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Abstract: Over the last four decades, tremendous progress has been made in use of synthetic oligonu-
cleotides as therapeutics. This has been possible largely by introducing chemical modifications to
provide drug like properties to oligonucleotides. In this article I have summarized twists and turns
on use of chemical modifications and their road to success and highlight areas of future directions.
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1. Introduction

Today RNA therapeutics are a clinical reality with approved drugs that employ a
variety of different mechanisms of action (reviewed recently in [1]). However, here I would
like to take you back to the beginnings of antisense and show you how the evolution of
antisense chemistry played an essential role in turning oligonucleotides into therapeutics. I
would like to dedicate this chapter to Paul Zamecnik (1912–2009), my mentor, friend, and
colleague who introduced me to the field of antisense therapeutics and who first dreamed
of using antisense oligonucleotides as therapeutics [2]. To achieve his dream, we had to
improve antisense oligonucleotide chemistry, understand how the chemistry, structure, and
sequence influences antisense oligonucleotide function, and how the immune system deals
with exogenous nucleic acids. All this is research I was and still am personally involved in,
so I will mainly focus on Paul’s and my own thinking and how it changed over time as we
experimented and accumulated data.

2. The Beginning

But first, let me tell you how I came to work with Paul. Starting in 1985, I was conduct-
ing post-doctoral research on the synthetic chemistry of nucleic acids with Michael Gait
at the Laboratory of Molecular Biology (LMB), Medical Research Counsel, in Cambridge,
UK [3]. During this period, one of the scientists I was very close to was the late Dr. Dan
Brown (1923–2012) [4]. Dan was an astounding nucleotide chemist, who, together with
future Nobel Laureate Alexander Todd, had determined the nature of the chemical linkages
in DNA and RNA in 1951. In 1953, whilst working in Todd’s lab, Dan met Paul Zamecnik,
who had an interest in protein synthesis and was visiting Todd’s lab. At that point, their
interests did not overlap much, so it remained a brief meeting.

However, later in his career, Paul’s interest turned to using nucleic acids as thera-
peutics. In 1978, Paul published two papers showing that a synthetic oligonucleotide
complimentary to the mRNA sequence of Rous Sarcoma virus could bind to that mRNA
and thereby inhibit viral replication [5,6]. Paul referred to such oligonucleotides as “hy-
bridons” though later these became known as antisense oligonucleotides. Further work
in this area was very slow as methodologies to synthesize oligonucleotides and sequence
DNA were not available yet—Sanger sequencing was only published in 1977 and not
commercially available until 1986. However, Paul persisted in his research and during the
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early 1980s applied the antisense approach to the newly identified human retrovirus HIV-1,
findings he published in 1986 [7] and that were later corroborated by Samuel Broder’s
lab [8].

Seeking advice on the chemistry of oligonucleotides, Paul reconnected with Dan, and
during one fateful call Dan mentioned my work on nucleic acid chemistry to Paul. The
next day, I received a call from Paul and, after a brief conversation, he invited me to join
his laboratory at the Worcester Foundation for Experimental Biology, Shrewsbury, MA to
pursue work on antisense chemistry.

3. Stability against Nucleolytic Degradation

When I started in Paul’s lab in 1987, our overall goal was to provide drug-like prop-
erties to the nucleotide sequence of antisense oligonucleotides so that they could be used
as therapeutics. Our first objective was to provide nuclease stability to the antisense
oligonucleotides so that they would survive longer in biological fluids. At the time, it was
hypothesized that the polyanionic internucleotide linkages would interfere with cellular
uptake, so we focused on non-ionic modifications. We decided to pursue three particular
internucleotide chemical modifications: phosphorothioate (PS; Figure 1B), methylphospho-
nate (P-ME; Figure 1C), and phosphoramidate (P-N; Figure 1D).

PS-ODNs had been extensively studied by Eckstein and colleagues in the 1970s and
early 1980s [9]. The first semi-automated oligonucleotide synthesizers had been developed
in 1982, and I had used an early version of these to synthesize oligonucleotides in Mike
Gait’s lab in the mid-19080s. These synthesizers became fully automated by 1988. To
obtain large quantities of PS-oligodeoxynucleotides (PS-ODNs), we had to optimize PS
synthetic methodology and adapt it for use in these automated synthesizers. Also in the
early 1980s, Paul Tso and Paul Miller had published a series of papers on P-ME-ODNs
and their characteristics [10]. In these P-ME-ODNs, one of the oxygens in the phosphate
backbone linkage is replaced with a methyl group, analogous to sulfur replacing the oxygen
in PS-ODN. However, unlike the sulfur replacement, the methyl group also removes the
negative charge, leaving the linkage non-ionic. Tso and Miller had manually synthesized
short P-ME-ODNs using activated nucleoside methylphosphonates, but this method did
not lend itself to the production of the larger quantities and longer P-ME-ODNs that we
needed, so we pioneered the use of nucleoside methylphosphonamidites as building blocks
in automated synthesizers [11]. We also synthesized various antisense ODNs containing
P-N- internucleotide linkages with different ionic states, including phosphomorpholidate,
N-butyl phosphoramidate, and phosphopiperazidate (Figure 1D–F, respectively).

All of these antisense oligonucleotides were 15–20 bases long and targeted to
HIV-1 [12,13]. The nuclease stability of P-ME- and P-N-ODNs was clearly higher than that
of PS-ODNs, which itself was significantly more stable than phosphodiester (P-O) ODNs
(Figure 1A). To evaluate affinity to the target mRNA we recorded melting temperatures
when bound to complimentary RNA; all of the modified antisense ODNs demonstrated
lower affinities than the P-O-ODNs [13]. When testing the potential for HIV inhibition in
cells, PS-ODNs were consistently more potent than any of the other modifications [13–15].
P-ME- and P-N-ODN also had issues with solubility in biological media, so we quickly
focused on PS-ODNs. Having observed the potential of antisense PS-ODNs as anti-HIV
agents, we expanded our studies to include activity against the influenza virus and con-
firmed that such ODNs could also inhibit influenza virus replication [16].

Further insights into the observed increased potency of PS-ODN antisense came from
studies which showed that when PS-ODNs was hybridized with target RNA, RNase-H was
activated and subsequently cut the targeted RNA at the duplex site [17]. This mechanism
allows one PS-ODN antisense molecule to cleave multiple RNA strands, making PS-ODN
antisense catalytic. P-ME- and P-N-ODNs on the other hand were unable to activate
RNase-H [17]. However, the efficacy of PS-antisense ODNs in activating RNase-H was
somewhat lower than that of P-O-ODNs, suggesting that the PS modification affected
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RNase-H recruitment. At the time, we theorized that this was perhaps due to differing
affinity and/or presence of stereoisomers due to the chiral center of the PS modification.
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Figure 1. Chemical structures: (A) phosphodiester oligonucleotide (PO-ODN), (B) phosphorothioate
ODN (PS-ODN), (C) methylphosphonate ODN (PME-ODN), (D) phosphorodiamidate, (E) phos-
phomorpholidate,(F) phosphopiperazidate (PN-ODN), (G) acyloxyester PS-ODN, (H) Rp-PS-ODN,
(I) Sp-PS-ODN, (J) PS-oligoribonucleotide (PS-ORN), (K) 2′-O-methyl PS-ORN (2′PS-ORN), (L) Rp
2′ PS-ORN, (M) Sp 2′ PS-ORN, (N), 2′ PO-ORN, (O) methylphosphotriester, (P) methylphospho-
thiotriester, (Q) primary phosphoramidate, (R) carbamate, (S) 2′-O-methylphosphonate, and (T)
2′-5′-ribonucleoside; B = heterocyclic base.
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These early studies with PS-, P-ME-, and various P-N-antisense ODNs provided us
with key insights into which characteristics of an ODN are important for both antisense
potency and mechanism of action. We came to understand the following points: Firstly, PS-
ODNs bind to target mRNAs and these DNA/RNA hybrids are substrates for RNase-H,
resulting in cleavage of the target mRNA and thus reduced protein expression. Secondly,
P-ME-ODN and P-N-antisense ODNs can bind to target RNA and inhibit translation by
steric hindrance. Thirdly, the RNase-H-based mechanism of action is more potent than
the steric hindrance mechanism because of its catalytic nature. Lastly, we realized that
the differing properties of chemical modifications could be combined to modulate ODN
stability characteristics but at the same time retain RNase-H activation. We referred to this
new generation of ODNs as mixed-backbone antisense [18].

As a follow-up to these publications, an increasing number of papers started to appear
in which PS-antisense ODNs were employed against various RNA targets. PS-ODN
antisense became the modification of choice for first generation antisense and several
biotechnology companies were founded to develop such antisense therapeutics. Among
them was Hybridon, later called Idera Pharmaceuticals, founded by Paul, and which I
joined as a founding scientist.

4. PS-ODNS—First Generation Antisense Therapeutics

At Hybridon, with what we thought where functional ODNs in hand, we set out to
investigate in-vivo delivery of PS-ODNs. We carried out the first study in mice by adminis-
tering S35-labeled PS-ODNs, both intravenously and subcutaneously, and evaluated the
disposition, excretion, and metabolism [19]. We found that PS-ODNs had a short plasma
half-life, tissue disposition was broad, and the primary route of elimination was urinary
excretion. In contrast to PS-ODNs, P-ME-ODNs had a very short plasma half-life and
over 70% of the administered dose was excreted in the urine within 2 h. This discrepancy
suggested to us that PS-ODNs were likely binding to plasma proteins and we thought
that that property might be critical for their retention and disposition [20]. Extensive work
on this subject has been done by the Crooke lab [21]. Further support of this observation
came from our studies in which the administration of aspirin, which modulates serum
protein binding, affected the disposition of PS-ODNs [22]. Analysis of PS-ODNs by PAGE
showed time-dependent degradation and intact PS-ODN was detected for several days in
multiple tissues, including the liver and kidney. PS-ODN did not cross the blood–brain
barrier as there was very little disposition in brain tissues. The degradation of PS-ODNs
was primarily from the 3′- end as capping of the 3′- end significantly reduced degradation
in vivo [23]. Pharmacokinetic studies of PS-ODNs in rats [24], non-human primates [25],
and humans [26] showed very similar profiles to what we saw in mice.

The next step for us was to learn about the safety of PS-ODN in mice, rats, and
non-human primates. Subcutaneous administration of PS-ODN in mice and rats showed
dose-dependent safety signals including changes in the clinical chemistry and histology
of multiple organs [27–29]. These histological changes appeared to be largely due to
inflammation. Bolus intravenous administration in non-human primates led to significant
hemodynamic changes [30]. Extensive work in our laboratory led to the discovery that these
changes were associated with activation of the complement system (for example, CH50,
C5a). The changes were independent of PS-ODN sequence but dependent on the dose
and rate of infusion, and reducing the rate of intravenous infusion or using subcutaneous
administration mitigated these hemodynamic changes. Based on our publication, FDA
staff published guidelines on administration of PS-ODNs and recommended the inclusion
of non-human primates as one of the species in non-clinical safety studies of PS-ODN
antisense [31].

We soon realized that for clinical development of PS-antisense ODNs we would
need a large amount of material manufactured under GMP conditions. So we went back
and optimized the synthetic methodologies and purification of PS-ODNs for scales up to
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5 mmol which is equivalent to multiple grams of PS-ODN [32]. We also set up the first
manufacturing unit, HSP in Milford, MA, now owned and operated by Avecia [33].

Thinking that we had addressed all possible issues, we initiated a clinical trial in HIV-
infected individuals with our lead candidate, GEM91, in 1993. In this trial, GEM91 was
administered by intravenous (IV) infusion over 8 days at dose-levels of 3.2 mg/kg/day to
4.4 mg/kg/day, or by subcutaneous administration. We observed dose dependent injection
site reactions, flu like symptoms, and thrombocytopenia in a few individuals. These
effects were more pronounced with subcutaneous (SC) administration than IV-infusion and
individuals treated with SC administration had transient swelling of the draining lymph
nodes. Plasma HIV-1 load remained largely unchanged in the placebo group, but curiously,
in treated subjects there were dose dependent temporary increases in HIV-1 load from day
4 to 6. By day 8, HIV levels in treated subjects returned to similar levels as those in the
placebo group [34]. Further dosing in the trials was discontinued due to this observation.

5. Modified PS-Oligoribonucleotides (PS-ORNs)

In parallel to studying PS-ODNs, we also investigated PS-oligoribonucleotides
(PS-ORNs) and 2′ substituted PS-ORNs (2′PS-ORNs) as antisense agents. PS-ORNs and
2′PS -ORNs showed increased affinity to complementary RNA compared to PS-ODNs
and similar or increased nuclease stability, but did not activate RNase-H. However, in
comparison to PS-ODNs, PS-ORN and 2′PS-ORNs showed reduced potency in HIV-1
targeting studies [35,36]. We already knew that RNA/RNA hybrids were not a preferred
substrate for RNase-H, so this result was a further confirmation that activation of RNase-H
was critical for effective RNA knockdown.

However, we thought that such PS- and 2′PS-ORN might still be useful in antisense
oligonucleotides intended to sterically block and thus modulate RNA processing mech-
anisms, for example alternative splicing. An early indication that this could work came
from studies in which we employed P-ME antisense to mask U1 and U2 snRNPs that are
required for spliceosome assembly [37]. To confirm the utility of these oligonucleotides,
we collaborated with Ryszard Kole. We treated mammalian cells expressing an incor-
rectly spliced human betaglobin gene with 2′PS-ORNs targeted at the aberrant splice sites.
This restored the normal splicing pattern and generated the correct human betaglobin
mRNA and polypeptide [38]. In collaboration with Ryszard Kole and Steve Wilton, we
later extended this observation to dystrophin, an often mis-spliced protein that can cause
Duchenne Muscular Dystrophy [39].

While we were pursuing these functional studies, we were also accumulating data on
other characteristics of PS- and 2′PS-ORNs. We observed that 2′PS-modified ORNs had
minimal effect on complement activation and prolongation of aPTT and also had reduced
inflammatory responses [40].

6. Putting the Pieces Together: Mixed Backbone Antisense

It became clear that PS-ODNs had certain desirable characteristics such as good nucle-
ase stability, target affinity, RNase-H activation, in-vivo delivery, and tissue disposition.
However, they also displayed a few undesirable characteristics such as their polyanionic
nature, activation of the complement system, aPTT prolongation, and sequence dependent
immune activation. Similarly, 2′ PS-ORNs had desirable characteristics, for example in-
creased nuclease stability and affinity to the target RNA as well as reduced polyanionic
nature, complement activation, and inflammatory responses. However, their big drawback
was the lack of RNase-H activation.

We thought that perhaps we could combine the desirable properties of PS-ODN and
2′PS-ORN into one antisense molecule by combining segments containing the different
modifications and nucleic acid types into one ODN (Figure 2). We referred to this type of
antisense as mixed-backbone oligonucleotides or hybrid, now also called gapmers [35,36].
To elucidate the ideal combination of segments, we studied versions with varied positioning
of the PS-DNA and 2′ PS-ORN segments. In one configuration, we placed PS-DNA in
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the center of the antisense molecule, flanked by 2′PS-ORN at both the 3′- and 5′- end
(Figure 2) [41,42]. Conversely, we placed the 2′PS-ORN in the middle and segments of
PS-ODN at both the 3′- and 5′- end. Both configurations showed promising results in
various studies compared to pure PS-ODNs. However, gapmers with the PS-DNA segment
in the center became the preferred choice and have since been extensively pursued by
investigators around the world.

Biomedicines 2021, 9, x FOR PEER REVIEW 6 of 15 
 

restored the normal splicing pattern and generated the correct human betaglobin mRNA 

and polypeptide [38]. In collaboration with Ryszard Kole and Steve Wilton, we later ex-

tended this observation to dystrophin, an often mis-spliced protein that can cause Du-

chenne Muscular Dystrophy [39].  

While we were pursuing these functional studies, we were also accumulating data 

on other characteristics of PS- and 2′PS-ORNs. We observed that 2′PS-modified ORNs had 

minimal effect on complement activation and prolongation of aPTT and also had reduced 

inflammatory responses [40].  

6. Putting the Pieces Together: Mixed Backbone Antisense  

It became clear that PS-ODNs had certain desirable characteristics such as good nu-

clease stability, target affinity, RNase-H activation, in-vivo delivery, and tissue disposi-

tion. However, they also displayed a few undesirable characteristics such as their polyan-

ionic nature, activation of the complement system, aPTT prolongation, and sequence de-

pendent immune activation. Similarly, 2′ PS-ORNs had desirable characteristics, for ex-

ample increased nuclease stability and affinity to the target RNA as well as reduced pol-

yanionic nature, complement activation, and inflammatory responses. However, their big 

drawback was the lack of RNase-H activation.  

We thought that perhaps we could combine the desirable properties of PS-ODN and 

2′PS-ORN into one antisense molecule by combining segments containing the different 

modifications and nucleic acid types into one ODN (Figure 2). We referred to this type of 

antisense as mixed-backbone oligonucleotides or hybrid, now also called gapmers [35,36]. 

To elucidate the ideal combination of segments, we studied versions with varied position-

ing of the PS-DNA and 2′ PS-ORN segments. In one configuration, we placed PS-DNA in 

the center of the antisense molecule, flanked by 2′PS-ORN at both the 3′- and 5′- end (Fig-

ure 2) [41,42]. Conversely, we placed the 2′PS-ORN in the middle and segments of PS-

ODN at both the 3′- and 5′- end. Both configurations showed promising results in various 

studies compared to pure PS-ODNs. However, gapmers with the PS-DNA segment in the 

center became the preferred choice and have since been extensively pursued by investi-

gators around the world. 

 

Figure 2. Design of mixed backbone antisense oligonucleotides. Figure 2. Design of mixed backbone antisense oligonucleotides.

In a mixed backbone antisense, segments of PS-DNA and modified RNA (or otherwise
non-RNase H activating) are appropriately placed to combine the desirable characteristics
for these different modifications into one antisense agent. The PS-DNA segment allows for
RNase H activation and protein binding to allow tissue distribution while the modified
RNA (or otherwise non-RNase H activating) segments provide increased nucleolytic stabil-
ity, affinity to target RNA, decreased polyanionic characteristics and reduced inflammatory
responses. Modifications at the 5′- end modulate interactions with PRRs, and modifications
at the 3′- end increase nucleolytic stability.

Compared to the PS-ODN first generation design, gapmers have shown increased
potency against many gene targets in cell culture and in-vivo disease models. They have
demonstrated improved safety in rodents and primates [27] and reduced polyanionic
related side effects including complement activation and prolonged activation of aPTT [40].
Pharmacokinetic studies of gapmer antisense in mice showed similar tissue disposition as
PS-ODNs, but significant increases in stability in multiple tissues, making less frequent
dosing possible [43]. The increased in-vivo stability allowed us to study oral and colorectal
delivery [44], for example, an orally administered gapmer has shown anti-tumor activity
in a murine tumor model [45].

Additionally, we realized that gapmers containing segments of PS-ODN and 2′PS-
ORN were very resistant to degradation in vivo. This allowed us to use PO linkages in
the 2′PS-ORN segments to further modulate polyanionic-related side effects and protein
binding [46]. The drug-like characteristics of gapmers could also be enhanced by strategi-
cally incorporating certain internucleotide linkages, such as P-ME (Figure 1C) [17], P-N
(Figure 1F) [17], methylphosphotriester (Figure 1O) [47,48], primary phosphoramidates
(Figure 1Q) [49], carbamates (Figure 1R) [50], 2′-O-methylphosphonates (Figure 1S) [51],
and 2′-5′-ribonucleosides (Figure 1T) [52].
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In 2001, Isis Pharmaceuticals (now Ionis Pharmaceuticals) took a license of the gapmer
antisense chemistry and other associated patents from us [53]. Currently, most of the RNase-
H-mediated antisense drug candidates in development employ the gapmer antisense
design. Over the years, many different 2′-O-modifications have been studied but currently
2′-O-methyl (OME; Figure 1K) and 2′-O-mythoxyethoxy (MOE) modifications remain the
standard [54]. These have been discussed in detail recently [54,55].

7. Paying the Tolls: The Role of Sequence and Modifications

From our studies of PS-ODNs it became evident that PS-ODNs activate immune
responses in a sequence-dependent manner [56,57]. We observed very clear evidence of this
in mouse models where antisense ODNs targeting human Papilloma Virus also inhibited
other viral infections. Yet, anti-viral activity was abolished when the same experiments were
done in immune-compromised mice [58]. We were baffled by what was happening and
then the human studies with GEM91 actually showed a temporary increase in HIV load [59].
We certainly did not expect that and were keen to understand the underlying mechanisms.

By the late 90s, there had been a few reports of the immune-stimulatory properties
of nucleic acids, but few details were known [60–64]. Further insights came with the con-
firmation that previously only hypothesized pattern recognition receptors (PRRs) existed
in 1997. PRRs are a family of proteins expressed on various immune cells that recognize
pathogen-associated molecular patterns (PAMPs) of microbes and subsequently initiate
downstream innate immune responses to protect the host from infection.

Since that initial discovery, it has become clear that there are a large number of such
PRRs and that some of these recognize specific PAMPs present in endogenous or exogenous
nucleic acids. Pattern recognition receptors include Toll-like receptors (TLRs), RIG-like
receptors (RIG-I), and inflammasomes [65]. Of specific interest for nucleic acid therapeutics
are TLR-3 (recognizes double-stranded RNA), TLR-7 (single-stranded RNA), TLR-8 (single
stranded RNA containing modified bases), and TLR-9 (DNA containing unmethylated
CG dinucleotides; Figure 3). Inflammasomes are activated by double-stranded DNA, and
RIG-I recognizes RNA with 5′ phosphates.
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These PRRs are known to recognize nucleic acids and induce immune responses.
Each receptor is expressed on defined cells and recognizes specific pathogen-associated
molecular patterns (PAMPs) of nucleic acids. Particular types of immune responses are
induced depending on the exact nucleotide sequence and secondary structure of the nucleic
acids acting as PAMPs.
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Up until the discovery of these PRRs, work on chemical modifications of antisense
focused on improving affinity, nuclease stability, RNase-H activation, and delivery and
mitigation of polyanionic characteristics. But the discovery of PRRs together with our
perplexing results from the GEM91 human trials and the mouse viral infection studies,
led us to investigate the immune modulatory activity of therapeutic oligonucleotides.
Specifically, we were interested in the role of nucleotide sequence, nucleotide motifs, and
chemical modifications in immune activation. For initial studies we chose a representative
PS-ODN containing a CG dinucleotide in the center [66]. This sequence resulted in TLR-9-
mediated immune responses and induced secretion of cytokines including IL-12 and IL-6.
We substituted each nucleotide in the flanking sequence at both the 5′- and 3′- ends with
2′-O-methylnucleoside, P-ME internucleotide linkages, or with a basic nucleoside. These
substitutions had a significant effect on immune-stimulatory activity but only in defined
positions [66]. Substitutions made in the 5′- flanking region had notable effects—if these
5′ substitutions were close to CG dinucleotides, they significantly mitigated the immune-
stimulatory activity of the CG. Substitutions four or more bases distant from the CG had
little effect but changed the ratio of IL-12 and IL-6 while substitutions in the 3′- end had
little to no effect [67,68].

This indicated to us that the 5′- end of PS-ODN has different characteristics than
the 3′- end [69–71]. To investigate this further, we blocked access to the 5′- end either by
linking two PS-ODNs via 5′-5′ linkages or by conjugation with a bulky ligand [72]. We
saw significant reductions in immune-stimulatory activity, suggesting that the accessibility
of the 5′- end is key for the immune activity of PS-ODNs [71]. At the same time, linking
two PS-ODNs via 3′-3′ linkages significantly increased immune-stimulatory activity [73].
If PS-ODNs contained CG dinucleotides towards both the 5′ and 3′ ends, modification
of the 5′ CG mitigated immune-stimulatory activity much more than modification of the
3′ CG-dinucleotide [74]. We also evaluated if nucleoside modifications would have an
impact on immune-stimulatory activity. Replacing the C or G in the CG dinucleotide with
a number of different nucleosides failed to activate immune responses (5-methylcytosine,
5-methylisocytosine, 5-hydroxycytosine, uracil or inosine, 2′ -aminopurine, nebularine,
8-oxoguanosine, and iso-guanosine, respectively) [75–77]. Interestingly, incorporation of
5-methylcytosine in CG dinucleotides makes PS-ODNs act as TLR9 antagonists and is now
routinely employed as a substitute of C in current antisense oligonucleotides. Incorporation
of N4-ethylcytosine or 7-deaza guanosine still activated immune responses [75,76]. These
studies provided us with a clear indication that nucleosides could alter the interaction with
PRRs depending on the sequence context.

PS-ORNs and analogs had been shown to interact with TLR-3, TLR-7, and TLR-8.
Since these segments are part of the gapmer design, we conducted detailed structure
activity relationship studies to further characterize these compounds. Results from these
studies have been reported by us in a series of papers [78–80]. In summary, activation of
TLR-7 or TLR-8 leads to different immune response profiles, and the profiles are dependent
on the nucleoside composition, presence of modified nucleosides, accessibility of the 5′- and
3′- ends and secondary structure. The presence of secondary structures with palindromic
regions will also activate TLR-3 [81].

Immunotherapy with Synthetic Oligonucleotides

While our original goal was to understand the interaction of PS-ODNs with PRRs so
that we could design better antisense oligonucleotides, we ended up with great insights
into how to design an optimal TLR9 agonist instead. We now had a library of synthetic
immune-stimulatory dinucleotide motifs, and an understanding of the need for the acces-
sibility of the 5′ end and how length, nucleotide composition, and secondary structures
resulted in different types of immune responses. So, in 2007 we changed research directions
and to reflect that change, we changed our company name from Hybridon to Idera Phar-
maceuticals. We created a library of novel TLR9 agonists, and studied their therapeutic
utility as vaccine adjuvants [82–84] and anti-viral agents [85], in the treatment of asthma
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and allergies [86], and in immunotherapy for cancers [87–90]. Currently, a TLR-9 agonist,
IMO-2125, is in clinical trials for immunotherapy for multiple tumor types and has shown
promising results in melanoma patients [91].

Similar studies of PS-ORN have guided us in how to avoid interactions with PRRs
for antisense oligonucleotides. At the same time, the studies also taught us how to create
optimal agonists of TLR-7 and TLR-8, or dual agonists of TLR-7 and 8, and agonists of
TLR-3. Such compounds have shown therapeutic potential in disease models of cancer and
as vaccine adjuvants. The therapeutic principle behind the use of these TLR agonists is to
activate the immune system via interaction with the PRRs, so the dose of agonist used is
critical. At too high a dose, therapeutic activity would be mitigated as too much interaction
would lead to inflammation.

We also investigated the use of PS-ODNs and PS-ORNs containing modifications that
neutralize the immune response as antagonists of TLR-7/9 and TLR-7/8/9 [92–94]. We
showed that in animal models of autoimmune and inflammatory diseases, including psoria-
sis [95], lupus [96], Duchenne muscular dystrophy [96], colitis [97], and genetically defined
lymphomas [98], such antagonists do indeed provide therapeutic benefit. Clinical benefit
has also been shown in patients with psoriasis [99] and Waldenström’s macroglobuline-
mia [100]. In the case of antagonists, the therapeutic principle is blocking TLR interaction
with endogenous PAMPs and thus avoiding their activation, but there is a danger that at
too high a dose the antagonists could act as PAMPs themselves.

8. Connecting the Dots for New Antisense Chemistry

Armed with our much-improved understanding of antisense chemistry and potential
interactions with PRRs, we wanted to further improve antisense functionality. We have
already discussed the importance of 5′- end accessibility, so here we linked two molecules
of the same antisense ODN together via their 5′ or 3′ ends to see how this would influence
antisense potency and mechanism of action. To our surprise, we found that the 5′-5′ linked
construct showed increased potency over the 3′-3′ and 3′-5′ linked PS-ODN dimers as well as
control PS-ODN and gapmer designs both in vitro and in vivo [101]. We had really expected
the 3′-3′ linked PS-ODN antisense to do best, based on the idea that such linking would
provide increased nuclease stability as well as leaving the 5′ end accessible. In an attempt
to understand the increased potency of the 5′-5′ linked construct, we investigated RNase-H
mediated excision products by RACE-assay. When using the 5′-5′ linked PS- ODN, RNase-H
cut the target RNA hybrids exclusively in the region of 8–11 nucleotides, whereas in all other
antisense designs RNase-H cut towards the 5′ region of the antisense-RNA duplex.

After more than two decades of intensive structure–activity relationship studies we
now understand that the optimal design of antisense ODNs must maintain the accessibility
of the 3′- end and use specific modifications in the 5′- end to modulate protein binding
including PRRs (Figure 2).

9. Distractions and Side Roads along the Way

The story I have told here appears to be straightforward with a few difficulties that
were easily solved and fortuitous results that only widened the therapeutic possibilities of
oligonucleotides. However, to avoid giving the wrong impression, I would like to briefly
mention some of the side roads and non-productive dead ends we encountered along
the way. For example, we spent a huge amount of time trying to mask the polyanionic
characteristics of PS-ODN using chemical or structural modifications. We tested a number
of different approaches, from creating an ODN pro-drug [102] to using different structural
designs (hairpins to lock the 3′ end [103], pseudocyclic structures [104], and using a pair
of much shorter PS-ODNs targeting sequences next to each other [105]). None of these
designs significantly increased therapeutic potency and looking back now we realize
that our focus was on the 3′- end rather than the 5′- end, as it should have been [106].
As an aside, the morpholino (PMOs) chemistry was developed for the same reason—to
eliminate ionization of the oligonucleotide in the usual physiological pH range [107]. In
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that chemistry, nucleic acid bases are bound to methylenemorpholine rings and linked
through uncharged phosphorodiamidate groups instead of anionic phosphates. After
many years of ups and downs, PMO antisense have shown encouraging results as splice
modulators and three drugs have been approved.

We also extensively tested stereopure PS-ODNs. Because of the chiral nature of PS,
ODNs containing this modification are a mixture of both Rp and Sp isomers at each PS
modification (Figure 1H,I). For example, a 20-mer PS-ODN antisense with 19 PS linkages
contains 219 different stereoisomers. After optimizing the chemistry required for production
of chirally defined oligonucleotides [108–110], we synthesized PS-ODNs that had stereopure
linkages at defined positions, for example Rp-Sp-Rp or Sp-Rp-Sp. We learned a lot about
these stereoisomers—affinity to target RNA was in the order Rp > Sp-Rp-Sp = Rp-Sp-Rp >
mixture > Sp, nuclease stability was in the order Sp > Sp-Rp-Sp > mixture > Rp, and RNase-H
activation was in the order Rp > mixture > Rp-Sp-Rp > Sp > Sp-Rp-Sp. However, increases
in therapeutic potency of such chirally defined PS-ODNs compared to the random parental
mixtures were small at best and not enough to justify the added complexity.

10. Summary

To close out this article, I would like to share a little bit of the wonder I feel about
how far the field of oligonucleotide therapeutics has come during the last 30 or so years.
When I started working with Paul, we had a grand vision of making oligonucleotides into
therapeutics, but little idea about the long road that we would need to travel to get us there.

Now, over 70 antisense drug candidates employing gapmer chemistry or using steric
blocking to modulate splicing have advanced to clinical trials, and to date seven drugs (gap-
mers mipomersen, inotersen, volanesorsen and splice modulating eteplirsen, nusinersen,
golodirsen, and viltolarsen) have been approved by various regulatory agencies [111]. In
addition, antisense is now being used for precision medicine, as demonstrated by the
development of Milasen for the treatment of a child with a very particular mutation within
one year [112]. As with all drug development, along the way many of the candidates have
failed in late-stage clinical development, most recently tominersen for the treatment of
Huntington’s Disease. It may be that the gene targets for these failed antisense ODNs were
not optimal, that the levels of knockdown needed for therapeutic effect were not achieved,
or that safety signals limited continuing dosing or dose escalation. But the answer for
why certain antisense candidates have narrower therapeutic indexes than others may
also lie in their particular sequence and how it interacts with the innate immune system.
Simply put, the sequence and chemical modifications selected are essential features of
RNA therapeutics.

I am proud that I was able to contribute to making Paul’s dream a reality, sadly too
late for him to see it.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: I am indebted to Mike Gait, Paul Zamecnik, Dan Brown, James Wyngaarden,
and Har Gobind Khorana for their mentorship during the work discussed above. I am grateful to my
colleagues and collaborators over the years whose names appear in the references cited herein for
their contributions. I am also grateful to Petra Disterer for expert editorial assistance and Beth Mellor
for figures.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Agrawal, S.; Gait, M.J. (Eds.) Advances in Nucleic Acid Therapeutics; Royal Society of Chemistry: London, UK, 2019.
2. Zamecnik, P.C. History of Antisense Oligonucleotides. In Antisense Therapeutics, 1st ed.; Agrawal, S., Walker, J.M., Eds.; Methods

in Molecular Medicine; Humana Press: Totowa, NJ, USA, 1996.



Biomedicines 2021, 9, 503 11 of 15

3. Agrawal, S.; Christodoulou, C.; Gait, M.J. Efficient methods for attaching non-radioactive labels to the 5’ ends of synthetic
oligodeoxyribonucleotides. Nucleic Acids Res. 1986, 14, 6227–6245. [CrossRef]

4. Brown, D.M. A brief history of oligonucleotide synthesis. Methods Mol. Biol. 1993, 20, 1–17. [CrossRef]
5. Stephenson, M.L.; Zamecnik, P.C. Inhibition of Rous sarcoma virus replication and cell transformation by a specific oligodeoxynu-

cleotide. Proc. Natl. Acad. Sci. USA 1978, 75, 280–284. [CrossRef]
6. Stephenson, M.L.; Zamecnik, P.C. Inhibition of Rous sarcoma viral RNA translation by a specific oligodeoxyribonucleotide. Proc.

Natl. Acad. Sci. USA 1978, 75, 285–288. [CrossRef]
7. Zamecnik, P.C.; Goodchild, J.; Taguchi, Y.; Sarin, P.S. Inhibition of replication and expression of human T-cell lymphotropic virus

type III in cultured cells by exogenous synthetic oligonucleotides complementary to viral RNA. Proc. Natl. Acad. Sci. USA 1986,
83, 4143–4146. [CrossRef]

8. Matsukura, M.; Zon, G.; Shinozuka, K.; Robert-Guroff, M.; Shimada, T.; Stein, C.A.; Mitsuya, H.; Wong-Staal, F.; Cohen, J.S.;
Broder, S. Regulation of viral expression of human immunodeficiency virus in vitro by an antisense phosphorothioate
oligodeoxynucleotide against rev (art/trs) in chronically infected cells. Proc. Natl. Acad. Sci. USA 1989, 86, 4244–4248. [CrossRef]

9. Eckstein, F. Nucleoside phosphorothioates. Annu. Rev. Biochem. 1985, 54, 367–402. [CrossRef]
10. Miller, P.S.; McParland, K.B.; Jayaraman, K.; Ts’o, P.O. Biochemical and biological effects of nonionic nucleic acid methylphospho-

nates. Biochemistry 1981, 20, 1874–1880. [CrossRef]
11. Agrawal, S.; Goodchild, J. Oligodeoxynucleoside methylphosphonates: Synthesis and enzymic degradation. Tetrahedron Lett.

1987, 28, 3539–3542. [CrossRef]
12. Sarin, P.S.; Agrawal, S.; Civeira, M.P.; Goodchild, J.; Ikeuchi, T.; Zamecnik, P.C. Inhibition of acquired immunodeficiency

syndrome virus by oligodeoxynucleoside methylphosphonates. Proc. Natl. Acad. Sci. USA 1988, 85, 7448–7451. [CrossRef]
13. Agrawal, S.; Goodchild, J.; Civeira, M.P.; Thornton, A.H.; Sarin, P.S.; Zamecnik, P.C. Oligodeoxynucleoside phosphoramidates

and phosphorothioates as inhibitors of human immunodeficiency virus. Proc. Natl. Acad. Sci. USA 1988, 85, 7079–7083. [CrossRef]
14. Lisziewicz, J.; Sun, D.; Klotman, M.; Agrawal, S.; Zamecnik, P.; Gallo, R. Specific inhibition of human immunodeficiency virus

type 1 replication by antisense oligonucleotides: An in vitro model for treatment. Proc. Natl. Acad. Sci. USA 1992, 89, 11209–11213.
[CrossRef]

15. Lisziewicz, J.; Sun, D.; Metelev, V.; Zamecnik, P.; Gallo, R.C.; Agrawal, S. Long-term treatment of human immunodeficiency
virus-infected cells with antisense oligonucleotide phosphorothioates. Proc. Natl. Acad. Sci. USA 1993, 90, 3860–3864. [CrossRef]

16. Leiter, J.M.; Agrawal, S.; Palese, P.; Zamecnik, P.C. Inhibition of influenza virus replication by phosphorothioate oligodeoxynu-
cleotides. Proc. Natl. Acad. Sci. USA 1990, 87, 3430–3434. [CrossRef]

17. Agrawal, S.; Mayrand, S.H.; Zamecnik, P.C.; Pederson, T. Site-specific excision from RNA by RNase H and mixed-phosphate-
backbone oligodeoxynucleotides. Proc. Natl. Acad. Sci. USA 1990, 87, 1401–1405. [CrossRef] [PubMed]

18. Agrawal, S. Antisense oligonucleotides as antiviral agents. Trends Biotechnol. 1992, 10, 152–158. [CrossRef]
19. Agrawal, S.; Temsamani, J.; Tang, J.Y. Pharmacokinetics, biodistribution, and stability of oligodeoxynucleotide phosphorothioates

in mice. Proc. Natl. Acad. Sci. USA 1991, 88, 7595–7599. [CrossRef]
20. Agrawal, S. Antisense oligonucleotides: Towards clinical trials. Trends Biotechnol. 1996, 14, 376–387. [CrossRef]
21. Crooke, S.T.; Vickers, T.A.; Liang, X.H. Phosphorothioate modified oligonucleotide-protein interactions. Nucleic Acids Res. 2020,

48, 5235–5253. [CrossRef]
22. Agrawal, S.; Zhang, X.; Cai, Q.; Kandimalla, E.R.; Manning, A.; Jiang, Z.; Marcel, T.; Zhang, R. Effect of aspirin on protein binding

and tissue disposition of oligonucleotide phosphorothioate in rats. J. Drug Target 1998, 5, 303–312. [CrossRef]
23. Temsamani, J.; Tang, J.Y.; Padmapriya, A.; Kubert, M.; Agrawal, S. Pharmacokinetics, biodistribution, and stability of capped

oligodeoxynucleotide phosphorothioates in mice. Antisense Res. Dev. 1993, 3, 277–284. [CrossRef]
24. Zhang, R.; Diasio, R.B.; Lu, Z.; Liu, T.; Jiang, Z.; Galbraith, W.M.; Agrawal, S. Pharmacokinetics and tissue distribution in rats

of an oligodeoxynucleotide phosphorothioate (GEM 91) developed as a therapeutic agent for human immunodeficiency virus
type-1. Biochem. Pharmacol. 1995, 49, 929–939. [CrossRef]

25. Grindel, J.M.; Musick, T.J.; Jiang, Z.; Roskey, A.; Agrawal, S. Pharmacokinetics and metabolism of an oligodeoxynucleotide
phosphorothioate (GEM91) in cynomolgus monkeys following intravenous infusion. Antisense Nucleic Acid Drug Dev. 1998,
8, 43–52. [CrossRef]

26. Zhang, R.; Yan, J.; Shahinian, H.K.; Shahinian, H.; Amin, G.; Lu, Z.; Liu, T.; Saag, M.S.; Jiang, Z.; Temsamani, J.; et al.
Pharmacokinetics of an anti-human immunodeficiency virus antisense oligodeoxynucleotide phosphorothioate (GEM 91) in
HIV-infected subjects. Clin. Pharmacol. Ther. 1995, 58, 44–53. [CrossRef]

27. Agrawal, S.; Zhao, Q.; Jiang, Z.; Oliver, C.; Giles, H.; Heath, J.; Serota, D. Toxicologic effects of an oligodeoxynucleotide
phosphorothioate and its analogs following intravenous administration in rats. Antisense Nucleic Acid Drug Dev. 1997, 7, 575–584.
[CrossRef]

28. Agrawal, S.; Rustagi, P.K.; Shaw, D.R. Novel enzymatic and immunological responses to oligonucleotides. Toxicol. Lett. 1995,
82–83, 431–434. [CrossRef]

29. Zhao, Q.; Temsamani, J.; Iadarola, P.L.; Jiang, Z.; Agrawal, S. Effect of different chemically modified oligodeoxynucleotides on
immune stimulation. Biochem. Pharmacol. 1996, 51, 173–182. [CrossRef]

http://doi.org/10.1093/nar/14.15.6227
http://doi.org/10.1385/0-89603-281-7:1
http://doi.org/10.1073/pnas.75.1.285
http://doi.org/10.1073/pnas.75.1.285
http://doi.org/10.1073/pnas.83.12.4143
http://doi.org/10.1073/pnas.86.11.4244
http://doi.org/10.1146/annurev.bi.54.070185.002055
http://doi.org/10.1021/bi00510a024
http://doi.org/10.1016/S0040-4039(00)95529-1
http://doi.org/10.1073/pnas.85.20.7448
http://doi.org/10.1073/pnas.85.19.7079
http://doi.org/10.1073/pnas.89.23.11209
http://doi.org/10.1073/pnas.90.9.3860
http://doi.org/10.1073/pnas.87.9.3430
http://doi.org/10.1073/pnas.87.4.1401
http://www.ncbi.nlm.nih.gov/pubmed/2154746
http://doi.org/10.1016/0167-7799(92)90203-8
http://doi.org/10.1073/pnas.88.17.7595
http://doi.org/10.1016/0167-7799(96)10053-6
http://doi.org/10.1093/nar/gkaa299
http://doi.org/10.3109/10611869808995883
http://doi.org/10.1089/ard.1993.3.277
http://doi.org/10.1016/0006-2952(95)00010-W
http://doi.org/10.1089/oli.1.1998.8.43
http://doi.org/10.1016/0009-9236(95)90071-3
http://doi.org/10.1089/oli.1.1997.7.575
http://doi.org/10.1016/0378-4274(95)03573-7
http://doi.org/10.1016/0006-2952(95)02177-9


Biomedicines 2021, 9, 503 12 of 15

30. Galbraith, W.M.; Hobson, W.C.; Giclas, P.C.; Schechter, P.J.; Agrawal, S. Complement activation and hemodynamic changes
following intravenous administration of phosphorothioate oligonucleotides in the monkey. Antisense Res. Dev. 1994, 4, 201–206.
[CrossRef] [PubMed]

31. Black, L.E.; Degeorge, J.J.; Cavagnaro, J.A.; Jordan, A.; Ahn, C.H. Regulatory considerations for evaluating the pharmacology and
toxicology of antisense drugs. Antisense Res. Dev. 1993, 3, 399–404. [CrossRef]

32. Padmapriya, A.A.; Tang, J.; Agrawal, S. Large-scale synthesis, purification, and analysis of oligodeoxynucleotide phosphoroth-
ioates. Antisense Res. Dev. 1994, 4, 185–199. [CrossRef]

33. Agrawal, S.; Hybridon, Inc. FORM 8-K June 29, 2000. Available online: https://ir.iderapharma.com/node/8761/html (accessed on
14 April 2021).

34. Agrawal, S.; Lisziewicz, J. Potential for HIV-1 treatment with antisense oligonucleotides. J. Biotech. Healthcare 1994, 1, 167–182.
35. Metelev, V.; Lisziewicz, J.; Agrawal, S. Study of antisense oligonucleotide phosphorothioates containing segments of oligodeoxynu-

cleotides and 2′-o- methyloligoribonucleotides. Bioorganic Med. Chem. Lett. 1994, 4, 2929–2934.
36. Metelev, V.; Agrawal, S. Hybrid oligonucleotide phosphorothioates. 1992.
37. Temsamani, J.; Agrawal, S.; Pederson, T. Biotinylated antisense methylphosphonate oligodeoxynucleotides. Inhibition of

spliceosome assembly and affinity selection of U1 and U2 small nuclear RNPs. J. Biol. Chem. 1991, 266, 468–472. [CrossRef]
38. Sierakowska, H.; Sambade, M.J.; Agrawal, S.; Kole, R. Repair of thalassemic human beta-globin mRNA in mammalian cells by

antisense oligonucleotides. Proc. Natl. Acad. Sci. USA 1996, 93, 12840–12844. [CrossRef]
39. Wilton, S.D.; Lloyd, F.; Carville, K.; Fletcher, S.; Honeyman, K.; Agrawal, S.; Kole, R. Specific removal of the nonsense mutation

from the mdx dystrophin mRNA using antisense oligonucleotides. Neuromuscul. Disord. 1999, 9, 330–338. [CrossRef]
40. Kandimalla, E.R.; Shaw, D.R.; Agrawal, S. Effects of phosphorothioate oligodeoxyribonucleotide and oligoribonucleotides on

human complement and coagulation. Bioorganic Med. Chem. Lett. 1998, 8, 2103–2108. [CrossRef]
41. Agrawal, S.; Jiang, Z.; Zhao, Q.; Shaw, D.; Cai, Q.; Roskey, A.; Channavajjala, L.; Saxinger, C.; Zhang, R. Mixed-backbone

oligonucleotides as second generation antisense oligonucleotides: In vitro and in vivo studies. Proc. Natl. Acad. Sci. USA 1997, 94,
2620–2625. [CrossRef]

42. Shen, L.X.; Kandimalla, E.R.; Agrawal, S. Impact of mixed-backbone oligonucleotides on target binding affinity and target
cleaving specificity and selectivity by Escherichia coli RNase, H. Bioorganic Med. Chem. 1998, 6, 1695–1705. [CrossRef]

43. Zhang, R.; Lu, Z.; Zhao, H.; Zhang, X.; Diasio, R.B.; Habus, I.; Jiang, Z.; Iyer, R.P.; Yu, D.; Agrawal, S. In vivo stability, disposition
and metabolism of a “hybrid” oligonucleotide phosphorothioate in rats. Biochem. Pharmacol. 1995, 50, 545–556. [CrossRef]

44. Agrawal, S.; Zhang, X.; Lu, Z.; Zhao, H.; Tamburin, J.M.; Yan, J.; Cai, H.; Diasio, R.B.; Habus, I.; Jiang, Z. Absorption, tissue
distribution and in vivo stability in rats of a hybrid antisense oligonucleotide following oral administration. Biochem. Pharmacol.
1995, 50, 571–576. [CrossRef]

45. Wang, H.; Cai, Q.; Zeng, X.; Yu, D.; Agrawal, S.; Zhang, R. Antitumor activity and pharmacokinetics of a mixed-backbone
antisense oligonucleotide targeted to the RIalpha subunit of protein kinase A after oral administration. Proc. Natl. Acad. Sci. USA
1999, 96, 13989–13994. [CrossRef]

46. Zhou, W.; Agrawal, S. Mixed-backbone oligonucleotides as second-generation antisense agents with reduced phosphorothioate-
related side effects. Bioorganic Med. Chem. Lett. 1998, 8, 3269–3274. [CrossRef]

47. Iyer, R.P.; Yu, D.; Devlin, T.; Ho, N.-H.; Johnson, S.; Agrawal, S. Synthesis, Biophysical Properties, and Stability Studies of Mixed
Backbone Oligonucleotides Containing Novel Non-Ionic Linkages. Nucleosides Nucleotides 1997, 16, 1491–1495. [CrossRef]

48. Iyer, R.P.; Yu, D.; Jiang, Z.; Agrawal, S. Synthesis, biophysical properties, and stability studies of mixed backbone oligonucleotides
containing segments of methylphosphotriester internucleotidic linkages. Tetrahedron 1996, 52, 14419–14436. [CrossRef]

49. Devlin, T.; Iyer, R.P.; Johnson, S.; Agrawal, S. Mixed backbone oligonucleotides containing internucleotidic primary phosphorami-
date linkages. Bioorganic Med. Chem. Lett. 1996, 6, 2663–2668.

50. Habus, I.; Temsamani, J.; Agrawal, S. Synthesis of di-, tri-, and tetrameric building blocks with novel carbamate internucleoside
linkages and their incorporation into oligonucleotides. Bioorganic Med. Chem. Lett. 1994, 4, 1065–1070.

51. Kandimalla, E.R.; Temsamani, J.; Agrawal, S. Synthesis and Properties of 2′-O-Methylribonucleotide Methylphosphonate
Containing Chimeric Oligonucleotides. Nucleosides Nucleotides 1995, 14, 1031–1035. [CrossRef]

52. Kandimalla, E.R.; Manning, A.; Zhao, Q.; Shaw, D.R.; Byrn, R.A.; Sasisekharan, V.; Agrawal, S. Mixed backbone antisense oligonu-
cleotides: Design, biochemical and biological properties of oligonucleotides containing 2’-5’-ribo- and 3’-5’-deoxyribonucleotide
segments. Nucleic Acids Res. 1997, 25, 370–378. [CrossRef] [PubMed]

53. Agrawal, S.; Hybridon, Inc. FORM 8-K, May 24, 2001. Available online: https://www.sec.gov/Archives/edgar/data/861838/0
00095013501501616/b39654hye8-k.txt (accessed on 14 April 2021).

54. Geary, R.S.; Baker, B.F.; Moni, B.P. Antisense Technology: Liver Targeting and Beyond for Drug Discovery. In Advances in Nucleic
Acid Therapeutics; Agrawal, S.G., Michael, J., Thurston, D., Eds.; Drug Discovery; Royal Society of Chemistry: London, UK, 2019;
pp. 62–79.

55. Seth, P.P.; Swayze, E.E. The Medicinal Chemistry of RNase H-activating Antisense Oligonucleotides. In Advances in Nucleic Acid
Therapeutics; Agrawal, S., Gait, M.J., Eds.; Royal Society of Chemistry: London, UK, 2019; Volume 68, pp. 32–61.

56. Zhao, Q.; Temsamani, J.; Zhou, R.Z.; Agrawal, S. Pattern and kinetics of cytokine production following administration of
phosphorothioate oligonucleotides in mice. Antisense Nucleic Acid Drug Dev. 1997, 7, 495–502. [CrossRef]

57. Agrawal, S.; Iyer, R.P. Perspectives in antisense therapeutics. Pharmacol. Ther. 1997, 76, 151–160. [CrossRef]

http://doi.org/10.1089/ard.1994.4.201
http://www.ncbi.nlm.nih.gov/pubmed/7849490
http://doi.org/10.1089/ard.1993.3.399
http://doi.org/10.1089/ard.1994.4.185
https://ir.iderapharma.com/node/8761/html
http://doi.org/10.1016/S0021-9258(18)52458-3
http://doi.org/10.1073/pnas.93.23.12840
http://doi.org/10.1016/S0960-8966(99)00010-3
http://doi.org/10.1016/S0960-894X(98)00368-0
http://doi.org/10.1073/pnas.94.6.2620
http://doi.org/10.1016/S0968-0896(98)00131-X
http://doi.org/10.1016/0006-2952(95)00159-W
http://doi.org/10.1016/0006-2952(95)00160-2
http://doi.org/10.1073/pnas.96.24.13989
http://doi.org/10.1016/S0960-894X(98)00591-5
http://doi.org/10.1080/07328319708006214
http://doi.org/10.1016/0040-4020(96)00875-7
http://doi.org/10.1080/15257779508012527
http://doi.org/10.1093/nar/25.2.370
http://www.ncbi.nlm.nih.gov/pubmed/9016567
https://www.sec.gov/Archives/edgar/data/861838/000095013501501616/b39654hye8-k.txt
https://www.sec.gov/Archives/edgar/data/861838/000095013501501616/b39654hye8-k.txt
http://doi.org/10.1089/oli.1.1997.7.495
http://doi.org/10.1016/S0163-7258(97)00108-3


Biomedicines 2021, 9, 503 13 of 15

58. Lewis, E.J.; Agrawal, S.; Bishop, J.; Chadwick, J.; Cristensen, N.D.; Cuthill, S.; Dunford, P.; Field, A.K.; Francis, J.; Gibson, V.; et al.
Non-specific antiviral activity of antisense molecules targeted to the E1 region of human papillomavirus. Antivir. Res. 2000, 48,
187–196. [CrossRef]

59. Agrawal, S.; Martin, R.R. Was induction of HIV-1 through TLR9? J. Immunol. 2003, 171, 1621, author reply 1621–1622. [CrossRef]
60. De Clercq, E.; Eckstein, E.; Merigan, T.C. Interferon induction increased through chemical modification of a synthetic polyribonu-

cleotide. Science 1969, 165, 1137–1139. [CrossRef]
61. De Clercq, E.; Torrence, P.F.; Witkop, B. Interferon induction by synthetic polynucleotides: Importance of purine N-7 and

strandwise rearrangement. Proc. Natl. Acad. Sci. USA 1974, 71, 182–186. [CrossRef]
62. Tokunaga, T.; Yamamoto, H.; Shimada, S.; Abe, H.; Fukuda, T.; Fujisawa, Y.; Furutani, Y.; Yano, O.; Kataoka, T.; Sudo, T. Antitumor

activity of deoxyribonucleic acid fraction from Mycobacterium bovis BCG. I. Isolation, physicochemical characterization, and
antitumor activity. J. Natl. Cancer Inst. 1984, 72, 955–962. [PubMed]

63. Messina, J.P.; Gilkeson, G.S.; Pisetsky, D.S. Stimulation of in vitro murine lymphocyte proliferation by bacterial DNA. J. Immunol.
1991, 147, 1759–1764. [PubMed]

64. Krieg, A.M.; Yi, A.K.; Matson, S.; Waldschmidt, T.J.; Bishop, G.A.; Teasdale, R.; Koretzky, G.A.; Klinman, D.M. CpG motifs in
bacterial DNA trigger direct B-cell activation. Nature 1995, 374, 546–549. [CrossRef]

65. Saitoh, S.-I.; Miyake, K. Nucleic Acid Innate Immune Receptors. In Advances in Nucleic Acid Therapeutics; Agrawal, S.G.,
Michael, J., Eds.; Royal Society of Chemistry: London, UK, 2019; pp. 292–305.

66. Zhao, Q.; Yu, D.; Agrawal, S. Immunostimulatory activity of CpG containing phosphorothioate oligodeoxynucleotide is modu-
lated by modification of a single deoxynucleoside. Bioorganic Med. Chem. Lett. 2000, 10, 1051–1054. [CrossRef]

67. Yu, D.; Kandimalla, E.R.; Zhao, Q.; Cong, Y.; Agrawal, S. Modulation of immunostimulatory activity of CpG oligonucleotides by
site-specific deletion of nucleobases. Bioorganic Med. Chem. Lett. 2001, 11, 2263–2267. [CrossRef]

68. Yu, D.; Kandimalla, E.R.; Zhao, Q.; Cong, Y.; Agrawal, S. Immunostimulatory activity of CpG oligonucleotides containing
non-ionic methylphosphonate linkages. Bioorganic Med. Chem. 2001, 9, 2803–2808. [CrossRef]

69. Yu, D.; Zhao, Q.; Kandimalla, E.R.; Agrawal, S. Accessible 5’-end of CpG-containing phosphorothioate oligodeoxynucleotides is
essential for immunostimulatory activity. Bioorganic Med. Chem. Lett. 2000, 10, 2585–2588. [CrossRef]

70. Yu, D.; Kandimalla, E.R.; Zhao, Q.; Cong, Y.; Agrawal, S. Immunostimulatory properties of phosphorothioate CpG DNA
containing both 3’-5’- and 2’-5’-internucleotide linkages. Nucleic Acids Res. 2002, 30, 1613–1619. [CrossRef]

71. Kandimalla, E.R.; Bhagat, L.; Yu, D.; Cong, Y.; Tang, J.; Agrawal, S. Conjugation of ligands at the 5’-end of CpG DNA affects
immunostimulatory activity. Bioconjug. Chem. 2002, 13, 966–974. [CrossRef]

72. Putta, M.R.; Zhu, F.G.; Wang, D.; Bhagat, L.; Dai, M.; Kandimalla, E.R.; Agrawal, S. Peptide conjugation at the 5’-end of
oligodeoxynucleotides abrogates toll-like receptor 9-mediated immune stimulatory activity. Bioconjug. Chem. 2010, 21, 39–45.
[CrossRef] [PubMed]

73. Yu, D.; Kandimalla, E.R.; Bhagat, L.; Tang, J.Y.; Cong, Y.; Tang, J.; Agrawal, S. ‘Immunomers’–novel 3’-3’-linked CpG oligodeoxyri-
bonucleotides as potent immunomodulatory agents. Nucleic Acids Res. 2002, 30, 4460–4469. [CrossRef] [PubMed]

74. Putta, M.R.; Bhagat, L.; Wang, D.; Zhu, F.G.; Kandimalla, E.R.; Agrawal, S. Immune-Stimulatory Dinucleotide at the 5’-End of
Oligodeoxynucleotides Is Critical for TLR9-Mediated Immune Responses. ACS Med. Chem. Lett. 2013, 4, 302–305. [CrossRef]

75. Kandimalla, E.R.; Bhagat, L.; Li, Y.; Yu, D.; Wang, D.; Cong, Y.P.; Song, S.S.; Tang, J.X.; Sullivan, T.; Agrawal, S. Immunomodulatory
oligonucleotides containing a cytosine-phosphate-2’-deoxy-7-deazaguanosine motif as potent toll-like receptor 9 agonists.
Proc. Natl. Acad. Sci. USA 2005, 102, 6925–6930. [CrossRef] [PubMed]

76. Putta, M.R.; Zhu, F.; Li, Y.; Bhagat, L.; Cong, Y.; Kandimalla, E.R.; Agrawal, S. Novel oligodeoxynucleotide agonists of TLR9
containing N3-Me-dC or N1-Me-dG modifications. Nucleic Acids Res. 2006, 34, 3231–3238. [CrossRef] [PubMed]

77. Yu, D.; Putta, M.R.; Bhagat, L.; Li, Y.; Zhu, F.; Wang, D.; Tang, J.X.; Kandimalla, E.R.; Agrawal, S. Agonists of Toll-like receptor 9
containing synthetic dinucleotide motifs. J. Med. Chem. 2007, 50, 6411–6418. [CrossRef]

78. Lan, T.; Bhagat, L.; Wang, D.; Dai, M.; Kandimalla, E.R.; Agrawal, S. Synthetic oligoribonucleotides containing arabinonucleotides
act as agonists of TLR7 and 8. Bioorganic Med. Chem. Lett. 2009, 19, 2044–2047. [CrossRef] [PubMed]

79. Lan, T.; Putta, M.R.; Wang, D.; Dai, M.; Yu, D.; Kandimalla, E.R.; Agrawal, S. Synthetic oligoribonucleotides-containing secondary
structures act as agonists of Toll-like receptors 7 and 8. Biochem. Biophys. Res. Commun. 2009, 386, 443–448. [CrossRef]

80. Lan, T.; Dai, M.; Wang, D.; Zhu, F.G.; Kandimalla, E.R.; Agrawal, S. Toll-like receptor 7 selective synthetic oligoribonucleotide
agonists: Synthesis and structure-activity relationship studies. J. Med. Chem. 2009, 52, 6871–6879. [CrossRef]

81. Lan, T.; Wang, D.; Bhagat, L.; Philbin, V.J.; Yu, D.; Tang, J.X.; Putta, M.R.; Sullivan, T.; La Monica, N.; Kandimalla, E.R.; et al.
Design of synthetic oligoribonucleotide-based agonists of Toll-like receptor 3 and their immune response profiles in vitro and
in vivo. Org. Biomol. Chem. 2013, 11, 1049–1058. [CrossRef]

82. Conforti, A.; Cipriani, B.; Peruzzi, D.; Dharmapuri, S.; Kandimalla, E.R.; Agrawal, S.; Mori, F.; Ciliberto, G.; La Monica, N.;
Aurisicchio, L. A TLR9 agonist enhances therapeutic effects of telomerase genetic vaccine. Vaccine 2010, 28, 3522–3530. [CrossRef]
[PubMed]

83. Wang, D.; Kandimalla, E.R.; Yu, D.; Tang, J.X.; Agrawal, S. Oral administration of second-generation immunomodulatory
oligonucleotides induces mucosal Th1 immune responses and adjuvant activity. Vaccine 2005, 23, 2614–2622. [CrossRef] [PubMed]

84. Li, Y.; Kandimalla, E.R.; Yu, D.; Agrawal, S. Oligodeoxynucleotides containing synthetic immunostimulatory motifs augment
potent Th1 immune responses to HBsAg in mice. Int. Immunopharmacol. 2005, 5, 981–991. [CrossRef]

http://doi.org/10.1016/S0166-3542(00)00129-7
http://doi.org/10.4049/jimmunol.171.4.1621
http://doi.org/10.1126/science.165.3898.1137
http://doi.org/10.1073/pnas.71.1.182
http://www.ncbi.nlm.nih.gov/pubmed/6200641
http://www.ncbi.nlm.nih.gov/pubmed/1890302
http://doi.org/10.1038/374546a0
http://doi.org/10.1016/S0960-894X(00)00157-8
http://doi.org/10.1016/S0960-894X(01)00418-8
http://doi.org/10.1016/S0968-0896(01)00142-0
http://doi.org/10.1016/S0960-894X(00)00537-0
http://doi.org/10.1093/nar/30.7.1613
http://doi.org/10.1021/bc0200374
http://doi.org/10.1021/bc900425s
http://www.ncbi.nlm.nih.gov/pubmed/20020767
http://doi.org/10.1093/nar/gkf582
http://www.ncbi.nlm.nih.gov/pubmed/12384593
http://doi.org/10.1021/ml300482z
http://doi.org/10.1073/pnas.0501729102
http://www.ncbi.nlm.nih.gov/pubmed/15860583
http://doi.org/10.1093/nar/gkl430
http://www.ncbi.nlm.nih.gov/pubmed/16798912
http://doi.org/10.1021/jm070881l
http://doi.org/10.1016/j.bmcl.2009.02.021
http://www.ncbi.nlm.nih.gov/pubmed/19269175
http://doi.org/10.1016/j.bbrc.2009.06.036
http://doi.org/10.1021/jm901145s
http://doi.org/10.1039/c2ob26946e
http://doi.org/10.1016/j.vaccine.2010.03.020
http://www.ncbi.nlm.nih.gov/pubmed/20332048
http://doi.org/10.1016/j.vaccine.2004.11.028
http://www.ncbi.nlm.nih.gov/pubmed/15780444
http://doi.org/10.1016/j.intimp.2005.01.002


Biomedicines 2021, 9, 503 14 of 15

85. Idera Pharmaceuticals, I. Study of Combination Treatment With IMO-2125 and Ribavirin in Naïve Hepatitis C-infected, Genotype
1 Patients. Available online: https://clinicaltrials.gov/ct2/show/NCT00990938 (accessed on 6 April 2021).

86. Agrawal, D.K.; Edwan, J.; Kandimalla, E.R.; Yu, D.; Bhagat, L.; Wang, D.; Agrawal, S. Novel immunomodulatory oligonucleotides
prevent development of allergic airway inflammation and airway hyperresponsiveness in asthma. Int. Immunopharmacol. 2004, 4,
127–138. [CrossRef] [PubMed]

87. Agrawal, S.; Kandimall, E.R. Synthetic Agonists of Toll-like Receptors and Therapeutic Applications. In Advances in Nucleic Acid
Therapeutics; Agrawal, S.G., Michael, J., Eds.; Royal Society of Chemistry: London, UK, 2019; pp. 306–338.

88. Damiano, V.; Caputo, R.; Bianco, R.; D’Armiento, F.P.; Leonardi, A.; De Placido, S.; Bianco, A.R.; Agrawal, S.; Ciardiello,
F.; Tortora, G. Novel toll-like receptor 9 agonist induces epidermal growth factor receptor (EGFR) inhibition and synergistic
antitumor activity with EGFR inhibitors. Clin. Cancer Res. 2006, 12, 577–583. [CrossRef]

89. Damiano, V.; Garofalo, S.; Rosa, R.; Bianco, R.; Caputo, R.; Gelardi, T.; Merola, G.; Racioppi, L.; Garbi, C.; Kandimalla, E.R.; et al.
A novel toll-like receptor 9 agonist cooperates with trastuzumab in trastuzumab-resistant breast tumors through multiple
mechanisms of action. Clin. Cancer Res. 2009, 15, 6921–6930. [CrossRef]

90. Wang, D.; Jiang, W.; Zhu, F.; Mao, X.; Agrawal, S. Modulation of the tumor microenvironment by intratumoral administration of
IMO-2125, a novel TLR9 agonist, for cancer immunotherapy. Int. J. Oncol. 2018, 53, 1193–1203. [CrossRef]

91. Haymaker, C.; Johnson, D.H.; Murthy, R.; Bentebibel, S.E.; Uemura, M.I.; Hudgens, C.W.; Safa, H.; James, M.; Andtbacka, R.H.;
Johnson, D.B.; et al. Tilsotolimod with ipilimumab drives tumor responses in anti-PD-1 refractory melanoma. Cancer Discov. 2021.
[CrossRef] [PubMed]

92. Kandimalla, E.R.; Bhagat, L.; Wang, D.; Yu, D.; Sullivan, T.; La Monica, N.; Agrawal, S. Design, synthesis and biological evaluation
of novel antagonist compounds of Toll-like receptors 7, 8 and 9. Nucleic Acids Res. 2013, 41, 3947–3961. [CrossRef] [PubMed]

93. Yu, D.; Wang, D.; Zhu, F.G.; Bhagat, L.; Dai, M.; Kandimalla, E.R.; Agrawal, S. Modifications incorporated in CpG motifs of
oligodeoxynucleotides lead to antagonist activity of toll-like receptors 7 and 9. J. Med. Chem. 2009, 52, 5108–5114. [CrossRef]
[PubMed]

94. Wang, D.; Bhagat, L.; Yu, D.; Zhu, F.G.; Tang, J.X.; Kandimalla, E.R.; Agrawal, S. Oligodeoxyribonucleotide-based antagonists for
Toll-like receptors 7 and 9. J. Med. Chem. 2009, 52, 551–558. [CrossRef] [PubMed]

95. Jiang, W.; Zhu, F.G.; Bhagat, L.; Yu, D.; Tang, J.X.; Kandimalla, E.R.; La Monica, N.; Agrawal, S. A Toll-like receptor 7, 8, and
9 antagonist inhibits Th1 and Th17 responses and inflammasome activation in a model of IL-23-induced psoriasis. J. Invest.
Dermatol. 2013, 133, 1777–1784. [CrossRef]

96. Zhu, F.G.; Jiang, W.; Bhagat, L.; Wang, D.; Yu, D.; Tang, J.X.; Kandimalla, E.R.; La Monica, N.; Agrawal, S. A novel antagonist of
Toll-like receptors 7, 8 and 9 suppresses lupus disease-associated parameters in NZBW/F1 mice. Autoimmunity 2013, 46, 419–428.
[CrossRef]

97. Zhu, F.; Wang, D.; Jiang, W.; Bhagat, L.; Agrawal, S. Sa1757 Targeting Innate Immune Receptors to Treat Inflammatory Bowel
Disease: Preclinical Activity of IMO-9200, an Antagonist of TLRS 7, 8, and 9 in Mouse Models of Colitis. Gastroenterology 2015,
148, S-324. [CrossRef]

98. Bhagat, L.; Wang, D.; Jiang, W.; Agrawal, S. Abstract 2570: IMO-8400, a selective antagonist of TLRs 7, 8 and 9, inhibits MYD88
L265P mutation-driven signaling and cell survival: A potential novel approach for treatment of B-cell lymphomas harboring
MYD88 L265P mutation. Cancer Res. 2014, 74, 2570.

99. Idera Pharmaceuticals, I. Trial of IMO-3100 in Patients with Moderate to Severe Plaque Psoriasis. Available online: https:
//www.clinicaltrials.gov/ct2/show/NCT01622348 (accessed on 6 April 2021).

100. Idera Pharmaceuticals, I. Extension Study of IMO-8400 in Patients with Waldenström’s Macroglobulinemia Who Completed
Study 8400-8401. Available online: https://clinicaltrials.gov/ct2/show/NCT02363439 (accessed on 6 April 2021).

101. Bhagat, L.; Putta, M.R.; Wang, D.; Yu, D.; Lan, T.; Jiang, W.; Sun, Z.; Wang, H.; Tang, J.X.; La Monica, N.; et al. Novel
oligonucleotides containing two 3’-ends complementary to target mRNA show optimal gene-silencing activity. J. Med. Chem.
2011, 54, 3027–3036. [CrossRef] [PubMed]

102. Iyer, R.P.; Yu, D.; Agrawal, S. Prodrugs of Oligonucleotides: The Acyloxyalkyl Esters of Oligodeoxyribonucleoside Phosphoroth-
ioates. Bioorganic Chem. 1995, 23, 1–21. [CrossRef]

103. Tang, J.Y.; Temsamani, J.; Agrawal, S. Self-stabilized antisense oligodeoxynucleotide phosphorothioates: Properties and anti-HIV
activity. Nucleic Acids Res. 1993, 21, 2729–2735. [CrossRef] [PubMed]

104. Zhang, R.; Lu, Z.; Zhang, X.; Zhao, H.; Diasio, R.B.; Liu, T.; Jiang, Z.; Agrawal, S. In vivo stability and disposition of a self-stabilized
oligodeoxynucleotide phosphorothioate in rats. Clin. Chem. 1995, 41, 836–843. [CrossRef] [PubMed]

105. Kandimalla, E.R.; Manning, A.; Lathan, C.; Byrn, R.A.; Agrawal, S. Design, biochemical, biophysical and biological properties of
cooperative antisense oligonucleotides. Nucleic Acids Res. 1995, 23, 3578–3584. [CrossRef] [PubMed]

106. Chaix, C.; Iyer, R.P.; Agrawal, S. 3′-3′-linked oligonucleotides: Synthesis and stability studies. Bioorganic Med. Chem. Lett. 1996,
6, 827–832.

107. Summerton, J.; Weller, D. Morpholino antisense oligomers: Design, preparation, and properties. Antisense Nucleic Acid Drug Dev.
1997, 7, 187–195. [CrossRef]

108. Tang, J.; Roskey, A.; Li, Y.; Agrawal, S. Enzymatic Synthesis of Stereoregular (All Rp) Oligonucleotide Phosphorothioate and Its
Properties. Nucleosides Nucleotides 1995, 14, 985–990. [CrossRef]

https://clinicaltrials.gov/ct2/show/NCT00990938
http://doi.org/10.1016/j.intimp.2003.11.005
http://www.ncbi.nlm.nih.gov/pubmed/14975367
http://doi.org/10.1158/1078-0432.CCR-05-1943
http://doi.org/10.1158/1078-0432.CCR-09-1599
http://doi.org/10.3892/ijo.2018.4456
http://doi.org/10.1158/2159-8290.CD-20-1546
http://www.ncbi.nlm.nih.gov/pubmed/33707233
http://doi.org/10.1093/nar/gkt078
http://www.ncbi.nlm.nih.gov/pubmed/23396449
http://doi.org/10.1021/jm900730r
http://www.ncbi.nlm.nih.gov/pubmed/19650625
http://doi.org/10.1021/jm8014316
http://www.ncbi.nlm.nih.gov/pubmed/19102653
http://doi.org/10.1038/jid.2013.57
http://doi.org/10.3109/08916934.2013.798651
http://doi.org/10.1016/S0016-5085(15)31073-8
https://www.clinicaltrials.gov/ct2/show/NCT01622348
https://www.clinicaltrials.gov/ct2/show/NCT01622348
https://clinicaltrials.gov/ct2/show/NCT02363439
http://doi.org/10.1021/jm200113t
http://www.ncbi.nlm.nih.gov/pubmed/21466154
http://doi.org/10.1006/bioo.1995.1001
http://doi.org/10.1093/nar/21.11.2729
http://www.ncbi.nlm.nih.gov/pubmed/8392706
http://doi.org/10.1093/clinchem/41.6.836
http://www.ncbi.nlm.nih.gov/pubmed/7768001
http://doi.org/10.1093/nar/23.17.3578
http://www.ncbi.nlm.nih.gov/pubmed/7567472
http://doi.org/10.1089/oli.1.1997.7.187
http://doi.org/10.1080/15257779508012517


Biomedicines 2021, 9, 503 15 of 15

109. Iyer, R.P.; Guo, M.-J.; Yu, D.; Agrawal, S. Solid-phase stereoselective synthesis of oligonucleoside phosphorothioates: The
nucleoside bicyclic oxazaphospholidines as novel synthons. Tetrahedron Lett. 1998, 39, 2491–2494. [CrossRef]

110. Yu, D.; Kandimalla, E.R.; Roskey, A.; Zhao, Q.; Chen, L.; Chen, J.; Agrawal, S. Stereo-enriched phosphorothioate oligodeoxynu-
cleotides: Synthesis, biophysical and biological properties. Bioorganic Med. Chem. 2000, 8, 275–284. [CrossRef]

111. Agrawal, S. RNA Therapeutics Are Stepping Out of the Maze. Trends Mol. Med. 2020, 26, 1061–1064. [CrossRef]
112. Kim, J.; Hu, C.; Moufawad El Achkar, C.; Black, L.E.; Douville, J.; Larson, A.; Pendergast, M.K.; Goldkind, S.F.; Lee, E.A.;

Kuniholm, A.; et al. Patient-Customized Oligonucleotide Therapy for a Rare Genetic Disease. N. Engl. J. Med. 2019, 381,
1644–1652. [CrossRef]

http://doi.org/10.1016/S0040-4039(98)00380-3
http://doi.org/10.1016/S0968-0896(99)00275-8
http://doi.org/10.1016/j.molmed.2020.08.007
http://doi.org/10.1056/NEJMoa1813279

	Introduction 
	The Beginning 
	Stability against Nucleolytic Degradation 
	PS-ODNS—First Generation Antisense Therapeutics 
	Modified PS-Oligoribonucleotides (PS-ORNs) 
	Putting the Pieces Together: Mixed Backbone Antisense 
	Paying the Tolls: The Role of Sequence and Modifications 
	Connecting the Dots for New Antisense Chemistry 
	Distractions and Side Roads along the Way 
	Summary 
	References

