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Abstract

Cystic fibrosis (CF) is a monogenic disease caused by mutations in the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene. CFTR dysfunction is characterized by 

abnormal mucociliary transport due to a dehydrated airway surface liquid (ASL) and hyperviscous 

mucus, among other pathologies of host defense. ASL depletion is caused by the absence of CFTR 

medicated chloride secretion along with continued activity of the epithelial sodium channel 

(ENaC) activity, which can also be affected by CFTR mediated anion conductance. Therefore, 

ENaC has been proposed as a therapeutic target to ameliorate ASL dehydration and improve 

mucus transport. Inhibition of ENaC has been shown to restore ASL hydration and enhance 

mucociliary transport in induced models of CF lung disease. To date, no therapy inhibiting ENaC 

has successfully translated to clinical efficacy, in part due to concerns regarding off-target effects, 

systemic exposure, durability of effect, and adverse effects. Recent efforts have been made to 

develop novel, rationally designed therapeutics to produce specific, long-lasting inhibition of 

ENaC activity in the airways while simultaneously minimizing off target fluid transport effects, 

systemic exposure and side effects. Such approaches comprise next-generation small molecule 
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direct inhibitors, indirect channel-activating protease inhibitors, synthetic peptide analogs, and 

oligonucleotide-based therapies. These novel therapeutics represent an exciting step forward in the 

development of ENaC-directed therapies for CF.
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INTRODUCTION

Cystic fibrosis (CF) is an autosomal recessive, monogenic disease arising from mutations in 

the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene, which affects 

roughly 70,000 patients worldwide. Mutations in the CFTR gene cause dysfunctional or 

non-functional CFTR protein and dysregulated epithelial anion secretion [1]. CF presents 

with multi-organ pathologies in the lung, pancreas, and vas deferens (in male patients). 

Pulmonary manifestations of defective anion secretion are characterized by dehydrated 

airway surface liquid (ASL) and highly viscous mucus resulting in failure of the mucociliary 

escalator [2,3]. In concert with other defects in host defense, most prominently airway 

acidification and defective bacterial killing [4], consequently patients with CF become 

susceptible to chronic infection, inflammation, and progressive obstructive lung disease [1].

While CFTR plays a crucial role in anion secretion and regulation of epithelial potential 

difference, it also has absorptive capacity, where it works both in concert and in opposition 

to the epithelial sodium channel (ENaC) [5]. ENaC is a heterotrimeric protein channel 

expressed on the apical surface of airway epithelial cells [6] . ENaC is typically composed of 

three homologous subunits (α-, β-, and γ-subunits), although a δ subunit has identified more 

recently [6,7], which may alter the biophysical characteristics of the channel when 

incorporated into the assembled protein. Once assembled, ENaC is activated by proteolytic 

cleavage of the extracellular loops of the α- and γ -subunits. NaC primarily facilitates 

sodium and water resorption from the luminal surface into the epithelial cell. The balance of 

CFTR-mediated secretion and ENaC-mediation absorption plays a key role in maintaining 

ASL homeostasis, although other ion channels such as the calcium-activated chloride 

channel (CaCC) are also known to contribute to ASL regulation [8]. Presently, the 

relationship between CFTR and ENaC remains controversial [9]. Strong evidence suggests 

that ENaC activity is likely both abnormal in CF, and dependent on CFTR activity [10–17], 

whereas other studies do not support this [18–21], indicating tonic ENaC-mediated fluid 

resorption is present in CF and normal subjects. Other studies have shown that while ASL 

depth contributes to mucus transport, rheological abnormalities of CF mucus independent of 

dehydration defects can be a dominant factor in delaying MCC [2,3]. The controversy 

regarding the role of ENaC in CF pathogenesis, combined with the failure of several ENaC-

targeted therapeutics in CF despite promising preclinical data, has led some to question 

whether ENaC can be an effective target in CF [22]. Therefore, the need to validate ENaC as 

a therapeutic target in CF persists.
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In support of continued development of ENaC therapeutics in CF, empirical evidence 

demonstrates that aberrant ENaC activity contributes to either hyper- or hypo-hydrated ASL, 

with corresponding effects on mucociliary clearance (MCC) rate [23–26]. Indeed, mutations 

in the SCNN1A and B genes, which encode the α- and β-subunits of the ENaC protein, 

respectively, have been associated with CF-like lung disease in the absence of disease-

causing CFTR mutations [6].For example, a patient possessing a gain-of-function mutation 

[27] in the SCNN1B gene (V348M) was identified as having CF-like symptoms in the 

absence of CFTR mutations [28]. This phenomenon has been recapitulated in a murine 

model overexpressing the β-subunit of the ENaC protein [23,26]. Conversely, mutations 

causing hypoactivity of the ENaC channel have been shown to cause 

pseudohypoaldosteronism [6,24,29], which expands the ASL depth and accelerates the MC 

[29]. Further, recent evidence has emerged demonstrating that CF patients who possess rare 

mutations in the SCNN1D gene, which encodes the δ subunit of ENaC, have hypomorphic 

ENaC channel activity [17]. These patients possessing rare SCNN1D mutations also 

demonstrated a long-term nonprogressive phenotype in lung function in which their lung 

function over a period of more than 20 years experienced minimal changes lending further 

support that ENaC is a plausible therapeutic target [17]. Thus, ENaC has been proposed as a 

putative target to partially ameliorate the mucus dehydration which is commonly observed in 

the CF population [30–33]. This therapeutic strategy is particularly enticing because it 

operates independent of CFTR function and CFTR mutation class [34,35]. Therefore the 

ENaC therapeutic strategy has the theoretical potential to benefit all CF patients, particularly 

those possessing rare mutations who do not currently have approved modulator therapy [36]. 

This review will briefly summarize past attempts at ENaC inhibition as a therapeutic target 

in CF, and focus on recent (since 2015) development of ENaC-targeted therapeutics.

PHARMACOLOGICAL ATTEMPTS AT ENaC INHIBITION

Previous reviews have discussed in detail, prior unsuccessful attempts at inhibiting ENaC 

[30–33], although they continue to inform current efforts; Table 1 summarizes these 

previous ENaC studies. Briefly, the development of the small molecule ENaC inhibitor 

amiloride marked the first attempt at the therapeutic use of ENaC inhibition in CF [37–40]. 

Amiloride is a pyrazinoyl guanidine compound which directly inhibits ENaC [41,42]. 

Despite being an effective inhibitor of ENaC, amiloride failed as a viable therapeutic option 

in CF, thought to be primarily due to its instability (short half-life) in the ASL and rapid 

clearance from the lungs (epithelial permeability) [43,44]. This rapid clearance has been 

observed in subsequently developed amiloride derivatives, including benzamil and phenamil 

[45]. Curiously, amiloride also obfuscated the beneficial effects of hypertonic saline 

inhalation [46]. This may have been due to non-selective inhibition of the water channel 

AQP, depleting water transport into the lumen through the osmotic effects of hypertonic 

saline, although other reports have demonstrated that amiloride may not affect water 

permeability [47]. Additionally, clinical development of a promising third generation 

derivative of amiloride, GS-9411 (formerly P-680, a collaborative effort between Gilead and 

Parion), was terminated after phase-1 trial participants had transient clinically significant 

hyperkalemia [48].
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An alternative approach to direct ENaC inhibition is the use of indirect inhibitors, which do 

not directly act on ENaC but instead indirectly attenuate its function through modulation of 

other factors which contribute to regulation of ENaC activity. Indirect ENaC inhibition has 

primarily been achieved by Channel-Activating Protease (CAP) inhibitors. CAP inhibitors 

prevent the cleavage of extracellular loops on ENaC by proteases including prostasin, 

matriptase and furin. Targeting trypsin-like serine proteases (such as prostasin) and other 

channel activating proteins has been of interest since the late 1990s when Vallet et al. 

demonstrated that aprotinin (a trypsin-like serine protease) inhibited ENaC activity in the 

kidney [49]. Camostat (also known as QAU 145, developed by Novartis) is a potent P 

inhibitor that substantially reduces ENaC activity [50]. In phase 2 clinical trial, CF patients 

receiving camostat as a nasal spray showed reduced sodium transport across the nasal 

epithelium on transepithelial nasal potential difference (NPD) assays. However, some 

patients experienced adverse side effects raising concerns regarding the tolerance and safety 

of camostat in non-optimized formulations as an inhaled treatment for CF [50].

While many previously tested compounds have demonstrated effective inhibition of ENaC, 

significant challenges persist regarding time-course of efficacy, side-effects of systemic 

exposure, and unexpected adverse events including epistaxis, hematuria, and condition 

aggravation. Systemic exposure to potent potassium-sparing ENaC inhibitors such as 

amiloride may contribute to hyperkalemia. Thus, with these types of molecules, a significant 

therapeutic effect in the airways must be balanced with minimal off-target effects. Other 

approaches, which allow for airway-specific targeting of ENaC inhibition may also provide 

a more directed approach to therapeutic ENaC inhibition.

CHALLENGES OF ENaC-TARGETED THERAPEUTICS

Figure 1 describes the mechanisms of ENaC inhibition which have been attempted, or are 

currently in development. The success of therapeutic ENaC inhibition in CF will be 

dependent on their ability to overcome a multitude of challenges associated with ENaC-

targeted therapeutics. The most significant challenges to ENaC-targeted therapeutics are: 1) 

the need to maximize treatment effects in the lung while minimizing systemic exposure and 

off-target effects, 2) prolonging the duration of effect, particularly with small-molecule 

inhibitors, which can often be rapidly cleared, and 3) understanding the interaction between 

ENaC and other airway epithelial ion channels involved in ASL regulation, particularly 

CFTR, and their ability to complement one another versus the potential risk that CFTR-

dependent bicarbonate secretional pH resolution represent independent effects that are not 

addressed by fluid transport alone. An additional challenge in an effective ENaC-targeted 

CF therapy is the determination of the “optimal” time for initiating treatment in relation to 

the onset of lung disease [51]. Our ability to employ rational drug design to maximize 

specificity to the airway epithelium may be crucial to effective ENaC-targeted therapeutics 

for CF, as specificity to the respiratory epithelium has been a key issue that has plagued 

development so far. For example, selectivity could be optimized through a structure-based 

rational drug design approach of manipulating ligand affinity by leveraging subtle or 

substantial differences of candidate compounds in the binding determinants of ligand shape, 

electrostatic properties, hydration, conformational selection/flexibility, hydration, and 
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allostery [52]. Other approaches to limit systemic absorption could be alternatives to achieve 

this goal.

ENaC is highly expressed in the cortical collecting duct of the kidney, thus the localization 

of ENaC inhibitor therapies to the airway epithelial tissue is a highly desirable attribute of 

any ENaC-targeted therapeutic for CF. Blockade of ENaC activity in the kidney by 

potassium-sparing diuretic, ENaC inhibitors such as amiloride may lead to hyperkalemia 

and consequent arrhythmias in severe cases. Therefore, any ENaC-blocking therapy for CF 

must maximize effects in the lung while limiting ENaC inhibition in the kidney. This may be 

dose-limiting for ENaC inhibiting drugs, mainly traditional small-molecule global ENaC 

blockers. However, newer approaches which either exploit innate regulatory mechanisms 

specific to the airway epithelial milieu [53], or tissue-specific targeting may enhance 

efficacy in the lung while simultaneously reducing systemic effects [54,55], thus minimizing 

the risk of hyperkalemia and other off-target drug effects. Furthermore, ongoing 

development of new small molecule direct ENaC inhibitors which do not cause 

hyperkalemia are promising (AZD5634; clinicaltrials.gov: NCT02950805).

While minimizing off-target effects and systemic exposure is important for ENaC inhibitor 

therapies, concurrently maximizing the durability of effect in the lung is also essential. One 

of the challenges with early small molecule ENaC inhibitors is that they could be rapidly 

cleared from the lung, thus reducing the therapeutic window following administration of the 

drug. Subsequent development of molecules with substantially longer dwell time in the lung 

has somewhat mitigated this concern, but the most promising approaches may be 

oligonucleotide-based therapeutics, which potentially have a therapeutic window of days- to 

weeks, thus substantially reducing the frequency of dosing needed for therapeutic inhibition 

of ENaC in the lungs.

Finally, understanding the interactions between ENaC and other airway epithelial ion 

channels which regulate ASL homeostasis is an important, and perhaps somewhat 

understudied consideration. While evidence suggests that ENaC is downregulated by normal 

CFTR [51], this remains controversial [9,31]; in contrast, little is known regarding whether 

ENaC, in turn affects CFTR function [12]. A co-expression study performed in Xenopus 
laevis oocytes demonstrated that CFTR activity is upregulated by ENaC [56]. It has been 

suggested that this interaction could be facilitated by the Na+/H+ exchanger regulatory 

factor, isoform 1 (NHERF1), although further investigation is necessary to understand these 

interactions [12,57]. ENaC activity may also be modulated by the potential difference across 

the apical cell membrane [58]. The electrophysiological gradient across the membrane and 

in particular the intracellular Cl-concentration modulate channel activity. To date, whether 

ENaC influences CFTR function is still unknown, thus the effects of pharmacological 

inhibition of ENaC on CFTR function are not well described. In particular, it is presently 

unknown whether ENaC inhibitors and CFTR modulators could interact directly, as 

suggested by past literature [56,59]. Regardless and independent of this mechanism, the 

electrophysiological effects of increased anion secretion and decreased cation absorption 

suggest that a synergistic effect could be expected when ENaC inhibitors and FTR 

modulators are combined as the potential difference of the membrane is normalized by 

either modality, providing favorable electrical driving forces for the converse ion. Said 
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another way, if ENaC is inhibited, electrical drive favoring CFTR secretion would be 

enhanced; in parallel, as CFTR function is augmented, ENaC resorption should be 

diminished, as observed for ivacaftor in G551D patients [60,61]. Nevertheless, if ENaC does 

indeed activate CFTR directly, potentially through protein-protein interactions, it is possible 

that inhibition of ENaC could depress CFTR function, thus blunting the effects of modulator 

therapy. It is possible that restoration of ASL hydration and consequent improvements in 

MCC by ENaC inhibition may be enhanced by uncoupling interactions between ENaC and 

CFTR, if ENaC does indeed activate CFTR.

Future studies elucidating the relationship between ENaC and CFTR will aid in 

understanding the development and optimization of ENaC-targeted therapeutics for CF. 

Given the rapid development of next-generation CFTR modulator therapies and triple-

combination therapies with the potential to treat broader segment of the CF population, 

further understanding the relationship between ENaC and CFTR will become particularly 

important as ENaC inhibitors are combined with CFTR modulators as potentially 

complementary means to restore ASL volume, or as CFTR modulators achieve more broad 

utilization. It is essential we learn this by coupling ion transport studies with the 

development of ENaC blockers in vivo, rather than limit studies to only clinically relevant 

endpoints – otherwise we cannot fully understand or optimize treatment approaches in the 

case of a negative or subclinical result. Moreover, it remains to be seen whether augmenting 

the ion transport environment via targeting ENaC will have a major role in CF therapy 

should highly effective CFTR modulator therapy successfully be advanced to the 

overwhelming majority of CF patients and be made available for widespread use. Certainly, 

there is not an inconsequential risk that this may become more challenging if most CF 

patients obtain substantial CFTR activity through small molecule therapy. Issues related to 

medication cost or lack of access are unpredictable at this stage, but could obviously alter 

the dynamic in appreciable ways.

TRANSLATIONAL CHALLENGES

The potential for ENaC-targeted therapeutics to succeed is still controversial, given that to 

date, no clinical translation of ENaC inhibitors for CF has been achieved and published. 

Success of numerous compounds in preclinical models without clinical translation in human 

patients has caused some to call into question whether ENaC is an appropriate target at all. 

Although it remains unresolved whether ENaC activity is different in CF populations, even 

in the absence of overactive ENaC, inhibition of this ion channel would be expected to 

modulate ASL hydration by reducing ion transport and altering the electrochemical gradient 

to favor secretion. In addition, patients who have mutations that produce either over- or 

under-active ENaC who exhibit either CF-like lung disease or accelerated MCC, 

respectively. These genetic data suggest that pharmacologic modulation of ENaC activity 

could indeed have a significant impact on lung function, particularly over a long time 

domain. dditionally, observational data demonstrating that some CF patients who possess 

rare mutations in ENaC causing hypomorphic channel activity also possess a non-

progressive lung function phenotype further supports that ENaC may indeed be an important 

adjunctive target for treating CF.
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The success of CFTR modulator therapeutic development exemplifies the advances in 

preclinical models of CF and their utility in predicting clinical responses to CFTR modulator 

treatment. CF knockout animals, including mice, rats, rabbits, ferrets, and pigs, have been 

produced which recapitulate human CF disease with varying degrees of faithfulness [62]. 

Further, other models of CF lung disease such as the βENaC-transgenic mouse have also 

been useful for preclinical studies of CF [23,26]. Although models such as these produce 

CF-like lung disease as a consequence of significant airway dehydration, they do not fully 

recapitulate all of the potential pathologies involved in CF lung disease such as acidification 

of the airways and production of hyperviscous mucus. Thus, although these models are 

informative regarding whether targeting ENaC is effective, they may not accurately predict 

the effect of ENaC inhibitors in true CF lung disease.

As is common with other pharmacological development, preclinical data in ENaC-targeted 

therapeutics has not necessarily been predictive of clinical outcomes, nor have they been 

faithful in predicting safety and tolerability in patients. Moreover, the use of assays which 

provide insight into ENaC channel function in situ as well as functional measures related to 

airway surface liquid hydration and mucociliary transport rate will enable assessment of 

whether a putative ENaC-targeted therapeutic is truly inhibiting ENaC function and whether 

there is a functional effect of the therapeutic as well. In particular, benchtop assays which 

can also be applied in vivo in humans, such as nasal potential difference or gamma 

scintigraphy-based MCC assays would be particularly informative, particularly if feasibility 

and throughput could be improved. Monitoring ASL/PCL depth and MCT in vivo could be 

another approach [2,63–65]. Taken together with traditional clinical outcome measures such 

as lung function, exacerbation rate, sweat chloride, etc., these data would provide insight 

into mechanistic bases of either success or failure in clinical trials. Identification of salient 

biomarkers in patient populations which are sensitive to changes in ENaC channel function 

as well as improving the sensitivity of traditional clinical outcome measures will be 

particularly important as patients improve in their health, potentially from improved CFTR 

modulator therapies. As patients with CF become healthier, the challenge of detecting 

additional effects of newer treatments would be expected to become more challenging. 

Therefore, improving both the preclinical models for the testing of ENaC-targeted 

therapeutics as well the biomarkers for drug activity which can be translated to human 

patients will aid in successful clinical translation of future ENaC-targeted therapeutics.

ENaC INHIBITORS IN DEVELOPMENT

Summary of Current State of ENaC-Therapy Development

Despite historical challenges with ENaC-targeted therapeutics, there is still a significant 

effort to produce more potent, and more specifically targeted therapeutic agents to inhibit 

ENaC in CF, and ultimately validate this concept in CF disease. Compounds which are 

currently in development encompass next-generation small molecule inhibitors, rationally 

designed CAP-inhibitors, peptide analogs exploiting the natural autocrine regulatory 

mechanisms of ENaC, and molecular approaches with ASO and siRNA therapies. Table 2 

summarizes these compounds which are currently in development. Many of these 

compounds share characteristics which distinguish them from previous drugs targeting 
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ENaC (structures available in [33]). In particular, these compounds are intended to exhibit 

higher specificity to the airway epithelium, while minimizing systemic exposure and off-

target effects, while retaining a similar or higher degree of efficacy. Furthermore, the 

duration of effect for some compounds, particularly nucleic acid therapeutics, is prolonged 

compared to historical ENaC inhibitors. Many of these compounds are early in development, 

with the only small number currently undergoing clinical trials in human patients at this 

time. However, the swath of promising preclinical data thus far suggests that the potency and 

safety profiles of many of these compounds are substantially better than previous 

generations of ENaC-targeted therapeutics.

Direct Inhibitors

Next generation small molecule inhibitors have been developed by a partnership between 

Parion and Vertex (VX-371, formerly P-1037; clinicaltrials.gov: NCT02709109), and 

separately by AstraZeneca (AZD5634; clinicaltrials.gov: NCT02950805), Boehringer 

Ingelheim (BI 443651; clinicaltrials.gov: NCT02976519) and Novartis (QBW276; 

clinicaltrials.gov: NCT02566044). A potential hypothesis for the utility of ENaC inhibitors 

for CF is their potential to drive additional CFTR-dependent secretion through shift of 

membrane potential. This strategy was tested in a phase 2 clinical trial of VX-371 (formerly 

Parion P-1037) which compared the addition of either hypertonic saline, or hypertonic saline 

plus VX-371 to the treatment regimen of CF patients homozygous for the F508del mutation 

taking the combination CFTR modulator regimen ivacaftor/lumacaftor (Orkambi), with 

percent predicted forced expiratory volume in 1 s (ppFEV1) as the primary outcome measure 

(Vertex press release: http://investors.vrtx.com/releasedetail.cfm?ReleaseID=1045401). 

Although VX-371 did not produce any clinically meaningful improvement in ppFEV1, it 

was well tolerated by the patients. The reasons for this are not yet known. One shortcoming 

of the study was that no measures of ion transport or mucus clearance, such as NPD or a 

radiographic measure of MCC, were recorded, thus the study will not be able to determine 

whether treatment with VX-371 achieved ENaC inhibition or influenced MCC in vivo. Thus, 

we have not yet ascertained whether the failure is mechanistically related, or due to other 

pharmacological problems that frequently plague drug development. For example, it is 

possible that the dose selected, which was shown to not cause hyperkalemia or other adverse 

side effects, was lower than a therapeutically meaningful dose. fundamental question which 

arises from these data is whether inhibition of ENaC can produce meaningful physiological 

improvements, which are not captured by clinical outcome measures such as ppFEV1. 

Regardless, at present the development of VX-371 as a CF therapy has been halted. 

However, a separate phase 2 study of VX-371 in patients with primary ciliary dyskinesia 

remains ongoing, and will assess the potential of ENaC inhibition in a disease not influenced 

by the more complex physiology of the CF airway.

A significant therapeutic effect in the airways must be balanced with off-target effects, 

particularly with potassium-sparing ENaC inhibitors, and could allow dosing to more 

efficacious thresholds. One such compound, NVP-QBE170, a dimeric amiloride derivative 

under development from Novartis, has shown to be effective in animal models in attenuating 

ENaC activity without inducing hyperkalemia [66]. Novartis is also exploring novel α-

branched pyrazinoyl quaternary amines for their ability to act as potent ENaC inhibitors 
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[67,68]. However, the application of both these compounds in CF therapy has not been 

reported yet. Therefore, at present other approaches which allow for direct or indirect 

airway-specific targeting of ENaC inhibition may provide a more viable approach to 

therapeutic ENaC inhibition.

QBW276 is a small molecule ENaC inhibitor in development by Novartis that is currently in 

a phase 2 clinical trial (NCT02566044) to assess multiple doses of inhaled QBW276 in three 

cohorts of adult CF patients [69]. Study design for cohorts 1 and 2 is a randomized, double-

blind, placebo-controlled, parallel arm, multiple dose study to assess safety, tolerability, 

pharmacokinetics, and preliminary efficacy in CF patients regardless of genotype. Patients in 

cohort 1 will receive 6 mg daily (3 mg bid) for 7 days (6:2 QBW276 and placebo, 

respectively). Dose and frequency will be confirmed upon completion of cohort 1 and then 

cohort 2 will receive QBW276 or placebo for a duration of 14 days (6:2 QBW276 and 

placebo, respectively). Cohort 3 will enroll 24 CF patients who are homozygous for F508del 

and will utilize a randomized, double-blind, placebo-controlled, cross-over design over 4 

weeks. The primary and secondary outcome measures related to preliminary efficacy include 

ppFEV1 and lung clearance index (LCI). The inhalation administration route promises to 

limit systemic off-target effects and the genotype inclusive recruitment strategy for cohorts 1 

and 2 should be informative about theratypes responsive to direct ENaC inhibition.

BI 443651 is another small molecule ENaC inhibitor currently in development by 

Boehringer Ingelheim. Boehringer Ingelheim has been developing compounds with potent 

ENaC activity for recently, with several patent application filings in the past 5 years [33]. 

Presently, their candidate molecule BI 443651 is undergoing phase 1 clinical trials in CF 

patients, with recruitment ongoing (NCT02976519).A separatephase1clinicaltrialofBI 

443651 in patients with mild asthma recently completed, with results pending 

(NCT03135899).

Another novel small molecule ENaC inhibitor currently in development is AZD5634 

(AstraZeneca), which is currently undergoing phase 1 clinical trials and may demonstrate 

improved ENaC selectivity. Preclinical data in primary CF airway epithelial cells 

demonstrating augmented ASL depth and enhanced mucociliary transport have been 

reported (E Falk Libby, abstract in Am J Respir Crit Care Med 2017, 195:A6466). Safety 

data from a first in human study of AZD5634 demonstrated that it was well tolerated at all 

doses tested, with no serious adverse events reported (P Gardiner, abstract in Am J Respir 
Crit Care Med 2017, 195:A7306). Importantly, no evidence of hyperkalemia was observed, 

possibly as a consequence of low systemic exposure and renal clearance, and current CF 

studies are enrolling (NCT02950805).

An innovative approach in development that circumvents the liability of small molecules and 

is one approach to avoid systemic absorption is the use of peptide analogs of the short 

palate, lung, and nasal epithelial clone 1 (SPLUNC1), which is an autocrine regulatory 

protein secreted by the airway epithelial cells that promotes internalization of the ENaC 

protein and thus reduces sodium and water resorption across the epithelial surface [70]. The 

N-terminal end of SPLUNC1 contains an 18-amino acid domain (S18) which interacts with 

ENaC and promotes channel internalization [13]. The development of a synthetic peptide 
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analog of the S18 domain by Spyryx Biosciences, called SPX-101, represents a unique 

approach to inhibition of ENaC [53,71]. Preclinical data have demonstrated that SPX-101 

selectively binds ENaC and promotes its internalization in airway epithelial cells. 

Consequently, the amiloride-sensitive current was reduced substantially in these cells and 

mucus transport was enhanced. Importantly, while both SPLUNC1 and S18 individually 

have been shown to be degraded in CF sputum, SPX-101 was shown to be stable in CF 

sputum and retained normal activity following exposure to CF sputum [72]. Administration 

of SPX-101 to neonatal transgenic mice overexpressing the β-subunit of ENaC (one of the 

most widely used models of CF lung disease) improved survival from roughly 45% to 92% 

at the most efficacious dose. Importantly, safety data in murine and canine models did not 

demonstrate any adverse events, even in doses up to the maximum feasible dose [73]. At 

therapeutically meaningful doses, SPX-101 did not produce hyperkalemia, alter body 

weight, urinalysis measures, or blood chemistry, as peptide delivery to the lung offers some 

tissue specificity. So far, doses studied have not been limited by toxicity, but rather by the 

capacity of the aerosol delivery system, lending further confidence to the safety profile of 

SPX-101. phase 2 clinical trial (HOPE-1 trial) evaluating the safety and efficacy of SPX-101 

in human patients is presently underway (clinicaltrials.gov: NCT03229252). Preliminary 

data from the first cohort of the HOPE-1 trial reported a 5.2% improvement in ppFEV1 

beginning at day 7 and persisting through day 28 in a group of 16 CF patients treated with a 

high dose (120 mg) of SPX-101 (Spyryx Biosciences press release: http://spyryxbio.com/

2018/06/06/spyryx-spx-101-phase-2-hope-1-trial-shows-improvement-in-lung-function-in-

patients-with-cystic-fibrosis-via-novel-modulation-of-enac/), although the absolute 

improvement from baseline (as opposed to comparison with placebo) was modest, 

necessitating confirmatory studies. Importantly, no major impact on blood potassium levels 

was reported, and only one patient experienced a slight increase in blood potassium levels at 

the end of the 28 day trial. While these results require validation in a phase 3 clinical trial 

prior to clinical translation, the potential for clinically relevant improvements in ppFEV1 

suggested by these unpublished data, combined with good safety and tolerability data in a 

phase 1b trial in patients treated with SPX-101 represent a positive step in the development 

of ENaC-targeted therapeutics for CF, particularly if findings be confirmed and 

improvements sustained.

Next generation, rationally-designed direct ENaC inhibitors have shown promise in 

preclinical models, having overcome challenges that have limited previous attempts at direct 

ENaC inhibition. Whether or not these therapies succeed in proceeding to approved clinical 

use remains to be seen.

Indirect Inhibitors

Indirect inhibition of ENaC remains of interest, with several new compounds currently in 

development which act indirectly to reduce ENaC function. Newer-generation CAP 

inhibitors include the experimental compounds QUB -TL1 and MKA 104. Both of these 

putatively target trypsin-like serine proteases, thus reducing proteolytic cleavage and 

subsequent activation of ENaC.
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QUB-TL1 is a potent CAP inhibitor, which has been shown to diminish ENaC-mediation 

sodium absorption [74]. reclinical studies of QUB-TL1 in airway epithelial cell culture 

demonstrated that QUB-TL1 inhibits prostasin, matriptase, and furin. Consequently, QUB-

TL1 induced internalization of γ-ENaC, and reduced channel activity, measured by short-

circuit current. This reduction in channel activity corresponded with an increase in ASL 

height, measured by confocal fluorescence microscopy, and an accelerated MCC rate, 

measured by microbeads applied apically to airway epithelial cells grown at an air-liquid 

interface. In contrast to other serine protease inhibitors such as camostat and aprotinin, 

QUB-TL1 inhibits furin, which may confer some protection against activation of ENaC by 

neutrophil elastase. Furthermore, QUB-TL1 exerted a protective effect against cell death 

induced by Pseudomonas aeruginosa exotoxin A, which is a virulence factor released by P. 
aeruginosa and is commonly found in CF airways. While this was initially thought to be due 

to furin inhibition, a subsequent study by the same group with a furin-specific inhibitor, 

QUB-F1 did not demonstrate a protective effect against P. aeruginosa exotoxin-A [75], thus 

the mechanism underpinning QUB-TL1’s protective effect remains unclear. Further studies 

utilizing primary human bronchial epithelial cells, rather than cell lines, as well as in vivo 
experiments characterizing the effects of QUB-TL1 are needed to understand how QUB-

TL1 functions in the intact airway epithelium. Nevertheless, these data demonstrate that 

QUB-TL1 may be a more effective approach to therapeutic indirect ENaC inhibition than 

previous CAP inhibitors.

MKA 104, produced by Mucokinetica, is a repurposed anticoagulant early in development 

for ENaC inhibition which also acts a CAP inhibitor. To date, only rudimentary measures of 

“ciliary transport speed”(CTS) have been reported (R Hall, abstract in J Cyst Fibros 2016, 

15:S4-S5; R Hall, abstract in Pediatr Pulmonol 2017, 52:S239-S240), with no other 

published supporting data such as ion transport, ASL hydration, or biochemical data to 

indicate that MKA-104 is indeed inhibiting ENaC activity.

A common challenge for indirect ENaC regulators is that despite their potent inhibition of 

specific CAPs, there are redundant proteases which can cleave the extracellular loops of 

ENaC, circumventing drug efficacy. For example, neutrophil elastase, a non-specific 

protease, is present in airway secretions and has been shown to be substantially higher in 

concentration in CF sputum compared to healthy normal sputum (M Webster, abstract in 

Pediatr Pulmonol 2017, 52:S241). While QUB-TL1 was shown to afford some protection 

against activation of ENaC by neutrophil elastase, it nonetheless is not capable of complete 

inhibition of all protease activity in the epithelial milieu. Similar limitations were reported 

for camostat. Thus, balancing inhibition of specific CAPs with other protease activity to 

achieve a level of ENaC inhibition with therapeutic benefit is a challenge that will need to be 

addressed.

Molecular Approaches

Advancements in the development of molecular approaches to gene replacement and gene 

silencing, and in particular oligonucleotide and RNA-based technologies, may offer a new 

avenue for ENaC-targeted therapeutics. These approaches present several potential unique 

advantages [54]. Firstly, these oligonucleotide-based therapies putatively allow for subunit-
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specific targeting, which allows for therapies directed at the ENaC subunit(s) that provide 

the most potent reduction in channel activity. Secondly, oligonucleotide-based therapies may 

allow for improved tissue-specificity, allowing for highly efficient pharmacological delivery 

in the lung with minimal off-target and systemic effects, assuming no systemic distribution 

of the molecule. Finally, oligonucleotide-based therapies may allow for a substantially 

longer duration of effect compared to traditional small molecule-based therapies [76].

Putatively, oligonucleotide therapies can target any or all of the subunits which compose the 

ENaC channel. While the β-subunit has been shown to be regulator of channel activity 

[6,58], the α-subunit appears to be critical for full channel function [77,78]. Thus, molecular 

knockdown of α-ENaC by multiple oligonucleotide therapies has repeatedly shown to 

reduce ENaC expression and channel activity in vitro and in vivo [55,79–84]. These 

approaches have the potential to overcome challenges which have limited the utility of other 

ENaC-targeted therapeutics such as specificity, durability, and efficacy.

Recent progress in oligonucleotide technology has dramatically enhanced stability and 

specificity. However, delivery to the target tissues remains a significant challenge, especially 

in the obstructed CF lung. Nucleic acids, by nature, are large, negatively charges particles, 

which makes cellular uptake weak in most cases [76,85]. Therefore, the development of 

effective delivery vehicles, such as lipid nanoparticles (LNPs) and targeting moieties which 

can be directly conjugated to the nucleotide sequences, have been critical for advancement 

of oligonucleotide-based therapies to the clinic [76]. Strategies to evade entrapment in the 

mucus layer and achieve delivery to the epithelium are also a major point of emphasis [86–

88]. The potential toxicity of these delivery vehicles must also be considered. Lipid-based 

delivery vehicles have been shown to trigger the transient elevation of cytokines when they 

are internalized by cells [76]. Further, polyethylene glycol, which is commonly used to mask 

delivery vehicles from immune recognition and avoid binding to mucus [89], has been 

shown to react with antibodies, leading to anaphylaxis [76]. Accordingly, ongoing work is 

currently being devoted to optimize oligonucleotide therapy delivery vehicles while 

minimizing potential toxicity and avoiding risk of accumulation. In particular, the 

development of biodegradable delivery materials and new approaches which bypass lipid-

based delivery vehicles are promising. These innovative approaches have made it possible to 

specifically and efficiently delivery oligonucleotide-based therapeutics to target tissues, 

producing durable knockdown of target gene expression. consideration unique to 

oligonucleotide-based therapies for CF is that caution must be exercised with these 

therapeutics in CF because many CF patients take dornase alfa (recombinant human DNase; 

Pulmozyme®), which is a efficacious mucolytic agent that may interfere with 

oligonucleotide integrity [54]. Potential oligonucleotide-based therapeutics in CF must be 

stable when used in combination with dornase alfa, or mitigation strategies implemented 

during developmental testing to avoid potential interactions between the drugs.

Antisense Oligonucleotides

Antisense oligonucleotides (ASOs) are short, single-stranded nucleotide sequences which 

can induce mRNA degradation through RNase H, as well as upregulate translation and 

modulate splicing [54]. ASOs can be efficiently delivered to a variety of cells and tissue 
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types without the need for modification or conjugation, which has made ASOs a potential 

molecular approach to targeted, therapeutic gene silencing [54]. Recent iterations of 

therapeutic ASOs have exploited ligand conjugation to facilitate tissue-specific delivery by 

receptor-mediated uptake, which has been particularly successful in hepatic delivery [90].

An ASO targeting the α-subunit of ENaC was developed in 1999 by Jain et al. [79], who 

demonstrated that targeting the α-subunit resulted in substantially reduced nonselective 

cation channel activity in rat alveolar type II cells measured by patch-clamp. These findings 

have been replicated by others [80], and more recently Ionis Pharmaceuticals reported 

similar findings in mice following either aerosolized administration or orotracheal 

instillation of ASOs targeting α-ENaC [81]. The latter study represents the first in vivo 
application of ASO therapy targeting ENaC in a CF model. Using two distinct mouse 

models of CF-like lung disease (the Nedd4L knockout mouse, and the β-ENaC transgenic 

mouse), aerosolized ENaC ASO treatment substantially reduced α-ENaC expression, 

reduced mucin expression, goblet cell metaplasia, lung inflammation, neutrophil infiltration, 

and normalized lung function and sodium channel activity. Survival of Nedd4L knockout 

mice is roughly 3 weeks, therefore the authors developed an ASO targeting Nedd4L, which, 

when administered to adult mice, recapitulated CF-like lung disease. Administration of 

ENaC ASOs in these mice, which were also treated with the Nedd4L ASO, prevented the 

development of CF-like lung disease when administered before Nedd4L ASO 

administration. Similarly, treatment with ENaC ASOs also ameliorated CF-like symptoms 

when administered after Nedd4L ASO-induced lung disease was already established. 

Evaluation in model systems with CFTR-induced disease represents the next logical test.

siRNA

Small-interfering RNAs (siRNAs) are small nucleotide sequences (21–23 nucleotides) 

containing an mRNA sequence along with its complement, which trigger the natural 

pathway of RNA interference (RNAi) leading to degradation of mRNA from a specific target 

gene [76]. This therapeutic gene silencing is mediated by the RNA-induced silencing 

complex (RISC), which associates with synthetic siRNAs, leading to recognition and base-

pairing with target mRNAs and degradation by Argonaute 2 in the RISC complex. Once 

loaded into RISC, the antisense strand of siRNA can be stable for weeks, thus reducing the 

frequency of dosing necessary for therapeutic gene knockdown. Of note, there are 

pulmonary-intrinsic barriers to efficient local siRNA delivery into the lung such as anatomy, 

cough, mucociliary clearance, and clearance by alveolar macrophages, which is reviewed 

elsewhere [91–95].

Identifying siRNAs to inhibit ENaC in the airways selectively has been of great interest in 

the past decade, with several independent groups developing various siRNAs against ENaC 

[55,82,83,96], or regulators of ENaC [97]. The latter study utilized a large-scale screen to 

identify candidate genes which may be involved in the regulation of ENaC, particularly 

ENaC activators. Subsequent investigation demonstrated that several genes, including the 

ciliary neurotrophic factor receptor and diacylglycerol kinase, iota (DGKι) both modulated 

ENaC activity. In particular, DGKι appeared to be a potential novel drug target for CF 

because inhibition of DGKι resulted in reduced ENaC activity. However, this approach to 
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ENaC inhibition requires further investigation and to date, no further studies have pursued 

DGKι inhibition as an indirect means of inhibiting ENaC.

Other studies have identified synthetic siRNAs which directly target ENaC, which have been 

transfected into airway epithelial cell cultures [83,96], and also tested in vivo in murine 

models [55,82]. Following delivery of siRNAs targeting either α-, β-, γ-ENaC, or the CAP 

prostasin by transfection to bronchial epithelial cells, Gianotti et al. [83] found that a 

combination of siRNAs for either α- or β-ENaC substantially reduced ENaC activity and 

expanded ASL depth. Of note, the increase in ASL depth was similar in magnitude to what 

is observed in CF cells with the F508del mutation following treatment with a CFTR 

corrector and potentiator. Similarly, Caci et al [96] demonstrated that siRNAs individually 

targeting either α-, β-, γ-ENaC all substantially reduced ENaC mRNA expression and 

inhibited ENaC function measured by short-circuit current. A concomitant reduction in 

transepithelial fluid transport was also observed with siRNA knockdown of any of the three 

ENaC subunits.

Separately, siRNAs against α-ENaC delivered via LNPs have been shown in vivo to reduce 

ENaC mRNA expression [55,82], although no functional measures of ion transport, ASL 

hydration, or MCC either in vivo or ex vivo have been reported following treatment with 

siRNAs against α-ENaC. ata from primary human bronchial and nasal epithelial cell culture 

experiments largely confirm previous findings of substantial ENaC knockdown and reduced 

channel activity. While these results indicate that siRNAs against ENaC can efficiently 

reduce channel activity, translation of ENaC inhibition to physiologically relevant outcomes 

such as increased ASL hydration or enhanced MCC will be crucial in advancing the 

development of ENaC siRNAs for CF. Thus, future work should focus on recapitulating 

these findings in CF models with the additional of relevant biomarkers to predict potential 

treatment effects in CF.

A recently reported study utilizing a novel delivery platform consisting of an siRNA trigger 

against αENaC directly conjugated to a lung epithelial-specific targeting ligand developed 

by Arrowhead Pharmaceuticals (ARO-ENaC) produced significant molecular knockdown of 

αENaC mRNA expression and protein levels in the lung in both single and multiple dose 

regimens in wild-type rats (EW Bush abstract in Am J Respir Crit Care Med 2018, 

197:A3867). Even after 21 days post-dose administration, the relative expression of αENaC 

remained below 50%, suggesting a durable duration of effect. Importantly, no changes in 

lung CFTR expression, nor kidney ENaC expression were detected, indicating that off-target 

effects of ARO-ENaC were minimized. Localization of delivery to the lung tissue was 

achieved using an epithelial targeting ligand specific to the integrin αvβ6 ligand, which 

facilitated pulmonary epithelial uptake of the siRNA triggers, but not in other tissues. As 

with previous studies utilizing siRNA against ENaC, further studies are necessary to 

quantify the effects of RO-ENaC on airway epithelial ion transport, hydration, and MCC. 

These preliminary data from this study and others are encouraging however, and collectively 

these findings are supportive of utilizing siRNA to inhibit ENaC activity. Future studies 

translating these into in vitro and in vivo models of CF in conjunction with informative 

biomarkers examining physiologic and functional effects of these compounds should 
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provide additional insight into the utility of siRNA and other oligonucleotide targeting 

mechanisms therapeutics in CF.

CONCLUSION AND FUTURE DIRECTIONS

ENaC-targeted therapeutics remain a substantial area of interest, and ongoing development 

of compounds utilizing a diverse array of strategic approaches provides a promising outlook 

for the future of ENaC-targeted therapeutics for CF. We are hopeful that these approaches 

will help us discover where the rubber meets the road for ENaC therapies, and how they fit 

in to the armamentarium of ion transport modalities useful to CF, most notably CFTR 

modulators, along with other methods to hydrate the airway, such as hypertonic saline or 

inhaled mannitol. These novel compounds must successfully address concerns regarding off-

target effects, sufficient duration of ENaC inhibition in the airways, and the potential for 

influencing the function of other ion channels that contribute to ASL homeostasis. 

Nevertheless, advances in oligonucleotide-based therapies, peptide analogs mimicking the 

natural autocrine regulatory mechanisms of ENaC, and next generation small molecules that 

directly or indirectly inhibit ENaC have brought ENaC-targeted therapeutics closer than ever 

to successful translation into the clinic.
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HIGHLIGHTS

• ENaC contributes to airway surface liquid dehydration in CF lung disease; 

thus, ENaC inhibitors have been developed as CF therapeutics.

• The use of ENaC as a therapeutic target in CF has yet to be successfully 

translated to CF patients, with conflicting reports regarding whether ENaC 

activity is abnormal in CF.

• Early attempts by small molecule direct and indirect inhibition were 

unsuccessful, due to off-target effects and potential adverse events; however 

improved molecules are on the horizon.

• New approaches with peptide analogs and molecular strategies are promising 

and could promise enhanced efficacy with a reduced risk of adverse effects.
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Figure 1. 
Summary of ENaC inhibitor therapies for CF. Clockwise from top left: channel activating 

protease inhibitors which prevent proteolytic cleavage of the extracellular loops of a- and g-

ENaC; direct inhibitors which decrease channel open probability through direct interaction 

with the channel; peptide analogues which mimic the regulatory effects of the SPLUNC1 

secreted protein; antisense oligonucleotide therapies which degrade ENaC mRNA transcripts 

through the RNase H mechanism; siRNA therapies which degrate ENaC mRNA transcripts 

though the RISC mechanism.
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Table 1.

Unsuccessful attempts at ENaC inhibition.

Drug Type Mechanism Reason for Failure

Amiloride Small molecule Direct inhibition Rapid clearance-short half-life and epithelial 
permeability in lungs; limited therapeutic efficacy [39]
[43]

Benzamil/ Phenamil (2nd Generation 
Amiloride derivatives)

Small molecule Direct inhibition Rapid clearance-short half-life and epithelial 
permeability in lungs [45]

GS-9411 (Parion; formerly P-680; 
3rd generation Amiloride derivative)

Small molecule Direct inhibition Serious adverse effects in Phaselinical Trial- acute 
hyperkalemia [48]

Camostat (QAU 145) Small molecule Channel-Activating 
Protease (Prostasin) 
inhibitor

Adverse effects/tolerability issues in Phase II Clinical 
Trial [50]

Curr Opin Pharmacol. Author manuscript; available in PMC 2019 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shei et al. Page 25

Table 2.

Ongoing development of ENaC therapeutics

Drug Type Mechanism Current Stage of Development

NVP-QBE 170 (Novartis) Small molecule Direct inhibition Preclinical Models [66]

AZD 5634 (AstraZeneca) Small molecule Direct inhibition Phase I Clinical Trial clinicaltrials.gov: 
NCT02950805

VX-371 (formerly P-1037, 
collaboration between Vertex 
and Parion)

Small molecule Direct inhibition Phase II Clinical Trial (combination 
VX-371 and Orkambi in F508del 
homozygotes); clinicaltrials.gov: 
NCT02709109

QBW276 (Novartis) Small molecule Direct inhibition Phase II Clinical Trials; 
clinicaltrials.gov: NCT02566044

BI 443651 (Boehringer 
INgelheim)

Small molecule Direct inhibition Phase I Clinical Trial; 
clinicaltrials.gov: NCT02566044

QUB-TL1 Small molecule Channel-Activating Protease inhibitor Preclinical Models [74]

MK 104 (Mucokinetica) Small molecule Channel-Activating Protease inhibitor Preclinical Models { Hall, abstract in J 
Cyst Fibros 2016, 15:S4-S5; R Hall, 
abstract in Pediatr Pulmonol 2017, 
52:S239-S240}

ARO-ENaC Molecular inhibition Small interfering RNA Preclinical Models {EW Bush abstract 
in Am J Respir Crit Care Med 2018, 
197:A3867}

siRNA Molecular inhibition Small interfering RNA Preclinical Models [55]

ENaC Inhibitory ASO (Ionis) Molecular inhibition Antisense oligonucleotide Preclinical Models [81]

SPX-101 (Spyryx) Peptide analogue Indirect inhibition as a SPLUNC-1 
analogue, which promotes ENaC channel 
internalization

Phase II Clinical Trial [53][72]; 
clinicaltrials.gov: NCT03229252
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