
ABSTRACT 

SNIDER, DOUGLAS BYRON. Delivering Nucleic Acid Therapeutics: Investigations on 

Exon-skipping and Splice-switching or Frameshifting Oligonucleotide Therapy for the 

Treatment of Allergic and Mast Cell-related Diseases. (Under the direction of co-chairs: Dr. 

Glenn P. Cruse and Dr. Samuel L. Jones). 

 

Chapters 1 through 5 and Appendices A through E contain nine papers previously published 

and/or revised manuscripts on delivery of oligonucleotides, basic science of mast cells, and 

translational research with comparative biomodels for allergic and/or mast cell-related 

diseases, predominantly. The a-priori goals of this body of work were achieved by delivering 

next generation therapeutics (eg antisense oligonucleotide) to mast cells thereby interrupting 

disease progression. Mast cells have been confirmed as the primary driver in some diseases 

and may contribute to multiple allergic diseases owing to both their capacity as effector cells 

and potential for propagating allergic disease progression. Clear pathogenesis has not been 

sufficiently interrogated for all diseases and comparative biomodels used here yet model 

characterization was beyond the scope of these investigations. Mast cell involvement has been 

documented for the following diseases or comparative biomodels in manuscripts below: 

aggressive systemic mastocytosis, mast cell leukemia, and anaphylaxis. The role of mast cells 

in allergic disease and/or disease biomodels for asthma and eosinophilic esophagitis has not 

been completely elucidated. Research in these areas helps create basic tools for mast cell 

detection and metrics for disease progression to bridge gaps in knowledge. Research and 

technical reports presented herein further characterize biomodels of rare diseases.  

 

Delivery of oligonucleotides has been reviewed (Chapter 1) with emphasis on chemical 

modifications that affect antisense oligonucleotide (ASO) efficacy. Proof of concept data, 

nonclinical efficacy biomodels, and safety data were investigated in this body of work. For 



proof of concept, we investigated in vitro cellular uptake and effect of ASOs, more specifically, 

an exon skipping oligonucleotide with evidence of frameshifting oligonucleotide effects 

(Chapter 2). Mast cell signaling pathways were further elucidated (Appendix A and B) and 

canonical signaling pathways were interrupted by therapeutic ASO (Chapter 2). Subsequently, 

in vivo cellular uptake of the ASO by both human neoplastic cells in a mouse xenograft model 

and mouse origin neoplastic cells in an isograft (i.e. syngeneic) model demonstrated the 

effectiveness of the ASO at tumor burden reduction and arresting tumor growth in nonclinical 

efficacy studies with comparative biomodels (Chapter 2). Interestingly, successful intravenous 

delivery of ASO has a disproportionate effect on circulating neoplastic mast cells, limiting 

their spread into distant sites (i.e. foci within organs) in biomodels of mast cell leukemia and 

aggressive systemic mastocytosis (unpublished). Expanding on preclinical efficacy models and 

confirming key molecular pharmacology aspects, in vivo uptake of ASO and effect on non-

neoplastic mast cells was further confirmed by administration via intradermal, intraperitoneal, 

and intravenous routes proposed for control of anaphylaxis (Chapter 3). Towards safety 

assessments, the recently patented KitStop ASO was interrogated for effects on hematopoietic 

tissues through hematology profiles and organ toxicity survey via serum chemistry (Chapter 

3) with no overt adverse findings. Further, administration route for the KitStop ASO and other 

mast cell targeting ASOs has been hypothesized for treatment of asthma in biomodels so a 

device for intrapulmonary drug delivery was designed and refined through an iterative process 

(Chapter 4). ASO was effective at reducing lung inflammation in an ovalbumin-induced 

allergic mouse biomodel of corticosteroid-resistant asthma confirmed by special staining 

procedures (unpublished). Separately, special staining procedures were validated for key 

allergic effector cells, including mast cells and eosinophils, in an ovalbumin-induced allergic 



pig biomodel of eosinophilic esophagitis (Chapter 5, Appendix C and D). Finally, poly-N-

isopropylacrylamide-based (pNIPAM) advanced materials were used for therapeutic delivery. 

More specifically, oligonucleotides were loaded into pNIPAM nanomaterials for controlled 

release (unpublished) and pNIPAM microgels were loaded with nanosilver for wound healing 

in biomodels (Appendix E).  

 

In summary, the core objectives for the body of work were accomplished by delivering 

oligonucleotides to control disease and/or further contribute to knowledge on the disease 

biomodels. The following chapters and appendices detail the body of work segregated by 

primary authorship and co-authorship, respectively.   
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Abstract 

Oligonucleotide therapeutics have the potential to treat multiple disease conditions by 

altering the expression of genes. Gene expression is modulated through post translational gene 

silencing or alteration of protein expression. Gene silencing generally occurs through 

molecular mechanisms that blockade the production of the target protein by interrupting either 

RNA transcript splicing or the process of translation. Recognized molecular pharmacology of 

transcriptome and proteome modification includes RNA interference, non-coding RNA 

inhibition, gene activation, programmed gene editing, and splicing modifications of RNA 

transcripts through exon-skipping, splice-switching, and frameshifting. Owed to base pairing 

specificity, antisense oligonucleotide offers advanced targeting, even targeted to specific cells 

or organs producing a particular protein. As proof of concept and clinical trials reviewed, 

several oligonucleotide therapeutics have gained approval and there is significant potential 

given the broad applications to alter the transcriptome. However, delivery of the molecule is 

being addressed in various ways that warrant review for such a promising therapeutic. 

  



3 

 

Abbreviati ons  

ADA: Antidrug antibodies 

ADMEt: absorption, distribution, metabolism, excretion and toxicity  

ASO: antisense oligonucleotide 

ASOs: Antisense oligonucleotides 

BSCB: bloodïspinal cord barrier 

CPP: Cell-penetrating peptides 

DNA: deoxyribonucleic acid 

EMA: European Medicines Agency 

ESO: Exon-skipping oligonucleotide 

FDA: Food and Drug Administration 

FSO: Frame-shifting oligonucleotide 

GOF: Gain of function 

LNP: Lipid nanoparticle 

LOF: Loss of function 

RNA: ribonucleic acid 

SSO: Splice-switching oligonucleotide 

UPI: Unique artificial protein isoforms 

  



4 

 

Glossary 

ADA: Antibody-mediated immunogenicity elicited in vivo to a given drug. Drug-specific 

antibodies can reduce the efficacy of the treatment and even fully inactivate the drug, and/or 

they can induce adverse effects. 

Antisense oligonucleotides (ASOs): Single-stranded oligonucleotides complementary to RNA 

target sequences. 

Aptamers: Single-stranded oligonucleotides (20-100 nucleotides) which adopt three-

dimensional structures that allow them to bind very specifically to protein target sites. 

Bloodïbrain barrier (BBB) and bloodïspinal cord barrier (BSCB): Selectively permeable 

membranes of the central nervous system (CNS) vasculature. Only small molecules (molecular 

weight below 400-500 Da) and high lipid solubility (logP value of approximately 2.1) can cross 

these vascular barriers. Generally, oligonucleotides display a molecular weight of 

approximately 10 kDa and are hydrophilic; hence, oligonucleotides are too large and 

hydrophilic to cross biological barriers by passive diffusion. 

Cell-penetrating peptides (CPPs): Short cationic and/or amphipathic peptides (usually less than 

30 amino acids) capable of translocating different types of cargoes across biological barriers 

and cell membranes. CPPs can be directly conjugated to oligonucleotides (ONs) or used to 

encapsulate ONs into nanoparticles. 

European Medicines Agency (EMA): Agency of the European Union in charge of the 

evaluation and supervision of medicinal products. The EMA facilitates development and 

access to medicines, evaluates applications for marketing authorisation and monitors the safety 

of human and veterinary medicines. 
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Food and Drug Administration (FDA): The federal agency of the United States Department of 

Health and Human Services, responsible for protecting public health by ensuring the safety, 

efficacy and security of human and veterinary drugs 

Gapmer: Chimeric antisense oligonucleotides (ASOs) that contain a central block of DNA 

nucleotides, flanked by modified sequences, usually containing 2ǋ-O-modified or locked 

nucleic acid (LNA) chemistries. Gapmers are used for gene silencing by stimulating RNA 

cleavage through the recruitment of RNase H. 

Gene silencing: Functional genomic control that regulates and suppresses gene expression 

resulting in loss of function 

Lipid nanoparticles (LNPs): Delivery systems based on LNPs are composed of one or several 

lipid components, often an ionisable cationic lipid used for complexation of polyanionic 

DNA/RNA and stabilising helper lipids such as distearoylphosphatidylcholine (DSPC) and 

cholesterol. In addition, LNPs may be stabilised sterically by surface coating with polyethylene 

glycol (PEG). LNPs have a complex internal lipid architecture that is well suited for stable and 

efficient encapsulation of DNA/RNA cargoes. 

MicroRNAs (miRNAs): Small noncoding RNAs (Ḑ22 nt), which regulate gene expression at 

the post-transcriptional level by degrading target mRNAs, when complementary to the 

sequence, or inhibiting their translation when not fully complementary. Each miRNA can 

influence the expression of hundreds of mRNAs. 

Peptide nucleic acid (PNA): Uncharged oligonucleotide chemistry with amide bond linkages 

between the nucleobases. PNAs are manufactured by peptide synthesis. 

Pharmacodynamics (PD): The relationship between the drug concentration at the site of action 

and the observed biochemical response and its efficacy. 
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Pharmacokinetics (PK): The time course of drug absorption, distribution, metabolism, 

excretion and toxicity (ADMET), as well as the liberation of a drug from its formulation. 

Phosphorodiamidate morpholino oligonucleotides (PMOs): Oligonucleotides containing 

uncharged chemistry. The nucleic acid backbone has been replaced with 6-membered 

morpholino rings and phosphorodiamidate linkages, while retaining standard nucleobases. 

RNAse H cleavage: RNAse H hydrolyses the phosphodiester bonds of RNA when hybridised 

to DNA. 

siRNA: Small interfering RNA 

Small interfering RNA (siRNA): Double-stranded RNA (~21 nt) composed of a guide strand 

complementary to the target mRNA and a passenger strand. siRNAs act within the endogenous 

RNA-induced silencing complex (RISC) to degrade mRNA. 

SSO: Splice-switching oligonucleotide 

UPI: Unique artificial protein isoforms 
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Introduction  

Oligonucleotide (ON) therapeutics have increasing relevance in modern medicine 

owed to their unique pharmacology and diverse applications. Demonstrating relevance, 

seventeen ON have been approved by the US Food and Drug Administration or the European 

Medicines Agency (Brown et al., 2021; Xiong et al., 2021) as listed on Table 1. The majority 

have been approved in the past decade. ON relevance has emerged owed to the specific 

targeting that occurs for the transcriptome and proteome of targeted cells. In many ways, 

targeting transcriptomes and proteomes of specific cells delivers on the promise of tailored 

treatments based on knowledge of functional genomics.  

ON therapy represents a paradigm shift in therapeutics. In many ways, we are one step 

closer to broader acceptance of tailored treatments that offer a response to the challenge offered 

by the founder of chemotherapy, Nobel Laureate, and Prussian physician, Paul Ehrlich, who 

posited ñwir müssen chemisch zielen lernenò (i.e. ñwe have to learn how to aim chemicallyò) 

(Strebhardt and Ullrich, 2008) over 100 years ago. Although his work focused on the theory 

of ñside chainsò which could later be clarified as ñreceptorsò on the cell surface, Paul Ehrlich 

had created a therapeutic index comparing the relationship between on-target and off-target 

treatment. 

Paul Ehrlichôs observations were made regarding targeting microorganisms and cancer 

with chemotherapeutics preferentially compared to targeting organs (i.e. cells, tissues, and 

organs) of the body. In this way, specific delivery avoids off-target effects and toxicity thereby 

creating Paul Ehrlichôs Zauberkugel (i.e. ñmagic bulletò) (Ehrlich, 1908; Witkop, 1999; 

Strebhardt and Ullrich, 2008). The specificity offered by theoretically targeting cell types and 
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organisms based upon theoretical differences in these receptors depends on many internal 

cellular factors as well far beyond the scope of medicine in the late 1800ôs and early 1900ôs. 

Today, scientists continue to characterize cells and cell subtypes based on the presence 

or absence of these receptors which are responsible for the complex overlay of signaling 

cascades that yield cell form and function (i.e. phenotype). While understanding of genotypes' 

relationship to phenotype was improving, progress was limited until the mid-1990ôs when the 

race to sequence the human genome would result in the creation of tools that are, now, 

commonplace in research laboratories. These tools have aided scientific approaches to 

understand genomics, transcriptomics, and proteomics in ways not possible in the early 1900ôs. 

Now, we are better equipped to develop and deliver Paul Ehrlichôs Zauberkugel. 

Despite significant advances in the understanding of therapeutic applications for 

modifying the transcriptome of target cells, delivery to target cells in vivo remains challenging 

thereby limiting clinical applications. Simply, key determinants of proof-of-concept 

experiments are not always the key determinants for ultimate clinical success. Importantly, 

lack of clinical efficacy has been limited even when administering high doses (Khvorova and 

Watts, 2017) therefore increasing risk of off-target effects and decreasing potential use.  

Delivery is the primary obstacle for in vivo delivery and effective targeting with large 

molecules including ON that are typically 15-30 base pairs in length (see Fig 1) which 

generally corresponds with 4.6 to 9.2kDa. As researchers attempt to bridge this gap in 

knowledge, a review of oligonucleotide therapeutic delivery highlights key approaches 

including chemical modification, conjugation to delivery moieties, and addition of carriers. 
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Table 1. List of select antisense oligonucleotide drugs developed by indication. 

Development of clinically applicable oligonucleotides has been pursued for multiple disease 

processes using a variety of moieties enhancing delivery and molecular pharmacology 

mechanism from proof-of-concept studies towards the preclinical and clinical studies 

highlighted herein. Enahanced delivery included antibody, peptide, GalNAc, and lipid 

nanoparticles. Molecular pharmacology mechanisms of action included antisense 

oligonucleotides (ASO), ASO, short interrupting RNA (siRNA) to exploit RNA interference 

(RNAi), aptamer, small activating RNA, and antisense to microRNA (anti-miRNA). PMO = 

phosphorodiamidate morpholino. (Modified from Xiong et al., 2021 and Roberts et al., 2020)  

 

Table 1.1 List of select antisense oligonucleotide drugs developed by indication  

Indication Drug name
Molecular 

pharmacology
Enhanced delivery Status or approval

Sequence 

available

Alpha 1-antitrypsin deficiency ARO-AAT siRNA; RNAi GalNAc Clinical trials started N/A

Alport syndrome RG-012 anti-miRNA N/A Clinical trials started N/A

Alzheimer's / dementia IONIS-MAPTRx ASO N/A Clinical trials started N/A

Amyotrophic Lateral Sclerosis tofersen ASO N/A Clinical trials started N/A

Amyotrophic Lateral Sclerosis IONIS-C9Rx ASO N/A Clinical trials started N/A

Atherosclerosis inclisaran ASO GalNAc EMA, 2020 Yes

Batten disease, CLN7 milasen ASO N/A FDA: 2018 N/A

Beta-thalassaemia SLN124 siRNA; RNAi GalNAc Clinical trials started N/A

Carcinoma, hepatocellular MTL-CEPBA small activating RNA Lipid Nanoparticles Clinical trials started N/A

Cardiac regneration AZD8601 mRNA Lipid Nanoparticles Clinical trials started N/A

Centronuclear myopathy IONIS-DNM2-2.5Rx ASO N/A Clinical trials started N/A

Chylomicronemia volanesorsen ASO N/A EMA, 2019 N/A

CoVID-19 (SARS CoV-2) vaccine BNT162b2; tozinameran modRNA Lipid Nanoparticles FDA, 2021 N/A

CoVID-19 (SARS CoV-2) vaccine mRNA-1273 modRNA Lipid Nanoparticles FDA, 2022 N/A

Cutaneous fibrosis remlarsen miRNA N/A Clinical trials started N/A

Dravet syndrome STK 001 ASO N/A Clinical trials started N/A

Dry eye syndrome tivanisiran siRNA; RNAi N/A Clinical trials started N/A

Duchenne muscular dystrophy eteplirsen ASO (PMO) N/A FDA: 2016 Yes

Duchenne muscular dystrophy golodirsen ASO (PMO) N/A FDA: 2019 Yes

Duchenne muscular dystrophy casimersen ASO (PMO) N/A Clinical trials started N/A

Duchenne muscular dystrophy SRP-5051 ASO (PMO) Peptide Clinical trials started N/A

Duchenne muscular dystrophy viltolarsen ASO N/A Clinical trials started N/A

Duchenne muscular dystrophy suvodirsen ASO N/A Clinical trials started N/A

Hemophilia A and B fitusiran siRNA; RNAi GalNAc Clinical trials started N/A

Hepatitis B AB-729 anti-miRNA GalNAc Clinical trials started N/A

Hepatitis C miravirsen anti-miRNA N/A Clinical trials started N/A

Hepatitis C RG-101 anti-miRNA GalNAc Clinical trials started N/A

Huntington disease IONIS-RG6042 ASO N/A Clinical trials started N/A

Huntington disease WVE-120101 ASO N/A Clinical trials started N/A

Hypercholesterolemia, familial mipomersen ASO N/A FDA: 2013 Yes

Hyperoxaluria, type 1 lumasiran siRNA; RNAi GalNAc EMA, 2020 Yes

Hyperoxaluria, type 1 DCR-PHXR siRNA; RNAi GalNAc Clinical trials started N/A

Kidney graft QPI-1002 siRNA; RNAi N/A Clinical trials started N/A

Macular degeneration, age-related pegaptanib Aptamer N/A FDA: 2004 Yes

Myotonic dystrophy EDO51 ASO (PMO) Peptide Clinical trials started N/A

Myotonic dystrophy EDODM1 ASO (PMO) Peptide Preclinical N/A

Myotonic dystrophy AOC 1001 siRNA; RNAi Antibody Clinical trials started N/A

Polycystic kidney disease RGLS4326 anti-miRNA N/A Clinical trials started N/A

Prorphyria, acute, hepatic givosiran siRNA; RNAi N/A FDA: 2019, EMA: 2020 Yes

Retinitis, cytomegalovirus fomivirsen ASO N/A FDA: 1998 Yes

Spinal muscular atrophy nusinersen ASO N/A FDA: 2016 Yes

T cell lymphoma, cutaneous cobomarsen anti-miRNA GalNAc Clinical trials started N/A

Transthyretin amyloidosis, hereditary inotersen ASO N/A FDA: 2016 Yes

Transthyretin amyloidosis, hereditary patisiran siRNA; RNAi N/A FDA: 2018, EMA: 2018 Yes

Transthyretin amyloidosis, hereditary vutrisiran siRNA; RNAi GalNAc Clinical trials started N/A

Transthyretin amyloidosis, hereditary resvusiran siRNA; RNAi GalNAc Clinical trials started N/A

Veno-occlusive liver disease defibrotide Aptamer N/A FDA: 2016 N/A

Indication Drug name
Molecular 

pharmacology
Enhanced delivery Status or approval

Sequence 

available

Alpha 1-antitrypsin deficiency ARO-AAT siRNA; RNAi GalNAc Clinical trials started N/A

Alport syndrome RG-012 anti-miRNA N/A Clinical trials started N/A

Alzheimer's / dementia IONIS-MAPTRx ASO N/A Clinical trials started N/A

Amyotrophic Lateral Sclerosis tofersen ASO N/A Clinical trials started N/A

Amyotrophic Lateral Sclerosis IONIS-C9Rx ASO N/A Clinical trials started N/A

Atherosclerosis inclisaran ASO GalNAc EMA, 2020 Yes

Batten disease, CLN7 milasen ASO N/A FDA: 2018 N/A

Beta-thalassaemia SLN124 siRNA; RNAi GalNAc Clinical trials started N/A

Carcinoma, hepatocellular MTL-CEPBA small activating RNA Lipid Nanoparticles Clinical trials started N/A

Cardiac regneration AZD8601 mRNA Lipid Nanoparticles Clinical trials started N/A

Centronuclear myopathy IONIS-DNM2-2.5Rx ASO N/A Clinical trials started N/A

Chylomicronemia volanesorsen ASO N/A EMA, 2019 N/A

CoVID-19 (SARS CoV-2) vaccine BNT162b2; tozinameran modRNA Lipid Nanoparticles FDA, 2021 N/A

CoVID-19 (SARS CoV-2) vaccine mRNA-1273 modRNA Lipid Nanoparticles FDA, 2022 N/A

Cutaneous fibrosis remlarsen miRNA N/A Clinical trials started N/A

Dravet syndrome STK 001 ASO N/A Clinical trials started N/A

Dry eye syndrome tivanisiran siRNA; RNAi N/A Clinical trials started N/A

Duchenne muscular dystrophy eteplirsen ASO (PMO) N/A FDA: 2016 Yes

Duchenne muscular dystrophy golodirsen ASO (PMO) N/A FDA: 2019 Yes

Duchenne muscular dystrophy casimersen ASO (PMO) N/A Clinical trials started N/A

Duchenne muscular dystrophy SRP-5051 ASO (PMO) Peptide Clinical trials started N/A

Duchenne muscular dystrophy viltolarsen ASO N/A Clinical trials started N/A

Duchenne muscular dystrophy suvodirsen ASO N/A Clinical trials started N/A

Hemophilia A and B fitusiran siRNA; RNAi GalNAc Clinical trials started N/A

Hepatitis B AB-729 anti-miRNA GalNAc Clinical trials started N/A

Hepatitis C miravirsen anti-miRNA N/A Clinical trials started N/A

Hepatitis C RG-101 anti-miRNA GalNAc Clinical trials started N/A

Huntington disease IONIS-RG6042 ASO N/A Clinical trials started N/A

Huntington disease WVE-120101 ASO N/A Clinical trials started N/A

Hypercholesterolemia, familial mipomersen ASO N/A FDA: 2013 Yes

Hyperoxaluria, type 1 lumasiran siRNA; RNAi GalNAc EMA, 2020 Yes

Hyperoxaluria, type 1 DCR-PHXR siRNA; RNAi GalNAc Clinical trials started N/A

Kidney graft QPI-1002 siRNA; RNAi N/A Clinical trials started N/A

Macular degeneration, age-related pegaptanib Aptamer N/A FDA: 2004 Yes

Myotonic dystrophy EDO51 ASO (PMO) Peptide Clinical trials started N/A

Myotonic dystrophy EDODM1 ASO (PMO) Peptide Preclinical N/A

Myotonic dystrophy AOC 1001 siRNA; RNAi Antibody Clinical trials started N/A

Polycystic kidney disease RGLS4326 anti-miRNA N/A Clinical trials started N/A

Prorphyria, acute, hepatic givosiran siRNA; RNAi N/A FDA: 2019, EMA: 2020 Yes

Retinitis, cytomegalovirus fomivirsen ASO N/A FDA: 1998 Yes

Spinal muscular atrophy nusinersen ASO N/A FDA: 2016 Yes

T cell lymphoma, cutaneous cobomarsen anti-miRNA GalNAc Clinical trials started N/A

Transthyretin amyloidosis, hereditary inotersen ASO N/A FDA: 2016 Yes

Transthyretin amyloidosis, hereditary patisiran siRNA; RNAi N/A FDA: 2018, EMA: 2018 Yes

Transthyretin amyloidosis, hereditary vutrisiran siRNA; RNAi GalNAc Clinical trials started N/A

Transthyretin amyloidosis, hereditary resvusiran siRNA; RNAi GalNAc Clinical trials started N/A

Veno-occlusive liver disease defibrotide Aptamer N/A FDA: 2016 N/A
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Table 1 (continued) 

 

Sequence specificity 

ON sequence specificity has been touted as the molecular mechanism most likely to 

pharmaceutically control gene splicing (i.e. RNA splicing) (Pirollo et al., 2003). Therefore, 

ONs have a potential application to treat rare diseases through gene-silencing (reviewed in 

Deleavey et al., 2012), allele-specific gene silencing (reviewed in Miller et al., 2003), and have 

even been developed for personalized medicine applications by offering precision medicine 

options to individual patients as demonstrated by the first ever ñN-of-1ò clinical trial for 

milasen (Kim et al., 2019). 

ON are composed of a sequence of polymerized nucleobases aligned along a chemical 

backbone. Complementary base-pairing, according to Watson-Crick principles of congruent 

hydrogen bonding between nucleobases A:T, C:G, and A:U aligned in opposing directions 

from sense (i.e. 5ô to 3ô) and antisense (i.e. 3ô to 5ô) specify sequence complementarity as 

depicted in Figure 1.  

Indication Drug name
Molecular 

pharmacology
Enhanced delivery Status or approval

Sequence 

available

Alpha 1-antitrypsin deficiency ARO-AAT siRNA; RNAi GalNAc Clinical trials started N/A

Alport syndrome RG-012 anti-miRNA N/A Clinical trials started N/A

Alzheimer's / dementia IONIS-MAPTRx ASO N/A Clinical trials started N/A

Amyotrophic Lateral Sclerosis tofersen ASO N/A Clinical trials started N/A

Amyotrophic Lateral Sclerosis IONIS-C9Rx ASO N/A Clinical trials started N/A

Atherosclerosis inclisaran ASO GalNAc EMA, 2020 Yes

Batten disease, CLN7 milasen ASO N/A FDA: 2018 N/A

Beta-thalassaemia SLN124 siRNA; RNAi GalNAc Clinical trials started N/A

Carcinoma, hepatocellular MTL-CEPBA small activating RNA Lipid Nanoparticles Clinical trials started N/A

Cardiac regneration AZD8601 mRNA Lipid Nanoparticles Clinical trials started N/A

Centronuclear myopathy IONIS-DNM2-2.5Rx ASO N/A Clinical trials started N/A

Chylomicronemia volanesorsen ASO N/A EMA, 2019 N/A

CoVID-19 (SARS CoV-2) vaccine BNT162b2; tozinameran modRNA Lipid Nanoparticles FDA, 2021 N/A

CoVID-19 (SARS CoV-2) vaccine mRNA-1273 modRNA Lipid Nanoparticles FDA, 2022 N/A

Cutaneous fibrosis remlarsen miRNA N/A Clinical trials started N/A

Dravet syndrome STK 001 ASO N/A Clinical trials started N/A

Dry eye syndrome tivanisiran siRNA; RNAi N/A Clinical trials started N/A

Duchenne muscular dystrophy eteplirsen ASO (PMO) N/A FDA: 2016 Yes

Duchenne muscular dystrophy golodirsen ASO (PMO) N/A FDA: 2019 Yes

Duchenne muscular dystrophy casimersen ASO (PMO) N/A Clinical trials started N/A

Duchenne muscular dystrophy SRP-5051 ASO (PMO) Peptide Clinical trials started N/A

Duchenne muscular dystrophy viltolarsen ASO N/A Clinical trials started N/A

Duchenne muscular dystrophy suvodirsen ASO N/A Clinical trials started N/A

Hemophilia A and B fitusiran siRNA; RNAi GalNAc Clinical trials started N/A

Hepatitis B AB-729 anti-miRNA GalNAc Clinical trials started N/A

Hepatitis C miravirsen anti-miRNA N/A Clinical trials started N/A

Hepatitis C RG-101 anti-miRNA GalNAc Clinical trials started N/A

Huntington disease IONIS-RG6042 ASO N/A Clinical trials started N/A

Huntington disease WVE-120101 ASO N/A Clinical trials started N/A

Hypercholesterolemia, familial mipomersen ASO N/A FDA: 2013 Yes

Hyperoxaluria, type 1 lumasiran siRNA; RNAi GalNAc EMA, 2020 Yes

Hyperoxaluria, type 1 DCR-PHXR siRNA; RNAi GalNAc Clinical trials started N/A

Kidney graft QPI-1002 siRNA; RNAi N/A Clinical trials started N/A

Macular degeneration, age-related pegaptanib Aptamer N/A FDA: 2004 Yes

Myotonic dystrophy EDO51 ASO (PMO) Peptide Clinical trials started N/A

Myotonic dystrophy EDODM1 ASO (PMO) Peptide Preclinical N/A

Myotonic dystrophy AOC 1001 siRNA; RNAi Antibody Clinical trials started N/A

Polycystic kidney disease RGLS4326 anti-miRNA N/A Clinical trials started N/A

Prorphyria, acute, hepatic givosiran siRNA; RNAi N/A FDA: 2019, EMA: 2020 Yes

Retinitis, cytomegalovirus fomivirsen ASO N/A FDA: 1998 Yes

Spinal muscular atrophy nusinersen ASO N/A FDA: 2016 Yes

T cell lymphoma, cutaneous cobomarsen anti-miRNA GalNAc Clinical trials started N/A

Transthyretin amyloidosis, hereditary inotersen ASO N/A FDA: 2016 Yes

Transthyretin amyloidosis, hereditary patisiran siRNA; RNAi N/A FDA: 2018, EMA: 2018 Yes

Transthyretin amyloidosis, hereditary vutrisiran siRNA; RNAi GalNAc Clinical trials started N/A

Transthyretin amyloidosis, hereditary resvusiran siRNA; RNAi GalNAc Clinical trials started N/A

Veno-occlusive liver disease defibrotide Aptamer N/A FDA: 2016 N/A

Indication Drug name
Molecular 

pharmacology
Enhanced delivery Status or approval

Sequence 

available

Alpha 1-antitrypsin deficiency ARO-AAT siRNA; RNAi GalNAc Clinical trials started N/A

Alport syndrome RG-012 anti-miRNA N/A Clinical trials started N/A

Alzheimer's / dementia IONIS-MAPTRx ASO N/A Clinical trials started N/A

Amyotrophic Lateral Sclerosis tofersen ASO N/A Clinical trials started N/A

Amyotrophic Lateral Sclerosis IONIS-C9Rx ASO N/A Clinical trials started N/A

Atherosclerosis inclisaran ASO GalNAc EMA, 2020 Yes

Batten disease, CLN7 milasen ASO N/A FDA: 2018 N/A

Beta-thalassaemia SLN124 siRNA; RNAi GalNAc Clinical trials started N/A

Carcinoma, hepatocellular MTL-CEPBA small activating RNA Lipid Nanoparticles Clinical trials started N/A

Cardiac regneration AZD8601 mRNA Lipid Nanoparticles Clinical trials started N/A

Centronuclear myopathy IONIS-DNM2-2.5Rx ASO N/A Clinical trials started N/A

Chylomicronemia volanesorsen ASO N/A EMA, 2019 N/A

CoVID-19 (SARS CoV-2) vaccine BNT162b2; tozinameran modRNA Lipid Nanoparticles FDA, 2021 N/A

CoVID-19 (SARS CoV-2) vaccine mRNA-1273 modRNA Lipid Nanoparticles FDA, 2022 N/A

Cutaneous fibrosis remlarsen miRNA N/A Clinical trials started N/A

Dravet syndrome STK 001 ASO N/A Clinical trials started N/A

Dry eye syndrome tivanisiran siRNA; RNAi N/A Clinical trials started N/A

Duchenne muscular dystrophy eteplirsen ASO (PMO) N/A FDA: 2016 Yes

Duchenne muscular dystrophy golodirsen ASO (PMO) N/A FDA: 2019 Yes

Duchenne muscular dystrophy casimersen ASO (PMO) N/A Clinical trials started N/A

Duchenne muscular dystrophy SRP-5051 ASO (PMO) Peptide Clinical trials started N/A

Duchenne muscular dystrophy viltolarsen ASO N/A Clinical trials started N/A

Duchenne muscular dystrophy suvodirsen ASO N/A Clinical trials started N/A

Hemophilia A and B fitusiran siRNA; RNAi GalNAc Clinical trials started N/A

Hepatitis B AB-729 anti-miRNA GalNAc Clinical trials started N/A

Hepatitis C miravirsen anti-miRNA N/A Clinical trials started N/A

Hepatitis C RG-101 anti-miRNA GalNAc Clinical trials started N/A

Huntington disease IONIS-RG6042 ASO N/A Clinical trials started N/A

Huntington disease WVE-120101 ASO N/A Clinical trials started N/A

Hypercholesterolemia, familial mipomersen ASO N/A FDA: 2013 Yes

Hyperoxaluria, type 1 lumasiran siRNA; RNAi GalNAc EMA, 2020 Yes

Hyperoxaluria, type 1 DCR-PHXR siRNA; RNAi GalNAc Clinical trials started N/A

Kidney graft QPI-1002 siRNA; RNAi N/A Clinical trials started N/A

Macular degeneration, age-related pegaptanib Aptamer N/A FDA: 2004 Yes

Myotonic dystrophy EDO51 ASO (PMO) Peptide Clinical trials started N/A

Myotonic dystrophy EDODM1 ASO (PMO) Peptide Preclinical N/A

Myotonic dystrophy AOC 1001 siRNA; RNAi Antibody Clinical trials started N/A

Polycystic kidney disease RGLS4326 anti-miRNA N/A Clinical trials started N/A

Prorphyria, acute, hepatic givosiran siRNA; RNAi N/A FDA: 2019, EMA: 2020 Yes

Retinitis, cytomegalovirus fomivirsen ASO N/A FDA: 1998 Yes

Spinal muscular atrophy nusinersen ASO N/A FDA: 2016 Yes

T cell lymphoma, cutaneous cobomarsen anti-miRNA GalNAc Clinical trials started N/A

Transthyretin amyloidosis, hereditary inotersen ASO N/A FDA: 2016 Yes

Transthyretin amyloidosis, hereditary patisiran siRNA; RNAi N/A FDA: 2018, EMA: 2018 Yes

Transthyretin amyloidosis, hereditary vutrisiran siRNA; RNAi GalNAc Clinical trials started N/A

Transthyretin amyloidosis, hereditary resvusiran siRNA; RNAi GalNAc Clinical trials started N/A

Veno-occlusive liver disease defibrotide Aptamer N/A FDA: 2016 N/A
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Figure 1.1 Alignment of nucleobases between antisense oligonucleotides transcripts 

 

Figure 1. Alignment of nucleobases between antisense oligonucleotides transcripts. 

Watson-Crick base pairing align nucleobases of the oligonucleotide sequence with RNA 

(Modified from NIH, 2021). 

The terminology generally adopted for complementary sequences of native RNA 

produced from the antisense strand of DNA is antisense RNA. Similarly, synthetic 

oligonucleotides with the same function resulting in hybridization of two strands is called, 

appropriately, antisense oligonucleotide (ASO) (see Figure 1). Regardless of the synthetic or 

natural chemical backbone with or without chemical modification to the nucleic acids (i.e. 

nucleobases), US government institutions including the National Institutes of Health and Food 

and Drug Administration regularly utilize the terminology of ASO (FDA, 2021; NCI 2021). 

Surprisingly, the ASO nomenclature varies somewhat depending on academic or industry 

sources wherein ASO has sometimes been relegated to the description for only RNAi methods 
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or all single strands of oligonucleotides intended for interaction via base pairing, where 

convenient. 

ASO chemical modifications can be made for the nucleobase and backbone. Backbone 

chemistry modification has become increasingly important to resist endonuclease and 

exonuclease degradation of the therapeutic. The structural backbone of deoxyribonucleic acid 

(DNA) and ribonucleic acid (RNA) contains sugar (i.e. ribose) moieties with phosphate bonds 

forming the sugar backbone. Assembling an analogous molecule, chemical backbones have 

been synthesized providing similar spacing of nucleobases to allow complementary base 

pairing of ON with native pre-mRNA and mRNA targets. 

Nucleobase modifications include 5-methycytidine replacing cytosine, 5-methyuridine 

(ribothymidine) replacing uracil, and abasic RNA replacing any of the bases. For clarification, 

abasic RNA is, in essence, a blank wherein the ribose lacks adenosine, thymidine, cytidine, or 

guanosine.  

Backbone substitutions and additions to the ribose and phosphate group or complete 

replacement by phosphorodiamidate morpholino (PMO) or peptide forming the peptide nucleic 

acid (PNA). Backbone modifications include substitutions and additions to the ribose and/or 

substitution on phosphate groups including variable numbers of R and S stereoisomers of 

phosphorothioates. Additionally, phosphorodithioates and phosphoramidites are other 

modifications of phosphate groups. 

For ribose modification, the 5-member carbon-only ring of the chemical backbone can 

be altered to create the substitutions or bridging. Substitution of the 2ô hydroxyl group or 

bonding the 2ô oxygen with the 4ô carbon bridging linker. For 2ô substitutions, options include 

addition of 2ô-O-methyl group (2ôOMe), 2ô-O-methyoxy-ethyl (2ôMOE), or 2ô-fluoro (2ôF). 
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For modifications that bridge 2ô oxygen to 4ô carbon, constraints are formed by the bridging 

R-group linker. The new bridge forms an ether from the oxygen of the 2ô carbon. These 

bridging options include methylene, ethylene, and ethyl bridges. When adding a methyl group, 

the 2ôO, 4ôC-methylene bicylonucleoside is formed (Koshkin et al., 1998; Obika et al., 1998) 

which is referred to as locked nucleic acid (LNA) or bridged nucleic acid (BNA). 

Other conformationally restricted nucleosides (also referred to as constrained 

nucleosides) include a two-carbon R group addition to form 2ôO,4ôC-ethyl or a 2ôO,4ôC-

ethylene bridge. The advantage of constrained nucleosides is that additional steric bulk from 

the added R group bridge causes puckering of the ribose into C3ô-endo conformation which 

shortens the interphosphate distance in the backbone thereby greatly enhancing nuclease 

resistance (Seth et al., 2010). Another kind of bridge is formed when an ethylene bridge with 

a cyclopropane ring is added to the 3ô and 5ô carbons of ribose forming a tricyclo-DNA which 

resembles two adjoining rings in the stick representation (Renneberg and Leumann, 2002). 

Tricyclo-DNA has increased RNA binding affinity (Renneberg and Leumann, 2002; 

Echevarria et al., 2019). 

Phosphodiester (PO) bonds between individual sugars can be selectively replaced by 

phosphorothioate (PS). Phosphate groups at the end can be replaced by phosphoramidite 

(PNR2) and phosphorodithioate (PS2) to aid further modification. The phosphorothioate 

groups, despite increasing cytotoxicity in a non-sequence-dependent manner (Azad et al., 

1993), are generally introduced for increased nuclease resistance. Many ASOs contain 

modifications to every ring or phosphate group along the backbone, generally referred to as 

fully modified or fully synthetic. These ASOs have resistance to endonucleases and 

exonucleases. Alternatively, partially synthetic ASOs, including gapmer and mixmer ASOs, 
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contain alternating modifications. Gapmers have modifications at the 5ô and 3ô end to the 

backbone to resist primarily exonuclease degradation. In fact, gapmers are designed to enable 

cleavage by RNase-H, an endonuclease, when annealing to pre-mRNA or mRNA. 

Alternatively, mixmers have intermittent backbone modifications to balance resistance to 

nucleases and potential for toxicity (Hebb et al., 1997). Similarly, chemical modifications 

affect annealing affinity as measured by melting temperature elevations of 2°C (Manoharan, 

1999). This change affects affinity in a manner similar to increased G:C ratios and relative 

length of ON.  

Modification is thought to affect delivery, solubility, and cellular targeting due to 

differences in chemical properties. Notably, DNA and RNA have an overall negative charge 

whereas PMOs tend to retain a balanced and near neutral charge. The primary issues 

concerning chemists remains the selection of chemical linkers and chemical groups at the 5ô 

or 3ô end of the ON to attach delivery moieties. Subsequently, in vitro and in vivo applications 

have demonstrated various documented toxicity owed to the target and non-target specificity.  

Most ONs target RNA sequences for gene silencing (reviewed by Xiong et al., 2021), 

which is accomplished through multiple mechanisms. Most recently, ASOs have been 

developed with the goal of altering gene splicing (i.e. RNA splicing), gene activation, and other 

gene control. The canonical mechanisms of protein synthesis can be altered for, theoretically, 

any protein a cell produces either skewing production towards a known isoform of the protein 

or even producing unique, yet-to be-reported protein isoforms. Ultimately, halted production 

or skewed production of a different or unique protein isoform may modify cellular phenotype. 

There are multiple molecular avenues to achieve the functional outcome.  
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More specifically, affecting the RNA processing and RNA translation for any mRNA 

variant associated with protein production can affect signaling pathways and cellular function. 

In this way, mRNA variants not associated with protein production and newly spliced mRNA 

variants can be produced using exon-skipping ASO (ESO), splice-switching ASO (SSO), and 

frameshifting ASO (FSO). ESO, SSO, and FSO functions markedly expand the possibility for 

therapeutic targets. 

Molecular pharmacology for each ON therapeutic is diverse offering a wide range of 

potential strategies to ultimately affect protein sequence or protein expression. Beyond the 

native RNA interference (RNAi) described by Fire and colleagues (Fire et al., 1998), the 

primary mechanism of action for early ASOs, used microRNA (miRNA) or small-interfering 

RNA (siRNA) for post-translational gene silencing (i.e. gene silencing). These RNAi 

mechanisms resulted in mRNA degradation (decay) following site-specific base pairing, 

forming a double-stranded molecule resembling double-stranded RNA (dsRNA), and 

subsequent cleavage by cellular machinery including Dicer for longer strands and/or the RNA-

induced silencing complex (RISC) for shorter strands wherein ASO is the guide molecule (Fire 

et al., 1998). 

Contemporaneous mechanisms of action include one or more of the following: target 

mRNA decay (gene silencing) via RNaseH-dependent mechanisms for double stranded (ds) 

RNA or ds complexes of RNA/ASO, target mRNA degradation via Dicer mediated activation 

of the RISC complex wherein ASO serves as a guide, steric hindrance / steric blockage of 

ribonucleoproteins via ASO binding the mRNA, activation of no-go decay via RNase-

dependent mRNA decay mechanisms, miRNA mediated mRNA decay following masking 

with redirects sequestered miRNA, prevention of mRNA decay through physical binding by 
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ON, release of sequestered splicing machinery protein, splice modification for exon skipping 

(i.e. ESO) to increase or decrease protein expression (Figure 2), splice modification for exon 

inclusion via splice switching (i.e. SSO), inhibition of nonsense mediated decay of mRNA 

following splice modification, activation of nonsense mediated of mRNA following splice 

modification (Xiong et al., 2021), and splice modification via frameshifting (i.e. FSO) (Howard 

et al., 2004) by blocking splice sites allowing recognition of cryptic splice sites (see Fig 2). A 

poignant example is c-kit and c-Kit frameshifting resulting in premature stop codon (Snider et 

al., 2021). 

Simply, altering the putative target sequence requires foreknowledge of target 

sequences, splice sites, and cryptic splice sites. While the field is young and developing, there 

is significant room for predictive technologies to guide design. Alternatively, the most 

straightforward approach to identify lead compounds would include systemic design of all 

possible sequences compared to an RNA database. Such a brute force approach would not 

require the knowledge of all target RNA sequences, splice sites, and cryptic splice sites, but 

remain out of reach for most due to the laborious and expensive nature of such a pursuit 

coupled with limited abilities to anticipate, properly monitor, and evaluate possible phenotypic 

outcomes of high throughput and rapid screening in vitro. 

Therefore, most lead candidate ASOs have been developed like conventional small-

molecule pharmaceuticals with a fit-for-purpose endpoint evaluation and iterative 

modifications that result in measurable effect on the intended target (sequence in this case). 

Measurable outcomes in vitro and in vivo generally include delivery of ASO to the nucleus, 

ASO effect on RNA, and ASO effect on protein expression. As a result of the ASO specificity, 

the off-target effects are expected to be minimal compared to therapeutic effect. If the approach 
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can be reliably measured, any gene product (RNA and protein) can become a reasonable target 

as the ASO can control relative number of RNA transcripts (expression), exon sequence within 

the RNA transcripts (RNA variants), and subsequent protein expression including relative 

amount of protein expression, protein isoform ratios, and unique protein isoforms.  

Figure 1.2 Molecular pharmacology of exon skipping 

 

Figure 2. Molecular pharmacology of exon skipping. (A-B) Genes on DNA contain coding 

regions (A) for translation to pre-mRNA which contains exons (gold) and introns (red) (B). 

(C) Pre-mRNA is further processed (i.e. splicing) via spliceosome (green) to remove introns. 

(D-F) The dominantly produced splice variant of processed mRNA (i.e mRNA variant) 

contains a specified number of exons (D) whereas introduction of an exon skipping AON 

(grey) (E) interferes with normal splicing (F). (F-G) Interruption of splicing by blocking splice 

sites (F) produces truncated variants (G) including less common naturally occurring mRNA 

variants and/or artificially truncated mRNA variants.  
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Challenges of antisense oligonucleotides (ASO) 

Early clinical trials conducted with first generation ASOs (i.e. unmodified or minimally 

modified oligonucleotide therapeutics) largely failed to produce a significant improvement in 

patient outcomes (Roberts et al., 2020). Drugs must overcome several barriers to achieve entry 

of target cells and localization towards the site of action to exhibit therapeutic effects (Juliano 

et al., 2016). Delivery, moreover, efficient delivery is the primary barrier to ASO therapeutic 

development. Initially, both delivery and efficacy were improved with a two-prong approach.  

First, alterations were made to the chemical backbone yielding second and tertiary 

generations of ASOs. Second, conjugation with moiety for enhanced delivery (MED) increased 

delivery to the site of action. Indeed, clinical application of first generation ASOs had a 

negative effect in the field (Khvorova and Watts, 2017). 

In the past two decades, most FDA-approved ASOs had chemical modifications to the 

backbone and/or MED conjugated with the ASO. To date, only seventeen ASOs have received 

regulatory approval by FDA or EMA: casimersen, defibrotide, eteplirsen, fomivirsen, 

golodirsen, givosiran, inclisaran, inotersen, lumasiran, milasen, mipomersen, mRNA-1273, 

nusinersen, patisiran, pegaptanib tozinameran, and volanesorsen (FDA, 2021). Of these, only 

ten ASOs are currently available on the market. Fomivirsen and mipomersen have been 

discontinued (FDA, 2021). Now that this therapeutic approach has become more prevalent, 

increasing numbers of clinical trials contain ASOs with conjugated MEDs.  

Ionic bonding of nucleic acids into nanocomplexes is a potential avenue for 

overcoming some of the barriers to delivery; however, more work needs to be completed to 

document disposition, metabolism of added components, distribution, interaction with 

systemic proteins, immune response, cell uptake, and localization to the site of action.  
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Therefore, conjugation chemistry will remain the focus of this review for these four 

reasons. First, conjugated ASOs can be incorporated into synthetic ionic complexes or 

designed to form ionic bonds with systemic proteins or lipoprotein complexes in the body 

thereby aiding delivery. Second, there is a continued need to bridge the knowledge gap on 

factors influencing ASO systemic delivery (i.e. cell-penetrating and cell-targeting). Third, the 

majority of FDA-approved ASOs are conjugated to a MED. Finally, MEDs hold tremendous 

promise to overcome some of the intracellular barriers to gaining access to the site of action. 

While conjugated ASOs and ASO delivery may be improved in some instances through the 

formation of ionic complexes, the kinetics of dissociation and ionic bonding predictions in 

complex substances as well as other factors mentioned above are beyond the scope of this 

review.  

ASOs require cellular uptake and transport to the cytoplasm or nucleus of target cells 

to exert their intended effects. Attempts at in vivo delivery have highlighted some 

characteristics that present challenges for translational research and development of clinical 

therapeutics. To address these challenges, avoid pitfalls, and bridge the knowledge gap, key 

stakeholders have documented their findings. 

 

Route of administration 

Translational efforts have been aimed at effective delivery to the target tissues. To 

avoid toxicity, select tissues are avoided. Naturally, systemic administration via intravenous 

injection or oral absorption offers an attractive approach to distribute the ASO. Limited success 

for oral delivery has occurred simply due to degradation by RNase (Akhtar, 2009) while non-
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protected ASOs constructed of DNA or RNA have plasma half-life of less than 10 minutes 

(Srinivasan and Iversen, 1995). 

Similarly, intravenous administration is limited by nuclease degradation (Srinivasan 

and Iversen, 1995), renal clearance (Agrawal, 1996), sequestration by plasma proteins 

(Srinivasan et al., 1995), activation of coagulation cascades, and sequestration by 

reticuloendothelial system (Geary et al., 2015). 

Additionally, most ASOs do not readily pass the blood-tissue-barrier (BTB) owed to 

their chemical properties. More specifically, the blood-brain-barrier (BBB) presents an even 

tighter barrier that ASO cannot cross despite the strong interest in delivery to the brain for 

treatment of neurodegenerative diseases. 

There is a lack of passive or active plasma membranes transport for these hydrophilic, 

large molecules (up to 10kDa in this case) thereby limiting the volume of distribution. 

Additionally, most ASOs, except PMOs, are anionic at physiologic pH resulting in further 

electrostatic repulsion. Nonetheless, there is disproportionate passive delivery to highly 

vascularized tissues. In short, ASOs accumulate passively in non-target visceral organs with 

high blood flow including kidney and liver (Geary, 2009). Additionally, spleen, lymph nodes, 

and bone marrow accumulate ASOs (Geary, 2009).  

To avoid off-target deleterious effects, avoidance of these tissues remains a focus for 

some ASO therapeutics in development. Historically, off-target effects occur most frequently 

in the kidney and liver for multiple reasons including the high metabolic rate, high blood flow 

(i.e. exposure), metabolic pathways specific to these tissues (e.g. metabolism and activation), 

and passive exposure. Indeed, liver and kidneys are site of ASO accumulation and previously 

reported toxicity. However, specific cell types within the liver and kidney have become 
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therapeutic targets for ASOs. Therefore, reviewing both avoidance and targeting of liver and 

kidney are warranted. 

The liver and kidneys are passively targeted during systemic exposure in large part due 

to the high vascularization, high blood volume passing through the organ, and unique anatomic 

features. Liver has discontinuous sinusoidal endothelium and dual blood supply from hepatic 

artery and portal vein (Gracia-Sancho et al., 2021). Kidneys have fenestrated capillary 

endothelium (Rhodin, 1962). Indeed, the liver and kidneys serve several functions including 

detoxification and metabolism. ASO and nanostructures not electrostatically associated with 

blood proteins may be passively targeted to the liver. Receptor-mediated pathways have been 

demonstrated to facilitate uptake of ASO in liver (Miller et al., 2018). As a result, excipient 

ONs improve the uptake of the ASO drug as distribution varies by compartment within the 

liver (Donner et al., 2017).  

Generally, nonconjugated ASOs accumulate preferentially into sinusoidal endothelial 

cells, Kupffer cells, and hepatic stellate cells (i.e. non-parenchymal cells) (Murray et al., 2018; 

Prakash et al., 2014). Therefore, further emphasis has been placed on cell-targeting ASOs for 

targeting of hepatic parenchymal cells (i.e. hepatocytes). Indeed, ASO uptake is facilitated by 

molecular pathways including Stabilin for sinusoidal endothelial cells and Asialoglycoprotein 

receptor (ASGR) for hepatocytes (Donner et al., 2017; Miller et al., 2018). Interestingly, uptake 

of nonconjugated ASOs and N-acetylgalactosamine (GalNAc) conjugated ASOs is facilitated 

by ASGR for hepatocytes (Tanowitz et al., 2017) and GalNAc conjugation increases 

preferential uptake by hepatocytes (Prakash et al., 2014). A major improvement to any ASO 

design would include targeting to the site of action as well as avoidance of accumulation in 

liver and kidney. 
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Therefore, systemic treatments including intravenous and oral absorption have had 

variable results and the extent of binding to plasma proteins affects pharmacokinetics. To better 

target specific organs, direct delivery routes have been explored including inhalation and direct 

injection to the eye and central nervous system. Therefore, local delivery via intravitreal and 

subretinal methods provide ASO to the eye (Cideciyan et al., 2019) and intrathecal injections 

deliver ASO to the spinal cord and/or brain (Hache et al., 2016). Renal clearance is avoided by 

intravitreal and intrathecal routes of administration thereby reducing exposure to the tubules 

of the nephrons of the kidney. In theory, inhalation delivery targets the tissues of the respiratory 

system (Chow et al, 2020); however, systemic exposure remains an issue to be dealt with on a 

case-by-case basis depending on dose and ASO characteristics. 

 

Uptake and trafficking 

Intracellular delivery to target cells is key for therapeutic efficacy. Uptake of ASO 

depends largely on endocytosis, formation of the endosome, and potential fusion with 

lysosomes. To avoid degradation within lysosomes, endosomal and lysosomal escape 

molecules have been proposed (Crooke et al., 2017). The most notable endosome, 

endolysosome, and/or lysosome escape-enabling delivery moieties are polycationic proton 

sponges (Bus et al., 2018) that most closely resemble viral escape mechanisms such as HIV 

TAT (Nadal-Bufi et al., 2020). Through gymnosis, it is possible for ñnakedò (i.e. lacking a 

delivery moiety) single strand ASOs (ssASOs) that are relatively small with minimal charge 

to enter cells and escape the endosomal trafficking (Takahasi et al., 2017; Stein et al., 2010). 

For ASOs, only a small fraction escapes endosomal transport to become available (Gilleron et 

al., 2013) in the site of action at the cytosol or nucleus. Importantly, dsRNA is typically too 
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large to pass via gymnosis thereby eliminating the delivery avenue for some siRNA ASOs. 

Given that delivery moieties could improve ASO uptake, trafficking, and release at the site of 

action, a wide variety of delivery moieties have been proposed (Biscans et al., 2020; Roberts 

et al., 2020; Hammond et al., 2021). Indeed, chemical modifications can improve delivery; 

however, the nuances of drug design to exploit ASO chemical modifications to the backbone 

and nucleobases should be viewed in the translational medicine context wherein delivery 

moieties can improve delivery to cellular targets thereby reducing toxicity to further de-risk 

clinical applications.  

 

Chemical modification 

Modifications to the nucleobase, ribose sugar moiety, and phosphate bonds that reduce 

off-target effects and improve biodistribution, pharmacokinetics, and pharmacodynamics 

thereby improve delivery (Geary et al., 2015; Wan and Seth, 2016). Nuances of drug design 

inherent to the ASO application (e.g. gapmer versus steric blocking, etc) affect these 

characteristics as chemical modifications are selected for efficacy reasons. Theoretical and 

empirical iterative improvements have yielded improvements to next generation ASOs. 

Over time, a few trends emerged and chemical modifications were earmarked as 

generations for each step of this iterative approach. First generation ASO with PO bonds were 

largely degraded rapidly (Akhtar, 2009) with insufficient distribution and half-life; however, 

increasing dose with such a rapidly degraded drug can result in increased delivery to organs 

that clear compounds, especially the kidney (Agrawal, 1996). Additionally, renal clearance of 

ASO with full PS bonds in the chemical backbone resulted in kidney injury (Agrawal, 1996). 

Hence, a delivery moiety was sought at the time to improve targeting. Nonetheless, second 
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generation gapmers and mixmer ASOs containing PO and PS bonds in the chemical backbone 

had sufficiently improved pharmacokinetic profiles resulting in greater delivery to tissues even 

without a delivery moiety (Hung et al., 2013). More specifically, eight of the FDA-approved 

ASOs (FDA, 2021) lack delivery moiety indicating that chemical backbone modification was 

sufficient to improve delivery for these applications. Given the diverse applications and 

possible avenues of approach, unique drug designs have gone beyond the gapmer mechanism 

of action common with first generation ASOs (Xiong 2021). Therefore, third generation ASOs 

have increasing demand for delivery moieties. 

 

Moieties for enhanced delivery conjugated to antisense oligonucleotides 

MEDs can be added to ASOs through covalent bonds (i.e. conjugation). Generally, the 

goal of adding delivery moieties is either the improvement of pharmacokinetics or improved 

function. Improved pharmacokinetics can, generally, increase peripheral compartment dose by 

altering peripheral absorption, clearance, volume of distribution, and dose (Yu et al., 2020) or 

increasing half-life by reducing clearance when binding plasma proteins (Agrawal et al., 1995; 

Kuhlmann et al., 2017) or lipoproteins (Agrawal et al., 1995; De Smidt et al., 1991). Improved 

function can be demonstrated through in vitro and in vivo studies on pharmacodynamics. Many 

of the measurable phenotypic responses are associated with increased drug exposure at key 

sites or better ASO sequence selection. In many regards, improved delivery to the site of action 

should be, theoretically, optimized to reduce the total dose required to elicit effect. MEDs are, 

arguably, an important part of the overall drug design as delivery moieties can increase 

exposure to the site of action (Yu et al., 2009). Cell uptake and escape from the endosome or 

lysosome system are also critical for efficacy. Therefore, any delivery moiety that improves 
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cell uptake or escape from intracellular degradation pathways is likely to improve apparent 

efficacy in vitro which must be confirmed in vivo. In the most general sense, improved cell 

uptake (e.g. cell penetration) improves drug availability at the site of action (Agrawal et al., 

1995).  

Many of the delivery moieties allow for increased cell uptake. Some are more specific 

to target a particular cell type, referred to as ñcell-targetingò while others are generalized. The 

cell-targeting delivery moieties are sometimes referred to as ñactively targetingò because the 

design aims to bind to a receptor. The targeted receptor can be specific to the cell type or a 

general cell lineage but that is not always the case. This form of targeting increases cell 

specificity and can be used in concert with the overall drug design based on purpose. More 

specifically, ASOs can be designed with selective sequences that function only in particular 

cell types expressing the mRNA of interest. In this way, the ASO is already targeted. However, 

cell-targeting delivery moieties allow for next level specificity. Specificity, no doubt, is a tool 

more likely to be encountered in future iterations of therapeutic ASOs (Roberts et al., 2020; 

Gagliardi and Ashizawa, 2021; Xiong et al., 2021). On the other hand, MEDs that simply 

increase cellular uptake are termed ñcell-penetratingò. While ñcell-targetingò and ñcell-

penetratingò terminology has been used predominantly for peptides, the concept applies to all 

delivery moieties. Categories of delivery moieties include antibodies (Dovgan et al., 2019), 

lipids (Li et al, 2020), peptides (Mier et al., 2000; Margus et al., 2012), and sugars (Debacker 

et al., 2020). Aptamers are another interesting category deserving of an entire discussion owed 

to their complexities of design and use as either a delivery mechanism or a drug intended to 

act at cell surface, intracytoplasmic, or nucleus for the site of action. Owed to the complexity 

of the possibilities for aptamers, only antibody, lipid, peptide, and sugar delivery moieties are 
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covered in more detail herein. Contemporaneous resources on ON chemistry, delivery, and 

mechanism of action are listed on Table 2, Table 3 and Table 4, respectively. 

 

Antibody conjugates 

Antibody-ASO conjugates provide tremendous opportunity for therapeutic 

applications. Antibody-drug complexes appeared as the original ñmagic bulletò approximately 

80 years after Paul Ehrlichôs call to action when monoclonal antibodies were combined with 

chemotherapeutics. The first FDA-approved antibody-drug complex (ADC) occurred in 2000 

when gemtuzumab ozagamicin (Mylotarg) was approved for chemotherapy targeting acute 

myeloid leukemia (Baker, 2000). Antibodies may fulfill the need for cell-targeting through 

binding of cell surface receptors. The specificity of antibodies has been exploited for the past 

decade worth of drug development for ADCs resulting in nine FDA-approved drugs; however, 

toxicity including hepatotoxicity, vascular damage, cardiotoxicity, and ocular toxicity 

(Wolska-Washer and Robak, 2019; Drago et al., 2021) have been reported. Although not all 

toxicity is related to the antibody delivery moiety, there is only one antibody-ASO conjugate 

reported in preclinical or clinical trials currently (Roberts et al., 2020). Nonetheless, research 

and development efforts have been numerous. Antibody-ASO conjugates have been developed 

to target several cell surface receptors to improve cell-targeting. Disease categories treated 

using this approach include oncology (Yao et al., 2012; Cuellar et al., 2015; Arnold et al., 

2018), infectious disease (viral) (Song et al., 2005), immune modulation (Kumar et al., 2008), 

musculoskeletal disease (Sugo et al., 2016), and neurologic disease (Arnold et al., 2018). 

Antibodies are conjugated to ASO via techniques similar to other MEDs. For antibodies, 

conjugation occurs post-synthesis of the oligonucleotide to the 3ô end where an exposed 
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phoshoramidate can react. Proteins, including antibodies, have many side chains with exposed 

functional groups to enable conjugation via ñclick chemistryò including addition of 

propargylglycine (Pickens et al., 2018; Wiener et al., 2020), maleimide-sulfhydryl, EDC-NHS 

ester (Wiener et al., 2020), and various linkers. The primary concern in any of these reactions 

is maintaining the tertiary structure of the antibody. In many ways, the antibody complex 

systems have been specifically designed to control location of conjugation. The primary 

antibody complex systems have a solid history as research tools including the avidin:biotin 

complex system wherein the antibody-avidin fusion molecule binds biotinylated ASO 

(Penichet et al., 1999). Alternatively, protamine:nucleic acid can be electrostatically bound 

(Song et al, 2005); however, complexes are more easily disassociated in complex mixtures. 

Last, the importance of fragment antigen-binding (Fab) subunits (although very hydrophobic) 

and chimeric peptides including Fab-like components of antibodies has increased in recent 

research for use in ADC. Ultimately, the most reliable antibody-ASO conjugates require 

covalent bonding. While there is a dearth of FDA-approved antibody-ASO conjugates, there 

is at least one (not disclosed) in preclinical trials for myotonic dystrophy by Avidity 

Biosciences. The future of drug development for antibody-ASOs will require rigorous 

scientific methods to increase on-target effects and avoid pitfalls of other ADCs. If this can be 

accomplished, drug development will be closer to realizing the promise and possibilities of the 

ñmagic bulletò. 

 

Carbohydrate conjugates 

ASOs covalently conjugated to carbohydrate delivery moieties have been suggested 

(Zatsepin and Oretskaya, 2004) and likely inspired by previous research on non-covalent 
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carbohydrate-ASO complexes (Yan et al., 2007). Covalent conjugation utilizes chemical bonds 

commonplace for ASO development including phosphoramidites and a variety of post-

synthesis conjugate options to connect the derivatized carbohydrate to the ASO (Zatsepin and 

Oretskaya, 2004). Knowing that sugar moieties are important modifications on many 

molecules involved in ligand-receptor interactions on the cell surface (e.g. glycoproteins), it is 

reasonable to predict that carbohydrate moieties can provide either cell-targeting or cell-

penetrating properties.  

Recent advances have led to development of triantennary GalNAc (Springer and 

Dowdy, 2018; Prakash et al., 2016) conjugates to target hepatocytes. The liver is bombarded 

by ASO when administered systemically owed to the fenestrated endothelium (i.e. many pores 

between cells) lining sinusoids. So, cell-targeting seems redundant; however, GalNAc 

increases on-target uptake to hepatocytes. Importantly, non-parenchymal liver cells uptake 

ASOs (Prakash et al., 2014). To avoid off-target uptake, conjugating the GalNAc delivery 

moiety to ASOs enables high affinity binding of the ASGR1 receptor (Stockert, 1995) to 

facilitate rapid (Scharner et al., 2019) uptake of ASOs. In fact, ASO uptake in hepatocytes is 

1000% higher in mice (Prakash et al., 2014) and 3000% higher in humans (Viney et al., 2016). 

GalNAc-ASOs enter the cell via endocytosis as ASGR1 has a high recycling rate from the cell 

surface (Stockert, 1995). Once internalized into the endosome, release is initiated by decreased 

pH (Springer and Dowdy, 2018) enabling the GalNAc-ASO to release from the receptor.  

Pharmaceutical companies have been developing drugs with carbohydrate moieties to 

improve delivery. These companies include Alnylym, Dicerna, Silence, Arbutus, Arrowhead, 

and others. Demonstrating the advantages of drug design with carbohydrate moieties for 

clinical applications, FDA approved givosiran (Givlaari) in 2019. The following GalNAc-ASO 
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conjugated drugs made it to Phase I, II, or III clinical trials: ARRO-AAT (Arrowhead), 

fitusiran (Alynylam/Sanofi Genzyme), inclisiran (Alnylam), lumasiran (Alnylam), vutrisiran 

(Alnylam), revusiran (Alnylam; discontinued), and RG-101 (Regulus; discontinued) (FDA, 

2021). 

 

Lipid conjugates 

ASOs covalently conjugated to carbohydrate delivery moieties have been touted as a 

method to improve cell-targeting delivery (Li et al., 2020). While one use includes the 

controlled assembly of lipid-based vesicles to carry ASOs, only the non-assembled lipid-ASOs 

will be covered in this section whereas lipid carriers are covered below. Conjugation of lipids 

to ASOs can be managed through the pre-synthesis or post-synthesis approaches. Lipid can be 

added to 3ô or 5ô ends through functionalization with the initial phosphoramidite 

functionalization on the 5ô end of ASO most commonly but 3ô modifications have also been 

achieved (Letsinger et al., 1989). Lipid derivatives are chemically modified further to enable 

ñclick chemistryò (Banga et al., 2017), Maleimide-sulfhydryl chemistry (Raouane et al., 2011), 

amide bonds (Nikan et al., 2016; Osborn et al., 2019), and 5ô linkers with succinyl, thioether, 

phosphoester, and triazole bonds (Raouane et al., 2011; Banga et al, 2017). The conjugation 

strategies that enable attachment to the ASO are varied (Li et al., 2021). Select cell-targeting 

lipids include cholesterol (Soutscheck et al., 2004), alpha-tocopherol (Vitamin E) (Nishina et 

al., 2008), fatty acids (Wolfrum et al., 2007), and medium-chain hydrocarbons with modified 

functional groups (Nikan et al., 2016). Many of the cell-targeting lipids are incorporated in 

lipoproteins within circulation prior to uptake by the liver (Wolfrum et al., 2007; Soutscheck 

et al, 2004; Nikan et al., 2016) making lipid-ASO conjugate technology a unique means of 
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cell-targeting. Recently, chemical modification of lipids has gained attention for self-

assembling lipid-ASO complexes and modifications exclusively to the lipid that enables 

formation of more complex lipid-based nanocarriers (Bost et al., 2021). Two general schemes 

have been employed for self-assembling lipid-ASO complexes including conjugation of the 

lipid to the ASO (i.e. lipid-ASO) or chemical modification of the lipid to enable electrostatic 

attraction within an admixture in aqueous solution. Alternatively, the lipid-ASO complexes 

can be formed in water-in-oil (WO) or water-in-oil-in-water (WOW) emulsions as proposed 

with some other nanoparticles. For research purposes, many complex carrier systems 

composed of lipids with oligonucleotides have been synthesized including micelles, liposomes, 

lipoplexes, lipid nanoparticles (LNP), and other nanocarriers containing lipid. While the focus 

of this review is chemical modifications to add MEDs on ASOs, it is worthwhile to mention 

three important lipid-nucleic acid complexes, including one LNP-ASO that utilizes chemical 

modification of lipids primarily because there is strong empirical evidence LNPs have clinical 

applications.  

Two LNPs have been FDA-approved. Two LNPs have been administered 

intramuscularly into the majority of the population in the United States and several other 

countries during the CoVID-19 pandemic. LNPs incorporate various admixtures of nucleic 

acid, lipid, lipoprotein, peptide, carbohydrate, and/or polymer. Importantly, recent advances in 

LNP technology enabled SARS CoV-2 vaccines (e.g. BioNTech/Pfizerôs BNT162b2 and 

Modernaôs mRNA-1273) to form spherical vesicles made of negatively charged nucleic acids, 

ionizable lipids with slight positive charge, other lipids, polymer, and cholesterol (Hou et al., 

2021). Chemically modified ionizable lipid was a key component in two FDA-approved drugs: 

Onpattro (patisiran) (Akinc et al., 2019) and Comirnaty (tozinameran; BNT162b2) (Lamb, 
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2021). In time, other lipid conjugates are likely to be introduced within academia or industry 

towards clinical applications. Lipid-ASO conjugates, lipid-ASO complexes (especially LNP-

ASO), and LNP-nucleic acids are even more likely to receive increased attention in research 

and clinical applications.  

 

Natural ligand conjugate 

ASOs covalently bound to ligands delivery moieties provides cell-targeting of ASOs 

upon binding to receptors on the cell surface. Ideally, the combined ligand-ASO drug design 

provides for rapid internalization by the target cell through endocytosis followed by endosome 

escape and release to the site of action. To accomplish this goal, the target receptor ideally 

binds with high affinity to the ligand and internalizes rapidly. In practicality, there is significant 

overlap between ligands and other distinct categories listed herein because ligands are not 

mutually exclusive from other categories. More specifically, ligand simply means a molecule 

that binds to another. For example, cell-targeting moieties including some carbohydrates, 

antibodies, and other peptides are ligands. Nonetheless, there are compounds that are specific 

entities that do not fall within other categories due to specificity. As a result, the term ligand 

can be used for any of these compounds. Here, ligand is mentioned as a reminder that many of 

the delivery moieties (and many great discoveries and inventions for that matter) have been 

modeled after natural processes. Rather than use only exclusive chemical terminology such as 

protein, peptide, glycoprotein, lipoprotein, etc, it may be beneficial to recall that some of the 

most accurate delivery moieties, including glucagon-like peptide-1 and GalNAc, are ligands. 
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Peptide and peptoid conjugate 

Peptide-ASO conjugates (PAC) provide immense opportunity for therapeutic 

applications very similar to the concept of ñmagic bulletò treatments for disease. Currently, 

two peptide-ASO drugs are in development by PepGen Ltd and Sarepta (Roberts et al., 2020). 

The delivery enhancing peptide moieties function to either improve uptake by all cells or 

specific cells, referred to as cell-penetrating peptides and cell-targeting peptides respectively. 

Thus, peptides can further limit off-target effects to some extent by increasing specificity of 

uptake by target tissues. For instance, the cell-targeting PACs are typically designed to increase 

uptake of the drug to specific cells in select tissues or organs where the sequence specific 

affinity of the ASO binds only target nucleic acid sequences which may only be expressed in 

certain cell types. For cell-penetrating PACs, the targeting specificity is determined primarily 

by the sequence-specific binding of the ASO to target nucleic acids in the cell; however, some 

cell-penetrating peptides can increase distribution to target tissues. While cell-penetrating 

peptides generally increasing uptake of the drug in vitro, the same increased uptake can 

increase distribution to specific tissues when the uptake occurs at gatekeeper cells that allow 

the drug to cross barriers. Therefore, in vivo studies are required to characterize the effect of 

each PAC ñmagic bulletò on a case-by-case basis.  

Indeed, peptides provide multiple useful characteristics that may enhance ASO 

delivery. Specifically, peptides that enable cell targeting, uptake, and endosomal escape are 

critical to enhance ASO translocation to the site of action. Most cell-penetrating peptides (CPP) 

are poly-cationic with multiple lysine and/or arginine amino acids arranged in chains, folded 

structures, or rings of less than 30 amino acids (Roberts et al., 2020). Design of peptides 

oftentimes mimics portions of natural ligands. For instance, HIV-TAT, Penetratin-1, and 
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mastoparan contain cationic regions predicted to aid physical interruption of cell membranes 

with subsequent uptake; therefore, portions of these proteins are synthesized as MEDs 

(McClorey and Banerjee, 2018).  

Synthetic CPPs most commonly contain short sequences of repeating arginine, and less 

frequently lysine, optimally positioned along the peptide to enable interaction with the cell 

surface (Lehto et al., 2010, Wender et al., 2000). Early CCP-ASO conjugates contained 

arginine spaced by other amino acid residues or synthetic molecules (Yin et al., 2008; McClory 

et al., 2006; Wu et al., 2008). Spacing of the positively charged side chains of arginine and 

lysine on CPP moieties enables electrostatic interaction with the cell membrane. In this 

intricate interaction, the CPP forms a negative Gaussian curvature (i.e. saddle-splay), 

temporary disruption of the bilayer membranes, and facilitates entrance into the cell (Mishra 

et al., 2011). Despite the focus on spacing, simply repeating arginine or lysine polypeptides, 

including R8, R9, R10, K9, K10, and others, have demonstrated effective at delivery of ASO 

(Hayashi et al., 2011; Law et al., 2008; Tesei et al., 2017). After cell penetration, the ASO is 

translocated to the site of action to elicit the therapeutic effect.  

Similar to CPP-ASOs, further synthetic molecules that mimic peptides have been 

developed. These peptide-mimicking molecules are cationic dendrimers (Li, 2011). While 

these are sometimes called cationic dendrimers, these molecules were initially described as 

non-peptide or conversely labeled as peptoid (Wender et al., 2000) owed to the similarities in 

exposed functional groups for cationic dendrimer peptoids (CDP) resembling amino acid 

residue exposed functional groups. Regardless of the nomenclature, many of these CDP closely 

resemble synthetic polymers of arginine (i.e. polyarginine) and/or motifs of naturally occurring 

proteins like HIV-TAT. These CDP designs capitalize on the cell penetrating effect. These 
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dendrimers have been highly effective at delivering in vivo despite minor differences from the 

R8 and R9 synthetic peptides. 

Interestingly, there may be less distinction between CPP and cell-targeting peptides 

(CTP) in terms of design compared to actual cell uptake in vitro and in vivo. Cell uptake of 

CPP-ASOs has been described as energy dependent (Madani et al., 2011) owed to cell-

targeting effects. The energy dependent endocytosis (Madani et al, 2011) is triggered by 

interaction with scavenger receptors (Ezatt et al., 2012; Ezatt et al, 2015). Scavenger receptors 

are located on immune cell subsets, primarily antigen presenting cells (APCs). Prior to 

interaction with the scavenger receptor, ASOs with cationic MEDs (e.g. CPPs and dendrimers) 

have been shown to form micelles (Ezatt et al., 2015) which are, generally, too large for the 

previously described cell-penetrating mechanisms. Nonetheless, interaction with 

glycosaminoglycans on the cell membrane may lead to endocytosis. Once inside the cells, 

escape from endosomes has not been clearly demonstrated for some arginine-containing 

molecules (Abes et al., 2006). Nonetheless, cationic molecules including CDPs and CPPs 

containing multiple cationic subunits mimicking arginine and/or lysine can escape the 

endosome via proton sponge effect (Lonn and Dowdy, 2015). Nonetheless, many researchers 

believe peptides have the potential for significant contributions to ASO delivery. 

PAC have been used to exploit preferential delivery to tissue or organs. For example, 

CPP-ASOs with the PMO backbone have demonstrated delivery to brain tissue and specified 

cell types after systemic delivery demonstrating the ability to cross the blood-brain-barrier 

(BBB) (Du et al., 2011; Mathupala et al., 2008). To cross the BBB, active transport appears 

most likely; however, energy independent mechanisms cannot be completely ruled out when 

considering the effect of CPP-ASOs arranged in nanostructures with unknown properties and 
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the potential for physical interaction of CPPs with cell membranes (i.e. negative Gaussian 

curvature). Again, this demonstrates a unique example of cell-targeting capacity of CPPs. 

Other researchers have shown CTPs can cross the BBB following systemic administration 

resulting in higher concentrations of PAC in the brain.  

Arginylglycylaspartic acid (RGD) peptide is a cell-targeting peptide motif (Tsang et 

al., 2017). Similar CTP peptides with RGD motifs have been explored for ASO delivery. The 

RGD motif on these peptides can bind Ŭ5ɓ1 and ŬVɓ3 integrin receptors(i.e. vitronectin and 

fibronectin receptors). Many researchers have exploited the RGD motif for delivery to tumors 

(Liu et al., 2014; Tsang et al., 2017). 

Toxicity of CPPs has been reported. Kidney injury has resulted from exposure to 

cationic CPP-ASOs. Rats and non-human primates have had renal damage with high doses 

(212, 213). Increased arginine, a key amino acid resident in CPPs, was correlated with kidney 

injury following administration in vivo. Therefore, it has been surmised that cationic peptoids, 

which are chemically similar from mastaparan and HIV-TAT, also cause the same cytotoxicity 

that occurs in vitro. No surprisingly, studies conducted by our lab had similar findings of 

cytotoxicity with HIV-TAT, polyarginine, and positively charged nanoparticles with zeta 

potential of 10 mV to 30 mV. Similar findings have been reported for very negatively charged 

compounds as well. Taken collectively, an optimized mitigation strategy to preclude toxicity 

would be selecting oligonucleotides with near-neutral charge and/or conjugates with near-

neutral charge or some zwitterion-like potential at physiologic pH. 

Regarding conjugation, attachment of peptides primarily occurs post-synthesis of the 

oligonucleotide to the 3ô end where an exposed phoshoramidate can chemically react with the 

attached group. Peptides have exposed functional groups along sidechains. Lysine sidechains 
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and the purposeful addition of propargylglycine enable conjugation via ñclick chemistryò 

(Pickens et al., 2018; Wiener et al., 2020), maleimide-sulfhydryl, EDC-NHS ester (Wiener et 

al., 2020), and various linkers. 

There are multiple potential future clinical applications for PACs. To date, no peptide-

ASO conjugates have been FDA-approved of EMA-approved (Roberts et al., 2020). 

Nonetheless, two PACs are in development at nonclinical or clinical stages for the treatment 

of a rare disease, Duchenne Muscular Dystrophy. The future of drug development for PACs 

will require rigorous scientific methods to increase on-target effects and avoid pitfalls of off-

target uptake. If this can be accomplished, PACs may well deliver on the promised vision of 

the otherwise elusive ñmagic bulletò. 
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Table 2. Contemporaneous resources on delivery 

Concept Figure Description Source 

 

 

 

 

 

 

 

 

 

 

 

 

 

Enhanced delivery of 

oligonucleotides 

 

 

Pictorial and molecular formula representations 

of various oligonucleotide delivery strategies, 

including: 

 Lipid-siRNA 

 GalNAc-ASO 

 Antibody-siRNA 

 Aptamer-siRNA 

 Peptide-ASO 

 Stable nucleic acid lipid particle 

 Exosome 

 Spherical nucleic acid 

 DNA cage 

 

 

Roberts et al., 

2020 

 

Pictorial and molecular formula depictions of 

chemical conjugates for ASO delivery, 

including: 

 Fatty acids 

 Cell-penetrating peptides 

 Polyethylene glycol 

 Antibodies 

 Aptamers 

Schematic representation of or carrier-based 

technologies for ASO delivery, including: 

 Lipid nanoparticles 

 Ionisable LNPs 

 Peptide complexes 

 Polyphosphazenes 

 Dendrimers 

 

 

Hammond et 

al., 2021 

Table 1.2 Contemporaneous resources on delivery 
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Table 3. Contemporaneous resources on chemistry of oligonucleotide backbone, 

nucleobase, and ribose modification 

Concept Figure Description Source 

 

 

 

 

 

 

Oligonucleotide 

chemistry 

 

 

Molecular formulas showing functional groups 

commonly used for backbone, nucleobase, and 

ribose modification. Molecular formulas for 

alternative chemistries, including PMO, PNA and 

tricyclo-DNA (tcDNA) are also shown. 

 

 

Roberts et al., 

2020 

 

Representations of chemical structures used to 

modify oligonucleotide properties, such as: 

 Enzymatic stability 

 Improved aqueous solubility 

 Higher binding affinity 

 No immune activation 

 Reduced immune stimulation 

 

 

Dhuri et al., 

2020 

 

Pictorial representation of functional groups used in 

ASO modification in FDA-approved drugs 

 

 

Roberts et al., 

2020 

Table 3.3 Contemporaneous resources on chemistry of oligonucleotide backbone, nucleobase, and ribose modification 
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Table 4. Contemporaneous resources on mechanism of action 

Concept Figure Description Source 

 

 

 

 

 

 

 

 

 

 

Molecular 

pharmacology 

 

 

Pictorial stepwise description of the ASO 

mechanism of action either via RNA cleavage or 

RNA blockage 

 

 

Dhuri et al., 2020 

 

ASO development pathways into: 

 Inhibition of nonsense-mediated decay 

 Activation of no go decay 

 Target mRNA decay 

 Splice Modification 

 Masking to redirect a sequestered 

miRNA 

 Masking to avoid mRNA decay 

 Release of sequestered protein 

 Anti-miRNA 

 Increase protein expression 

 

 

Xiong et al., 2021 

 

ASO Therapy mechanisms: 

 RNase H-mediated cleavage in cytosol or 

nucleus 

 Protein function alteration 

 SSO-induced splicing modulation 

 Block assembly or RNA-binding factors 

 Innate immunity 

 Steric block leading to translational 

upregulation and inhibition 

 mRNA cleavage and degradation 

 

 

Hammond et al., 

2021 

(Credit to: 

Quemener et al., 

2020) 

Table 1.4 Contemporaneous resources on mechanism of action 
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Conclusion 

Oligonucleotides can be used as next-generation therapeutics to alter gene expression 

and treat a variety of genetic disorders or disease-causing conditions. Among all ON 

therapeutics, ASOs are the most clinically developed to date. The hallmark of ASO 

therapeutics is their ability to alter cellular function at the translational level. Hitherto, ASO 

therapeutic efficacy is dependent on the successful ASO delivery to the site of action. As 

described in this review, ASO delivery strategies combine optimized routes of administration, 

targeted cellular uptake and trafficking, and chemical modification to maximize specificity and 

reduce off-target effects. ASO pharmacokinetics bypasses systemic metabolization enabling 

direct routes of administration to organ systems or individual organs. At a molecular level, 

delivery can be tuned to target specific tissues or cells via alterations to the ASO chemical 

backbone or conjugation with antibodies, lipids, peptides, and sugars as delivery moieties. The 

iterative refinement of synergistic ASO delivery strategies will lead the next generation of 

ASO therapeutics with optimal dosing, defined pharmacodynamics, and measurable efficacy 

in vivo. 
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Figure 2.1 ESO-mediated alternative splicing of exon 4 in c-KIT pre -mRNA 
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Figure 2.2 KitStop ESO reduces KIT expression and loss of function in human MCs 
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Figure 2.3 Systemic delivery of human KitStop ESO inhibits tumor growth in a humanized xenograft MC neoplasia model   
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Figure 2.4 KitStop ESOs reduce liver infiltration of neoplastic MCs in a humanized xenograft model of MC neoplasia 
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Figure 2.5 KitStop ESO administration reduced primary tumor growth in an isograft model of MC neoplasia carrying D814Y auto-

activating mutation of the c-Kit proto -oncogene 
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Figure 2.6 KitStop ESO administration reduced hepatosplenomegaly and infiltration in an isograft model of MC neoplasia carrying 

D814Y auto-activating mutation of the c-Kit proto -oncogene 
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Figure 2.7 KitStop ESO administration reduced multicentric spread to organs and tissues in an isograft model of mast cell neoplasia 

carrying D814Y autoactivating mutation of the c-Kit proto -oncogene  
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Figure 2.8 KitStop ESO administration reduced cardinal signs of mast cell leukemia in an isograft model of mutant mast cell neoplasia 

  

À 



71 

 



72 

 

Materials and Methods 
  


