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Abstract
Over the past decade there have been significant developments in the field of Cystic Fibrosis Transmembrane Regulator modulator drugs. Following treatment in patients with Cystic Fibrosis with common gating mutations using the potentiator drug Ivacaftor, successive development of corrector drugs used in combination has led to highly effective modulator therapy being available to more than 85% of the CF population over 12 years of age in the form of Elexacaftor/Tezacaftor/Ivacaftor. In this article we review the evidence from clinical trials and mounting real-world observational and registry data that demonstrates the impact highly effective modulators have on both pulmonary and extra-pulmonary manifestations of Cystic Fibrosis. As clinical trials progress to younger patient groups, we discuss the challenges to demonstrating drug efficacy in early life, and also consider practicalities of drug development in an ever shrinking modulator-naïve population. Drug-drug interactions are an important consideration in people with CF, where polypharmacy is commonplace, but also as the modulated population look to remain healthier for longer, we identify trials that aim to address treatment burden too. Inequity of care, through drug cost or ineligibility for modulators by genotype, is widening without apparent strategies to address this, however we present evidence of hopeful early-stage drug development for non-modulatable genes and summarise the current state of gene-therapy development.

Key points
· Highly effective modulator treatments that correct CFTR protein mis-folding or potentiate CFTR channel conductance 
are now available for >85% of people with Cystic Fibrosis. 
· Evidence from clinical trials and observational studies suggest these drugs have a significant impact on markers of lung  function and nutritional status, as well as other probable effects beyond the lungs.
· Consideration must be given to tackling inequity of access to these treatments, through either cost or ineligible 
genotype and whilst drugs targeting ‘un-modulatable’ genes are in early stages of investigation, there remain challenges of designing trials for novel drugs for both young patients and those with rare mutations.

1. Introduction
Cystic Fibrosis (CF) is an autosomal recessive disease caused by mutations in the Cystic Fibrosis Transmembrane Regulator (CFTR) gene. The CFTR protein is an ion channel responsible for transport of chloride (Cl-) and bicarbonate (HCO3-) anions across the apical membrane of epithelia throughout the body [1]. CFTR mutations and the resulting defects in production or function of CFTR protein lead to a multisystem disease characterised by accumulation of viscous secretions in affected organs as salt imbalance causes dehydration of luminal surface liquid. The lungs are the main source of disease morbidity and early mortality, where impaired mucociliary clearance leads to chronic infection, inflammation, subsequent bronchiectasis, and ultimately premature death from respiratory failure [2, 3]. 
Conventional therapies for CF respiratory disease have concentrated on airway mucus clearance with physiotherapy and mucolytics such as DNase, restoration of airway surface liquid (ASL) hydration with nebulised hypertonic saline, and prompt and robust treatment of airway infection with oral, intravenous and nebulised antibiotics [4]. Whilst such treatments that target disease consequence have had significant impact on life expectancy and morbidity, therapies targeting the cause of CF remained elusive for a further 20 years despite the discovery of the CFTR gene in 1989. Small molecule therapies have been developed more recently which aim either to potentiate ion conductance by CFTR or to correct defective synthesis and transport of CFTR protein to the cell surface [5]. 
Previously we have reviewed the trial evidence for emerging modulator therapies and discussed their likely impact [6]. However, given rapid progression in this field over the past 5 years, it now feels appropriate to revisit this topic. Here we consider new trial data and real world/registry data for approved drugs, challenges in the clinic, for example with drug-drug interactions, and our greater understanding of the extra-pulmonary effects of modulators. Furthermore, we will review progress of the drugs pipeline, including candidate modulators being developed by other companies, consider how the impact of highly effective modulator therapies (HEMT) on wider CF treatment burden and care delivery will potentially be addressed, and discuss approaches to emerging inequity of therapeutics, particularly for those with genotypes currently untreatable with modulators. Finally, we consider the challenges to studying HEMT in younger populations, where common primary outcome measures, such as absolute change in percentage predicted forced expiratory volume in one second (ppFEV1) are inappropriate. 

2. CF mutations and the molecular basis for small molecule modulator therapies
Two copies of a CF mutation will result in a defect in CFTR protein production or function. Attempts to classify CFTR mutations into groups, based on the type of defect caused, has assisted the identification of desirable modulator properties. There are six commonly recognised classes of CFTR mutation [4]. Class I (nonsense) mutations are commonly premature termination codons (PTC) leading to truncated, non-functional CFTR protein (eg. G542X and W1282X). Drugs targeting this group must rescue synthesis of the protein by overcoming the presence of the PTC and are called ‘read-through agents’; the messenger RNA (mRNA) produced from these mutations is also unstable, another potential drug target. Class II mutations, such as F508del, lead to misfolding of the protein and reduced delivery to the cell surface. Corrector drugs, such as Lumacaftor (LUM), Tezacaftor (TEZ) and Elexacaftor (ELX), help correct misfolding errors, improving protein delivery. Class III (gating) mutations, such as G551D, allow proper delivery of protein to the surface but the channel does not open correctly. Potentiators, such as Ivacaftor (IVA), potentiate the channel in the open state, allowing improved channel function. Class IV mutations lead to protein channels at the surface, which open properly but overall anion conductance is reduced. Some such mutations also show benefit from potentiation with IVA. Class V mutations result in reduced protein transcription and less CFTR production; these may be amenable to potentiation, but also to rescue with ‘amplifier’ drugs that are in development. Class VI mutations lead to reduced CFTR protein stability at the cell surface, with the possibility of theoretical ‘stabilisers’ being a modulator drug target that increase cell surface protein stability.  
Research into corrector and potentiator drugs is well established and four drugs are already used in clinical practice: IVA (Kalydeco) as a potentiator monotherapy, LUM/IVA (Orkambi) and TEZ/IVA (Symkevi) as corrector and potentiator dual-therapy and ELX/TEZ/IVA (ETI; Kaftrio) as corrector and potentiator triple-therapy. However, other potentiators are also in development, whilst stabilisers, amplifiers and read-through agents remain in early stages of investigation. We will now review the up-to-date trial and real-world evidence for existing and evolving modulators.

3. Potentiator therapy with Ivacaftor 
3.1 Evidence from clinical trials
IVA was first trialled in patients 12 years and older with the common gating mutation, G551D and subsequently in other gating mutations and younger children[7-13] . Efficacy was demonstrated in lung function, pulmonary exacerbation (PEx) frequency and nutritional parameters. Trials in children aged 2-5 years and <2 years were the first to demonstrate restoration of pancreatic exocrine function measured by faecal elastase (FE) [11, 13, 14].
ARRIVAL, a 3 part, open-label, phase III trial, examining ivacaftor in children <2 years has more recently reported impacts in younger infants [13]. The first part reported use of IVA in gating mutations in children aged 12-24 months, confirming similar safety, efficacy, and pharmacokinetics to those aged 2-5 years[11]. A mean change in sweat Cl- of -73mmol/L was seen. In 2020, the second part reported similar safety and efficacy findings in children aged 4-12 months [15] whilst the third part, looking at children 1-4 months, is currently underway. Both cohorts have reported improvements in FE, in some patients above the threshold for pancreatic sufficiency.

3.2 Pulmonary effects: real-world observational and CF registry studies
A body of observational evidence of the wider microbiological and physiological impact of IVA-treatment on the CF lung is building.  A small study of 12 patients showed a rapid decrease in sputum Pseudomonas aeruginosa (Pa) density within 48 hours of starting IVA that persisted throughout the first year [16].  During the first week of treatment, sputum inflammatory markers decreased significantly and continued to diminish over 2 years.  
GOAL recruited patients >6 years with at least one copy of G551D mutation into an observational study reporting significant improvements in ppFEV1 (mean gain 6.7%), sweat Cl- (mean change -53.8 mmol/L), PEx hospitalisation rate, Pa burden and mucociliary clearance [17] . An arm of GOAL studied the sputum of 31 patients 10 years before and 6 months after starting IVA reporting no significant change in bacterial diversity, bacterial load, specific bacterial pathogens, or markers of inflammation [18].
 A recent review of 57 observational studies and CF registry analysis reported a safety profile for IVA consistent with clinical trial data [19].  The two largest studies compared data from US and UK registries [20, 21].  The first looked at data from 2014 from US IVA-treated patients who were observed to have significantly lower risk of death (0.6% vs 1.6%), transplantation (0.2% vs 1.1%), hospitalisation (27.5% vs 43.1%) and PEx (27.8% vs 43.3%) compared to non-IVA-treated patients.  These trends were also reflected in the UK registry patients.  In both registries, there was lower prevalence of CF-related complications and higher mean ppFEV1.  There was significant reduction in Pa, Staphylococcus aureus (Sa), Methicillin Resistant Staphylococcus aureus (MRSA) and Aspergillus spp. (Asp) prevalence in IVA-treated patients in the US registry [20].  The second study analysed patients between 2012-2016 in US and 2013-2016 in UK from one year post marketing of IVA in each country respectively.  IVA-treated patients had better preserved lung function, improved nutritional status, fewer exacerbations and a favourable trend in prevalence of CF related diabetes (CFRD) and Pa [21].
A further UK CF registry study between 2011-2016, showed that IVA-treated patients had an early and sustained reduction in Pa apparently related to both increased clearance and reduced acquisition [22].  There was also associated reduced prevalence of Sa and Asp but not Burkholderia cepacia complex (Bcc).
A study of Irish registry data examined IVA-treated patients 36 months pre-/post- drug initiation and showed that ppFEV1 improved by 2.26% per annum for patients <12 years, remained stable for those 12-18 years and declined in adults by 1.74% per annum [23].  Despite no significant reduction in hospitalisation, the year after IVA initiation, IV antibiotic treatment was reduced by 46% and oral by 49%.  

3.3 Extra-pulmonary effects: real-world observational and CF registry studies
Extra-pulmonary effects of IVA have been observed in clinical practice and in open-label extension (OLE) trials [11, 13, 14].  Data from US and UK CF registries over a 5-year period show lower prevalence of CF-related complications in those patients on ivacaftor [20].  Improvements in weight gain and BMI are well recognized benefits and consistent outcomes of double-blind, placebo-controlled trials and observational studies of IVA [7-11, 24].  IVA reduces resting energy expenditure, decreases gut inflammation and fat malabsorption [25].  In addition to the pancreatic benefits reported in clinical trials above, case reports and series have confirmed in clinical practice an improvement in pancreatic function and stopping pancreatic enzyme replacement therapy in older children after several years of treatment with IVA [26, 27].
The risk of pancreatitis in CF corresponds to a balance between pancreatic acinar preservation and the degree of ductal obstruction[28].  There have been case reports of pancreatic insufficient children presenting with acute pancreatitis after starting IVA and being found to be PS [28, 29].  In contrast, a study of 15 pancreatic sufficient adults with a history of acute pancreatitis, found that CFTR modulators substantially reduced the risk of subsequent acute pancreatitis over 3 years [30].  
CF also causes progressive destruction of pancreatic beta islet cells resulting in CFRD.  Data from US and UK cystic fibrosis registries show a significantly lower prevalence of CFRD in IVA treated patients [20, 21].  Other studies have shown improvements in glycaemic control or a reduction in insulin requirements in patients on IVA [31-34].  Improvements in glucose tolerance have occurred many months after starting IVA suggesting IVA reduces overall systemic and islet inflammation [34].
The pathogenesis of CF related liver disease (CFLD) is multifactorial and related to biliary ductal occlusion causing inflammation, fibrosis, and portal hypertension [35].  Registry data from UK and US shows a significant reduction in hepatobiliary complications [21].  Raised transaminases are a recognised potential side effect occurring in 5-10% of patients.  
Abnormal CFTR function in some women with CF causes viscous, pH imbalanced cervical secretions causing subfertility [36].  Women have become pregnant after starting IVA and registry data suggests improved fertility post drug approval [37].  A survey of a CF Mother’s group found 12/15 mothers had become pregnant since starting on IVA, of which 7 had considered themselves infertile prior to starting treatment.  The average time to conception after starting IVA was 3.2 months [38]. 
In GOAL, 129 patients completed the validated SNOT-20 questionnaire with a significant improvement in chronic rhinosinusitis symptoms demonstrated [39].  Another study in 12 patients, used computed tomography (CT) imaging to assess sinus disease before and 1 year after initiation on IVA.  CT of the sinuses in all patients improved [40].  Currently, there is an ongoing clinical trial studying sinus disease in 70 CF patients taking triple therapy [41].
The neurocognitive effects of IVA remain unclear.  Registry data in US and UK, show a reduction in depression in IVA-treated patients [21].  However, there are case reports and series of patients experiencing new onset depression, anxiety or bipolar disorders and suicidal ideation on LUM/IVA [21, 42].  Further research is required in this area. 

3.4 Current licencing and safety data
Both the European Medicines Agency (EMA) and U.S. Food and Drug Administration (FDA) currently licence IVA for children with CF, over 4 months of age, who carry at least one of the trial investigated genes: G551D, G1244E, G1349D, G178R, G551S, S1251N, S1255P, S549N, S549R and R117H [43, 44]. The FDA also extend the licence to a further 87 genes that have shown response to IVA based on in vitro assay data, and this is mirrored in reimbursement practice in the U.K. [45]. Reimbursement arrangements vary by country and, whilst rapidly expanding in developed countries, the high cost of the drug means worldwide it is not reimbursed in some. In all trial data, safety profiles were similar between ivacaftor and placebo, however elevated transaminases are reported (particularly in the paediatric population) and so baseline and 3 monthly monitoring of liver enzymes is required in the first year of drug initiation, and annually thereafter. A baseline and annual ophthalmological examination are required in children due to reported increased incidence of non-congenital cataracts in animal models [46]. Avoidance of cytochrome P450 inhibitors and inducers is also advised as it may affect blood concentration of ivacaftor. Trial safety data appears to be replicated in real world studies [19], although data will continue to be collected in the longer term and is of particular importance in young children. 

4. Potentiator and Corrector Dual Therapies (LUM/IVA and TEZ/IVA)
4.1 Evidence from clinical trials
LUM and TEZ in combination with IVA led to statistically significant, but more modest, improvements in lung function as reported previously [47-53].  
Results of LUM/IVA in children aged 2-5 years have recently been reported, confirming similar tolerability and safety to older groups, significant reduction in sweat Cl- and modest improvement in FE  [54]. A phase III trial of LUM/IVA in children 12-24 months is currently underway (NCT04235140). A phase III, open-label trial of TEZ/IVA in 6-11 year olds F508del homozygous (F/F) and heterozygous with residual function mutation confirmed similar PK, safety and tolerability profiles to earlier trials and demonstrated improved sweat Cl- and Cystic Questionnaire Revised (CFQ-R) scores but no significant change in ppFEV1 or growth parameters[55]. These findings were confirmed in a further double-blind placebo controlled trial and extended to demonstrate significant improvement in Lung Clearance Index (LCI) over 8 weeks [56].  A trial examining the use of additional TEZ in patients heterozygous for F508del and G551D gating mutations, who would already be receiving IVA monotherapy through their clinical service, showed additional benefit with a further 4.6% increase in ppFEV1 and 7.0 mmol/L reduction in sweat Cl- [52]. 

4.2 Real-world observational and CF registry studies
As with IVA, post-trial observational or real-world data in general supports findings from clinical trials [57-60]. In addition, such studies, unlimited by the constraints enforced on regulator-approved trials protocols, can provide new areas of learning. One such study was the demonstration that tobacco smoke, which has previously been shown to reduce CFTR expression, was associated with a poorer lung function response to TEZ/IVA in children exposed passively [61]. The variation in response to modulator drugs is an area requiring further study, but these data highlight the importance of considering not only the people with CF (pwCF) themselves (eg. pharmacogenomics, adherence), but also their environmental exposures.   

4.3 Current licencing and safety data
Both the EMA and FDA have licenced LUM/IVA for those homozygous for F508del aged 2 years and above. The EMA has licenced TEZ/IVA for use in people aged 6 years and above, who are F/F or heterozygous F508del in combination with a mutation examined in trials: P67L, R117C, L206W, R352Q, A455E, D579G, 711+3A→G, S945L, S977F, R1070W, D1152H, 2789+5G→A, 3272 26A→G, or 3849+10kbC→T [62]. FDA approval is wider and includes genes that show response to TEZ/IVA in vitro as well, including a further 140 mutations, even in the absence of F508del [45] . Like IVA monotherapy, significant disparity in reimbursement between countries also exists. Safety profiles of the two dual therapies are similar to IVA monotherapy, requiring monitoring of transaminases, for cataract formation and avoidance of cytochrome P450 inducers/inhibitors. Trial data for LUM/IVA in people over 12 years (but not 6-11) also demonstrated cases of elevated blood pressure, that requires monitoring at clinic visits after drug initiation, and increased respiratory symptoms (dyspnoea, chest tightness) on drug initiation leading many units to observe first dose administration, particularly in those at risk of bronchial hyperresponsiveness [48-51]. 

5. Potentiator and Corrector Triple Therapy (ELX/TEZ/IVA)
5.1 Evidence from clinical trials
The relatively modest apparent correction of F508del CFTR by first generation correctors led to the recognition that the addition of a second corrector molecule, acting at a distinct misfolding site, might be of benefit. Four small molecule candidates were investigated in phase I and II trials in combination with TEZ/IVA in two groups of patients: F/F and those heterozygous for F508del with another minimal function mutation (F/MF), the latter being mutations which do not respond to small molecule therapies. VX-445, VX-659, VX-440 and VX-152 all had adequate safety profiles [63], but VX-659 and VX-445 demonstrated ppFEV1 increases of 13.3 and 13.8% respectively, leading to phase III, double-blind placebo controlled trial with both combinations in people >12 years [64]. VX-659, in combination with TEZ/IVA, confirmed phase I/II trial findings with improvements in ppFEV1 of 13.3% in F/MF and showed a 9.7% improvement in F/F people already taking TEZ/IVA in clinical service [65]. 
However, results for VX-445, now called elexacaftor, in combination with TEZ/IVA were deemed superior, leading to its further development. In the F/F cohort, when compared to controls taking TEZ/IVA, a mean increase of 10% ppFEV1 was seen at week 4, with reduction in sweat Cl- of -45.1mmol/L and improvement in CFQ-R scores [66]. Most impressively, in the F/MF group, a similar effect was seen when compared to placebo with 13.8% increase in ppFEV1 at week 4, and 14.3% increase at week 24 [67]. Rate of PEx reduced by 63%, sweat Cl- reduced by 41.8mmol/L and CFQ-R score also significantly improved. Side effect profile was similar between groups. Results of a phase III open-label trial of ELX/TEZ/IVA in CF 6-11 year olds with at least one F508del gene showed that despite higher baseline ppFEV1, this group still demonstrated 10.2% increase in ppFEV1 at 24 weeks [68]. Mean reduction in LCI was -1.17, and similar effects in sweat Cl-, and CFQ-R score were seen. BMI z-score also increased over the duration of the study. A randomised, controlled trial in F/MF aged 6-11 has recently completed (NCT04353817) although at the time of writing results are not yet published and an open-label trial in F/F and F/MF children aged 2-5 years is currently underway (NCT04537793). 

5.2 Real-world observational studies
To date there are no published real-world observation studies of ELX/TEZ/IVA however, given in excess of 85% of the CF population are eligible, opportunities to assess the impact beyond the scope of trials is vast. Two large multicentre observational studies are currently underway. In the US, PROMISE is collecting airway microbiology and lung function parameters, sputum and stool for evaluation of inflammatory markers, measurement of airway and intestinal pH and assessment of CFLD [69]. The study will also examine glucose metabolism and control and bone mineral density. In Republic of Ireland and the UK, RECOVER (Real World Clinical Outcomes with Novel Modulator Therapy Combinations in People with CF) will assess at baseline and then at 3-6 monthly intervals over the course of two years, collecting ppFEV1, PEx frequency, sweat Cl- and CFQ-R scores, but also LCI, spirometry-controlled chest CT imaging, exhaled nitric oxide, airway microbiology data and medication adherence through self-reported questionnaires. Sputum, nasal lavage and stool samples will be collected for evaluation of inflammatory markers and microbiome. Nutritional parameters, abdominal symptom questionnaires, liver transaminase monitoring, liver ultrasound with elastography measurement will examine the impact on abdominal CF disease. Blood samples will also be collected for genetic analysis to assess epigenetic modulation of CF genes. Together PROMISE and RECOVER will help evaluate the impact of triple therapy not only on lung function, but a broad range of multi-system effects of CF. RECOVER has already reported significant sustained improvements in ppFEV1 at 3 months and improvement in abdominal symptom questionnaire scores at 4 weeks post drug initiation [70, 71].

5.3 Current licencing and safety data
The EMA initially licenced ELX/TEZ/IVA as Kaftrio for pwCF >12 years, with at least one F508del gene, extending this to pwcf >6 years from early 2022 [72]. The FDA have also extended their licence, under the name Trikafta, to pwCF >6 years with at least one F508del gene, as well as a further 181 genes based on in vitro data [45, 73]. There are no absolute contraindications within these groups, however the same monitoring of liver function and cataracts, and caution around cytochrome P450 inhibitors/inducers is required. Safety profiles are similar to those of previous modulators however, reports of diarrhoea and abdominal pain on drug initiation are common. Again, reimbursement arrangements vary by country, and given the sheer proportion of pwCF who are eligible, inequality of access between those able to afford the drug and those who cannot is already apparent [74].

5.4 Reducing treatment burden in the era of highly effective modulator therapies
CFTR modulators are relatively simple medicines to take as twice daily oral preparations, but it has been recognised for many years that the complexity and volume of other treatments used in CF can be vast [75]. With 10 or more different daily treatments commonly reported [76] and 2 hours or more required to complete daily treatment regimens, treatment burden and complexity is increasing over time [77]. Treatment burden is not just the number of medications taken or the time taken to do treatments but also relates to a person’s perception of this burden, which will vary greatly between individuals and is better served by studying patient reported outcome measures. Not surprisingly the Cystic Fibrosis Foundation’s (CFF) Insight CF initiative and The James Lind Priority Setting Alliance found that reducing or simplifying the treatment burden in pwCF should be one of the top priorities for future research [78, 79]. Two large randomised controlled trials have been recently launched to address this by looking at the safety of removing one of the most onerous forms of treatment, nebulised muco-active agents, after the initiation of ELX/TEZ/IVA. Both are designed as non-inferiority trials with SIMPLIFY (NCT04378153) running as a 12-week study with removal of a single agent and CF-STORM trial [80] tracking people over a 12 month period with removal of both DNase and hypertonic saline. As an alternative mode of reducing treatment burden, a once daily formulation of Vertex triple modulator agents is in the trials pipeline: VX-561 is a deuterated form of IVA, with a longer half-life than IVA which requires twice-daily dosing. It is being trialled in combination with TEZ and either ELX or a new corrector, VX-121 (NCT05033080, NCT05076149).


5.5 Drug metabolism and drug-drug interactions
Contrary to LUM which is not extensively metabolised [81], IVA, TEZ and ELX are primarily metabolised in the liver via the cytochrome P450 (CYP450) enzymes, specifically CYP3A4 and CYP3A5 [82], and it is this metabolic pathway that largely characterises the drug-drug interactions (DDIs) seen between CFTR modulator therapies and other drugs used in pwCF (table 1). Managing these DDIs involves drug substitution, dose adjustment or specific monitoring, and is usually described in the product Summary of Product Characteristics. However, caution should be taken with a ‘one-size-fits-all’ approach. Much of the data on DDIs is derived from in vitro studies, from healthy volunteers, or extrapolated from how other members of the same drug group act. There is a paucity of in vivo DDI studies carried out in pwCF. One recent study compared the interaction between IVA and selected CYP3A4 inhibitors in healthy controls and pwCF finding that clarithromycin had a smaller effect on IVA exposure than ritonavir (used as the ‘standard’ strong inhibitor) [83].  Prescribing information for IVA recommends the same dose reduction for concomitant use of IVA with clarithromycin as for ritonavir [84], suggesting that this may be excessive and lead to underdosing of IVA, something that our group has observed anecdotally with other interacting drugs. This study also showed a high inter-individual variability in levels of IVA in both healthy subjects and pwCF, the latter of which has been replicated elsewhere[85]. There are a number of factors in pwCF which might explain this including differences in absorption, volume of distribution and hepatic function [86]. Additionally, genetic polymorphisms in the CYP450 gene can lead to variations in the metabolism of medicines that utilise this pathway. The CYP3A4*22 allele is reported to be associated with lower CYP3A4 expression and activity is analogous to concomitant administration of a CYP3A4 inhibitor[87]. Though the effect of the CYP3A4*22 heterozygous genotype is expected to be similar to that of a weak CYP3A4 inhibitor with no dose adjustments necessary, there is no data on the effect of the homozygous genotype, which would be expected to cause stronger inhibition [82]. 
These factors bring into question the wisdom of making ‘standard’ dose adjustments for DDIs which may lead to supra- or sub-therapeutic levels of IVA, TEZ, LUM and ELX. In addition to the obvious repercussions of underdosing, there is evidence to suggest that high concentrations of IVA have a negative effect on F508del-CFTR protein stability [88].  There is a need for in vivo studies of DDIs in pwCF to confirm data extrapolated from in vitro studies and healthy volunteers, alongside strategies to personalise dosing accounting for inter- and intra-individual variability in DDI’s. Therapeutic drug monitoring to measure IVA, TEZ, ELX and LUM levels could be a valuable tool but is limited by lack of a commercial assay. Alternatively, cautious use of an indirect measure such as sweat Cl- with an awareness of intra-subject variability, especially for tests carried out on separate occasions may be useful [89].

6. Other CFTR modulators in clinical trials pipelines
The compounds produced by Vertex are currently the only regulatory approved drugs, but several others are progressing through trials pipelines. Abbvie acquired a portfolio of drugs initially developed by Galapagos for which published pre-clinical[90-92] and clinical[93-95] data are accumulating; clinical trials are currently at phase II. Encouraging data have also been published on the basis of ex-vivo organoid responses [96]. Organoids, most commonly derived from rectal mucosal tissue, swell in a quantifiable fashion in response to cAMP agonists when functional CFTR is present [97]. The CFTR modulators being developed by Flatley, a not-for-profit, biotech company, are disappointingly no longer in active trials. Proteostasis has adopted an interesting approach with, in addition to potentiators and correctors similar in their mechanisms of action to those drugs already discussed, development of a novel class of molecule termed an ‘amplifier’ [98, 99]. These drugs stabilise CFTR mRNA thereby increasing the amount of CFTR protein, providing additional substrate on which co-administered correctors and potentiators can work. Clinical trials are currently at phase I & II (NCT03591094, NCT03500263, NCT03258424, NCT02718495, NCT03140527, NCT03251092, NCT03797677). These drugs are also being tested on ex-vivo human tissue as a part of the HIT-CF programme (https://www.hitcf.org/). During the first part of this programme, patients with rare CFTR mutations who are not suitable for current modulators were recruited to donate rectal biopsy samples from which organoids were derived. Based on individualised drug responses, patients will be recruited to the Choices trial (https://www.trialregister.nl/trial/7304), to confirm whether clinical responses map onto those obtained in vitro. Another novel approach was the use of riociguat, a novel guanylate cyclase stimulator; preclinical data had suggested improvements in CFTR function, but a recent phase II trial failed to show efficacy[100] and the drug is no longer being pursued for this indication.   

7. Challenges of trialling modulator therapies in early life
As IVA undergoes trials in infants from 1 month of age and is already routinely prescribed in children >4 months, it is becoming more apparent that the aim of CFTR modulation could be to prevent disease becoming established, rather than just halting, or slowing changes that have occurred over a lifetime of CF disease. This is evidenced in the improvement in early life exocrine pancreatic function seen in some modulator trials in children under 5 years [13, 54]. As trials with ELX/TEZ/IVA progress to younger groups, early life modulation is likely to be available to the majority people born with CF in the next decade. However, whilst proving drug safety is manageable (albeit likely to require many years), proving efficacy and justifying licencing/ reimbursement in younger groups may be more challenging; standard primary endpoints are so much harder to measure. Measurement of ppFEV1 is not reliable in children <5 years, whilst a higher baseline ppFEV1 in younger groups makes demonstration of treatment improvement, or superiority if new modulators are developed, more challenging [101]. Also, if CF respiratory decline is halted or slowed by modulators, then current standards of measurement of lung function may prove insufficiently sensitive to measure deterioration on the new disease trajectory. Alternative measures of drug efficacy are, therefore, likely to be required.

It has been demonstrated that sweat Cl- correlates well with CF phenotype, changes promptly after modulator initiation, and on a population level mean sweat Cl- correlates with ppFEV1, making it attractive as a biomarker for modulator efficacy in both new trials and those maintained on treatment [102-104]. Use of alternative lung function parameters, such as LCI, are already employed in trials of children as it provides more sensitive measurement of ventilation inhomogeneity in those with normal baseline ppFEV1 [105]. Detectable differences in LCI and functional residual capacity  have been seen between CF and non-CF controls at as young as 8 weeks of age[106].  However, measurement in infants is still challenging and is not part of standard clinical practice or trial protocols yet. A role for functional imaging with magnetic resonance imaging (MRI) is also being explored, with the advantage of avoiding ionising radiation that occurs with CT, that may be harder to routinely justify in an increasingly healthy CF population, and certainly is a problem in some parts of the world. Lung fields inherently generate a low magnetic resonance signal, however enhancement of imaging can occur with dynamic wash in and wash out of inhaled ‘contrast’ with inert gases or oxygen [107]. Concomitant acquisition of lung perfusion MRI allows assessment of ventilation/perfusion inhomogeneity, that has been shown to correlate well with CT Brody score in adults with CF [108]. Finally, airway microbiology surveillance is essential in childhood to detect and treat opportunistic pathogens before chronic infection can establish [1, 109]. As modulator-treated CF patients of all ages produce less sputum, surveillance will become more challenging and a role for sputum induction and also non-invasive, non-sputum based airway sampling techniques will be required.

8. Alternatives for people who will not benefit from modulators 
Not all CF genotypes can benefit from modulators. For those with PTC or nonsense mutations, failure of translation means no protein is produced as target for modulator treatments. Several strategies are being investigated to overcome this, but none are clinically available to date.

8.1 Read-through agents
Ataluren was the first drug trialled as a read-through agent, allowing the ribosomal machinery to ‘ignore’ the stop codon, instead inserting a random amino acid to allow translation of full length CFTR protein. Although early trials were supportive, two phase 3 trials subsequently failed and the company is not pursuing CF currently [110-113].  Eloxx pharmaceuticals have developed a read-through agent, ELX-02, showing early promise. Pre-clinical trials of ELX-02 in human derived intestinal organoids from patients with G542X mutations show dose-dependent increases in CFTR function, similar to those induced by TEZ/IVA in F/F homozyogotes in the same model [114]. A five-fold increase in CFTR mRNA was also measured, when compared to controls, bringing CFTR mRNA quantity into normal range. A phase II clinical trial of ELX-02 is currently underway (NCT04135495). The CFF Drug Development Pipeline supports a number of other groups, including Icagen and Southern Research Institutes, which are involved in pre-clinical testing of drugs that address nonsense mutations[115].

8.2 mRNA replacement/ repair
Delivery of correct CFTR mRNA into epithelial cells of the lung can, theoretically, restore correct CFTR protein production for those with nonsense mutations (or any abnormal CFTR gene). Whilst presenting the preclinical research conducted to date in this field is beyond the scope of this article, delivery of functional CFTR mRNA to the lung by inhalation is being investigated by a number of companies. Delivery of chemically modified mRNA using lipid nanoparticles has been tested in CF mouse models and demonstrated improved Cl- transport and FEV0.1[116, 117]. Translate Bio are currently conducting RESTORE-CF, a phase I/II trial of drug MRT5005, a nebulised mRNA therapy (NCT03375047). Pre-clinical assessment in mice and non-human primate models showed improvement in nasal potential difference and now this trial is designed to investigate safety and tolerability of single and multiple escalating doses of MRT5005, along with assessment of ppFEV1[118]. ProQR developed eluforsen (QR010), an antisense oligonucleotide directed at mRNA repair. Early studies showed promise based on nasal potential difference[119], and a later study confirmed safety and a reduction in respiratory symptoms. Overall, there were no improvements in ppFEV1 and the CF programme within the company is no longer active. The CFF Drug Development Pipeline identifies several other companies currently in pre-clinical assessment of candidate mRNA based treatments, some of which are close to entering clinical trials [115].

8.3 Gene Replacement Therapy and Repair
Over 20 clinical early phase trials of gene therapy for CF have been conducted to date, from which substantial hurdles to this approach have been identified [120]. The lungs have evolved to keep foreign matter out, so topical administration of DNA requires a vector to facilitate cell entry. Both viral and non-viral vectors have been trialled, the former being limited in most cases by difficulties with repeat administration related to immune recognition. The UK CF Gene Therapy Consortium undertook the largest phase IIb trial of a non-viral approach, confirming efficacy in a clinically-relevant end-point, ppFEV1 [121]. This was, however modest in magnitude, supporting a switch to the new phase of the programme focussing on a lentiviral vector pseudotyped to improve airway uptake [122]. In partnership with Boehringer Ingelheim and Oxford BioMedica, the Consortium is preparing for first-in-man trials of this product, which it is hoped will lead to long-lasting CFTR expression. This area is also a major focus of the CFF, through its ‘Path to a Cure’ programme (https://www.cff.org/Research/Researcher-Resources/Awards-and-Grants/Research-Awards/Path-to-a-Cure-Academic-Programs/). Its pipeline[115] highlights supported preclinical work and a recent press release announced the commencement of an AAV-based clinical trial by 4D Molecular Therapeutics (https://www.biospace.com/article/releases/4d-molecular-therapeutics-announces-fda-clearance-of-ind-application-for-4d-710-an-a101-vector-based-aerosol-delivered-gene-therapy-for-the-treatment-of-cystic-fibrosis-lung-disease/).   


9. Conducting Future Drug Trials in the era of Highly Effective Modulator Therapy
As eligibility to ELX/TEZ/IVA and other highly effective modulator therapies open to younger ages groups, the number of pwCF who are modulator naïve is rapidly decreasing, leaving those who either have ineligible genotypes (of which there are thousands of recognised different genes) or those living in regions where funding for treatment is not available. The latter group are disproportionately found in lower resource settings and this will lead to a widening global inequity in CF standards of care. This also provides challenges in designing future clinical trials of novel modulators, either potentially superior versions of existing drugs, or drugs targeting previously ineligible genotypes. challenges and possible solutions to them have been discussed in detail elsewhere [101, 123], however, in essence novel trial designs need to be considered to facilitate further drug development. Exclusively testing novel drugs in low resource settings, where fewer of the eligible population will be previously established on modulators offers an ethically problematic approach, with a moral imperative to support therapy beyond end of trial, and a risk of further widening inequality within those countries. Furthermore, trial infrastructure in these settings may be suboptimal and baseline health parameters worse, making treatment effects difficult to extrapolate to the wider CF population. Conducting studies in those already established on modulators can be done through non-inferiority studies or by allowing a wash-out period of their current modulator followed by placebo-controlled trial of the novel drug. Any wash-out or placebo-controlled period would have to be minimised in duration, to avoid potential for prolonged time off any effective treatment. However short-term efficacy data can quickly be established as sweat Cl- and ppFEV1 changes can be demonstrated within days of drug initiation[93, 103]. This would mean data on PEx frequency and nutritional parameters could not be evaluated in the placebo-controlled stage, but outcomes could then be followed by longer, open-label extension periods. The issues relating to designing novel trial endpoints in infants will also become more relevant to the older population as expected baseline changes in ppFEV1 reduce with increased drug efficacy. Finally, for those with rare CFTR mutations, large clinical trials are unrealistic as sufficient sample size will not be achieved. It is likely that evidence from in vitro models, such as Fischer Rat Thyroid  models, or ex vivo patient derived nasal or intestinal organoid models will be required to assess CFTR function response to allow personalised, gene-specific modulator treatments, with subsequent short clinical assessments of drug safety and tolerance[124, 125]. 

10. Conclusion 
Following the discovery of the CFTR gene in 1989, more than 2 decades have passed before therapies targeting the cause of CF were made available to patients. Since then, rapid development and coordinated clinical trials has led to HEMT now being available 85-90% of pwCF. The impact of HEMT from trials is clear: a rapid and sustained increase in ppFEV1, reduction in PEx, improved BMI and nutritional parameters, and in some patients starting modulators earlier in life, the potential to reverse PI. Real-world and registry data confirms these findings in patients taking IVA and suggests improvements in a range of extra-pulmonary CF manifestations as well. Outside of the constraints of clinical trials, questions of the real-world impact of all HEMT remain, including, but not limited to: the effect on life expectancy, rate and severity of morbidity progression, physiological impact on all organs affected by CF, and the microbiological impact in the airway. PROMISE and RECOVER will address some of these questions, whilst CF-STORM and SIMPLIFY will address the safety of reducing previously standard physiotherapy treatment burden following introduction of HEMT. 
As trials of ELX/TEZ/IVA continue, it is expected that HEMT will be available very early in life, with the hope that it can prevent CF morbidity being established. However, designing outcome measures for trials in this age group is challenging; novel measures and surrogate markers of efficacy are likely to be relied upon to justify HEMT use in clinical practice. Access to HEMT also needs to be considered carefully for both those who are eligible but living in settings where treatment cost is prohibitive, but also those who are currently ineligible based on their genotype. An existing global inequality in CF care is likely to increase and to date there are not clear strategies in place to address this. Drug development for those not eligible for current modulators is ongoing, with exploration of candidate ‘amplifier’ molecules and also read-through agents and mRNA repair/replacement drugs, whilst gene therapy producing long-lasting expression of CFTR remains an important goal. However, with a decreasing pool of ‘modulator naïve’ pwCF, thought must be given to designing trials in those with rare genotypes and evidence from pre-clinical models, such as intestinal organoids, are likely to play an important role in novel drug identification and investigation. 
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