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ABSTRACT

RNA plays a central role in the expression of all

genes. Because any sequence within RNA can be

recognized by complementary base pairing, syn-

thetic oligonucleotides and oligonucleotide mimics

offer a general strategy for controlling processes

that affect disease. The two primary antisense ap-

proaches for regulating expression through recogni-

tion of cellular RNAs are single-stranded antisense

oligonucleotides and duplex RNAs. This review will

discuss the chemical modifications and molecular

mechanisms that make synthetic nucleic acid drugs

possible. Lessons learned from recent clinical trials

will be summarized. Ongoing clinical trials are likely

to decisively test the adequacy of our current gen-

eration of antisense nucleic acid technologies and

highlight areas where more basic research is needed.

INTRODUCTION

DNA makes RNA and RNA makes protein. The univer-
sal model for gene expression suggests that synthetic com-
pounds that bind to RNA should modulate protein produc-
tion. Because protein expression affects disease, recognition
of RNAhas the potential to be a broadly valuable approach
to drug development. To make the concept even more invit-
ing, RNA can be recognized by complementary base pair-
ing. Identi�cation of a lead compound that can bind to an
RNA target with high af�nity can be as simple as designing
a complementary oligonucleotide followed by routine syn-
thesis and testing.
The concept of using synthetic oligonucleotides to con-

trol the expression of genes that impact disease has been
pursued for 40 years (1). Until recently, clinical success
was elusive––for good reason. Synthetic nucleic acids are
large, highly negatively charged molecules. They have fun-

damentally different chemical properties relative to the typ-
ical small molecule drugs that have been the backbone of
the pharmaceutical industry. Unlike antibodies, oligonu-
cleotides that aim to regulate gene expressionmust cross cell
membranes to reach their molecular targets.
These obstacles to success required a new science of drug

development (2). In some cases, the lessons from small
molecule drugs needed to be ignored. For example, the
dogma that drugs needed to be non-polar small molecules
to be active inside cells was incompatible with the fact that
oligonucleotides are large, highly chargedmolecules (Figure
1).

In other cases, lessons from traditional pharmaceuti-
cal development proved invaluable. Even though oligonu-
cleotides have atypical chemical properties, they remain
synthetic molecules. Like other drugs, they must reach
disease-associated tissues to function. By manipulating
their chemical structure, it is possible to enhance potency
and limit toxicities. While development of large negatively
charged drugs presented novel challenges, oligonucleotides
are not some strange alien drug development platform that
fall outside of known models for pharmaceutical develop-
ment.
After many years of slow progress, the pace of develop-

ment for nucleic acid therapeutics is quickening with sev-
eral clinical trials reaching decisive phases during 2016–
2019. The purpose of this review is to introduce the mecha-
nisms of action used by approved nucleic acid therapeutics
and those in advanced clinical trials. The impact of chemi-
cal modi�cations on drug design will be discussed and the
lessons learned from key clinical trials will be described.

CHEMICAL MODIFICATIONS

Background

Single-stranded DNA and RNA oligonucleotides have
properties that complicate drug development. Unfavorable
properties include: (i) degradation by nucleases when intro-
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Figure 1. Properties of small molecule, antibody and oligonucleotide drugs.

duced into biological systems, (ii) poor uptake through cell
membranes, (iii) unfavorable biodistribution and pharma-
cokinetic properties and (iv) sub-optimal binding af�nity
for complementary sequences (3,4).

To improve these properties, oligonucleotides must be
chemically modi�ed by changing the phosphodiester link-
ages, the ribose backbone or the nucleobases (Figure 2). The
chemical modi�cation of oligonucleotides for therapy has
been the subject of recent authoritative reviews (5,6) and
this section will be restricted to the factors that mostly in-
�uence drug development. Methods for large-scale nucleic
acid synthesis are well developed (7) and will not be covered
here.

Phosphorothioate modi�cations

Phosphorothioate (PS) (replacement of a non-bridging
phosphodiester oxygen by sulfur) modi�cation is the most
widely used single alteration in nucleic acid drug develop-
ment (8). PS linkages serve two purposes. The �rst role is to
increase stability toward digestion to nucleases. The modi-
�cation transforms DNA or RNA sequences with half-lives
of minutes to half-lives of days. The second role is to in-
crease binding to proteins, especially serum proteins. Serum
interactions include high af�nity interactions with heparin
binding proteins and lower af�nity interactions with al-
bumin (9). Increased binding to serum proteins preserves
oligonucleotide in circulation, slows removal by the liver
and boosts the time available for uptake into target tissues.
PS linkages have two stereoisomers, while phosphodi-

ester linkages are prochiral. PS antisense oligonucleotides
(ASOs) synthesized by standard methods will be a collec-
tion of diastereomers, some of which may be more active
than others. A recent report has suggested that PS stere-
ochemistry affects the pharmacological properties and ef-
�cacy of ASOs and that it is possible to identify stereop-
ure ASOs that are more active (10). It will be interesting to
follow the development of stereopure ASOs and published
data de�ning their potential as antisense agents.

2′-Ribose modi�cations

Modi�cations to the ribose are a common class of alter-
ations. The ribose can be modi�ed through replacement of

the 2′-hydroxyl by many different groups but most com-
monly by 2′-O-methyl, 2′-O-methoxyethyl and 2′-�uoro
(11). 2′-Methoxyethyl has probably been the most widely
used ribose modi�cation employed in the clinic to date. The
2′ modi�cations increase stability toward digestion by nu-
cleases by blocking the nucleophilic 2′ hydroxyl moiety. The
modi�cations also increase the thermal stability of comple-
mentary hybridization, encouraging tighter binding and al-
lowing use of shorter oligonucleotides.
Because 2′ modi�ed nucleotides are more similar to RNA

than DNA, hybrids formed between 2′-modi�ed sequences
and cellular RNA are not substrates for RNase H and will
not be cleaved. As will be seen below, the avoidance of
RNase H cleavage can be exploited for ‘steric blocking’
mechanisms used to preserve the mRNA target and is cur-
rently used in the design of oligomers that modulate alter-
native splicing.

Bridged nucleic acids

The 2′-oxygen can also be linked through bridging car-
bons to the 4′ carbon of the ribose to form a bridged nu-
cleic acid (BNA). Perhaps the most commonly used BNA
in laboratories is locked nucleic acid (LNA) characterized
by a 2′,4′-methylene linkage (12–14). A second BNA, 2′,4′-
constrained ethyl nucleic acid ((S)-cET) (15) is now being
widely tested in the clinic (16).

BNA is an especially useful type of modi�cation for in-
creasing the strength of hybridization. The 2′,4′-constraint
locks the ribose in a conformation that is ideal for bind-
ing complementary sequences, reducing the entropic price
paid during Watson–Crick base-pairing. Introducing a sin-
gle BNA substitution can enhance amelting temperature by
as much as 5–10◦C, allowing the af�nity of complementary
hybridization to be tailored for clinical applications. High
af�nity binding allows clinical candidates to be as short as
thirteen nucleotides in length (17).

Cellular delivery of ASOs and dsRNAs

The current suite of chemical modi�cations provides good
stability toward digestion by nucleases and achieves favor-
able binding to complementary sequences. Therefore, rather
than achieving greater af�nity or stability, the primary cur-
rent need for innovation is the development of improved
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Figure 2. Chemical modi�cations of oligonucleotides used in major clinical trials. (X = OH or H).

methods for the delivery of oligonucleotides to disease-
related tissues (3).
In the laboratory, single-stranded PS-containing ASOs

can be introduced into cells by gymnotic (‘naked’) uptake in
the absence of lipid (18,19). This approach was shown to be
general by Stein et al. (18), leading to the widespread appli-
cation of gymnosis to large scale laboratory testing to facili-
tate identi�cation of candidate ASOs for drug development.
Advantages of gymnotic delivery include: (i) avoiding use of
transfection agent and the associated potential for toxicity,
(ii) application to cell lines that are dif�cult to transfect; and
(iii) greater convenience, especially when large number of
experiments are necessary for screening. The disadvantage
is that the method requires relatively high concentrations
(0.1–10 �M versus 1–10 nM when carrier is used) of ASO
and is often cost-prohibitive for many laboratories.
In the clinic, single-stranded ASOs can be formulated in

simple saline solutions and administered to patients. When
administered systemically, ASOs accumulate in the liver and
are a general approach to controlling gene expression (20).
Although 90% of ASO in plasma binds serum albumin and
are not subject to glomerular �ltration, in mice and non-
human primates, ASOs do accumulate in the kidneys and
can be used to knock down gene expression (21–23). In-
trathecal delivery of saline-formulated ASO’s has also been
successful for targets in the central nervous system (CNS)

related to neurodegenerative disease. Uptake in other tis-
sues is less effective and achieving favorable biodistribution
in a wider range of normal and diseased tissue remains a
major challenge for research.
By contrast to ASOs, duplex RNAs (dsRNAs) do not ef-

�ciently enter tissues when administered in saline. One strat-
egy for overcoming the roadblock posed by the need for du-
plex strands is to use single-stranded RNA that can func-
tion through the RNAi pathway. When suitably modi�ed
with PS and other modi�cations described above, single-
stranded silencing RNAs (ss-siRNAs) can be stabilized
while retaining the ability to function through the RNAi
pathway (24,25).
In theory, the ss-siRNA approach offers the potential

to combine the strengths of dsRNA and ASOs, but more
research is required to determine that those theoretical
strengths can be translated into improved pre-clinical or
clinical outcomes. ‘Self-delivering’ dsRNAs are being devel-
oped and tested in vitro and in vivo that avoid the need for
a delivery vehicle or conjugation to receptor target agents
like GalNAc (26). These dsRNAs use relatively simple hy-
drophobic modi�cations like cholesterol, increasing the po-
tential that they can help drive down the material cost of
therapeutic RNAs.
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Figure 3. Conjugation of GalNAc to passenger strand of dsRNAs or ASOs to enhance delivery to the liver. ASGPR: asialoglycoprotein receptor.

Nanoparticle assisted delivery

To achieve uptake in vivo, dsRNAs can be complexed with
nanoparticles (3). Nanoparticles are typically lipid-based
formulations and their advantages include protection of
RNA, increased half-life in serum and improved passage
into cells. Disadvantages include increasing the complex-
ity of the formulation and the potential to induce toxicity
separate from the active dsRNA. Nanoparticles can alter
the pharmacokinetics and the biodistribution of oligonu-
cleotides and these new properties should be characterized
with care. Patisiran, a dsRNA encapsulated in a nanoparti-
cle for delivery to the liver is likely to be the �rst approved
dsRNA drug (27) (see below). It remains to be seen whether
nanoparticles will enable clinical success for dsRNA in non-
hepatic organs where other delivery options are unavailable.

Targeting ligands

Another option is conjugation to targeting ligands. To date,
the most widely used modi�cation has been the addition of
N-acetylgalactosamine (GalNAc) to the passenger strand
of dsRNA (28) (Figure 3). This modi�cation enhances de-
livery to hepatocytes through binding to the asialoglycopro-
tein receptor, increasing internalization and permitting po-
tent gene knock down in vivowithout the need for nanopar-
ticle formulation. GalNAc delivery is now contributing to
a wide spectrum of clinical and pre-clinical programs (29),
and is demonstrating sustained ef�cacy with relatively low
doses. The application of GalNAc to the delivery of dsR-
NAs is an exciting frontier and clinical datawill be discussed
in detail below.
GalNAc conjugation can also be used to enhance delivery

of ASOs (30–32) and a key question for future research will

be whether GalNAc will have as major impact on the deliv-
ery of ASOs as the modi�cation has had for dsRNA. For
ASOs, the modi�cation is not necessary for potent hepatic
gene knockdown but may widen the therapeutic window by
increasing potency. A GalNAc-conjugated ASO, IONIS-
APO(a)-LRX has been tested in a Phase 2 trial and pro-
duced lower lipoprotein(a) levels. Effects were long-lasting
and suggest that GalNAc is a promising clinical option for
ASOs (33).
Another key question is whether the strategy can be ex-

tended to other ligand–receptor pairs and therefore to other
organs or tumors. The asialoglycoprotein receptor is ex-
pressed at an unusually high level on the surface of hepa-
tocytes (34). It is not clear that the success of the approach
can be widely replicated by ligand–receptor pairs that are
less well expressed. Rates of receptor internalization and re-
cycling will also be critical factors determining successful
delivery.

MECHANISMS OF OLIGONUCLEOTIDE DRUGS

Background

There are many different classes of nucleic acids inside cells
that might be targets for therapeutic oligonucleotides (Fig-
ure 4). These targets have different structures and functions
and present different challenges during drug discovery and
development. To achieve potent recognition of diverse tar-
gets, synthetic oligonucleotides can be designed to function
by several different mechanisms (Figure 5).
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Figure 4. Types of target for therapeutic oligonucleotides.

Regulating splicing with ASOs

Pre-mRNA is spliced into mature mRNA in the nucleus
prior to translation in the cytoplasm. Alternative splicing
produces different protein variants and changing the preva-
lence of one variant can offer therapeutic bene�ts. ASOs can
modulate alternative splicing by binding to pre-mRNA and
disrupting recognition by splicing factors (35,36) (Figures
5A and 6).

The �rst step in developing an ASO to affect splicing is to
identify a disease that might be alleviated by changing the
expression of a splice variant. For example, it might be pos-
sible to use ASOs to increase expression of a protein variant
and restore a therapeutic level of protein function. Active
ASOs are identi�ed empirically by testing multiple ASOs
that are complementary to sequences near intron/exon
junctions. Testing multiple ASOs is necessary because ac-
tivities sometimes can differ dramatically, even when ASOs
target closely related sequences (37).
ASOs affect splicing by blocking the binding of splic-

ing factors. They are designed to contain modi�ed ribose
or morpholino modi�cations to remove any potential to
form RNA–DNA hybrids that allow recruitment of RNase
H. ‘Steric blocking’ ASOs do not promote cleavage of the
target RNA and function by a different mechanism than
RNase H-active ASOs (see below). Two splice modulat-
ing ASOs, nusinersen and eteplirsen, have recently been ap-
proved by the Food and Drug Administration (FDA) (Fig-
ure 6).

Regulating translation with ASOs by recruiting RNase H

DNA:RNA hybrids are substrates for the enzyme RNase
H. While the textbook role of RNase H is degradation of
the RNA–DNA hybrids produced by lagging strand syn-
thesis in the nucleus, RNase H also exists in the cytoplasm
and can degrade mature mRNA (38,39). When an oligonu-
cleotide containing DNA bases binds to mRNA, it can in-
duce cleavage of the mRNA. (Figures 5B and 6).

ASO ‘gapmers’ contain chemically modi�ed RNA bases
�anking both sides of a central eight to ten base DNA ‘gap’
(40). The RNA bases contain modi�cations that enhance
af�nity to complementary sequences, while the DNA bases
serve as a substrate for RNase H. RNase-induced cleavage
ampli�es the potency of synthetic ASOs by destroying the

target mRNA and is a key feature of therapeutic oligonu-
cleotides designed to inhibit translation (41,42).

Regulating translation with duplex RNAs and RNA interfer-
ence

In 2001, Tuschl and Elbashir demonstrated that RNA in-
terference (RNAi) could function through synthetic 21 base
RNA duplexes (dsRNAs) in human cells (43). These dsR-
NAs could be readily synthesized, transfected into cultured
cells and used to control gene expression.
dsRNAs are composed of two complementary strands,

the passenger strand and the guide strand. After cellular up-
take, the dsRNAs associate with the RNA-induced silenc-
ing complex, which normally exists to facilitate the action of
endogenous micro RNAs (miRNAs) (44) (Figure 5C). The
passenger strand protects the guide strand from hydrolysis
by nucleases. The guide strand binds to argonaute 2 (AGO2)
protein (45,46) to form a ribonucleoprotein complex and
provides the speci�city domain that programs the complex
for recognition of complementary sequences. AGO2 pro-
tects the guide strand and facilitates ef�cient location of
target sequences. When sequences are fully complementary,
AGO2 cleaves the target RNA.
Cleavage of target mRNA by AGO2 enhances the po-

tency ofRNAi, producing an outcome like that observed for
RNase H-mediated cleavage by gapmer ASOs. When dsR-
NAs contain centrally-located mismatches relative to their
target sequences they more closely resemble endogenous
miRNAs. These mismatches disrupt cleavage by AGO2,
permitting binding but leaving the target mRNA intact
(47). Therefore, there are two mechanisms for dsRNA
activity––cleavage by fully complementary dsRNA or steric
blocking by mismatch containing (miRNA-like) RNA. Ex-
amples of fully complementary dsRNAs being tested in ad-
vanced clinical trials are shown in Figure 6.

ASOs versus dsRNAs

The discovery that dsRNAs could act through RNAi in
mammalian cells rapidly led to a drug discovery technology
capable of competing with gapmer ASOs (48) (Figure 5C).
Both approaches are antisense technologies because they
both involve recognition of mRNA by an antisense strand.
Both use synthetic oligonucleotides and bene�t from many
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Figure 5. Mechanisms of action for therapeutic oligonucleotides. (A) con-
trol of splicing by ASOs and alternative splicing. In contrast to gapmers,
ASOs that control splicing possess ribose or morpholino modi�cations
throughout the oligomer; (B) block of translation by antisense gapmers
(oligonucleotide that contain 2′-modi�ed RNA �anking a central DNA
region) targeting mRNA; (C) block of translation by a fully complemen-
tary dsRNA and RNA interference.

of the same chemical modi�cations. Both aim to reduce
RNA levels, and most lessons about the design of control
experiments or dangers from off-target effects apply equally
(49). Like ASOs, dsRNAs can also redirect alternative splic-
ing (50) but this strategy has not been used for clinical de-
velopment.
Key differences include the obvious fact that dsRNAs

have two strands and ASOs have just one. The difference in
strand number has several implications. The cost of goods
for dsRNA will likely be more than for an ASO designed
to modulate the same target. A second difference is the re-
quirement for two strands reduces the cellular uptake in
vivo relative to ASOs. While ASOs can be delivered to some
tissues after formulation in saline, delivery of dsRNAs re-
quires conjugation to GalNAc or other targeting agents or
complexation with nanoparticles (3). As noted above, the
mechanisms of action differ. ASO gapmers function by in-
ducing RNase H cleavage of their targets. dsRNAs, by con-
trast, co-opt the endogenous RNAi machinery to facilitate
ef�cient recognition and cleavage of their targets.
The exploitation of a natural mechanism led to robust

results in cell culture and rapid adoption of RNAi and syn-
thetic RNA as a widely-used laboratory tool for control-
ling gene expression. Another reason why dsRNAs have
been adopted widely as experimental tools is that the chem-
ical modi�cations necessary for ef�cient gene knock down
by ASOs are either expensive or unavailable commercially.
dsRNAs, by contrast, do not need to be chemically modi-
�ed for laboratory use. Finally, there are useful algorithms
for selecting good candidate dsRNAs, less so for ASOs.
Applications for dsRNAs in the laboratory can often be

straightforward, but it is important to treat their use with
caution. For example, the use of large panels of dsRNAs
for screening can yield many off target effects (51). Because
of this danger of off target effects, large-scale target screens
should also be evaluated critically and candidate silencing
agents validated individually.
While dsRNAs are often preferred relative to ASOs for

use in the laboratory, this preference in cell culture applica-
tions may not parallel success in vivo. Seventeen years after
the discovery of mammalian RNAi, dsRNAs and ASOs re-
main in close competition as development technologies for
nucleic acid therapeutics. A mature understanding of the
merits of each approach will await head to head compar-
isons of success with different targets from multiple clinical
programs over the next 3–5 years.

Recognition of miRNAs by anti-miRNAs

microRNAs are endogenously expressed small RNAs that
help regulate gene expression. Oligonucleotides that target
miRNAs are known as anti-miRs. This topic has been re-
cently reviewed (52) and will only be discussed brie�y here.
The design of anti-miRs draws from the same pool of chem-
ical modi�cations as ASOs or dsRNAs. Unlike gapmers,
anti-miRs do not recruit RNase H and act by directly bind-
ing to the miRNA, blocking it, and preventing recognition
of target. Duplex oligonucleotides can also be designed as
synthetic miRNAs to mimic function, providing another
strategy for drug development.
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Figure 6. Design and clinical status of oligonucleotides drugs discussed in this review. Source material for this �gure is cited as Supplementary Data. For
Inclisiran, Fitusiran, andGivosiran, we could not locate publically available information and the structures shown below are based on the cited descriptions
of this class of compound.
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In the clinic, RG-012 (Regulus/Sano�) is being tested
in Phase II trials. RG-012 is an anti-miR that inhibits the
function of miR-21 for the treatment of Alport syndrome
(53). Alport Syndrome is a severe genetic kidney disease
and it was hypothesized that inhibition of miR-21 would
block pathways that contribute to �brogenesis. Pre-clinical
data showed potent inhibition of miR-21 and increase in
the lifespan of the mice by up to 50%. Results from a renal
biopsy study are due in 2018 and may provide insights into
target engagement and tissue biodistribution. Miravirsen
(SPC3649, Santaris/Roche) (Figure 6) is an anti-miR with
LNA, DNA and PS modi�cations that inhibits miR-122
for the treatment of Hepatitis C. Miravirsen-reduced HCV
RNA levels without viral resistance in Phase II trials (54–
57).

Recognition of proteins by aptamer oligonucleotides

Antibodies have emerged as a successful class of pharma-
ceutical. Therefore, while the focus of this review is thera-
peutic oligonucleotides that target cellular RNA, it is useful
to note that oligonucleotides can also bind with high selec-
tivity to proteins. Nucleic acids that recognize the shape and
overall chemical structure of macromolecules are termed
‘aptamers’ and are selected by PCR-based methods. A li-
brary of oligonucleotides is synthesized, and applied to
a support-bound target (usually a protein). Compounds
that bound the target are then ampli�ed through repeated
rounds of puri�cation. The development of aptamers re-
cently been thoroughly reviewed (58).
The �rst commercially successful therapeutic oligonu-

cleotide was an aptamer, pegaptanib (Macugen,
P�zer/Eyetech). Pegaptanib was selected for binding
to vascular endothelial growth factor (VEGF) and
approved by the FDA for the treatment of macular de-
generation in 2004. While initially successful, pegaptanib
soon succumbed to competition from VEGF-speci�c
monoclonal antibodies bevacizumab (Avastin, Genentech)
and ranibizumab (Lucentis, Genetech/Novartis) (58).
This outcome offers general lessons for oligonucleotide

therapeutics. Pegaptanib was administered directly into
the eye (intravitreal administration), revealing a potential
strength and opportunity for oligonucleotide therapeutics.
Because less material is needed and the dosing is local, costs
and the potential for side effects are reduced. Administra-
tion was well tolerated. A general strength of aptamers rel-
ative to ASOs or dsRNAs is that they do not need to cross
cell membranes to be functional, removing a critical barrier
to ef�cacy. This strength, however, is shared by antibodies
creating a direct head to head competition that, at least in
the case of pegaptanib, waswon by the antibodies. Competi-
tion with antibodies and other drug development strategies
will be a recurrent themewhen considering the prospects for
clinical success of ASOs and dsRNAs.

Off-target effects: a threat that cannot be over emphasized

No drug is perfect. For every drug, there is a concentration
required to achieve therapeutic bene�t. There is another
concentration at which toxicity is observed. The difference
between these points is the ‘therapeutic window’ governing

successful application. Like any other drugs, ASOs will al-
ways have associated toxicities and the key to success will be
designing nucleic acid therapeutics to achieve a useful ther-
apeutic window.
Off-target effects are physiologic changes that are unre-

lated to binding of a drug to its intended target. While all
drugs have the potential to suffer from off-target effects,
oligonucleotides are prone to a diverse array of off-target in-
teractions because of their size, negative charge, and poten-
tial to bindRNAandDNAby complementary base-pairing
(59–66). Potential off-target mechanisms include:

(i) Binding of nucleic acid to cell surface proteins or to
proteins inside cells. Any protein that has the poten-
tial to bind to a polyanionic macromolecule has the
potential to bind to an oligonucleotide. Many pro-
teins naturally interact with RNA or DNA. While the
interactions with synthetic oligonucleotides may not
be as strong as with their native partners, some in-
teractions will occur. Because there are many nega-
tive charges on an oligonucleotide, even weak interac-
tions can add up to signi�cant overall binding af�ni-
ties. One outcome is that synthetic oligonucleotides can
bind serine/threonine protein kinase PKR or Toll-like
receptors (TLRs) and activate the innate immune re-
sponse. (67)

(ii) Binding to complementary nucleic acids. All ASOs and
dsRNAs will be at least partially complementarity to
DNA or RNA sequences inside cells that are not their
intended targets. Such inappropriate binding might di-
rectly modulate the expression of other genes and yield
confounding physiological effects. Because DNA se-
quences are bound in the double helix and are associ-
ated with chromatin proteins, they are a lesser concern.

(iii) For dsRNAs, interference with normal pathways that
involve miRNAs has the potential to be problematic.
In theory, introducing suf�cient arti�cial RNA into
cells may co-opt the endogenous proteinmachinery for
RNAi and block the normal function of miRNAs (68).
This phenomenon has not yet been observed to be a
problem clinically.

It is impossible to eliminate these interactions; they will
always contribute to some level of off-target effects. The
challenge is to understand the origins of off-target effects
well enough to design ASOs and dsRNAs to have the best
likelihood of achieving acceptable toxicity pro�les. For ex-
ample, one recent report suggested that the propensity of
gapmer ASOs to cleave their mRNA targets contributes to
toxicity relative to steric blocking ASOs that leave mRNA
intact (69). These data have signi�cant implications for clin-
ical trials using ASOs that function by these two mecha-
nisms and provides guidance for identifying candidate gap-
mer oligonucleotides.
In the clinic, thrombocytopenia has attracted attention

as a side effect with the potential to have a major impact
on ASO development. Thrombocytopenia is a condition
characterized by low platelet counts that decrease clot for-
mation and increase the risk of bleeding. While thrombo-
cytopenia had long been a concern for ASOs (70), it be-
came the focus of renewed attention after severe adverse
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events due to thrombocytopenia were observed during tri-
als of two different ASOs, volanesoren and IONIS-TTRrx
(71). These events provoked serious concern that thrombo-
cytopenia might be a general roadblock to clinical progress
for ASOs as a class.
Each ASO, however, is different. The level of toxicity will

be related to the sequence of the ASO and careful selec-
tion of clinical candidates may mitigate risk (72). While it
is hoped that unsatisfactory candidates can be eliminated
in pre-clinical testing or during Phase 1 trials, careful mon-
itoring for thrombocytopenia may be useful during clini-
cal trials using ASOs and after drug approval. Thrombo-
cytopenia has not been noted to be a major adverse event
associated with use of dsRNAs.

KEY CLINICAL CANDIDATES AND APPROVED
DRUGS

Fomivirsen

Commercial development of therapeutic ASOs began in the
late 1980’s when the tool box of chemical modi�cations was
limited and knowledge of biodistribution and pharmacol-
ogy was primitive. Given the challenge of developing new
technology for drug development, it is not surprising that
the undeveloped understanding of key obstacles led to a
series of failed early clinical trials. The one exception was
FDA approval of fomivirsen (Vitravene, Ionis Pharmaceu-
ticals).
Fomivirsen was a 21 base PS-modi�ed DNA oligonu-

cleotide complementary to the critical UL123 gene within
cytomegalovirus (CMV) for treatment of blindness caused
by CMV retinitis (73,74) (Figure 6). Like the aptamer pe-
gaptanib, fomivirsen was administered directly into the eye
by intravitreal injection, taking advantage of local admin-
istration to simplify dosing and reduce cost. Clinical trials
showed bene�t to patients and the drug was approved by
the FDA in 1998.
Fomivirsen’s time as a clinically used drugwas short-lived

because advances in anti-retroviral therapy were reducing
the number of AIDS patients subject to opportunistic infec-
tions like CMV retinitis. The declining clinical need could
not have been predicted when fomivirsen’s development be-
gan at the height of the AIDS crisis in western countries.
The outcome reinforces the general lesson for future pro-
grams that clinical need must be a primary consideration
when initiating programs but that subsequent periodic re-
consideration of the need for the drug is necessary as com-
peting technologies advance.
Despite the approval of fomivirsen, the clinical potential

of gene silencing in the eye remains undetermined and the
basic science of ocular activity of nucleic acid therapeutics
remains an important area of research. For example, we
lack an understanding of the �ne detail characterizing ASO
or dsRNA uptake in the different parts of the eye. There is
one report that ASOs can be delivered by eye drops (75) but
more studies are needed to explore the potential ef�cacy of
topical delivery.

Oblimersen

Oblimersen (Genesense, Genta) was an 18 base PS DNA
ASO-developed to target the initiation codon of bcl-2
mRNA (76) (Figure 6). The goal was to downregulate Bcl-2
expression and sensitize cancer cells to chemotherapy. Clin-
ical trials proceeded for more than a decade including mul-
tiple phase III trials. Despite occasional tantalizing results,
ef�cacy remained unproven and development was termi-
nated in 2012 (77).

One important lesson from the oblimersen experience
is that the mechanism of drug action matters. Oligonu-
cleotides are large molecules that can have complex anti-
proliferative effects that may not necessarily be related to
recognition of the intended mRNA target (62). For ASOs
that target bcl-2, Stein and co-workers (78,79) demonstrated
that pro-apoptotic effects were independent of sequence.
Equally troubling, an siRNA that did sequence-speci�cally
downregulate bcl-2 did not have anti-proliferative effects.

There is no requirement that the mechanism of action
for a drug must be understood for it to be successful (80).
However, given the many unknowns involved in developing
nucleic acid therapeutics, a failure to establish that a gene
knockdown is sequence-speci�c and related to a therapeu-
tic effect will increase the likelihood of poor clinical perfor-
mance and eventual failure in Phase III trials for ef�cacy.
A second important lesson is that oblimersen was in-

tended to target gene expression in non-hepatic cancer-
ous cells, a dif�cult task. There was little precedent for be-
lieving that those cells could be targeted effectively when
oblimersenwas developed in the 1990’s and targeting cancer
cells remains problematic today. Choice of drug target for
a nucleic acid therapeutic should follow the demonstrated
pharmacology and biodistribution of this class of drugs.
Well characterized demonstrations of delivery of ASOs and
dsRNAs to tumors followed by potent knockdown of the
intended target gene’s expression in well controlled experi-
ments remain important landmarks for research.

GRN163L

GRN163L (Imetelstat, Geron) (Figure 6) is a special case
ASO. Rather than targeting mRNA, it targets the RNA
component of the ribonucleoprotein telomerase (81,82).
Telomerase is the enzyme responsible for maintaining
telomere length and consists of a protein domain that poly-
merizes nucleotide addition and a template RNA domain.
Telomerase activity is absent in most somatic cells but is re-
activated in most cancers, leading to the hypotheses that (i)
telomerase is necessary for maintain telomeres in proliferat-
ing cancer cells and (ii) inhibiting telomerase activity could
curb cell proliferation. In cell culture, blocking telomerase
with ASOs complementary to the RNA template leads to
decreased cell proliferation over a period of weeks (83).
Anti-telomerase ASOs present an unusually promis-

ing therapeutic opportunity because a single ASO would
have the potential to treat many different types of cancer
where telomere renewal might be rate limiting. Despite this
promise, progress has been slow and clinical trials inconclu-
sive. Like oblimersen, an anti-telomerase ASO would need
to enter cancerous tissue where uptake of ASOs is much less
ef�cient than in the liver.
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GRN163L is a thirteen base phosphoramidate oligonu-
cleotide conjugated to a 5′-palmitoyl (C16) lipid group
(Figure 6). The scienti�c basis for choosing the phospho-
ramidate modi�cation rather than more commonly used 2′

derivatized RNA was not clear, and the need to develop
protocols for large scale phosphoramidate synthesis delayed
development. The 5′-palmitoyl group was intended to im-
prove cell permeability, thereby improving uptake and po-
tency.
Cancer cell telomeres are relatively long and inhibition of

telomerase activity would be expected to cause a slow ero-
sion that would take weeks before leading to reduced prolif-
eration. Such slow effects complicate clinical trials and led
to additional delays. While clinical trials have not yielded
decisive results, they are ongoing have produced promising
�ndings for essential thrombocytothemia (84), myelo�bro-
sis (85) and myelodysplastic syndromes (86). Current clin-
ical trials are directed toward myelo�brosis (Phase 2) and
myelodysplastic syndromes (Phase 2/3).

Even if GRN163L fails in the clinic, it is possible that a
redesigned ASO that is more potent or has better uptake
properties may one day exploit the promise of telomerase
as a target. If GRN163L does succeed as a drug, it is pos-
sible that it may not be functioning by inhibiting telom-
erase and careful study would be needed to de�nitively in-
vestigate mechanism. The story of ASOs as telomerase in-
hibitors should remain a productive area for research and
clinical development.

Mipomersen

Mipomersen (Kynamro, Ionis Pharmaceuticals) (Figure 6)
is a gapmer ASO designed to decrease expression of ApoB
protein, reduce cholesterol levels and treat familial hyperc-
holesterolemia. (87–89). Mipomersen was a landmark an-
tisense drug because pre-clinical and clinical data convinc-
ingly demonstrated ef�cacy in vivo (87–91). While some pa-
tients had adverse reactions, the overall pre-clinical data
demonstrated that ASOs can be administered systemically
and reduce expression of the target gene in animals through
the predicted antisense mechanism. Analysis of serum was
used to con�rm that both apoB and low density lipoprotein
(LDL)-cholesterol were lowered. This outcome was ground
breaking because it showed that ASOs could be potent
enough to produce a physiologically relevant effect on pro-
tein expression.
From a practical standpoint, the results demonstrated the

value of possessing an easily measured outcome that could
be evaluated in Phase I trials. Phase I trials are relatively
inexpensive, and having clear molecular markers of com-
pound ef�cacy increases the likelihood that correct deci-
sions will be made regarding whether to proceed with costly
Phase II/III trials by de�nitively demonstrating that the ap-
propriate target is being engaged and silenced.
Mipomersen was approved by the FDA under the

trade name Kynamro, becoming the �rst FDA-approved
systemically-delivered ASO in 2013. To date, however,
mipomersen has not been a commercial success. Mipom-
ersen was approved at the same time as a second drug, lomi-
tapide (Juxtapid, Novelion). Lomitipide is a small molecule
designed to bind microsomal triglyceride transfer protein,

block lipid transfer and lower apoB secretion. Both drugs
lower cholesterol levels, run the risk of hepatotoxicity and
require strict treatment guidelines and physician training.
Lomitapide has been a commercial success even though

mipomersen was offered at a lower price. Why the diver-
gence? At least initially, concern regarding the toxicity of
mipomersen was greater than lomitipide. Lomitipide is ad-
ministered once a day orally, rather than by injection once
a week, a convenience for patients. Business and marketing
strategies may also have played a role. As with macugen, an
effective nucleic acid drug was confronted with a competing
agent and, in this case, the outcome of the competition was
not favorable for mipomersen.

Eteplirsen and drisapersen

Duchennemuscular dystrophy (DMD) is a progressive neu-
romuscular disease with high unmet clinical need. Patients
lose mobility and become wheel chair bound by their teens,
require assisted ventilation by their 20’s and experience pre-
mature death in their 30’s or 40’s. DMD is caused by mu-
tations within the dystrophin gene that disrupt the reading
frame or cause premature termination of protein synthesis.
It is dif�cult to imagine how a small molecule or antibody
might restore dystrophin function, creating a need for alter-
native treatment strategies.
It is possible to use ASOs to alter splicing of dystrophin

to generate a protein variant that is found in the less se-
vere Becker muscular dystrophy, leading to the hypothe-
sis that ASOs could be a treatment for DMD (92,93). To
be successful, ASOs would need to be delivered into mus-
cle at concentrations high enough to create the functional
dystrophin needed to improve disease prognosis. The chal-
lenge is to achieve adequate delivery to muscle with ASOs
that are best known for uptake by the liver when introduced
systemically––an example of the interface between high un-
met need and a technology pushed to its limits.
Two ASOs were developed to induce alternative splic-

ing of mutant dystrophin and restore partial activity. Dris-
apersen (BioMarin) was a 2′-O-methyl PS oligonucleotide
(94), while eteplirsen (Exondys 51, Sarepta) (95) was an un-
charged morpholino oligomer (Figure 6). The histories of
the two drugs and the dramatic events surrounding their
clinical trials has been elegantly reviewed elsewhere (96–98).

Drisapersen was tested in Phase 2 and Phase 3 clinical
trials that were placebo controlled and examined outcomes
in more than 300 patients. It failed to show evidence of
restoring dystrophin production in patients in these trials.
While some differences in the primary endpoint––the 6 min
walk test––were noted, these differences were not clinically
signi�cant. Thrombocytopenia was noted in some patients
raising the risk that the treatment could cause harm. Dris-
apersen was not approved for marketing.
By contrast to the relative extensive testing of drisaper-

son, eteplirsen was tested in a Phase 3 trial that examined
only twelve patients and was not placebo controlled (95).
While there appeared to be some improvement in patients
relative to historical controls, the size of the trial prevented
the evaluation of statistical signi�cance. Biopsies revealed a
small, 0.28%, increase in dystrophin levels, a result that was
dif�cult to reconcile with a favorable physiologic outcome.
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While the clinical evidence for ef�cacy was underwhelm-
ing, there were also no reports of severe side effects. After
contentious debate, the FDA approved eteplirsen in 2016
with the caveat that a larger placebo-controlled trial must
be run to provide more conclusive evidence for ef�cacy. In a
follow-up study, after 3 years of treatment patients treated
with eteplirsen showed a slower rate of decline in the 6-min
walk test than historical controls (99). Only 13% of DMD
patients may be amenable by eteplirsen through exon 51
skipping. In addition, it is suggested that 80% of patients
have genotypes amenable to exon-skipping and SRP-4053
(exon 53 skipping) and SRP-4045 (exon 45 skipping) are
actively ongoing in Phase III trials by Sarepta (100). The
debate over eteplirsen is ongoing (99,101–103).

The two drugs teach important lessons. The disease tar-
get, correction of dystrophin for treatment of muscular dys-
trophy, was an excellent one. The unmet need was so high
and the absence of competing therapies so severe that a
relatively unconvincing dataset was suf�cient for FDA ap-
proval. More problematic, the choice to target dystrophin
meant that access to muscle at an effective concentration
was necessary. Muscle uptake is not a strong point for
oligonucleotide therapeutics, and inef�cient delivery likely
contributed to the modest results. Another drawback was
the need to biopsy tissue to observe molecular evidence for
ef�cacy. Biopsies are uncomfortable for patients and it is dif-
�cult to provide a window into the effects within a tiny frac-
tion of tissue.
Both 2′-O-methyl RNA and morpholino oligonu-

cleotides are relatively old chemistries and their application
in these trials is a legacy of the fact that the development
programs began over a decade ago. It is possible that more
ef�cient delivery and better effects might be achieved using
more modern chemical modi�cations that allow stronger
hybridization or more ef�cient uptake by muscle. For ex-
ample, it is reported that peptide-PMO conjugate showed
good exon skipping activity in skeletal and cardiac muscle
cells from DMD mouse model (104,105). Like GRN163L,
even if the eventual verdict for eteplirsen is negative or only
shows modest bene�t, the concept may still be a good one
to revisit and the need for effective ASOs to help patients
remains high.

Nusinersen

Spinal muscular atrophy (SMA) refers to several different
motor neuron diseases and is most commonly associated
withmutations in the survivalmotor neuron 1 (SMN1) gene
(106). Mutations in SMN1 comprise the most common ge-
netic cause of death in children and effective treatments have
been a priority for research. Humans also possess a sec-
ond SMN variant, SMN2. SMN2 is less active and cannot
compensate for the loss-of functional SMN1, but oligonu-
cleotides that modulate splicing can promote expression of
an alternatively spliced variant (exon 7 inclusion) to com-
pensate for the loss of active SMN1 (107–109).

An ASO, nusinersen (Spinraza, Ionis Pharmaceuticals
andBiogen) (Figure 6) was developed to treat SMAandwas
administered by intrathecal injection into the CNS (110).
Nusinersen demonstrated promise in multiple clinical tri-
als, extending lifespan in treated children and increasing

mobility. Autopsy specimens revealed enhanced expression
of the alternatively spliced product in the CNS. Placebo-
controlled trials were so successful that they were termi-
nated early followed by rapid FDA approval in 2016.
As of this writing, nusinersen has been the biggest nucleic

acid therapeutics success to date for both patients and com-
mercially (111,112). Clinical data offer several important
lessons. ASOs can enter tissues within the CNS at concen-
trations that are adequate to positively affect the course of
disease. This result offers reason to hope that the expression
of other disease-associated genes can be modulated in the
CNS. ASO uptake and activity were not associated with un-
due toxicity and seen well tolerated by patients. Effects are
long-lasting, with dosing required only three or four times
per year. It is worth noting that that the high level of success
achieved to date would probably not have been viewed as a
likely outcome when development started, a reminder that
risks are sometimes rewarded in the clinic.
The nusinersen story is ongoing. Gene therapy is being

used to replace SMN1while small molecules are being stud-
ied for their ability to enhance expression of the more ac-
tive SMN2 splice variant (113–116). The long-term com-
petitiveness of nusinersen against these other approaches re-
mains undetermined. A key factor determining nusinersen’s
competitiveness will be its long-term toxicity in patients,
a feature that will be revealed as patients are exposed for
longer and longer periods. The potential for synergy be-
tween nusinersen and alternative approaches should also be
de�ned. Finally, early clinical success was achieved in chil-
dren. Some forms of SMA also af�ict adults and ongoing
trials will reveal whether nusinersen can also be a model for
oligonucleotide therapeutics in the adult CNS.

Revusiran, patisiran and inotersen

ASOs and dsRNAs are competing antisense technologies
for silencing gene expression by targeting mRNA. Both
strategies silence their target genes in the liver in clinical tri-
als. Until recently there has been little data directly com-
paring the two approaches and their relative strengths and
weaknesses. That gap in our knowledge may be �lled as
dsRNAs and ASOs are developed for the same target and
tested in clinical trials for the same disease (117).

Transthyretin (TTR) amyloidosis is a genetic disease in
which misfolded mutant TTR builds up, leading to heart
dysfunction and failure. Inhibition of mutant TTR would
be predicted to alleviate the disease, leading to the develop-
ment and testing of one ASO (inotersen, Ionis Pharmaceu-
ticals) and two dsRNAs (revusiran and patisiran, Alnylam
Pharmaceuticals) (27) (Figure 6).
Inotersen has been tested in a Phase III trial after

being shown to reduce TTR production in preclinical
and Phase 1/2 trials (118). The drug met both primary
endpoints and showed bene�t relative to placebo and
validated TTR as a target for gene knockdown strategies
(http://ir.ionispharma.com/news-releases/news-release-
details/ionis-pharmaceuticals-announces-phase-3-neuro-
ttr-study; http://ir.ionispharma.com/news-releases/news-
release-details/new-data-presented-peripheral-nerve-
society-meeting-further). Balanced against this success,
three cases of thrombocytopenia were noted and ongoing
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clinical trials were modi�ed to enhance monitoring of
platelets and renal function in hopes of improving the
management of side-effects.
Revusiran and patisiran are dsRNAs that differ in their

in vivo delivery mechanisms. Revusiran is conjugated with
GalNAc and enters cells through the asialoglycoprotein
receptor as described above. Revusiran demonstrated po-
tent reduction of TTR (119) and appeared to be progress-
ing smoothly through clinical trials until analysis of Phase
III data revealed excess mortality. While it remains unclear
whether the excess mortality was due to the chemical com-
position of Revusiran or simply bad luck treating patients
whose healthwas already fragile, the trial was halted and de-
velopment abandoned (120). Other dsRNA–GalNAc con-
jugates (see below) have different chemical modi�cations
that allow dosing at lower concentrations and might avoid
any toxicities that contributed to failure of Revusiran.
Patisiran is delivered in complex with a lipid

nanoparticle (121) and is being tested in clinical tri-
als (122; http://investors.alnylam.com/releasedetail.cfm?
ReleaseID=1022960). On September 20, 2017, Alnylam
Pharmaceuticals announced that patisiran met its primary
endpoint and all secondary endpoints in Phase III clinical
trials. Clinical data have shown a potent and sustained
knockdown of TTR expression and, while there have been
side effects, there has been little evidence of safety concerns
about platelets, renal function or liver enzyme elevations.
The successful Phase III clinical trials may lead to patisiran
being the �rst FDA-approved dsRNA drug, probably
in 2018. (http://investors.alnylam.com/releasedetail.cfm?
ReleaseID=1041081)
Both Ionis and Alnylam submitted U.S. marketing appli-

cation for inotersen and patisiran respectively in Novem-
ber, 2017. It is possible that patisiran and inotersen will
both be approved and will compete directly. This outcome
would provide an informative clinical comparison between
a dsRNA and an ASO. Every ASO is unique, as is every
dsRNA. It is impossible to generalize with certainty based
on the experience with a single compound. Nevertheless,
the outcome of that competition will be a useful case study
for the relative merits of ASOs and dsRNAs. Inotersen has
the disadvantage of requiring platelet monitoring and the
advantage of being administered subcutaneously. Patisiran
has the advantage of not requiring monitoring but requires
treatment with steroids to minimize injection site reactions
and administration by intravenous infusion.

Fitusiran, inclisiran and givosiran

Fitusiran (Alnylam Pharmaceuticals) (123), inclisiran
(Alnylam Pharmaceuticals, The Medicines Company)
(124,125) and givosiran (Alnylam Pharmaceuticals)
(126,127) (Figure 6) are dsRNAs that target antithrombin
for treatment of hemophilia, proprotein convertase subtil-
isin kexin type 9 (PCSK9) to reduce elevated cholesterol,
and hepatic 5-aminolevulinic acid synthase 1 (ALAS1) to
treat acute hepatic porphyrias, respectively. All three are
currently being tested in Phase II clinical trials and are
GalNAc conjugates with enhanced stabilization chemistry
that requires lower dosing than was used for Revusiran.

These programs took advantage of analysis of serum
markers to increase the power of Phase I and Phase II clin-
ical trials. Fitusiran-reduced anti-thrombin levels by 75%
while inclisiran reduced LDL cholesterol levels by as much
as 50%, and givosiran reduced ALAS1 mRNA by as much
as 64%. For �tusiran, one deathwas reported, causing a halt
in Phase II studies and delaying initiation of Phase III in-
vestigation. It is not clear that the death was due to �tusiran
and trials are likely to restart after modi�cation.
Some conclusions can be drawn from the published data

from Phase I and Phase II trials. Fitusiran, inclisiran and
givosiran offer three more examples supporting the conclu-
sion that GalNAc conjugates can effectively knock down
gene expression in humans and produce potent physiologic
effects. A second important �nding is that the effects are re-
markably long lasting. Depending on the dose, �tursiran,
inclisiran and givosiran show effects 2 to 6 months after
initial dosing. Infrequent dosing suggests that these drugs
might plausibly be able to compete with orally bioavailable
small molecules even if they must be delivered by subcuta-
neous injection. Convenient delivery, coupled with a good
safety pro�le might lead to larger markets and a break-
through beyond treatment of rare diseases.
Lengthy duration of effects was also observed for nusin-

ersen and appears to be a general characteristic of nucleic
acid therapeutics. How can a nucleic acid have effects that
last months?We normally think ofDNAandRNAas being
labile molecules and assume that cells have multiple path-
ways for turning over macromolecules. The nucleic acids
used in these trials, however, are heavily chemically modi-
�ed. The simplest explanation that �ts the data is that the
chemicalmodi�cations stabilize theASOs and dsRNAs and
that cells have no mechanism to remove them. The nucleic
acids move from one target mRNA to another over a period
of months. More research will be needed to resolve these is-
sues and explain the remarkable half-lives being observed
in the clinic.

Ionis-HTTRx

Huntington disease (HD) is a progressive neurological dis-
order caused by a CAG trinucleotide expansion within the
coding region of the huntingtin (HTT) gene (128). There is
currently no curative treatment for HD and developing a
drug to slow or halt the course of the disease would be a
major advance. HTT protein is a large scaffolding protein
and developing a small molecule drug to affect the action
of the mutant protein will not be straightforward (129). Be-
cause a path toward small molecule drugs is not obvious,
ASOs or dsRNAs to inhibit expression of HTT are leading
treatment options.
HD carriers and patients are heterozygous for the mu-

tation. It is possible that silencing approaches that inhibit
both the wild-type andmutant allele might cause toxicity by
reducing levels of wild-type HTT. To counter this possibil-
ity, allele-selective dsRNAs and ASOs have been developed
that primarily block expression of mutant HTT (130–135).
However, animal studies have shown that non-allele selec-
tive ASOs and virally delivered dsRNAs can reverse HD
phenotypes in mouse models and reduce HTT levels in pri-
mates without obvious toxicities related to decreased levels
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of HD (136–138). Speci�cally, data from Cleveland and co-
workers were a remarkable demonstration of the potential
of potential for ASOs in the CNS (138). Because of this fa-
vorable data, the clinical testing is focusing on non-allele
selective ASOs, with allele selective approaches being held
in reserve in case unexpected toxicities are observed.
The leading clinical candidate is HTTRx (Ionis Pharma-

ceuticals (Figure 6), a gapmer ASO complementary to the
coding region of HTT outside the expanded repeat. This
compound is being tested in a multicenter Phase 1/2a clin-
ical trial in adults with early HD (https://clinicaltrials.gov/
ct2/show/NCT02519036). Like nusinersen, the drug is ad-
ministered intrathecally. While primarily designed to test
safety, cognitive measures will be evaluated and results are
expected by late 2017 or early 2018. While progress is be-
ing made using innovative chemical strategies to improve
the distribution of dsRNAs in the CNS (139), more work
needs to be done before dsRNAs reaches the con�dence
level achieved with ASOs.
The HTTRx clinical experience is signi�cant because it

further tests the hypothesis that ASOs can be generally use-
ful drugs in the CNS. The trial is a major test of ASOs in
adults. HD is a devastating disease and it is dif�cult to imag-
ine any other treatment curative strategy being successful
within the next decade. HTTRx has the potential to pro-
vide a major bene�t to HD patients and the experience with
HTTRx will have a large impact on other CNS programs.

Volanesorsen

Volanesorsen (Ionis Pharmaceuticals and Akcea) (Figure
6) is a 2′-MOE-modi�ed gapmer ASO that targets the cod-
ing region of apolipoprotein C3 (apo-CIII) mRNA. ApoC-
III plays an important role regulating the clearance of
triglyceride-containing lipoproteins (140). Reducing its ex-
pression would be expected to decrease triglyceride levels
and might be useful in patients with hypertriglyceridaemia.
Clinical trials have revealed decreased ApoC-III levels, re-
ducing cardiovascular risk and improving insulin sensitivity
(141,142).
Phase III trials have examined volanesorsen for treat-

ment of familial chylomicronemia and familial partial
lipiddystrophy (http://ir.akceatx.com/news-releases/news-
release-details/akcea-and-ionis-announce-positive-results-
compass-phase-3-study; http://ir.akceatx.com/node/6121).
These trials con�rm reduction of apo-CIII and reduced
triglycerides. These reductions met the primary endpoint
for the study. Thrombocytopenia was observed in sev-
eral patients and was reversed after dosing was halted.
Volanesorsen appears likely to bene�t some patients
but platelet counts will require careful monitoring. The
observed thrombocytopenia complicates application of
volanesoren to a broader patient population that might
bene�t from reduced triglyceride levels. Clinical data were
strong enough to support a marketing application to the
FDA on 15 November 2017.

Summary

ASOs and dsRNAs have been the subject of research and
clinical testing for many years. Until recently, success has

been elusive. Progress over the past year, however, has begun
to bring clinical potential into focus. This progress is the
result of hard work by chemists, biologists, clinicians and
project managers over decades to overcome obstacles and
create drugs that �ll unmet needs.
Chemical modi�cations are now powerful enough to per-

mit potent gene knockdown months after drug administra-
tion. Conjugation toGalNAc appears to be a breakthrough
for hepatic delivery, while the success of nusinersen suggests
that ASOs have a promising future treating disease in the
CNS. Decades of data are permitting more effective choice
of target and better design of clinical trials.
Balanced against these advances, adverse events continue

to be observed and must be better understood and carefully
managed. The development of nucleic acid therapeutics is
not occurring in a vacuum. The developers of other drug
modalities recognize the same unmet needs, and antibodies
and small molecules will continue to provide dif�cult com-
petition. Gene therapy is likely to have a growing impact.
With three marketing applications pending (Volanesorsen,
Inotersen and Patisiran) and many clinical trials underway,
the next 5 years will reveal whether ASOs and dsRNAs can
become a major class of drugs capable of bene�ting large
numbers of patients across a range of diseases.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

FUNDING

National Institutes of Health (NIH) [GM118103 to
D.R.C.]; Robert Welch Foundation [I-1244 to D.R.C.];
Rusty Kelley Professorship in Medical Science (to D.R.C.).
Funding for open access charge: NIH [GM118103].
Con�ict of interest statement.D.R.C. is an Executive Editor
of Nucleic Acids Research.

REFERENCES

1. Zamecnik,P.C. and Stephenson,M.L. (1978) Inhibition of Rous
Sarcoma virus replication and cell transformation by a speci�c
oligonucleotide. Proc. Natl. Acad. Sci. U.S.A., 75, 280–284.

2. Crooke,S.T. (2017) Molecular mechanisms of antisense
oligonucleotides. Nucleic Acid Ther., 27, 70–77.

3. Juliano,R.L. (2016) The delivery of therapeutic oligonucleotides.
Nucleic Acids Res., 44, 6518–6548.

4. Crooke,S.T., Wang,S., Vickers,T.A., Shen,W. and Liang,X.H. (2017)
Cellular uptake and traf�cking of antisense oligonucleotides. Nat.
Biotechnol., 35, 230–237.

5. Deleavey,G.F. and Damha,M.J. (2012) Designing chemically
modi�ed oligonucleotides for targeted gene silencing. Chem. Biol.,
19, 937–954.

6. Sharma,V.K. and Watts,J.K. (2015) Oligonucleotide therapeutics:
chemistry, delivery and clinical progress. Future Med. Chem., 7,
22221–2242.

7. Abramova,T. (2013) Frontiers and approaches to chemical synthesis
of oligodeoxyribonucleotides.Molecules, 18, 1063–1075.

8. Eckstein,F. (2014) Phosphorothioates, essential components of
therapeutic oligonucleotides. Nucleic Acid Ther., 24, 374–387.

9. Dowdy,S.F. (2017) Overcoming cellular barriers for RNA
therapeutics. Nat. Biotechnol., 35, 222–229.

10. Iwamoto,N., Butler,D.C., Svrzikapa,N., Mohapatra,S., Zlatev,I.,
Sah,D.W., Standley,S.M., Lu,G., Apponi,L.H.,
Frank-Kamenetsky,M. et al. (2017) Control of phosphorothioate

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/4
6
/4

/1
5
8
4
/4

7
3
1
5
4
7
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

https://clinicaltrials.gov/ct2/show/NCT02519036
http://ir.akceatx.com/news-releases/news-release-details/akcea-and-ionis-announce-positive-results-compass-phase-3-study
http://ir.akceatx.com/node/6121


Nucleic Acids Research, 2018, Vol. 46, No. 4 1597

stereochemistry substantially increases the ef�cacy of antisense
oligonucleotides. Nat. Biotechnol., 35, 845–851.

11. Manoharan,M. (1999) 2′-carbohydrate modi�cations in antisense
oligonucleotide therapy: importance of conformation, con�guration
and conjugation. Biochim. Biophys. Acta, 1489, 117–130.

12. Koshkin,A.A., Singh,S.K., Nielsen,P., Rajwanshi,V.K., Kumar,R.,
Meldgaard,M., Olsen,C.E. and Wengel,J. (1998) LNA (Locked
Nucleic Acids): Synthesis of the adenine, cytosine, guanine,
5-methylcytosine, thymine and uracil bicyclonucleoside monomers,
38ligomerization, and unprecedented nucleic acid recognition.
Tetrahedron, 54, 3607–3630.

13. Obika,S., Nanbu,D., Hari,Y., Andoh,J.I., Morio,K.I., Doi,T. and
Imanishi,T. (1998) Stability and structural features of the duplexes
containing nucleoside analogues with a �xed N-type conformation,
2′-O,4′-C-methyleneribonucleosides. Tetrahedron Lett., 39,
5401–5404.

14. Braasch,D.A. and Corey,D.R. (2001) Locked nucleic acid (LNA):
Fine-tuning the recognition of DNA and RNA. Chem. Biol., 8, 1–7.

15. Seth,P.P., Vasquez,G., Allerson,C.A., Berdeja,A., Gaus,H.,
Kinberger,G.A., Prakash,T.P., Migawa,M.T., Bhat,B. and
Swayze,E.E. (2010) Synthesis and biophysical evaluation of
2′4′-constrained 2′O-methoxyethyl and 2′4′;-constrained 2′O-ethyl
nucleic acid analogues. J. Org. Chem., 75, 1569–1581.

16. Hong,D., Kurzrock,R., Kim,Y., Woessner,R., Younes,A.,
Nemunaitis,J., Fowler,N., Zhou,T., Schmidt,J., Jo,M. et al. (2015)
AZD9150, a next-generation antisense oligonucleotide inhibitor of
STAT3 with early evidence of clinical activity in lymphoma and lung
cancer. Sci. Transl. Med., 7, 314ra185.

17. Staarup,E.M., Fisker,P.N., Hedtjarn,M., Lindholm,M.W.,
Rosenbohm,C., Aarup,V., Hansen,H.F., Orum,H., Hansen,J.B. and
Koch,T. (2010) Short locked nucleic acid antisense oligonucleotides
potently reduce apoliprotein B mRNA and serum cholesterol in
mice and non-human primates. Nucleic Acids Res., 38, 7100–7111.

18. Stein,C.A., Hansen,J.B., Lai,J., Wu,S., Voskresenskiy,A., Høg,A.,
Worm,J., Hedtjärn,M., Souleimanian,N., Miller,P. et al. (2009)
Ef�cient gene silencing by delivery of locked nucleic acid antisense
oligonucleotides, unassisted by transfection reagents. Nucleic Acids
Res., 38, e3.

19. Chen,Z., Monia,B.P. and Corey,D.R. (2002) Telomerase inhibition,
telomere shortening, and decreased cell proliferation by cell
permeable 2 ‘-O-methoxyethyl oligonucleotides. J. Med. Chem., 45,
5423–5425.

20. Sehgal,A., Vainshaw,A. and Fitzgerald,K. (2013) Liver as a
therapeutic target for oligonucleotide therapeutics. J. Hepatol., 59,
1354–1359.

21. Srinivasan,S. K., Tewary,H. K. and Iversen,P.L. (1995)
Characterization of binding sites, extent of binding, and drug
interactions of oligonucleotides with albumin. Antisense Res. Dev.,
5, 131–139.

22. Henry,S.P., Johnson,M., Zanardi,T.A., Fey,R., Auyeung,D.,
Lappin,P.B. and Levin,A.A. (2012) Renal uptake and tolerability of
a 2′-O-methoxyethyl modi�ed antisense oligonucleotide (ISIS
113715) in monkey. Toxicology, 301, 13–20.

23. Donner,A.J., Yeh,S.T., Hung,G., Graham,M.J., Crooke,R.M. and
Mullick,A.E. (2015) CD40 generation 2.5 antisense oligonucleotide
treatment attenuates doxorubicin-induced nephropathy and kidney
in�ammation.Mol. Ther. Nucleic Acids, 4, e265.

24. Lima,W.F., Prakash,T.P., Murray,H.M., Kinberger,G.A., Li,W.,
Chappell,A.E., Li,C.S., Murray,S.F., Gaus,H., Seth,P.P. et al. (2012)
Single-stranded siRNAs activate RNAi in animals. Cell, 150,
883–894.

25. Yu,D., Pendergraff,H., Liu,J., Kordasiewicz,H.B., Cleveland,D.W.,
Swayze,E.E., Lima,W.F., Crooke,S.T., Prakash,T.P. and Corey,D.R.
(2012) Single-stranded RNAs use RNAi to potently and
allele-selectively inhibit mutant huntingtin expression. Cell, 150,
895–908.

26. Ly,S., Navaroli,D.M., Didiot,M.C., Cardia,J., Pandarinathan,L.,
Alterman,J.F., Fogarty,K., Standley,C., Lifshitz,L.M., Bellve,K.D.
et al. (2017) Visualization of self-delivering hydrophobically
modi�ed siRNA cellular internalization. Nucleic Acids Res., 45,
15–25.

27. Sheridan,C. (2017) With Alnylam’s amyloidosis success, RNAi
approval hopes soar. Nat. Biotechnol., 35, 995–997.

28. Nair,J.K., Willoughby,J.L., Chan,A., Charisse,K., Alam,M.R.,
Wang,Q., Hoekstra,M., Kandasamy,P., Eil’in,A.V., Milstein,S. et al.
(2014) Multivalent N-aceylgalactosamine-conjugated siRNA
localizes in hepatocytes and elicits robust RNAi-mediated gene
silencing. J. Am. Chem. Soc., 136, 16958–16961.

29. Tanowitz,M., Hettrick,L., Revenko,A., Kinberger,G.A.,
Prakash,T.P. and Seth,P.P. (2017) Asialoglycoproteinreceptor 1
mediates productive uptake of N-acetylgalactosamine-conjugated
and unconjugated phosphorothioate antisense oligonucleotides into
liver hepatocytes. Nucleic Acids Res., 45, 12388–12400.

30. Huang,Y. (2017) Preclinical and clinical advances of
GalNAc-decorated nucleic acid therapeutics.Mol. Ther. Nucleic
Acids, 6, 116–132.

31. Prakash,T.P., Graham,M.J., Yu,J., Carty,R., Low,A., Chappell,A.,
Schmidt,K., Zhao,C., Aghajan,M., Murray,H.F. et al. (2014)
Targeted delivery of antisense oligonucleotides to hepatocytes using
triantennary N-acetyl galactosamine improves potency 10-fold in
mice. Nucleic Acids Res., 42, 8796–8807.

32. Schmidt,K., Prakash,T.P., Donner,A.J., Kinberger,G.A., Low,A.,
Ostergaard,M.E., Bell,M., Swayze,E.E. and Seth,P.P. (2017)
Characterizing the effect of GalNAc and phosphorothioate
backbone on binding of antisense oligonucleotides to the
asialoglycoprotein receptor. Nucleic Acids Res., 45, 2294–2206.

33. Viney,N.J., Van Capelleveen,J.C., Geary,R.S., Xia,S., Tami,J.A.,
Rosie,Z.Y., Marcovina,S.M., Hughes,S.G., Graham,M.J.,
Crooke,R.M. et al. (2016) Antisense oligonucleotides targeting
apolipoprotein (a) in people with raised lipoprotein (a): two
randomised, double-blind, placebo-controlled, dose-ranging trials.
Lancet, 388, 2239–2253.

34. D’Souza,A.A. and Devarajan,P.V. (2015) Asialoglycoprotein
receptor mediated hepatocyte targeting-strategies and applications.
J. Control. Release, 203, 126–139.

35. Dominski,Z. and Kole,R. (1993) Restoration of correct splicing in
thalassemic pre-mRNA by antisense oligonucleotides. Proc. Natl.
Acad. Sci. U.S.A., 90, 8673–8677.

36. Havens,M.A. and Hastings,M.L. (2016) Splice-switching antisense
oligonucleotides as therapeutic drugs. Nucleic Acids Res., 44,
6549–6563.

37. Wang,Z., Jeon,H.Y., Rigo,F., Bennett,C.F. and Krainer,A.R. (2012)
Manipulation of PK-M mutally exclusive alterative splicing by
antisense oligonucleotides. Open Biol., 2, 120–133.

38. Vickers,T.A. and Crooke,S.T. (2015) The rates of the major steps in
the molecular mechanism of RNase H1-dependent antisense
oligonucleotide induced degradation of RNA. Nucleic Acids Res.,
43, 8955–8963.

39. Lennox,K.A. and Behlke,M.A. (2016) Cellular localization of long
non-coding RNAs affects silencing by RNAi more than by antisense
oligonucleotides. Nucleic Acids Res., 44, 863–877.

40. Monia,B.P., Lesnik,E.A., Gonzalez,C., Lima,W.F., McGee,D.,
Guinosso,C.J., Kawasaki,A.M., Cook,P.D. and Freier,S.M. (1993)
Evaluation of 2′-modi�ed oligonucleotides containing 2′-deoxy gaps
as antisense inhibitors of gene expression. J. Biol. Chem., 268,
14514–14522.

41. Minshull,J. and Hunt,T. (1986) The use of single-stranded DNA and
RNase H to promote quantitative ‘hybrid arrest of translation’ of
mRNA/DNA Hybrids in reticulocyte lysate cell-free translations.
Nucleic Acids Res., 14, 6433–6451.

42. Nakamura,H., Oda,Y., Iwai,S., Inoue,H., Ohtsuka,E., Kanaya,S.,
Kimura,S., Katsuda,C., Katayanagi,K. and Morikawa,K. (1991)
How does RNase H recognize a DNA.RNA hybrid? Proc. Natl.
Acad. Sci. U.S.A., 88, 11535–11539.

43. Elbashir,S.M., Harborth,J., Lendeckel,W. and Yalcin,A. (2001)
Duplexes of 21-nucleotide RNAs mediate RNA interference in
cultured mammalian cells. Nature, 411, 494–498.

44. Pratt,A.J. and MacRae,I.J. (2009) The RNA-induced silencing
complex: a versatile gene-silencing machine. J. Biol. Chem., 284,
17897–17901.

45. Liu,J., Carmell,M.A., Rivas,F.V., Marsden,C.G., Thomson,J.M.,
Song,J.J., Hammond,S.M., Joshua-Tor,L. and Hannon,G.J. (2004)
Argonaute2 is the catalytic engine of mammalian RNAi. Science,
305, 1437–1441.

46. Meister,G. (2013) Argonaute proteins: functional insights and
emerging roles. Nat. Rev. Genet., 14, 447–459.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/4
6
/4

/1
5
8
4
/4

7
3
1
5
4
7
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



1598 Nucleic Acids Research, 2018, Vol. 46, No. 4

47. Wang,Y., Juranek,S., Li,H., Sheng,G., Tuschl,T. and Patel,D.J.
(2008) Structure of an argonaute silencing complex with a
seed-containing guide DNA and target RNA duplex. Nature, 456,
921–926.

48. Khvorova,A. and Watts,J.K. (2017) The chemical evolution of
oligonucleotide therapies of clinical utility. Nat. Biotechnol., 35,
238–248.

49. Corey,D.R. (2007) RNA learns from antisense. Nat. Chem. Biol., 3,
8–11.

50. Liu,J., Hu,J. and Corey,D.R. (2012) Expanding the action of duplex
RNAs into the nucleus: redirecting alternative splicing. Nucleic
Acids Res., 40, 1240–1250.

51. Adams,R., Nicke,B., Pohlenz,H.D. and Sohler,F. (2015)
Deciphering seed sequence based off-target effects in a large-scale
RNAi reporter screen for E-cadherin expression. PLoS One, 10,
e0137640.

52. Li,Z. and Rana,T.M. (2014) Therapeutic targeting of miRNAs:
current status and future challenges. Nat. Rev. Drug Discov., 13,
622–638.

53. Gomez,I.G., MacKenna,D.A., Johnson,B.G., Kaimal,V.,
Roach,A.M., Ren,S., Nakagawa,N., Xin,C., Newitt,R., Pandya,S.
et al. (2015) Anti–microRNA-21 oligonucleotides prevent Alport
nephropathy progression by stimulating metabolic pathways. J. Clin.
Invest., 125, 141–156.

54. Janssen,H.L., Reesink,H.W., Lawitz,E.J., Zeuzem,S.,
Rodriguez-Torres,M., Patel,K., van der Meer,A.J., Patick,A.K.,
Chen,A., Zhou,Y. et al. (2013) Treatment of HCV infection by
targeting microRNA. N. Engl. J. Med., 368, 1685–1694.

55. Gebert,L.F., Rebhan,M.A., Crivelli,S.E., Denzler,R., Stoffel,M. and
Hall,J. (2014) Miravirsen (SPC3649) can inhibit the biogenesis of
miR-122. Nucleic Acids Res., 42, 609–621.

56. Ottosen,S., Parsley,T.B., Yang,L., Zeh,K., van Doorn,L.J., van der
Veer,E., Raney,A.K., Hodges,M.R. and Patick,A.K. (2015) In vitro
antiviral activity and preclinical and clinical resistance pro�le of
miravirsen, a novel anti-hepatitis C virus therapeutic targeting the
human factor miR-122. Antimicrob. Agents Chemother., 59, 599–608.

57. Ree,M.H., Meer,A.J., Nuenen,A.C., Bruijne,J., Ottosen,S.,
Janssen,H.L., Kootstra,N.A. and Reesink,H.W. (2016) Miravirsen
dosing in chronic hepatitis C patients results in decreased
microRNA-122 levels without affecting other microRNAs in
plasma. Aliment. Pharmacol. Ther., 43, 102–113.

58. Zhou,J. and Rossi,J. (2017) Aptamers as targeted therapeutics:
current potential and challenges. Nat. Biotechnol., 16, 181–202.

59. Stein,C.A. and Krieg,A.M. (1994) Problems in interpretation of
data derived from in vitro and in vivo use of antisense
oligonucleotides. Antisense Res. Dev., 4, 67–69.

60. Crooke,S.T. (1996) Proof of mechanism of antisense drugs.
Antisense Nucleic Acid Drug Dev., 6, 145–147.

61. Stein,C.A. (1999) Keeping the biotechnology of antisense in context.
Nat. Biotechnol., 17, 209.

62. Crooke,S.T. (2000) Evaluating the mechanism of action of
antiproliferative antisense drugs. Antisense Nucleic Acid Drug Dev.,
10, 123–126.

63. Myers,K.J. and Dean,N.M. (2000) Sensible use of antisense: how to
use oligonucleotides as research tools. Trends Pharm. Sci., 21, 19–23.

64. Stein,C.A. (2001) The experimental use of antisense
oligonucleotides: a guide for the perplexed. J. Clin. Invest., 108,
641–644.

65. Editorial (2003) Wither RNAi? Nat. Cell Biol., 5, 489–490.
66. Winkler,J., Stessl,M., Amartey,J. and Noe,C.R. (2010) Off-target

effects related to the phosphorothioate modi�cation of nucleic acids.
Chemmedchem, 5, 1344–1352.

67. de Fougerolles,A., Vornlocher,H. P., Maraganore,J. and
Lieberman,J. (2007) Interfering with disease: a progress report on
siRNA-based therapeutics. Nat. Rev. Drug Discov., 6, 443–453.

68. Grimm,D., Streetz,K.L., Jopling,C.L., Storm,T.A., Pandey,K.,
Davis,C.R., Marion,P., Salazar,F. and Kay,M.A. (2006) Fatality in
mice due to oversaturation of cellular microRNA/short hairpin
RNA pathways. Nature, 441, 537–541.

69. Burel,S.A., Hart,C.E., Cauntay,P., Hsiao,J., Machemer,T., Katz,M.,
Watt,A., Bui,H.H., Younis,H., Sabripour,M. et al. (2016)
Hepatotoxicity of high af�nity gapmer antisense oligonucleotides is
mediated by RNase H1 dependent promiscuous reduction of very
long pre-mRNA transcripts. Nucleic Acid Res., 44, 2093–2109.

70. Frazier,K.S. (2015) Antisense oligonucleotide therapies: The
promise and the challenges from a toxicologic pathologists
perspective. Toxicol. Pathol., 43, 78–89.

71. Chi,X., Gatti,P. and Papoian,T. (2017) Safety of antisense
oligonucleotide and siRNA-based therapeutics. Drug Discov. Today,
22, 823–833.

72. Crooke,S.T., Baker,B.F., Witzum,J.L., Kwoh,J., Pham,N.C.,
Salgado,N., McEvoy,B.W., Cheng,W., Hughes,S.G., Bhanot,S. et al.
(2017) The effects of 2′-O-methoxyethyl containing antisense
oligonucleotides on platelets in clinical trials. Nucleic Acid Ther., 27,
121–129.

73. Geary,R.S., Henry,S.P. and Grillone,L.R. (2002) Fomivirsen:
clinical Pharmacology and potential drug interactions. Clin.
Pharmacokinet., 41, 255–260.

74. Jabs,D.A. and Grif�ths,P.D. (2002). Fomivirsen for the treatment of
cytomegalovirus retinitis. Am. J. Opthamol., 133, 552–556.

75. Cursiefen,C., Viaud,E., Bock,F., Geudelin,B., Ferry,A.,
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