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RNA therapeutics
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HYBRIDIZATION WITH TARGETED RNA

RNA Therapeutics Are Stepping Out of the Maze
S u d h i r  A g r a w a l
Trends MoI. Med. 2020 Dec;26(12): 1061-1064

HYBRIDIZATION OFF-TARGET



Antisense oligonucleotide: Mechanisms of action

• RNase H mediated excision  > Degradation of targeted RNA

• Splicing >  Expression of the desired protein

• 5’UTR > Increased Expression of the desired protein

• ncRNA/lncRNA > Increased or decreased translation

• miRNA > Gene regulation

• siRNA>Degradation of targeted RNA

• ADAR mediated editing > A-I editing in mRNA

• CRISPR -Editing of DNA

HYBRIDIZATION WITH RNA

Modulation
 of protein
expression
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Hybridization with 
targeted RNA

Antisense



Chemistry of antisense therapeutics

Considerations for creating the next generation RNA therapeutics: Oligonucleotide chemistry
and Innate immune responses to nucleic acids 
S  A g r a w a l . 
Nucleic Acid Therapeutics, 2024,, 37-51

Chemistry of antisense
oligonucleotides

Oligonucleotides act as 
pathogen-associated molecular 
patterns (PAMPs)

Chemical engineering of 
oligonucleotides

RecentLate eighties

Immunogenicity of Oligonucleotides

DRUG- LIKE PROPERTIES OF OLIGONUCLEOTIDES
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Phosphorothioate Oligonucleotides
1987-1992 CHEMISTRY TO PROVIDE DRUG-LIKE PROPERTIES

Nuclease stability

Affinity with target RNA                        

Aqueous Solubility

Modified RNA and 2’-Substituted RNA

RNase H substrate Lack of RNase H activation

Phosphorothioate DNA
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Phosphorothioate Oligonucleotide: Observation of off-target activity
HYBRIDIZATION WITH RNA
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• First-Generation Antisense Candidates

• RNase H-mediated degradation of targeted RNA

• Over twenty antisense candidates advanced to 
     clinical development

• Antiviral
• Anticancer

• Immune and polyanionic characteristics

• Mechanism of action of antisense questioned

• Development discontinued
Phosphorothioate DNA

Oligodeoxynucleotide phosphoramidates and phosphorothioates as inhibitors of 
human immunodeficiency virus

S  A g r a w a l ,  J  G o o d c h i l d ,  M P  C i v e i r a ,  A H  T h o r n t o n ,  P S  S a r i n ,  P C  Z a m e c n i k
PNAS USA. 1988, 85(19)7079-7083



Serum Complement CH50 Serum Complement C5a

PS-DNA: First observation of complement activation in primates
1992-1994

5’-CTCTCGCACCCATCTCTCTCCTTCT-3’, PS –DNA, IV administration

Complement activation and hemodynamic changes following intravenous 
administration of phosphorothioate oligonucleotides in the monkey

W M  G a l b r a i t h ,  W C  H o b s o n ,  P C  G i c l a s ,  P J  S c h e c h t e r ,  S  A g r a w a l
Antisense Res Dev.  1994 Fall;4(3):201-6

Prolongation of aPTT
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PS-DNA: First observation of thrombocytopenia
1992-1994

5’-CTCTCGCACCCATCTCTCTCCTTCT-3’, PS –DNA, IV administration

Thrombocytopenia

Complement activation and hemodynamic changes following intravenous 
administration of phosphorothioate oligonucleotides in the monkey

W M  G a l b r a i t h ,  W C  H o b s o n ,  P C  G i c l a s ,  P J  S c h e c h t e r ,  S  A g r a w a l
Antisense Res Dev.  1994 Fall;4(3):201-6

• Plasma concentration dependent
• Sequence Independent
• Length-dependent/ polyanionic 
• Avoided by slow infusion
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First observation of immune activation with PS-DNA antisense 
1993-1996

Was induction of HIV-1 Through TLR9?
S u d h i r  A g r a w a l ;  R .  R u s s e l l  M a r t i n
J Immunol (2003) 171 (4): 1621-1622

• IV infusion  or SC administration in HIV-1-infected patients
• Chills/Flu-like symptoms, induration at the site of  injection
• SC administration was more severe than with IV infusion
• Thrombocytopenia in a few subjects
• Increase of HIV-1 RNA in the systemic circulation?

5’-CTCTCGCACCCATCTCTCTCCTTCT-3’  (PS-DNA)
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PS oligonucleotides: Impact of stereoisomers on off-target activity?
1995-2000

• Less stable against nucleases

• Better RNase H substrate

• Increased CpG-mediated immune activity

Rp isomer

• More stable against nucleases

• Poor RNase H substrate

• Increased protein binding

• Increased Polyanionic characteristics

• Decreased CpG immune activity

Stereo-enriched phosphorothioate oligodeoxynucleotides: 
synthesis, biophysical and biological properties
D  Y u ,  E R  K a n d i m a l l a ,  A  R o s k e y ,  Q  Z h a o ,  L  C h e n ,  J  C h e n ,  S  A g r a w a l
Bioorg Med Chem. 2000 Jan;8(1):275-84

Solid-phase stereoselective synthesis of oligonucleotide 
phosphorothioates: the nucleoside bicyclic oxazaphospholidines 
as novel synthons
R a d h a k r i s h n a n  P  I y e r ,  M a o - J u n  G u o ,  D o n g  Y U ,  S u d h i r  A g r a w a l
Tetrachedron Letters. Volume 39, Issue 17, 23 April 1998, Pages 2491-2494

Sp isomer

Enzymatic Synthesis of Stereoregular (All Rp) Oligonucleotide 
Phosphorothioate and It’s Properties 
J i n y a n  T a n g ,  A l l y s e n  R o s k e y ,  Y i n g  L i  &  S u d h i r  A g r a w a l
Nucleosides and Nucleotides,  1995, 14:3-5,  985-990, 
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Characteristics of phosphorothioate DNA and RNA
1987-1995- BEYOND HYBRIDIZATION

• Nuclease stability ++

• Affinity with RNA +

• RNase-H substrate – yes

• Antisense potency ++

• Complement activation ++

• Prolongation of aPTT++

• Immune/Inflammatory responses ++

• Nuclease stability +++

• Affinity with RNA +++

• RNase-H substrate – no

• Antisense potency +

• Complement activation –

• Prolongation of aPPT – 

• Immune/Inflammatory responses -

Phosphorothioate DNA Phosphorothioate 2’-substituted RNA

Novel enzymatic and immunological
responses to oligonucleotides
S  A g r a w a l ,  O  K  R u s t a g i ,  D  R  S h a w
Toxico Lett. 1995 Dec; 82083:431-4

Effect of different chemically modified 
oligodeoxynucleotides on immune stimulation

Q  Z h a o ,  J  T e m s a m a n i ,  P  L  I a d a r o l a ,  Z  J i a n g ,  S  A g r a w a l
Biochem Pharmacol. 1996 Jan 26;51(2): 173-82
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Complement activation and hemodynamic changes following intravenous 
administration of phosphorothioate oligonucleotides in the monkey

W M  G a l b r a i t h ,  W C  H o b s o n ,  P C  G i c l a s ,  P J  S c h e c h t e r ,  S  A g r a w a l
Antisense Res Dev.  1994 Fall;4(3):201-6



Foundational Chemistry in antisense: Enabling development and approval

3’- -5’

2’-Modified RNA

Gapmer

Splice modulator

3’- -5’
PS/PO

2’-modified RNA segments

PS-DNA segment

DESIGNED IN MID-NINETIES

ARNAY 2025

Hybrid oligonucleotide Phosphorothioates
V a l e r i  M e t e l e v ,  a n d  S u d h i r  A g r a w a l
Patent numbers: 5,652,355: 6,143,881; 6,346,614; 7,045,609; filed in  1992

Repair of thalassemic human beta-globin mRNA in mammalian cells by antisense 
oligonucleotides
H  S i e r a k o w s k a  M J  S a m b a d e ,  S  A g r a w a l ,  R  K o l e
PNAS USA. 1996 Nov 12:93(23):12840-4



Oligonucleotide therapeutics: Off-target activity

ARNAY 2025

Antisense Therapeutics
S u d h i r  A g r a w a l *  a n d  Q u i y a n  Z h a o
Current Opinion in Chemical Biology 1998, 2:519-528

MID 90s - BEYOND HYBRIDIZATION



Immune activity of PS DNA: Sequence and modification dependent
IMPORTANCE OF SEQUENCE
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Effects of different chemically modified oligodeoxynucleotides on immune stimulation
Q  Z h a o ,  J  T e m s a m a n i ,  P L  I a d a r o l a ,  Z  J i a n g ,  a n d  S  A g r a w a l
Biochem. Pharm. 1996, 51, 173-182

“It is possible that lymphocyte activation could arise from a discrete protein interaction on the cell membrane or 
following the entry of the oligonucleotide into the cell, since oligonucleotide can bind to some proteins in a 
nonspecific manner and modifications of the oligonucleotide backbone may affect their protein binding properties”.

HIV-1 antisense   5’-CTCTCGCACCCATCTCTCTCCTTCT-3’  (PS-DNA)



Off–target activity
SEQUENCE AND MODIFICATIONS DEPENDENT

• Serum proteins, 
• Complement activation, 
• Prolongation of aPTT, 
• Cellular proteinsTarget RNA

Expression of 
desired protein

Antisense

Non-targeted 
RNA

Proteins

Immunotherapy

Mechanism of action
Safety profile

Immune 
cascade

Pattern 
recognition 
receptors
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Chemistry of antisense therapeutics

Considerations for creating the next generation RNA therapeutics: Oligonucleotide chemistry
and Innate immune responses to nucleic acids 
S  A g r a w a l . 
Nucleic Acid Therapeutics, 2024,, 37-51

Chemistry of antisense
oligonucleotides

Oligonucleotides act as 
pathogen-associated molecular 
patterns (PAMPs)

Chemical engineering of 
oligonucleotides

RecentLate eighties
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Pattern Recognition Receptors (PRRs)
Expression varies in rodents/primates and humans

Oligonucleotides as pathogen-associated 
molecular patterns (PAMPs)

Was Induction of  HIV-1 Through TLR9?
S u d h i r  A g r a w a l ,  R u s s e l l  M a r t i n
J Immunol (2003) 171(4):1621-1622
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Nucleic acids and oligonucleotides: TOLLS to be paid

Sequence and modifications affect the 
interactions with PRRs

Intratumoral immunotherapy: activation of nucleic acid sensing 
pattern recognition receptors
S u d h i r  A g r a w a l  a n d  E k a m b a r  R .  K a n d i m a l l a
Immunooncology Technol. 2019 Oct; 3: 15-23.

ARNAY 2025

• Expression of PRRs varies in species
• DNA or RNA as PAMPS
• Single-stranded or double-stranded
• Sequence/motif preference
• Immune cells



Oligonucleotide sequence and chemical modifications 

5'-NNNNCGNNNN-3'

Changes in nucleotide composition and/or 
modifications in the 5’- region affect the induced 

cytokine profile5’- end accessibility is required for 
immune activation

CG motif placed on the 3’-end with four or fewer 
nucleotides in not immune stimulatory

Secondary or other structures 
including G quartet 

5’- Conjugation and conjugates 
affect activity

Synthetic agonists of Toll-like receptors and therapeutics 
applications. 
A g r a w a l ,  S u d h i r ,  a n d  E k a m b a r  R .  K a n d i m a l l a
Advances in Nucleic Acid Therapeutics. 2019. 306-338

Oligonucleotide-based Toll-like Receptor antagonists and 
therapeutic applications.
K a n d i m a l l a ,  E k a m b a r  R ,  a n d  S u d h i r  A g r a w a l
Advances in Nucleic Acid Therapeutics. 2019. 80-102

Modified nucleosides: mitigate 
or induce cytokines in rodents, 

NHP and humans

1995-2005 STRUCTURE ACTIVITY RELATIONSHIP STUDIES

3’-3’ and 5’-5’ linked oligos have 
different characteristics

Oligos with two 5’- ends are 
significantly more immune 

stimulatory
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Site of modification in oligonucleotide affects the outcome as PAMPs

Importance of nucleotide sequence and chemical 
modification of antisense oligonucleotides

S u d h i r  A g r a w a l
Biochimica et Biopysica Acta.,1999,1489,53-68

Synthetic agonists of Toll-like 
receptors 7,8, and 9

S u d h i r  A g r a w a l ,  E  R  K a n d i m a l l a
Biochem Soc Trans. 2007 Dec; 35(Pt.6):1461-7

Design synthesis and biological evaluation of novel antagonist 
compounds of Toll-like receptors 7, 8 and 9
E k a m b a r  R  K a n d i m a l l a ,  L a k s h m i  B h a g a t ,  D a q i n g  W a n g ,  D o n g  Y u ,  T i m  
S u l l i v a n ,  N i c o l a  L a  M o n i c a ,  S u d h i r  A g r a w a l
Nucleic Acids Res. 2013 Apr; 41(6): 3947-3961

Mouse spleen cells (BALB c), 1 microgram/ml 24-hour treatment
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1995-1997



Immune responses in human PBMCs: TLR9 agonists
SEQUENCE AND MODIFICATION OF OLIGONUCLEOTIDE

Synthesis and immunological activities of novel agonists of toll-like receptor 9
M  S t r u t h e r s  e t  a l .
Cellular Immunology, 263 (2010), 105-113

Immune responses are sequence, structure, and modification dependent
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Immune responses in human PBMCs and pDCs: TLR7 and 8 agonists 
SEQUENCE AND MODIFICATION OF OLIGONUCLEOTIDE

Synthesis and immunological activities of novel Toll-like receptor 7 and 8 agonists
K a n d i m a l l a  R  e t  a l .
Cellular Immunology, 263 (2010), 105-113

Immune responses are sequence, structure, and modification dependent
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Oligonucleotide-mediated immune modulation: An overview
SEQUENCE AND MODIFICATIONS

Sequence/modification dependent
(conjugation, formulation)

Hybridization 
dependent

Desired activity

Hybridization 
independent

Immune activation (PAMPs)

Pro-inflammatory
cytokines

Anti-drug 
antibody

Thrombo-
cytopenia

Sequence/modification independent
(conjugation, formulation)

Hybridization 
independent

Coagulation 
prolongation

Complement 
activation

Accumulation 
related-signals 

(DAMPs)

Liver and 
kidney

Local 
injection

Preclinical and clinical drug metabolism, pharmacokinetics, and safety of 
therapeutic oligonucleotides
P  A n d e r s s o n  a n d  C  d e n  B e s t e n
In Advances in Nucleic Acid Therapeutics. 2019. 474-531 ed. S Agrawal and MJ Gait

Modified figure from
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Immunogenicity of oligonucleotides: Ex-vivo assays for evaluations

ARNAY 2025

• Reporter cells: mice and human PAMPs/ligands
• Mouse: PBMCs and splenocytes
• Primates: PBMCs, pDCs, mDCs, B-cells
• Humans*: PBMCs, pDCs, mDCs, B-cells, Monocytes 

*Gender, age, and autoimmune disorder, medications, etc.

Synthetic agonists of Toll-like receptors and therapeutics 
applications. 
A g r a w a l ,  S u d h i r ,  a n d  E k a m b a r  R .  K a n d i m a l l a
Advances in Nucleic Acid Therapeutics. 2019. 306-338

Oligonucleotide-based Toll-like Receptor antagonists and 
therapeutic applications.
K a n d i m a l l a ,  E k a m b a r  R ,  a n d  S u d h i r  A g r a w a l
Advances in Nucleic Acid Therapeutics. 2019. 80-102



Chemistry of antisense therapeutics

Considerations for creating the next generation RNA therapeutics: Oligonucleotide chemistry
and Innate immune responses to nucleic acids 
S  A g r a w a l . 
Nucleic Acid Therapeutics, 2024,, 37-51
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oligonucleotides

Oligonucleotides act as 
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Chemical engineering of 
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Off–target responses: Mitigation strategy in creating optimized therapeutics 
SEQUENCE AND MODIFICATIONS DEPENDENT

• Serum proteins, 
• Complement activation, 
• Prolongation of aPTT, 
• Cellular proteinsTarget RNA

Expression of 
desired protein

Antisense

Non-targeted 
RNA

Proteins

Mechanism of action
Safety profile

Immune 
cascade

Pattern 
recognition 
receptors
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Transient cyclic structures
CHEMICAL ENGINEERING OF OLIGONUCLEOTIDES

Agrawal, WO 2023/049275

Single-molecule 

ARNAY 2025

Cyclizing 
domain Functional Domain

3’
3’ 5’5’

Hybridization with target RNA leads to the 
opening of cyclic structure 

Copyright © 2025. All rights reserved.” to: © 2017-2025, ARNAY Sciences, LLC



5’-5’- linked oligonucleotide mitigates immune responses
CHEMICAL ENGINEERING OF OLIGONUCLEOTIDES

Data of ISO 125 and 1285’-TCGGCTAACGTATGCGAGGAC-3’-3’-AGCCGA-5’

3’-CTCCTG–5’-5’-TCGGCTAACGTATGCGAGGAC-3’

ARNAY 2025

N-PO DNA; N-PS DNA, N-CG motif

Agrawal, WO 2023/049275

Mouse splenocytes; oligo conc. 3.0, 1.0, 0.3,0.1, 0.03uM; 24 hr. treatment, Multiplexed MSD-based readout  



Cyclic antisense: Increased potency
CHEMICAL ENGINEERING OF OLIGONUCLEOTIDES

HepG2 Cell line; RNAiMax, transfection agent; conc 200nM, 100nM, 50nM, 25nM and 12.5nM; 
duration of treatment- 24 hours; qPCR; host gene POLR2A 

GAPMER

SPLITMER

CYCLIC

3’-GACGAAGTACGGGAGATG-5’

3’-GACGAAGTACGGGAAGATG-5’

3’-GACGAAGTACGGGAAGATG-5’-5’-CTGCTT-3’

3’-GACGAAGTACGGGAAGATG-5’-5’-CTGCT-3’

Target: PNPLA3,I148M
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In summary

• Chemistry has provided drug-like properties to oligonucleotides 

• Gapmers and 2’-modified oligonucleotides have emerged as foundational platforms

• Immunogenicity of oligonucleotides is sequence and modification-dependent

• Chemical engineering of oligonucleotides enhances potency and specificity

– Transient cyclic structured oligonucleotides mitigate immune responses

– Broad applicability in addressing multiple mechanisms of action

THREE DECADES OF DEVELOPMENTS
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