kupffer cells 13
ASO PS EGFR RTK Liver Hepatocytes 14
ASO, siRNA Chol./LDL LDLR LDLR Liver Multiple 44, 51,62
ASO, siRNA Chol./HDL SR-BI Scavenger Multiple Multiple 44

ASCGR, asialoglycoprotein receptor; RTK, receptor tyrosine kinase; SRA, Scavenger receptor A.

internalization and transfer into late endosomal compartments,
the change in endosomal pH causes the cationic lipids in the LNP
to undergo phase transition, forming an inverted hexagonal phase,
a nonbilayer lipid structure that induces membrane permeability
and LNP disintegration (46, 47, 52). Patisiran (trade name Onpat-
tro), an LNP-formulated siRNA that showed excellent results for
reducing hepatic expression of mutant transthyretin (TTR) gene
(53), was approved by the FDA for the treatment of polyneuropathy
of hereditary transthyretin-mediated amyloidosis in adults.

Vitamin A-modified nanoparticles were used to deliver siRNA
to stellate cells for the treatment of liver fibrosis (54). Inserting
vitamin A in the liposomal formulation led to incorporation of ret-
inol-binding protein (RBP) in the corona, which facilitated uptake
by the RBP receptor expressed on activated hepatic stellate cells.
The vitamin A-modified liposomal formulation containing siRNA
against HSP47 showed excellent resolution of hepatic cirrhosis in
three different in vivo models and is currently in clinical trials.

Spherical nucleic acids for delivery to macrophages. Spherical
nucleic acids (SNAs) are distinct from liposome- or nanoparti-
cle-encapsulated nucleic acids in that they resemble micelles
with DNA forming the corona and a gold nanoparticle or lipo-
somal core (55). They can be smaller in diameter (20-70 nm)
than LNP formulations and can be prepared using single- or dou-
ble-stranded oligonucleotides. Like most nanoparticulate for-
mulations, SNAs are taken up preferentially by phagocytic cells
like macrophages and keratinocytes. SNAs have shown interest-
ing properties for dermal delivery of oligonucleotide therapeu-
tics and were advanced into the clinic for treatment of psoria-
sis (56) and other indications (57). SNAs have also been used to
create nucleic acid displays with CpG DNA to activate TLRs for
immune-stimulatory applications and for solubilizing poorly sol-
uble anticancer therapeutics (58).

Promoting plasma protein interaction and peripheral

tissue distribution

Cholesterol-conjugated siRNA. Double-stranded nucleic acids,
even those with PS and 2'-sugar modifications, show poor activi-
ty in mice (59). Conjugating siRNA to hydrophobic moieties such
as cholesterol has been effective in promoting association with
plasma lipoproteins and achieving tissue distribution and cellu-
lar uptake (44). Association with LDL or its protein component
apolipoprotein B promotes hepatic uptake via LDLR. In contrast,
association with HDL or apolipoprotein E promotes uptake into
peripheral tissues via SR-BI. While the majority of work with cho-
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lesterol-siRNA conjugates was directed toward hepatic delivery,
recent work demonstrated that cholesterol conjugation can deliv-
er siRNA to muscle and other extrahepatic tissues in mice (60, 61).

Tocopherol-conjugated ASO-RNA heteroduplexes. Yokota and
colleagues recently investigated the use of tocopherol-conjugated
ASO-RNA heteroduplexes for enhancing ASO potency in the liver
(62). Single-stranded PS ASOs generally associate with albumin,
but this interaction is lost in double-stranded designs. Thus, the
tocopherol moiety was conjugated to the RNA strand of the ASO
heteroduplex to enhance association with serum lipoproteins, and
this design showed 7- to 10-fold improved potency in the liver.
The tocopherol-ASO duplex also showed reduced activity in an
LDLR-KO mouse, suggesting that this receptor was involved in the
uptake of the lipoprotein-bound ASO duplex.

Single-stranded PS nucleic acids. Single-stranded PS-modified
ASOs bind to plasma proteins such as albumin, which facilitates
their distribution to tissues peripheral from the site of injection
(63). They distribute broadly, except across the BBB, with tissues
such as kidney, liver, spleen, LNs, and BM showing the highest
accumulation. Sixteen- to 20-mer PS oligonucleotides associate
with albumin, with binding constants in the 10-50 uM range.
RNase H-dependent ASOs showed 2-fold enhanced potency in
a,-macroglobin-KO mice, suggesting that association with pro-
teins such as a,-macroglobin may steer the ASO toward less pro-
ductive cellular or tissue compartments (64). The reversible asso-
ciation of single-stranded PS nucleic acids with plasma proteins
allows the oligonucleotide to partition onto cell surface proteins,
which promotes entry into cells and tissues.

Chemical strategies to promote binding to cell surface proteins

PS modification to enhance binding to cell surface proteins. Almost
all mammalian cells can internalize PS-modified nucleic acids
in an energy-dependent manner. The protein-binding proper-
ties of single-stranded PS nucleic acids facilitate interactions
with acceptor proteins on the cell surface. Once accomplished,
endocytic processes internalize the adsorbed nucleic acid into
the cell. Earlier studies estimated 200,000 binding sites for
PS ASOs on the surface of K562 cells (40) and showed that PS
ASOs interact with heparin-binding proteins in the extracellular
matrix (65). However, the identity of these cell surface accep-
tors remained largely unknown. In this section, we highlight cell
surface proteins involved in the uptake of single-stranded PS oli-
gonucleotides in tissues such as the liver, spleen, LNs, and BM
(summarized in Table 2).
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Table 3. Receptor-ligand pairs for cell-specific delivery of nucleic acid drugs

Nucleic acid cargo Ligand Receptor Class Tissue Cell type Refs.

ASO, siRNA, anti-miR GalNAc ASGR Lectin Liver Hepatocytes 89,91

ASO GLP1 peptide GLPIR GPCR Pancreas Islet 3 cells 101

SiRNA Anti-TfR Fab TfR1 Nutrient Skeletal muscle, heart Muscle cells 101

ASO, siRNA, anti-miR Folate Folate R Nutrient Multiple Cancer 15, 116

ASO Anti-CD22 antibody (D22 Lectin Immune B cells 17,118

Single-stranded PS oligonucleotides can interact with the sta-
bilin class of scavenger receptors (66), which are highly expressed
in the spleen, liver, LNs, and BM (67) — tissues corresponding to
sites of higher accumulation of PS ASOs (25). The stabilins bind
and internalize large polyanionic components of the extracellular
matrix like hyaluronic acid, chondroitin and dermatan sulfates,
and other glycosaminoglycans, suggesting a common pharmaco-
phore with polyanionic PS ASOs (68). HEK293 cells expressing
stabilin-2 showed 3- to 5-fold enhanced uptake of single-strand-
ed PS ASOs (66). This resulted in a 10- to 20-fold enhancement
in antisense activity in these cells compared with wild-type HEK
cells. Only single-stranded PS oligonucleotides were able to bind
the purified ectodomain of stabilin-2, while duplexes of the corre-
sponding oligonucleotides showed no interaction (22). Stabilin-2-
KO mice showed no PS ASO accumulation in sinusoidal cells in
the liver or spleen. In wild-type mice, these cells show high stabilin
expression and PS ASO accumulation, highlighting the role of the
stabilin receptors in PS ASO uptake.

Asialoglycoprotein receptor (ASGR) is highly expressed on
hepatocytes in the liver (69). PS ASOs were shown to interact
with ASGR membranes in a length-, charge-, and PS-dependent
manner in a competition binding assay (41). Cell lines that express
ASGRI (constitutively or inducibly) showed enhanced uptake and
antisense activity for PS ASOs relative to control HEK293 cells
(39). PS ASOs showed 2- to 3-fold reduced antisense activity in the
liver in ASGR-KO mice, suggesting that this receptor has a role in
uptake of PS ASOs into liver hepatocytes (70).

Cell-specific delivery using receptor-ligand systems. This section
highlights select receptor-ligand pairs reported recently for the
effective delivery of therapeutic nucleic acids in animals or in the
clinic (Figure 3 and Table 3). A more comprehensive review of
delivery of therapeutic oligonucleotides can be found in ref. 71.

ASGR s a C-type lectin abundantly (~500,000 copies per cell)
(72) expressed in hepatocytes (73, 74). ASGR clusters in coated pits
on the basolateral surface of hepatocytes and is internalized by
clathrin-mediated endocytosis (75, 76). The receptor-ligand com-
plex is delivered to endosomal compartments, where acidification
leads to dissociation of the complex. The soluble ligand is trans-
ported to lysosomes for degradation, while the membrane-bound
receptor is recycled back to the cell surface, where it can partici-
pate in multiple rounds of endocytosis (77).

Baenziger’s group showed that ASGR binds glycoproteins
terminating with sialic acid o2,6-galactose and N-acetylgalac-
tosamine (GalNAc) sugars and found elevated levels of these gly-
coproteins in blood from ASGR-KO mice (78,79). They postulated

that ASGR acts as a buffer to maintain the physiological levels of
its glycoprotein ligands, several of which circulate in blood at con-
centrations close to their dissociation constant for the receptor.
Grewal et al. later showed that ASGR’s enormous clearance capac-
ity enables rapid clearance of platelets desialylated by bacterial
neuraminidases (80).

The functional ASGR comprises two subunits that form a hetero-
oligomeric complex in varying ratios (2:1 to 5:1, ASGR1/ASGR2)
(69, 81). The ASGR1 subunit possesses the carbohydrate recognition
domain and the cytoplasmic signal to interact with clathrin adaptors
in coated pits (82, 83). The physiological role of the ASGR2 subunit
is unclear and may serve to cluster the ASGR1 subunit on the cell
surface. Elegant work by Lee and colleagues showed that synthet-
ic glycosides with branched tethers bind ASGR with high affinity
(84, 85). Binding affinity was dependent on the nature of the sugar
(GalNAc > galactose), the number of sugars (4 = 3 >2>1), and the
geometrical spacing between sugar moieties (86). The x-ray crystal
structure of the ASGR1 ectodomain shows that the carbohydrate
binding pocket is shallow and solvent-exposed (87). Consequently,
monovalent sugar ligands do not display high binding affinity for
ASGR, and multiple interactions with the oligomeric receptor are
required to enhance avidity (88).

Manoharan’s group showed that chemically modified siRNA
duplexes can be effectively delivered to hepatocytes by targeting
of ASGR using trivalent GalNAc conjugates (89). The GalNAc-
siRNA conjugates were rapidly cleared from plasma into hepato-
cytes, and and excess GalNAc ligand could compete with this
uptake, showing specificity of ASGR-mediated uptake. Recent
studies highlighted the importance of chemical modification to
the GalNAc-siRNA conjugates to enhance potency and duration
of effect (90). Chemical modifications help siRNA survive nucle-
olytic degradation as it transits through endo-lysosomal compart-
ments before release to the cytosol. Several GalNAc-siRNAs are
currently in clinical development and have shown robust activity
for reducing gene expression in hepatocytes in rodents, nonhuman
primates, and humans (Table 4). This technology represents one
of the first clinical demonstrations of receptor-mediated delivery
enhancing the efficacy of nucleic acid-based therapeutics.

GalNAc conjugates have also been used to deliver single-
stranded ASO therapeutics to hepatocytes (91). Switching the dis-
tribution of PS ASOs from nonparenchymal cells (NPCs) to hepato-
cytes via ASGR-mediated delivery resulted in 10-fold increased
potency in rodents. The improved potency of GalNAc-ASO thera-
peutics has translated to the clinic, where 30-fold potency enhance-
ment relative to unconjugated ASOs was observed (9).
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Table 4. GalNAc-conjugated nucleic acid therapeutics in clinical development

Modality Drug Gene target
SiRNA Fitusiran AT
SiRNA Givosiran ALAST
SIRNA Inclisiran PCSK9
SIRNA Cemdisiran (s
SiIRNA Lumasiran G0
SiIRNA TTRSCO2 TR
SiIRNA Aro-AAT AAT
SiRNA Aro-HBV HBV
SiRNA DCR-PHXC AGXT
RNase H1 ApoA-L,, Apo(a)
RNase H1 ApoClll-L, ApoClll
RNase H1 ANGPTL3-L,, ANGPTL3
RNase H1 TIR-L,, TR
RNase H1 PKK-L, PKK
RNase H1 TMPRSSE—LRx TMPRSS6
RNase H1 AGT-L,, AGT
RNase H1 CHR-L GHr
RNase H1 HBV-L, HBV
RNase H1 FB-L,, (FB
RNase H1 FXI-Lg, FXI
RNase H1 AZ4-L, Undisclosed

MDCO, The Medicines Company; NAFLD, nonalcoholic fatty liver disease.

Disease Status Sponsor
Hemophilia Phase Il Alnylam
Hepatic porphyrias Phase Il Alnylam
Hypercholesterolemia Phase Il MDCO/Alnylam
Complement diseases Preclinical Alnylam
Primary hyperoxaluria Preclinical Alnylam
TTR amyloidosis Phase | Alnylam
AAT deficiency Phase Arrowhead
Hepatitis B Phase | Arrowhead
Primary hyperoxaluria Phase Dicerna
Cardiovascular disease Phase Il lonis/Akcea/Novartis
Cardiovascular disease Phase Il lonis/Akcea/Novartis
NAFLD Phase Il Akcea/lonis
TTR amyloidosis Phase | Akcea/lonis
Hereditary angioedema Phase lonis
[B-Thalassemia Phase lonis
Resistant hypertension Phase lonis
Acromegaly Phase | lonis
Hepatitis B Phase Il lonis
Complement diseases Phase | lonis
Clotting disorders Preclinical Bayer/lonis
Cardiovascular disease Preclinical AZ/lonis

Structure-activity relationships of GalNAc-conjugated siRNA
showed that trivalent GalNAc sugars are optimal for ASGR bind-
ing and for enhancing potency (92, 93). Positioning of the clus-
ter near the ends of the siRNA was preferred, and incorporating
sugars at positions where they could interfere with RISC loading
reduced potency. In contrast, two GalNAc sugars attached to the
same or opposite ends of a single-stranded ASO were sufficient for
optimal receptor binding and potency enhancement (41). Even a
single GalNAc sugar was sufficient to enhance ASO potency 5-fold
(94). Evaluation of mono GalNAc-ASO conjugates in a competi-
tion binding assay revealed that the ASO contributes to receptor
binding in a length-, charge-, and PS-dependent manner (41).
These results challenged the existing model for ASGR binding,
which emphasizes the sugar’s distance from the branchpoint and
the relative spatial orientation between the sugar moieties. Fur-
ther investigations using engineered cells revealed that the ASGR2
subunit was dispensable and that the ASGR1 subunit is sufficient
for internalizing the nucleic acid cargo (39).

Glucagon-like peptide 1 receptor (GLP1R) is a secretin-like,
class B GPCR primarily expressed in pancreatic B cells, with lim-
ited expression in other tissues such as the brain and gut (95, 96).
Exenatide shares significant sequence homology to GLP1 and is a
potent GLP1R agonist but is resistant to DPP-4-mediated metabo-
lism (97). Several GLP1/exendin-4 derivatives have since emerged
in the clinic (98), and GLPIR agonism has become an important
treatment for type 2 diabetes.

The pancreatic islets of Langerhans are especially insensitive
to uptake of PS ASOs (99). Finan showed that a modified GLP1
peptide can deliver estrogens to B cells (100), and this strategy was
recently investigated for PS ASO delivery. ASO delivery via GLP1R
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requires conjugation to an agonist ligand, which induces receptor
activation and internalization. GLP1-ASO conjugates were selec-
tively internalized into GLP1R-expressing HEK293 cells, thereby
producing a 40-fold enhancement in ASO potency over the uncon-
jugated counterpart (101). Enhanced activity was also demonstrat-
ed in isolated pancreatic islets. More strikingly, accumulation and
activity of unconjugated ASOs was undetectable in B cells follow-
ing systemic administration, but the GLP1-ASO conjugates showed
dose-dependent accumulation and potent knockdown of gene
expression. Potentiation of activity was not observed in GLP1R-KO
mice, confirming that ASO delivery indeed occurs via GLP1R.

Transferrin receptor 1 (TfR1; also known as CD71), like ASGR
and LDLR, is an extensively studied model receptor-ligand system
and has provided considerable insight into the cellular properties
and mechanisms of nutrient/scavenger receptor cargo internal-
ization and endocytic sorting (102). Similarly to ASGR and LDLR,
TfR1 undergoes constitutive endocytosis and recycling to the
plasma membrane and possesses pH-dependent ligand binding
to enable proper sorting of endocytosed cargo. Unlike with ASGR
and LDLR, however, the relevant cargo (Fe*®) does not bind to the
receptor itself but instead shows pH-dependent association with
TfR1’s ligand, transferrin (103, 104). Comprehensive reviews of
TfR1 biology can be found elsewhere (105).

Because of the nature of transferrin-TfR1 binding and sorting,
exploiting TfR1 for targeted oligonucleotide delivery is more com-
plex than exploiting ASGR. For TfR1-mediated delivery the cargo
has to behave more like iron than transferrin, which is continuous-
ly recycled out of the cell rather than accumulated in the endocytic
pathway. Moreover, transferrin is large (~77,000 Da) and not easi-
ly amenable to oligonucleotide conjugation. Anti-TfR1 antibodies,
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therefore, are the primary agents for TfR1 targeting of oligonucle-
otide therapeutics. The potential for TfR1 targeting was recently
demonstrated, showing efficient and profound knockdown of
gene expression in skeletal and cardiac muscle via systemically
delivered anti-TfR1-Fab-siRNA conjugates in mice (106).

Intracellular sorting and release from endosomal
vesicles

Sorting and release of PS ASOs. Multiple lines of evidence indicate
that active sorting processes involving specific membrane traffick-
ing factors and proteins may mediate endosomal escape. Further-
more, it is generally agreed that endosomal escape occurs from a
late, prelysosomal compartment (i.e., the late endosome), suggest-
ing some level of specificity to the process. Gene silencing studies
implicated multiple proteins associated with endosomal trafficking
in endosomal escape and activity of oligonucleotides (42,107-109).
Most identified proteins regulate endocytosis, endosome matura-
tion, and/or multivesicular body formation/function.

Small molecules that promote release from endo-lysosomes. It
is estimated that a small (<1%) proportion of internalized oligo-
nucleotides escape the endosomal compartments through poor-
ly understood mechanisms. A variety of strategies have been
used to facilitate oligonucleotide release from endo-lysosomes.
These include nucleic acid complexation with releasing agents or
the use of exogenous small-molecule compounds that promote
endosomal escape. One of the earliest examples of exogenous
small-molecule escape potentiators is Retro-1. This compound
was first identified in a screen for small-molecule inhibitors of
retrograde transport of Shiga-like bacterial toxins, a prerequisite
for their escape into the cytosolic space via the ER (110). Retro-1
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was subsequently shown to enhance oligonucleotide activity by
increasing escape from a late endocytic compartment (111). A
high-throughput screen to identify novel compounds with simi-
lar cellular effects reported three distinct chemical scaffolds that
enhanced oligonucleotide activity (112). The most potent com-
pound, UNC7938, increased nuclear accumulation of a PS ASO
that was accompanied by loss of ASO/Rab7 colocalization, indi-
cating escape from a late endosomal compartment.

Future directions

Tissue targeting of macromolecules has been an active area of
research for decades and is beginning to be realized in several
therapeutic products. The recent results with GalNAc-conjugated
oligonucleotide drugs are an example of the potential that tissue
targeting can bring to the ASO field. There are many opportunities
to translate advances in cell biology, molecular biology, receptor
pharmacology, medicinal chemistry, and other scientific disci-
plines into more effective and better-tolerated ASO therapeutics.
It will be important to diversify the ligands and acceptors that
can be used to target ASO drugs, broadening the range of tissues
that can be efficiently targeted. In addition, identifying efficient
means for systemic ASO therapeutics to traverse protected tissue
barriers such as the CNS will be an important area of continued
investigation. Targeted delivery of antisense-based drugs will be
an important avenue of research to propel the technology forward
into the next stage of advancement.
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