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Antisense oligonucleotide (ASO) technology has become an 
attractive therapeutic modality for various diseases, including 
Mendelian disorders. ASOs can modulate the expression of 
a target gene by promoting mRNA degradation or changing 
pre-mRNA splicing, nonsense-mediated mRNA decay, or 
translation. Advances in medicinal chemistry and a deeper 
understanding of post-transcriptional mechanisms have led 
to the approval of several ASO drugs for diseases that had 
long lacked therapeutic options. For instance, an ASO drug 
called nusinersen became the first approved drug for spinal 
muscular atrophy, improving survival and the overall disease 
course. Mutations in the cystic fibrosis transmembrane 
conductance regulator (CFTR) gene cause cystic fibrosis 
(CF). Although Trikafta and other CFTR-modulation 
therapies benefit most CF patients, there is a significant 
unmet therapeutic need for a subset of CF patients. In this 
review, we introduce ASO therapies and their mechanisms 
of action, describe the opportunities and challenges for 
ASO therapeutics for CF, and discuss the current state and 
prospects of ASO therapies for CF.

Keywords: antisense oligonucleotide, cystic fibrosis, cystic 

fibrosis transmembrane conductance regulator, nonsense-

mediated mRNA decay, RNA therapeutics, splicing

INTRODUCTION

Antisense oligonucleotide (ASO) technology has emerged as 

an attractive therapeutic modality for various diseases, thanks 

to important advances in synthetic nucleic-acid chemical 

modifications and ligand conjugation that resulted in im-

proved potency, delivery, biodistribution, and stability. ASOs 

can modulate the expression of target genes by promoting 

mRNA degradation or otherwise changing post-transcrip-

tional processing or translation. The recent approval of ASO 

drugs for various diseases that previously lacked adequate 

treatment options demonstrated their efficacy and safety as 

precision medicines that could fill the gap in unmet thera-

peutic needs (Table 1). This review introduces ASO therapies 

and their mechanisms of action, describes opportunities and 

challenges of ASO therapeutics for cystic fibrosis (CF), and 

discusses the current state of such ASO therapies.

General properties and chemical modifications of ASOs
ASOs are synthetic polymers―generally 12-30 nucleotides 

long―that structurally or functionally mimic DNA/RNA and 

bind to target RNA via Watson-Crick base paring (Bennett, 

2019). ASOs used for biomedical applications have modifi-

cations in their sugar-phosphate backbone and nucleobases 

to confer nuclease resistance and higher binding affinity (Fig. 

1A).
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Sugar modifications

Various chemical modifications of the ribose have been 

developed to increase the affinity of ASO for its target se-

quence (Wan and Seth, 2016). 2’-O-methyl (2’-OMe) and 

2’-O-methoxyethyl (2’-MOE) modifications improve the 

binding affinity and nuclease resistance, prevent cleavage 

of the RNA strand in the ASO:RNA duplex by RNase H, and 

reduce pro-inflammatory properties, compared to unmodi-

fied nucleotides (Bennett, 2019). Locked nucleic acid (LNA) 

or constrained ethyl (cEt) nucleotides are nuclease resistant 

and have enhanced affinity and stability, attributable to the 

constrained sugar pucker; cEt was reported to have a better 

toxicity profile than LNA (Wan and Seth, 2016). The in-

creased affinity imparted by LNA/cEt nucleotides necessitates 

using mixed modified and unmodified nucleotides, resulting 

in more complex ASO design and screening (Wan and Seth, 

2016).

 

Phosphate backbone modifications 

A phosphorothioate (PS) modification that replaces the 

natural phosphodiester backbone improves plasma protein 

binding, nuclease resistance, and overall pharmacokinetics 

(Bennett, 2019). Phosphorodiamidate morpholino oligomers 

(PMO), which have an uncharged, non-sugar backbone and 

the standard nucleobases, have also been widely developed 

and investigated for therapeutic purposes (Shimo et al., 

2018). PMOs are neutral, resistant to nucleases, and do not 

activate RNase H-mediated RNA cleavage; they are typically 

used for splicing modulation or to inhibit translation (Crooke 

et al., 2021).

Clinically approved ASOs
The mechanisms of ASO drugs can be categorized into tar-

geted degradation of RNA and occupancy-mediated steric 

hindrance (Fig. 1B). ‘Gapmer’ ASOs are composed of a win-

dow of >5 contiguous DNA nucleotides, flanked by modified 

RNA-like nucleotides, and they promote RNase H-mediated 

cleavage of the target RNA, which becomes destabilized 

(Bennett, 2019; Crooke et al., 2021). In contrast, steric-block-

ing ASOs are designed to prevent the binding of proteins or 

RNPs (ribonucleoprotein complexes) that are important for 

RNA metabolism and processing (Crooke et al., 2021). These 

ASOs are composed of uniformly modified nucleotides or a 

combination of modified and DNA nucleotides (Khvorova 

and Watts, 2017). Steric-blocking ASOs are particularly useful 

for modulating splicing or other post-transcriptional gene-ex-

pression steps. Since the first approval of the ASO drug fo-

miversen―for cytomegalovirus-associated retinitis, but later 

withdrawn―three other gapmer ASOs and five splice-switch-

ing ASOs have been approved (Table 1). These ASO therapies 

have significantly impacted the clinical course of patients who 

lacked therapeutic options for a long time.

Overview of CF and CF transmembrane conductance reg-
ulator (CFTR)-targeted therapies
CF is caused by loss-of-function mutations in the CFTR gene, 

inherited in an autosomal recessive fashion. CFTR encodes 

the CFTR protein, which regulates chloride transport across 

the plasma membrane, thus playing a critical role in the 
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Fig. 1. Overview of ASO properties and mechanisms. (A) ASO chemical modifications. ASOs can be modified at the phosphate 

inter-nucleotide linkage, and at the 2’ position in the sugar. Replacement of phosphate linkages with PS linkages improves nuclease 

resistance and improves binding to plasma proteins. Modification of the 2’ position of the sugar (e.g., 2’-OMe, 2’-MOE, LNA, and cEt) 

enhances nuclease stability and increases affinity for target RNAs. PMO modification replaces the sugar with the morpholino group 

and the phosphate linkages with neutral phosphorodiamidate linkages. Various molecules can be conjugated to the 3’ or 5’ termini of 

ASOs (Winkler, 2013). The most popular and successful conjugate is the N-acetylgalactosamine (GalNAc) moiety, which binds to the 

asialoglycoprotein receptor and enhances delivery of ASOs to hepatocytes. (B) General mechanisms of gene-expression modulation by 

ASO. Gapmer ASOs downregulate gene expression by inducing RNase H-mediated degradation of the target RNA. Steric-blocking ASOs 

are uniformly modified ASOs that sterically hinder the binding of proteins or RNPs that regulate post-transcriptional RNA processing (e.g., 

splicing, NMD, or polyadenylation) or translation. ASO, antisense oligonucleotide; PMO, phosphorodiamidate morpholino oligomers; 

NMD, nonsense-mediated mRNA decay; uORF, upstream open reading frame; pORF, primary open reading frame; PAS, polyadenylation 

signal.
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homeostasis of water and electrolytes in the airway and var-

ious epithelial-layer surfaces. Respiratory failure is the most 

common cause of CF morbidity and mortality, but CF chron-

ically and progressively affects multiple other organ systems 

(Shteinberg et al., 2021). CFTR mutations are categorized 

into six classes (I-VI) (Fig. 2) (De Boeck and Amaral, 2016). 

Class I mutations result in the lack of CFTR protein produc-

tion (e.g., G542X, W1282X). Class II mutations are missense 

mutations that lead to improper post-translational processing 

of CFTR protein; a representative example is the F508del 

mutation, present in most CF patients globally (CFTR2, 2022; 

Cystic Fibrosis Foundation, 2021). Class III mutations (e.g., 

G551D) are defective in channel-gating regulation. Class IV 

mutations (e.g., R117H) produce CFTR proteins with chan-

nel defects. Class V mutations lead to reduced CFTR protein 

synthesis, and many of them affect pre-mRNA splicing (e.g., 

c.3718-2477C>T). Finally, class VI mutations lead to de-

creased CFTR stability, due to missense mutations or trunca-

tion of the C-terminus (e.g., S492F or Q1412X).

	 The development of CFTR modulators, which are 

small-molecule drugs that modify the function or post-trans-

lational processing of the protein, resulted in significant 

improvements in the lung function and life expectancy of CF 

patients. CFTR modulators are categorized into potentiators, 

correctors, and amplifiers. Several potentiators and correc-

tors have been approved for the treatment of CF, and have 

been extensively reviewed elsewhere (Zaher et al., 2021). 

Potentiators increase CFTR function by increasing the chan-

nel-opening probability (Ramsey et al., 2011; Van Goor et al., 

2009), whereas correctors improve the trafficking of mutant 

Fig. 2. Classification of CFTR mutations. CFTR, cystic fibrosis transmembrane conductance regulator; ER, endoplasmic reticulum; PTC, 

premature termination codon; N/A, not applicable. Mutation classification based on De Boeck and Amaral (2016).
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CFTR, such as F508del, from the endoplasmic reticulum to 

the plasma membrane (Fiedorczuk and Chen, 2022; South-

ern et al., 2020). Amplifiers enhance CFTR function by in-

creasing mRNA or CFTR protein stability, but they are not yet 

approved for therapy (Dukovski et al., 2020; Giuliano et al., 

2018). The most recently approved drug, Trikafta, is a cocktail 

of a potentiator (VX-770) and two correctors (VX-445 and 

VX-661) that significantly enhances lung function and quality 

of life, and reduces severe pulmonary infection (Heijerman et 

al., 2019; Keating et al., 2018; Middleton et al., 2019). Tri-

kafta is approved for use in patients with at least one F508del 

allele, i.e., homozygous or compound heterozygous with 

another CF-causing mutation, thus benefiting about 85% of 

CF patients (Voelker, 2019). The remaining patients are not 

eligible for Trikafta, so there is still a significant unmet need 

for new CFTR-enhancing drugs. CFTR modulators are helpful 

when there is sufficient CFTR protein expression for them 

to act on. Various mutations, including nonsense mutations 

(e.g., G542X and W1282X) and splicing mutations (e.g., 

c.3718-2477C>T and 2657+5G>A) result in very low levels of 

CFTR expression, precluding the effective use of modulators 

(Voelker, 2019).

ASOs UNDER DEVELOPMENT FOR CF

ASOs targeting CFTR nonsense mutations
Nonsense-mediated mRNA decay (NMD) is a cellular mech-

anism that prevents the accumulation of potentially harmful 

truncated proteins translated from PTC (premature termi-

nation codon)-containing mRNAs (Kurosaki et al., 2019). 

Nonsense mutations account for ~8% of CF-causing CFTR 

mutations (CFTR1, 2022), and CFTR mRNAs with nonsense 

mutations in the penultimate exon or farther upstream are 

degraded through NMD, leading to very low CFTR expres-

sion and function (Clarke et al., 2019). NMD inhibition can 

potentially increase the expression of some truncated CFTR 

proteins with residual function. For instance, W1282X pro-

tein retains 1281 out of 1480 amino acids in the full-length 

CFTR protein, and its function can be improved with CFTR 

modulators if its expression is sufficiently increased (Haggie et 

al., 2017; Mutyam et al., 2017; Sanderlin et al., 2022; Wang 

et al., 2016). A relatively small increase in CFTR function, to 

10%-30% of normal CFTR function, is expected to be clini-

cally beneficial (Kerem, 2004; Van Goor et al., 2009).

	 A class of drugs called read-through compounds (RTCs) 

increases the level of full-length protein by reducing the fidel-

ity of the ribosome at the PTC (Lentini et al., 2014). Studies 

showed that NMD is an important therapeutic target for CF 

caused by class I mutations; combining newer-generation 

RTCs currently under pre-clinical and clinical investigation 

with NMD inhibition could be useful for CF (Clancy et al., 

2007; Huang et al., 2018; Keeling et al., 2013; Keenan et al., 

2019; Kerem, 2020; Linde et al., 2007; Sharma et al., 2021; 

Valley et al., 2019; Zainal Abidin et al., 2017).

	 SMG1 is a kinase that phosphorylates the RNA helicase 

UPF1—an essential step in NMD that leads to the recruitment 

of the endonuclease SMG6, which cleaves the target mRNA 

(Kurosaki et al., 2019). cEt/PS-modified gapmer ASOs that 

reduce SMG1 or SMG6 expression inhibit NMD and increase 

the level of PTC-containing CFTR mRNA close to that of wild-

type CFTR mRNA in human bronchial epithelial cell lines (CFF-

16HBEge) harboring homozygous Y122X, G542X, R1162X, 

or W1282X mutations (Fig. 3, Table 2) (Keenan et al., 2019; 

Sanderlin et al., 2022). CFF16HBEge cells were generated 

by introducing homozygous mutations into the endogenous 

CFTR loci of the parental human bronchial epithelial cell 

line (16HBE14o-) using CRISPR-Cas9 technology (Valley et 

al., 2019). In W1282X-mutant CFF16HBEge cells, SMG1 or 

SMG6 gapmer ASO increased CFTR protein levels; combin-

ing the gapmer ASO with VX-770 increased CFTR function; 

and adding the RTC G418 further increased CFTR function 

in these cells (Keenan et al., 2019; Sanderlin et al., 2022). 

In contrast, CFTR function significantly increased in Y122X, 

G542X, or R1162X mutant CFF16HBEge cells only when the 

gapmer ASO, VX-770, and G418 were combined (Sanderlin 

et al., 2022). Thus, the residual CFTR function of each trun-

cating mutation affects the response to NMD inhibition and 

RTC. The SMG1 and SMG6 gapmers plus VX-770 plus G418 

treatments increased CFTR function to ~2% to 4% of wild-

type levels (Sanderlin et al., 2022). The addition of correctors, 

such as VX-445/661, may further increase CFTR function.

	 Global inhibition of NMD by gapmer ASOs may disrupt 

mRNA homeostasis in a broad range of tissues, considering 

that the NMD machinery post-transcriptionally regulates gene 

expression of a subset of normal and physiologically func-

tional mRNA isoforms (Kurosaki et al., 2019). Thus, inhibiting 

NMD of CFTR mRNA specifically may be therapeutically ad-

vantageous. CFTR-specific NMD inhibition can be achieved by 

using a technique dubbed gene-specific antisense inhibition 

of NMD (GAIN), in which ASOs are used to disrupt the bind-

ing of exon-junction complex(es) (EJC) downstream of a PTC 

(Fig. 3, Table 2) (Kim et al., 2022a; Nomakuchi et al., 2016). 

GAIN ASO cocktails composed of three 2’-MOE/PS-modified 

ASOs that disrupt EJC binding at three sites downstream 

of the W1282X mutation specifically increase CFTR mRNA 

without suppressing global NMD in CFF16HBEge-W1282X 

cells (Kim et al., 2022a). The increase in the CFTR mRNA ex-

pression was close to the levels reported for wild-type CFTR 

mRNA (Sanderlin et al., 2022). The GAIN ASO cocktail plus 

VX-770/809 or VX-770/445/661 increased CFTR-mediated 

chloride current in the mutant human bronchial epithelial 

(HBE) cells up to 30% of wild-type CFTR (Kim et al., 2022a). 

The GAIN ASO cocktail also enhanced the effect of G418 on 

CFTR function. The GAIN ASOs caused some exon-skipping 

events downstream of the PTC on CFTR-W1282X mRNA, 

thus not affecting the resulting amino-acid sequence. How-

ever, because of these splicing changes upstream of the 

normal termination codon, the GAIN strategy may only be 

suitable for homozygous W1282X mutations or compound 

heterozygous mutations with W1282X and a severe CFTR 

allele not amenable to currently approved therapies.

	 Alternatively, exon-skipping ASOs can restore CFTR func-

tion in HBE cells harboring the W1282X mutation by induc-

ing the skipping of the exon containing the PTC. The resulting 

CFTR-Δ23 mRNA isoform, which lacks the in-frame exon 23 

with the W1282X mutation, is not degraded by NMD (Kim et 

al., 2022b; Michaels et al., 2022; Oren et al., 2022). CFTR-Δ

23 protein lack residues 1240 through 1291, but retains func-
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Fig. 3. Mechanisms of ASOs for CF. Overview of the available mechanisms for class I mutations (top panel) and other mutations (bottom 

panel). Gapmer ASOs can trigger RNase H-mediated downregulation of NMD-factor mRNAs (①) in the cytoplasm and nucleus. Uniformly 

modified ASOs that block the binding of EJCs downstream of a PTC can specifically stabilize nonsense-mutant CFTR mRNA (②), which is 

translated to make truncated CFTR protein or, in the presence of RTC, to make full-length CFTR. Uniformly modified ASOs targeting the 

splice sites or ESEs (exonic splicing enhancers) of an in-frame exon containing a PTC can induce exon skipping, and the resulting mRNA can 

be translated to produce partially functional CFTR (③). Uniformly modified ASOs can correct aberrant splicing mutations (④). Fully modified 

ASOs can also insert missing bases in the mutant CFTR mRNA through an unknown RNA-repair mechanism (⑤). Enhance translation in 

the pORF of CFTR by suppressing translation in the uORF by binding to the uORF start codon or TSE in the 5’ UTR (⑥). Gapmer ASOs can 

trigger RNase H-mediated downregulation of CF modifier genes, such as SCNN1A, to improve mucociliary clearance (⑦). ASO, antisense 

oligonucleotide; CF, cystic fibrosis; NMD, nonsense-mediated mRNA decay; EJCs, exon-junction complex(es); PTC, premature termination 

codon; CFTR, cystic fibrosis transmembrane conductance regulator; RTC, read-through compound; TSE, translational-suppression elements; 

uORF, upstream open reading frame; pORF, primary open reading frame.
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tional domains important for CFTR function that are missing 

in CFTR-W1282X protein (Kim et al., 2022b). Exon-skipping 

ASOs with uniform 2’-MOE/PS (Kim et al., 2022b; Oren et al., 

2022) or PMO (Michaels et al., 2022) modification targeting 

the splice sites, exonic splicing enhancer (ESE) elements, or 

both, induced efficient exon 23 skipping in W1282X mutant 

CFF16HBEge cells (Fig. 3, Table 2). Exon 23 skipping ASOs 

combined with VX-770/809 or VX-770/445/661 led to high-

er CFTR protein levels and CFTR function in the W1282X 

mutant CFF16HBEge- cells, patient-derived HBE cells (het-

erozygous W1282X/F508del), and patient-derived human 

nasal epithelial (HNE) cells (homozygous W1282X/W1282X) 

(Kim et al., 2022b; Michaels et al., 2022; Oren et al., 2022). 

Oren et al. (2022) estimated that one of their lead exon-skip-

ping ASOs combined with VX-770/445/661 increased CFTR 

function to up to 20% of wild-type CFTR. The exon-skipping 

approach cannot be combined with RTC, due to the lack of a 

PTC on CFTR-Δ23 mRNA, but it may be an effective approach 

if combined with a CFTR modulator therapy.

ASOs targeting CFTR splicing mutations
Splicing mutations account for approximately ~10% of 

CF-causing CFTR mutations (CFTR1, 2022). CFTR c.3718-

2477C>T (also known as 3849+10 kb C>T) is the 10th most 

common CFTR mutation (CFTR2, 2022). The C>T mutation 

generates a new 5’ splice site (5’ss) far downstream of the ca-

nonical 5’ss in intron 22, resulting in splicing of an 84-nucle-

otide pseudo-exon with a PTC; to the resulting mRNA under-

goes NMD, with the consequent reduction in functional CFTR 

(Chiba-Falek et al., 1998). 2’-OMe/PS splice switching ASOs 

targeting the 3’ splice site (3’ss) or 5’ss of the pseudo-exon 

restored the normal splicing pattern of a CFTR minigene 

with the c.3718-2477C>T mutation (Friedman et al., 1999). 

Since then, three other studies showed that splice-switching 

ASOs targeting the splice sites or ESEs suppress pseudo-exon 

inclusion and increase the normal CFTR mRNA isoform (Fig. 

3, Table 2) (Dang et al., 2021; Michaels et al., 2020; Oren et 

al., 2021). Michaels et al. (2022) used uniformly PMO-modi-

fied ASOs; Dang et al. (2021) used peptide-conjugated PMO 

(PPMO) ASOs combined with oligonucleotide-enhancing 

compounds (OEC, dubbed UNC7938 and UNC2383) that 

promote endosomal escape of ASOs and aid their delivery to 

the nucleus; Oren et al. (2021) used 2’-MOE/PS ASOs based 

on the prototype ASOs with 2’-OMe/PS modification. These 

ASOs significantly reduced the inclusion of the pseudo-exon 

in patient-derived HBE or HNE cells. Even though these ASOs 

do not completely suppress pseudo-exon inclusion, the in-

crease in the normal CFTR mRNA led to a substantial increase 

in normal CFTR protein and CFTR-mediated chloride current. 

In patient-derived HNE and HBE cells harboring compound 

c.3718-2477C>T/F508del mutations, the estimated CFTR 

function with 2’-MOE/PS ASO plus VX-770 treatment was 

~43% of wild-type CFTR function. In patient-derived HBE 

cells with homozygous c.3718-2477C>T mutation, the PMO 

ASO plus a potentiator (C-18) increased CFTR by 3-fold, 

and PPMO plus OEC plus Trikafta increased CFTR activity by 

6- to 10-fold. Currently, SpliSense is pursuing development 

of SPL84-23-1, one of the lead ASOs described by Oren et 

al. (2021) (Table 3) (Cystic Fibrosis Foundation, 2022). All 

groups showed that splice-switching ASOs plus CFTR modu-

lators increased CFTR function more than CFTR modulators 

alone. Even though Trikafta is approved for patients with the 

Table 2. ASOs under preclinical development for CF therapy

Mutation
Target 

gene
Chemistry Mechanism Key observation Reference

Y122X

G542X

R1162X

W1282X

SMG1

SMG6

cEt/PS  

gapmer

RNase H-mediated  

knockdown

SMG1/6 knockdown increases CFTR expression. 

The ASOs combined with read-through  

compound increases CFTR function in HBE 

cells.

(Keenan et al., 2019;  

Sanderlin et al., 2022)

W1282X CFTR Uniform

2’-MOE/PS

GAIN Gene-specific NMD inhibition of CFTR-W1282X 

mRNA increases CFTR expression and CFTR 

function in HBE cells.

(Kim et al., 2022a)

W1282X CFTR PMO

Uniform

2’-MOE/PS

Exon skipping Skipping of exon 23 containing W1282X 

mutation increases expression of CFTR-Δex23 

isoform and increases CFTR function in HBE 

and HNE cells.

(Kim et al., 2022b;  

Michaels et al., 2022;  

Oren et al., 2022)

c.3718-2477C>T CFTR PMO

PPMO

Uniform

2’-MOE/PS

2’-OMe/PS

Exon skipping Splice correction ASOs suppress inclusion of 

pseudo-exon, restores normal splicing, and 

increase CFTR function in HBE and HNE cells.

(Dang et al., 2021;  

Michaels et al., 2020;  

Oren et al., 2021)

F508del

N1303K

CFTR Uniform

2’-MOE/PS

uORF suppression Suppressing uORF translation increases CFTR 

expression and function in HBE cells.

(Sasaki et al., 2019)

ASO, antisense oligonucleotide; CF, cystic fibrosis; cEt, constrained ethyl; PS, phosphorothioate; CFTR, cystic fibrosis transmembrane 

conductance regulator; HBE, human bronchial epithelial; 2’-MOE, 2’-O-methoxyethyl; GAIN, gene-specific antisense inhibition of NMD 

(nonsense-mediated mRNA decay); PMO, phosphorodiamidate morpholino oligomers; HNE, human nasal epithelial; PPMO, peptide-con-

jugated PMO; 2’-OMe, 2’-O-methyl; uORF, upstream open reading frame.
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c.3718-2477C>T/F508del mutations (Zaher et al., 2021), 

splice-switching ASOs combined with CFTR modulators 

may be a useful therapeutic strategy for CF patients with 

the homozygous or other compound heterozygous c.3718-

2477C>T mutation.

ASOs targeting CFTR mRNA translation and stability
ASOs can be designed to upregulate translation. For ex-

ample, ASOs complementary to upstream open reading 

frames (uORFs) and translation-inhibitory elements can 

increase gene expression in vivo (Crooke et al., 2021). The 

5’ untranslated region (UTR) of CFTR mRNA comprises an 

upstream AUG (uAUG) translational initiation site and trans-

lational-suppression elements (TSE) that can be blocked with 

uniformly 2’-MOE/PS-modified ASOs (Fig. 3, Table 2) (Sasaki 

et al., 2019). The uORF-blocking ASOs suppressed translation 

initiation at the uORF and significantly increased the CFTR 

protein localized to the membrane and the CFTR-mediated 

chloride current in 16HBE14o- cells. uORF-blocking ASOs in-

creased the expression and function of F508del and N1303K 

mutant CFF16HBEge cells, but not W1282X mutant CFF16H-

BEge cells. In patient-derived primary HBE cells harboring at 

least one F508del mutation and another CFTR mutation that 

retains partial function, combining the uORF-blocking ASOs 

with VX-770/661 increased CFTR function to 15% to 45% of 

wild-type CFTR, depending on the mutations. One challenge 

of this approach is that dose-dependent effects of the uAUG 

and TSE-blocking ASOs were not evident in primary HBE 

cells. Further investigating the interplay among the ASO’s 

uORF-suppression mechanism, dose-dependent toxicity, and 

ASO delivery method may facilitate development of this ap-

proach.

PERSPECTIVES FOR THE FUTURE DEVELOPMENT OF 
ASO DRUGS FOR CF

Delivery of ASOs for CF to the lung
Chronic pulmonary inflammation and mucus plugging are 

hallmarks of CF (Shteinberg et al., 2021). Thus, efficient de-

livery of ASOs to ciliated airway epithelial cells in the upper 

airway remains an important challenge for therapeutic de-

velopment. Aerosolized ASO, rather than systemic delivery, 

is a clinically relevant method of intratracheal delivery to the 

airways (Templin et al., 2000). Studies of aerosolized ASOs 

in mice and monkeys demonstrated that aerosolized ASOs 

have relatively long half-lives in the lungs (4 and 7 days, re-

spectively), low toxicity, favorable lung-tissue accumulation, 

and superior bioavailability compared to intravenously ad-

ministered ASOs (Crooke, 2007; Crosby et al., 2017; Templin 

et al., 2000). Systemic exposure is minimal; kidney and liver 

exposure of inhaled ASOs has been reported, but the level 

of exposure is significantly less than obtained by systemic 

administration of ASOs, as the amount of drug is much lower 

(Crooke, 2007; Moschos et al., 2017).

	 In clinical trials, several aerosolized ASOs developed for CF 

therapy had favorable safety profiles and showed exposure in 

the intended lung tissues. IONIS-ENaC-2.5-Rx, developed by 

Ionis Pharmaceuticals, is a cEt/PS gapmer ASO that downreg-

ulates SCNNA1 to prevent and reverse lung pathology in CF 

(Table 3, Fig. 3). In a phase-1/2a clinical trial (NCT03647228), 

the ASO showed significant in vivo activity without significant 

safety concerns, but its development was recently discontin-

ued due to long-term toxicity in the preclinical model (Pinto 

et al., 2021). Eluforsen (also known as QR-010), developed 

by ProQR Therapeutics, is a uniform 2’-OMe/PS ASO that 

inserts the three missing bases in the mutant CFTR-F508del 

mRNA through an unknown mechanism, converting it into 

wild-type CFTR mRNA (Table 3, Fig. 3) (Drevinek et al., 2020). 

In a phase-1b clinical trial, eluforsen improved patients’ qual-

ity of life but did not significantly improve lung function or 

sweat chloride, compared to the placebo (Drevinek et al., 

2020). Even though a subgroup analysis showed some im-

provement in pulmonary function compared to the placebo, 

its development was discontinued (Cystic Fibrosis Founda-

tion, 2022).

Future challenges and considerations
ASO-based therapeutics provide a unique opportunity to ad-

dress the unmet needs of CF, especially in combination with 

CFTR modulator therapies. Despite favorable characteristics, 

significant challenges for ASO drug development remain. A 

major challenge is maximizing the efficacy and minimizing 

Table 3. Commercially developed ASOs for CF therapy

Drug Chemistry Does route
Development  

Phase
Key observation Trial info/source

IONIS-ENaC-2.5-Rx cEt/PS gapmer Inhaled aerosolized 

ASO

Phase-1/2a  

(discontinued)

Decrease in SCNN1A mRNA levels in 

lung gavage samples

Well tolerated

NCT03647228

Eluforsen 2’O-Me/PS Inhaled aerosolized 

ASO

Phase-1b  

(discontinued)

Improved CF quality of life in patient 

survey

Well tolerated

NCT02532764

SPL84-23-1 2’MOE/PS N/A Preclinical Corrects aberrant splicing caused by 

c.3718-2477C>T

(Oren et al., 2021)

SPL23 2’MOE/PS N/A Preclinical Skips exon 23 containing the nonsense 

W1282X mutation

(Oren et al., 2022)

ASO, antisense oligonucleotide; CF, cystic fibrosis; cEt, constrained ethyl; PS, phosphorothioate; 2’-OMe, 2’-O-methyl; 2’-MOE, 2’-O-me-

thoxyethyl; N/A, not applicable.
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the toxicity of ASO drugs. The potency and toxicity of ASOs 

can be affected by various factors, such as chemical modifica-

tions, off-target effects, and delivery methods. Safety profiles 

are well-established for various ASO chemical modifications, 

and each chemical class of ASO has unique safety profiles 

(Crooke et al., 2021). Optimizing the chemical modification, 

sequence, and delivery methods of ASOs could maximize 

on-target effects and reduce off-target effects (Scharner et 

al., 2020).

	 Localized delivery of aerosolized ASO for CF depends in 

part on the properties of the diseased airway but can be 

improved by optimizing the properties of aerosolized ASO 

droplets (Labiris and Dolovich, 2003). Delivery of ASOs to the 

desired cell types for CF therapy may be improved by using 

conjugated ASOs. GalNAc-conjugated ASO is widely used to 

enhance delivery to hepatocytes, and other conjugates such 

as lipids, carbohydrates, peptides, or aptamers may enhance 

delivery to other target tissues (Fig. 1) (Crooke et al., 2021; 

Winkler, 2013). CFTR is highly expressed in ciliated cells and 

serous cells of the submucosal glands, but ciliated-cell-spe-

cific expression of CFTR in Cftr-null mice does not rescue the 

ion-transport defects (Ostrowski et al., 2007). Hence, the 

target cell type of ASO therapy for CF is not entirely clear. 

Recently, single-cell RNA sequencing experiments revealed a 

cell type dubbed ‘pulmonary ionocyte,’ with high expression 

of Cftr in mice and CFTR in humans, which could play an 

important role in CF pathology (Harris, 2021). Future inves-

tigation may reveal which cell type(s) should be targeted for 

effective CF ASO therapies.

	 There is much room to improve ASO therapeutics for CF. 

Ongoing research and improvements in ASO technology, 

together with a better understanding of RNA regulatory 

mechanisms, may provide new therapeutic modalities for CF 

patients with unmet therapeutic needs.
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