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Summary 

 

Cystic fibrosis care has advanced dramatically over the last decade, with CFTR modulator 

therapy a game charger for some patients. With its increasing use, unexpected benefits and 

side-effects are being unmasked and must be managed accordingly. 



 

Abstract 

Cystic fibrosis is a common multi-system genetically inherited condition, 

predominately found in individuals of Caucasian decent. Since the identification of the 

cystic fibrosis transmembrane conductance regulator (CFTR) gene in 1989, and the 

subsequent improvement in understanding of CF pathophysiology, significant increases 

in life-expectancy have followed. Initially this was related to improvements in the 

management and systems of care for treating the various affected organ systems. These 

cornerstone treatments are still essential for CF patients born today. However, over the 

last decade, the major advance has been in therapies that target the resultant genetic 

defect - the dysfunctional CFTR protein. Small molecule agents that target this 

dysfunctional protein via a variety of mechanisms have led to lung function 

improvements, reductions in pulmonary exacerbation rates and increases in weight and 

quality of life indices. As more patients receive these agents earlier and earlier in life, it is 

likely that general CF care will increasingly pivot around these specific therapies, 

although it is also likely that effects other than those identified in the initial trials will be 

discovered and need to be managed. Despite great excitement for modulator therapies, 

they are unlikely to be suitable or available for all: whether this is due to a lack of 

availability for specific CFTR mutations, drug-reactions or the health economic set-up in 

certain countries. Nevertheless, the CF community must be applauded for its ongoing 

focus on research and development for this life-limiting disease. With time, 

personalised individualised therapy would ideally be the mainstay of CF care. 

 

 

  



 

They are ill discoverers that think there is no land, when they can see nothing but sea  

        Francis Bacon 

 

The big picture is all in the details 

        Charles Darwin 
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I. Introduction 

Cystic fibrosis (CF) is an autosomal recessive monogenetic condition with considerable 

phenotypic variability. It is the commonest genetically inherited lethal disorder in 

Caucasian populations with over 90 000 people with CF worldwide. The incidence is 1 in 

3000 live births in individuals of northern European descent with a carrier rate of 1 in 

25 individuals(1, 2). As a multi-system disorder, it is characterised by chronic airway 

infection, pancreatic insufficiency leading to gastrointestinal malabsorption and 

malnutrition, diabetes, and premature death. 

 

CF results from mutations in the cystic fibrosis transmembrane conductor regulator 

(CFTR) gene located on chromosome 7(1). The gene was identified in 1989 and to 

date, more than 2000 CFTR mutations have been classified with over 300 known to be 

disease causing. Despite this, only five mutations have a frequency rate greater than 



1%(2). The commonest and most well characterised genetic abnormality is a deletion 

of three base pairs encoding a phenylalanine residue at position 508 on chromosome 

7 (Phe508; Δ508). Between 80-90% of individuals with CF have at least one copy of 

the Phe508del-CFTR mutation and approximately 50% of Caucasian individuals with 

CF are homozygotes(3-5).  

 

CFTR codes for an ABC-transporter class C ATPase protein, which facilitates chloride 

and bicarbonate transport at the apical membrane of epithelial cells, primarily in 

glandular epithelia. This apical anion channel is highly expressed in the bronchial 

epithelium, pancreas, gastrointestinal tract, vas deferens and sweat glands with lower 

expression in other tissues(6-11). Loss of functional apical CFTR proteins within the 

bronchial epithelium causes a reduction in chloride and bicarbonate secretion from 

the cell and as a consequence, the airway surface is fluid depleted and has an altered 

pH. It also regulates the activity of other ion channels including the epithelial sodium 

channel (ENaC; the amiloride-sensitive sodium channel). Attenuated CFTR activity is 

postulated to cause unopposed ENaC-dependent sodium and water absorption, 

further dehydrating the cell surface. Fluid depletion together with abnormally 

adherent mucus leads to delayed mucociliary clearance. In addition, reduced or 

absent CFTR results in abnormal innate immunity and dysregulated inflammation (1, 

12). Thus, a favourable environment is produced within the within the airways that is 

susceptible to unchecked inflammation and chronic bacterial infection. 

  

Six different functional classes of CFTR mutations have been identified. These groups 

are classified according to a combination of amount of cell surface protein, channel 

stability and function(1) (Figure 1). More recently proposals have been made to 

subdivide class I mutations into two groups depending upon whether the mutation 

leads to no function CFTR protein or no messenger RNA (mRNA)(13). Classifying the 

different mutation groups based upon the resultant functional defects assists with 

identifying targeted corrective therapies. However, it is unlikely that one classification 

system will be able to encompass all facets of importance; such as clinical disease 

features, therapeutic strategies and CFTR defects(14). Classically it has been thought 

that each class confers a differing disease severity, relating to the degree of CFTR 

dysfunction and thus has prognostic implications(15, 16). However, a large registry 



review did not identify any difference between individuals with a stop codon 

mutation, Phe508del homozygotes or those with a class III mutation in terms of lung 

function decline. Nevertheless, it is clear that class IV and V mutations confer a milder 

phenotype, relating to the presence of some ‘residual’ CFTR channel function, and 

thus are termed residual function (RF) mutations(17). 

 

It has been widely accepted that inadequate functional CFTR protein and therefore 

chloride transport at the cell surface is the major driver of pathophysiological disease. 

However, it is by no means clear whether some of the pathophysiology observed in 

individuals with CF is not also secondary to other factors for which altered chloride 

transport at the cell surface may only be an indirect marker. CFTR related 

pathophysiology may also involve: an altered extracellular environment with a 

reduced cell surface pH; changes in phospholipid raft protein assembly and 

subsequent abnormal transmembrane and intracellular signalling processes; the 

heavy burden of misfolded CFTR protein on the proteasome; and metabolic 

disturbances within subcellular structures, including the mitochondria, due to the 

indirect effects of dysfunctional electrolyte movement or protein trafficking processes 

(Figure 2a & 2b). Although, chloride channel functional changes are likely to 

represent an easily accessible surrogate marker for all these processes, individual 

heterogeneity in any of these areas may significantly contribute to the phenotypic 

heterogeneity seen in CF patients with the same genotype.  

 

In vivo studies have demonstrated that approximately 10% of residual CFTR function 

is all that is required to restore near-normal chloride transporting properties when 

compared with 100% corrected cell sheets(18). CF individuals with approximately 

10% CFTR expression per cell generally do not develop classical CF related disease 

features (19, 20). Currently, it is unknown whether full correction of CFTR in just 10% 

of cells is comparable to 10% of expression in all cells(20). Furthermore, we speculate 

that even a single CFTR mutation may be associated with specific organ dysfunction in 

the setting of a “gross” second hit phenomenon, for example, lung disease in setting of 

severe early infection, allergic disease or immunodeficiency; and exocrine pancreatic 

insufficiency with ageing especially in the setting of life-long accumulated 

environmental stressors such as smoking(21-23). 



 

II. General Cystic Fibrosis Care: Basic Standards 

 

When CFTR was discovered, the median age of death was approximately 20 

years(24). Since then, life expectancy has improved considerably with the median age 

of death now approximately 30 years with the median predicted survival of an 

individual born today with CF in the mid-40s(4, 5). The development of various 

therapies and systems of care, which have predominately focused on improving salt 

and fluid balance, nutritional status and reducing airway inflammation with its 

corresponding lung parenchymal destruction have been instrumental in this(25, 26).  

 

Despite survival advances, CF lung disease is still the major cause of morbidity and 

mortality and thus pulmonary exacerbations should be treated expediently to reduce 

the risk of further airway damage. Clinical outcomes are improved with eradication 

attempts of initial bacterial isolates, especially in the case of P. aeruginosa(27). Once 

colonised, nebulised antipseudomonal antibiotic treatments result in an improvement 

in forced expiratory volume in 1 second (FEV1) and a reduction in pulmonary 

exacerbation rates(28, 29). Azithromycin usage has been shown to reduce 

exacerbation frequency and to improve a patient’s health status, related to its 

antibiotic, anti-inflammatory and immune modulatory properties (30, 31).  

 

Antimicrobial therapies are used in conjunction with therapies to address the 

impaired mucociliary clearance and mucus accumulation. Nebulised treatments, such 

as dornase alpha (32) and hypertonic saline (33), aid the delayed mucociliary 

clearance. These must run in parallel with good quality modern airway clearance 

techniques that try to avoid provocation of gastro-oesophageal reflux(34). 

 

Fat maldigestion and malnutrition are also characteristic of CF and are predominantly 

secondary to pancreatic insufficiency with a variable contribution from chronic 

gastrointestinal inflammation in individual patients. Being underweight negatively 



impacts long-term survival in CF and dietetic support is essential to ensure weight is 

maintained for both general well-being and to prevent lung function decline (12, 35, 

36). Furthermore, fluid and salt replacement are often under managed, especially 

given the blunting of the thirst response and general tolerance to chronic dehydration 

that is clinically observed with this condition. This is compounded by the difficulties 

individuals face with the increased amounts of calories and salt/fluid that are 

required to maintain neutral balances and which is further exacerbated under 

conditions of growth, illness, exercise or exposure to extreme heat environments. 

 

Although these strategies paved the way for substantial advancements in patient quality 

of life and survival, they do not target the underlying genetic mutations or the activity of 

the CFTR protein. Current research has thus focused on identifying mechanisms by 

which the underlying CFTR protein dysfunction could be reversed.  

  



III. Cystic Fibrosis Gene Specific Therapy: Recent Advances  

 

Genetic Therapies 

Gene therapy was first trialled in the 1990s in an attempt to reverse the CFTR 

dysfunction. The initial murine studies found that adenoviral vectors could successfully 

transfer the human CFTR gene, leading to human CFTR protein being expressed in 

murine epithelial cells(37). It is hypothesised that CFTR gene replacement during the 

neonatal period, prior to any parenchymal lung damage or bacterial colonisation, has 

the potential to significantly alter morbidity and mortality in CF (36). Hence, gene 

therapy research focussed on gene-addition therapy to the airways whereby wild-type 

CFTR gene is inserted into an individual’s cells resulting in functional CFTR channel 

production. As the respiratory epithelium is comprised of terminally-differentiated cells, 

any form of gene therapy must either be able to be repeatedly delivered to the airway 

surface or be able to alter the stem/progenitor cells(38).  

 

Gene transfer via aerosolised means to the respiratory epithelia is possible with the use 

of both viral and non-viral vectors. However, the initial gene delivery approaches were 

too inefficient for it to be a viable therapeutic option(39). Also, repeated administrations 

of viral vectors or DNA can result in immune reactions developing in the individual 

receiving the treatment(20, 40). More recently Phase IIb trials in patients 12 years and 

older have demonstrated that gene therapy can alter the progression of CF lung disease, 

albeit only by modest amounts. The repeated nebulisation of non-viral CFTR gene 

therapy each month for a year lead to stabilisation of lung function over that time period 

when compared with placebo, the percentage change in FEV1 was -0.4% versus -4.0% in 

the placebo arm(41). Change in lung function decline does impact morbidity and 

mortality in CF but notably this study did not lead to an increase in lung function or 

result in any quality of life improvements.  

 

Other methods have focussed on mRNA therapy and mRNA repair, whereby the 

correct nucleotide sequence code for CFTR is delivered to the cytoplasm resulting in 

normal CFTR protein production or repair of the CFTR mRNA. The benefit of these 

strategies is that translocation across the nuclear membrane barrier is not necessary. 

Delivery methods include liposomal or polymeric non-viral vector formulations that can 



be administered via several routes (42). Haque et al (43) found that nanoparticle-

chemically modified mRNA led to lung function improvements without any immune 

reactions following repeated applications in mouse models. However, as these studies 

are in the preclinical stages of development additional work is required before such 

treatments will be readily available. 

 

A further genetic therapy strategy is gene editing. This approach attempts to repair the 

mutant CFTR DNA resulting in normal CFTR proteins being produced. The current 

technique involves the use of CRISPR (clustered regularly interspaced short palindromic 

repeats), which is found naturally in the immune system of bacteria. A 

ribonucleoprotein endonuclease (Cas9) that can catalyse the cleavage of double 

stranded DNA binds to the target DNA site as determined by a guide RNA element and 

creates a double-stranded opening. Subsequently the cell can fill the excised section 

with the correct sequence through homologous directed repair(20, 42). Initial proof of 

concept studies for gene editing in CF were tested in intestinal organoids obtained from 

Phe50del paediatric patients (44). It has since been shown that gene correction can 

occur in generated induced pluripotent stems cells (iPSC) and these cells can then 

differentiated into mature airway epithelial cells with normal CFTR function(45). There 

is the potential for iPSCs to be used as cell grafts but to date there are ongoing concerns 

with regard to tumour risk and the potential to transmit genetic abnormalities. Ongoing 

work and research is required prior to its use in clinical practice. 

 

 

 

  



CFTR modulator agents 

The major advancement in CF therapy has been the introduction of small molecules that 

modulate the function of the abnormal CFTR protein. CFTR is a multi-domain protein 

belonging to the subfamily C ATP-binding cassette (ABC) transporters. It is the only one 

within the group to function as an ion channel (46). Class I mutations (Traditional 

classification system) result in no functional CFTR protein but the other classes lead to 

abnormally translated protein, which can be both misfolded and mis-assembled (Figure 

1) (1, 13, 47). Agents to target the dysfunctional protein were developed via high-

throughput drug discovery programs. The molecules identified were optimised and 

subsequently evaluated in terms of pharmacokinetics and toxicology (48-50).   

 

The first CFTR modulator agent for individuals with CF following these drug 

development strategies was Ivacaftor (Kalydeco) (51). It was originally developed for 

the Gly551Asp-CFTR mutation (G551D, a class III mutation), which causes defective 

CFTR channel gating. Gating refers to the opening and closing functions of the channel, 

and when defective leads to a low probability of CFTR channel opening and thus 

reduced CFTR function. Ivacaftor increases chloride transportation by prolonging the 

time period that activated CFTR channels at the apical cell membranes remain open(51). 

Initial phase 3 studies STRIVE and ENVISION, evaluated ivacaftor in individuals aged 12 

years and older and in those aged 6 to 12 years of age respectively. STRIVE found a 

substantial improvement in absolute percentage predicted (pp) FEV1 of 10% at 24 

weeks (the primary endpoint), which was maintained until 48 weeks. This was 

alongside a 3kg weight gain, an 8-point increase in CFQ-R (where an increased score out 

of 100 reflects a reduced impact on patient quality of life and a 4 point change is a 

clinically relevant difference) with a reduction in sweat chloride (SwCl) to below 

diagnostic threshold to a mean of 47.8 mmol/l (51). Similar findings were demonstrated 

in the children recruited to ENVISION. Participants from both studies were enrolled in 

the open-labelled extension study (PERSIST), with those receiving placebo switched to 

ivacaftor therapy. The changes were maintained for up to 144 weeks(52).  

 

Ivacaftor has subsequently been identified as being effective in almost 40 variants, 

including other specific gating mutations, missense or canonical splice mutations(53-

55). Some of these mutations were identified as being eligible from in vitro data, which 



is an alternate pathway to enabling patients with rare, difficult to study mutations from 

being able to access newer therapies(56). The development of ivacaftor was a 

considerable treatment advance for individuals with CF but it is only effective for 

approximately 8% of CF patients. Furthermore, ivacaftor and its M1 metabolite is 

associated with some drug-drug interactions, resulting in the inhibition of both 

cytochrome P450 3A (CYP3A) and, or the P-glycoprotein (P-gp) substrates. Caution and 

monitoring must be maintained when using such agents alongside ivacaftor(57).  

 

Agents targeting the commonest CFTR mutation, Phe508del (a class II mutation), would 

provide modulator therapy for a greater proportion of CF individuals. However, the 

Phe508del-CFTR mutation results in a more complicated protein defect with 

destabilisation of protein folding leading to protein degradation together with altered 

CFTR gating and reduced cell membrane surface stability(1, 13, 50). As multiple stages 

in CFTR protein development are affected, different approaches were required to treat 

such individuals. Lumacaftor is an oral corrector agent, which in vitro corrects the 

misprocessed protein leading to increased cell membrane localised protein (58). Oral 

monotherapy of either ivacaftor or lumacaftor did not yield positive outcomes in 

Phe508del homozygotes(59, 60). However, lumacaftor in combination with ivacaftor 

(Orkambi)  did result in a modest gain in absolute ppFEV1 of 3% at 24 weeks (the 

primary outcome) in phase 3 studies (TRAFFIC and TRANSPORT) along with significant 

increases in body mass index (BMI)(61). In comparison with ivacaftor, this was a 

disappointingly small increase in ppFEV1. However, the 96-week extension study 

(PROGRESS) did elicit a 42% reduction in the annual rate of lung function decline when 

compared with a US registry control group(62). This study recruited the TRAFFIC and 

TRANSPORT participants and treated those who had initially received placebo with 

lumacaftor/ivacaftor. Although not an exceptional outcome, it is still important because 

rate of lung function decline is known to correlate with morbidity and mortality in 

CF(63, 64). 

 

Unfortunately, lumacaftor/ivacaftor is associated with respiratory related side effects 

and 7% of patients discontinued treatment in PROGRESS. Real-world experiences with 

lumacaftor/ivacaftor have found even higher discontinuations rates of up to 30% (65, 

66). Lumacaftor is also a potent inducer of CYP3A4 enzymes, which can have a 

significant impact upon concurrent medication use (67). Other modulator treatments 



with better side-effect profiles and greater FEV1 improvements for homozygous 

Phe508del-CFTR patients were required. Therefore, another corrector, tezacaftor, was 

developed. Tezacaftor in combination with ivacaftor (Symdeko/Symkevi) elicited a 

4% absolute change in ppFEV1 with significantly lower pulmonary exacerbations rates, 

compared with placebo, for Phe508del homozygote adults (68, 69). Again, this is only a 

modest improvement in FEV1 but tezacaftor/ivacaftor does have a better side-effect 

profile with only a 2.9% discontinuation rate in the active treatment arm and none 

secondary to respiratory events. The open-labelled extension study is currently awaited. 

It is also approved for individuals with 26 specific residual function and splice 

mutations(70). In children aged 6-11 years for both Phe508del homozygotes and 

Phe508del/RF mutations, SwCl levels decreased and mean ppFEV1 remained stable 

within the normal range along with normal growth parameters(71). 

 

Although tezacaftor/ivacaftor is more promising for Phe508del-CFTR homozygotes, it 

also does not dramatically improve CFTR function. These dual combination therapies 

are thus not suitable for the 30% of individuals with CF who are Phe508del 

heterozygotes and have a minimal function (MF) mutation(13). MF mutations comprise 

class I and II mutations, which result in no function CFTR protein production or produce 

defective protein that are unresponsive to ivacaftor, lumacaftor/ivacaftor or 

tezacaftor/ivacaftor. These include insertion, deletion, nonsense and canonical splice 

and certain severe protein misfolding mutations(72). If increased functional protein 

could be achieved in those with at least one Phe508del mutation, this may provide 

higher rates of chloride transport in a greater percentage of individuals with CF.  

 

Next generation CFTR correctors used in combination with tezacaftor/ivacaftor have 

given rise to remarkable clinical outcomes. Phase 2 trials of VX-659 and VX-445, each 

combined with tezacaftor/ivacaftor elicited a 9.7% and 11% absolute change in ppFEV1 

respectively for Phe508del homozygotes versus tezacaftor/ivacaftor and a 13.3% and 

13.8% respectively absolute change in ppFEV1 in Phe508del-MF versus placebo (72, 73). 

The subsequent phase 3 studies with the use of elexacaftor (VX-445) in combination 

with tezacaftor/ivacaftor (Trikafta) maintained such responses. For Phe508del 

homozygotes there were increases in ppFEV1 of 10% and in CFQ-R RD of 17.4 points 

together with a 45.1 mmol/l decrease in SwCl after 4-weeks(74). In the Phe508del-MF 

cohort ppFEV1 increased by 14.3% together with a 20.2 point increase in CFQ-R RD and 



a SwCl decrease of 41.8 mmol/l at 24-weeks(75). It is exciting to see such results for 

severe mutation classes.  

 

 

Specific therapies for premature termination codon class I mutations 

Nonsense mutations cause truncated non-functional or partially functional protein. The 

nonsense mutations in DNA insert premature translation stop codons (PTCs), which 

interrupts ribosomal translation of the protein. In CF approximately 5-10% of the alleles 

carry a nonsense mutation that leads to these PTCs.  Ataluren was developed to enable 

ribosomes to read through PTCs during mRNA translation to produce functional protein. 

Phase 2 studies demonstrated an improvement in the electrophysiological 

abnormalities seen in the lungs in adults with CF and an increase in functional CFTR 

protein production in children (76, 77). However, phase 3 studies did not find an 

increase in FEV1 or quality of life scores (78). Ataluren is currently not a treatment 

option for CF individuals although it is used for nonsense mutations in Duchenne 

muscular dystrophy. Aminoglycosides, which are widely used both intravenously and 

nebulized to treat P. aeruginosa, also have been found to suppress the PTCs (79, 80). 

However, their side effects prohibit long-term usage, particularly with the potential for 

oto- and nephro-toxicity. Synthetic aminoglycosides are a potential avenue for further 

investigation due to their better side effect profiles (81). 

 

 

Targeting non-CFTR channels 

Some mutations result in no functional protein and no mRNA and thus are considered to 

be ‘unrescuable’ mutations. For these types of mutations, an alternative approach is to 

target the non-CFTR anion channels such as ENaC. Denufosol tetrasodium acts on P2Y 

receptors expressed on the surface airway epithelium and in vitro has been found to 

stimulate chloride secretion via calcium activated chloride channels, inhibit sodium 

absorption via ENaC and stimulate ciliary beat frequency. A phase 3 trial did not 

demonstrate any improvement in FEV1 over 48 weeks(82). The topical application of 

the sodium channel blocker amiloride has also been investigated in several studies, with 

no evidence that it improves lung function or mucus clearance(83).  



 

 

Implications of novel treatment therapies 

The novel therapies discussed, specifically modulator therapy, have resulted in 

important advances in the treatment options available for individuals with CF. However, 

they are associated with a substantial cost burden and on a global scale, these 

medications are far from being available for all even within developed countries (13).  

CFTR modulator therapy targets the dysfunctional CFTR protein and has resulted in 

some exceptional outcomes. However, treatment responses are not comparable across 

all CF individuals, in part related to the specific CFTR mutations but also due to other 

less well understood gene-environment interaction heterogeneities(23). The CF 

phenotype is known to be affected by modifier genes and specifically in the case of 

ivacaftor, there is evidence of interindividual variability in respiratory treatment 

responses in the context of the Solute Carrier Family 26 member 9 (SLC26A9) gene 

variants (84-86).  

In routine clinical practice, it is not possible to assess true CFTR protein function 

throughout all cells. Surrogate markers of protein function are currently monitored; 

through the testing of sweat chloride, basic lung function testing and change in 

nutritional status and energy expenditure (87, 88). However, these markers do not 

necessarily provide a complete picture of the impact of these therapies, nor do they 

robustly predict the treatment effect each individual may or may not expect to 

experience(89, 90). 

 

IV. General Cystic Fibrosis Care in the setting of Gene 

Specific Therapies: Integrated Excellence 

 

With an increasing proportion of patients receiving modulator therapy, life expectancy 

should continue to rise. However, disparities in survival between patient groups, based 

on mutation class and access to modulator therapy, may start to emerge. Disease 

trajectories will potentially be very different amongst individuals depending on the age 



at which highly effective gene modulator therapy is initiated. Increasing longevity will 

also herald a new set of problems that will need to be managed. 

As CF is a multi-system disease, modulators have an impact upon multiple organs with a 

variety of changes ensuing. Considerations of these various changes are discussed 

below. 

1. Respiratory Disease 

Modulator therapy favourably alters stepwise respiratory disease progression and 

improves lung function baseline status and rates of decline. However, complete reversal 

of the parenchymal lung destruction and bronchiectasis is not possible. Two Irish 

studies identified improvements in the extent of the peri-bronchial thickening and 

mucus plugging on CT imaging, together with a reduction in the pro-inflammatory 

cytokines (IL)-1β, IL-6 and IL-8 and the relative abundance of Pseudomonas species after 

ivacaftor treatment (91, 92). However, other studies have not found ivacaftor to have an 

impact upon the lung microbiome or sputum inflammatory markers(93-95). The effect 

of other modulators upon the different aspects of structural lung disease is as yet 

unknown. However, it is hypothesised that early treatment during the neonatal period 

with agents such as ivacaftor or elexacaftor/tezacaftor/ivacaftor in appropriate patients 

could prevent the initial development of CF-related lung disease. 

Lung function is the traditional parameter for evaluating respiratory disease. However, 

cardiopulmonary exercise testing (CPET) provides a more complete picture of the 

integrated cardio-respiratory, muscular and metabolic response to exercise. An 

increased aerobic exercise capacity is known to correlate with a reduced mortality 

rate(96, 97). Ivacaftor was found to improve exercise times in patients who have at least 

one copy of the Gly551Asp-CFTR mutation but an increase in VO2max (maximal oxygen 

consumption) when compared with placebo was not demonstrated after 28 days of 

treatment(98). A short case series found an improvement in exercise tolerance in 3 

Phe508del homozygotes treated for 2 years with lumacaftor/ivacaftor(99). Further 

assessment of the effects of modular therapies upon exercise is required. 

Patients with extensive lung disease on modulator therapy will still require standard CF 

care in terms of antibiotic therapy and airway clearance, with lung transplantation the 

treatment of last resort for those with end-stage lung disease (26, 100, 101). Modulator 

therapy, however, does reduce both pulmonary exacerbation and hospitalisation rates. 

In patients treated with ivacaftor, hospitalisation rates have decreased in the region of 



40-55%, with CF related admissions reduced by 75-81% (102) and lower annualised 

hospitalisation rate have been seen in patients with advanced lung disease treated with 

lumacaftor-ivacaftor(103). This reduction in inflammation and infections prevents the 

lung function decline that is linked with morbidity and mortality. As a consequence, 

patients might only develop end stage lung disease later in life, leading to a more elderly 

CF population being referred for lung transplantation. A change in referral 

demographics in patients with additional confounding factors, secondary to a different 

ageing-related profile, may have an adverse impact on transplantation outcomes. 

2. Gastrointestinal Disease 

2.1 Weight/nutrition 

Intestinal malabsorption and pancreatic insufficiency are classic features of CF disease 

resulting in malnutrition and improvements in nutritional status are associated with 

decreased mortality (35). Ivacaftor has been shown to significantly improve weight, BMI 

and quality of life (98, 104). Significant BMI improvements have been found with 

lumacaftor-ivacaftor use in those aged 12 years and older but not in children aged 6-11 

years or with tezacaftor-ivacaftor (61, 68, 105).   

The current strategies to combat malnutrition in CF have been a high-energy, high-fat 

diet together with pancreatic enzyme replacement therapy(106). With the correction of 

CFTR dysfunction, patients are at risk of becoming obese, in line with the increasing 

prevalence of obesity in the general population. In 2015 a single-centre in the US found 

that in 2-18 year old patients with CF, 8% were obese(107). This was significantly 

different to the 1% obesity rate found in the UK in children ten years previously(108). 

The population groups between the two studies are not entirely comparable but it does 

reflect increasing obesity rates in the CF population. In part, this could be related to 

patients prescribed a high-energy, high-fat diet primarily achieving this through 

overeating energy-dense, nutrient-poor foods rather than nutrient dense foods(109). It 

does not bode well for individuals started on modulator therapies that have been 

accustomed to obtaining calories from such food sources. Having a normal BMI is 

important for ensuring maintenance of lung function but being overweight or obese 

does not confer additional benefits (110). Education relating to appropriate food 

sources and the number of calories that should be ingested for each individual patient is 

important. 

 



2.2 Luminal Gastrointestinal Disease  

CF individuals have abnormal gastrointestinal physiology with delayed gastrointestinal 

transit, luminal hyperacidity and abnormal small and large bowel colonisation 

secondary to frequent antibiotic use(111, 112). A decrease in the vicious cycle of 

abnormal luminal mucus, bowel dysmotility and dysbiosis should result in symptomatic 

improvements. Ivacaftor has been found to decrease intestinal inflammation and 

favourably alter the gut microbiome in individuals with at least one gating CFTR 

mutation(113).  

CF is also associated with increased gastrointestinal reflux with a prevalence of 25% in 

children and 85% in adults. This is significant because micro-aspiration can lead to a 

deterioration in lung disease(111). A small observational study evaluating reflux 

symptoms post ivacaftor demonstrated a beneficial response but the study did not 

include any objective reflux measurements(114). Other studies have found a significant 

improvement in the early ability to neutralise gastrointestinal pH following 

ivacaftor(115).  

CF is associated with an increased risk of gastro-intestinal malignancies compared to 

the general population. In non-transplant CF patients there is almost a 20 times 

increased risk of small bowel cancer and a 10 times increased risk of colon cancer, with 

transplanted patients with CF experiencing a 2-5 times increased risk compared to non-

transplant CF patients(116). Although the exact mechanism underlying the 

susceptibility to gastrointestinal malignancy in these individuals is unclear, particularly 

with respect to specific CFTR related effects on cell growth, differentiation and 

apoptosis, oncogenesis appears to be promoted by the chronic gastrointestinal 

inflammation and gut microbial dysbiosis (117, 118). Modulator therapy could 

hypothetically have the potential to reduce this malignancy risk, which is important as 

CF life expectancy continues to increase.  

Intestinal epithelia tissue can be propagated in vitro to create patient-derived stem cell 

cultures, which that can then be grown into functional epithelia organoids. These 

organoids can then be used as a functional CFTR assay to assist with CFTR-drug 

discovery and to assess response to treatments(119). This in vitro testing can be used as 

a prospective means of selecting efficacious treatments for individuals and can provide 

patients with a personalised treatment regime(120). Such approaches will become 

increasingly necessary to provide personalised patient care and particularly for those 



individuals who do not respond to standard modulator therapy or who experience side-

effects. Furthermore, such strategies will be helpful in drug discovery for individuals 

with rare mutations. 

 

2.4 Pancreatic Exocrine Function 

The majority of individuals (85%) with severe CFTR mutations have pancreatic 

insufficiency. The loss of pancreatic function occurs early in life due to mucus 

obstruction within the pancreatic and biliary tree leading to chronic obstructive 

pancreatitis. In the ivacaftor safety study for children aged 2-5years with CF and a 

gating mutation, there was a non-significant improvement in pancreatic insufficiency as 

assessed by faecal elastase measurements at 24 weeks (p=0.0504)(121). It is unknown 

whether longer treatment periods in these children or initiation as a neonate could 

prevent the development of pancreatic insufficiency.  

For those individuals who are pancreatic sufficient approximately 10-20% will 

developed pancreatitis(122). A notable reduction in pancreatitis frequency has been 

seen in a small case series of patients taking ivacaftor (123). 

2.5 Hepatobiliary 

CFTR dysfunction leads to impaired bile acid hydration, resulting in thick inspissated 

secretions causing biliary obstruction. Bile salt accumulation can cause heptatocyte 

damage and inflammation and injury to the portal tracts. The commonest liver 

manifestations in CF are hepatic steatosis and focal biliary cirrhosis(122). Overall 

hepatobiliary complications have been found to be reduced with ivacaftor use in a US 

and UK registry study(124). There has also been a case-report of improvement in 

hepatic steatosis in an adolescent patient treated with ivacaftor(125). It is unclear 

whether such changes would occur in adults or with other modulator agents. 

 

  



3. Metabolic Disease 

3.1 Metabolic rate/energy expenditure  

Energy balance is determined by basal metabolic rate, physical activity and diet-induced 

thermogenesis. To maintain neutrality, food intake must match daily energy 

expenditure, and this is complicated in CF by pancreatic insufficiency. Studies assessing 

energy expenditure in CF monitor resting energy expenditure (REE), which is generally 

increased compared to the general population(126). Small studies have identified a 

reduction in REE by 5% following ivacaftor treatment (127, 128). The impact of other 

modulator therapies is yet to be formally evaluated. 

3.2 Obesity 

Obesity is a heterogenous group of conditions with multiple causes and has a significant 

impact upon physiological function. It causes an increase in risk for type 2 diabetes 

mellitus, hypertension, coronary heart disease, certain malignancies, obstructive sleep 

apnoea and osteoarthritis of large and small joints(129). Individuals with CF who are 

obese will be at risk of all the metabolic complications that ensue from excess body fat 

accumulation, especially on a background of a high-fat diet. These issues could be 

further exacerbated with modulator therapy.  

3.3 Diabetes mellitus 

CF related diabetes (CFRD) is secondary to loss of pancreatic beta cell numbers and the 

direct effect of the CFTR mutation upon insulin secretion. It is a common 

extrapulmonary complication, with rates as high as 50% in adults with CF(130). Small 

studies have found that ivacaftor improves oral glucose tolerance tests by 66-178% 

after one month of treatment(131, 132). Addtionally, there are case reports of diabetes 

resolution following ivacaftor initiation(133). It remains to be seen whether other 

modulator agents will be able to achieve such results for more severe genotypes(134). 

 

3.4 Bone Disease 

CFTR is expressed within human osteoblasts, osteocytes and osteoclasts and its 

dysfunction impacts bone cell activity(9). Low bone mineral density (BMD) is common 

within the CF population. The pooled prevalence of osteoporosis in adults with CF is 



23.5%. As a consequence, fracture rates are higher than the general population; the 

pooled prevalence of radiologically confirmed vertebral fractures are 14% and 

nonvertebral fractures are 19.7%(135). The cause of the low BMD is multi-factorial; 

vitamin D and vitamin K insufficiencies, calcium malabsorption, malnutrition, 

glucocorticoid usage, delayed puberty and hypogonadism, infection and CFTR 

dysfunction are all known to be causative factors. Individuals with a normal nutritional 

status and preserved lung function generally have normal bone mineral density(136) 

and those individuals with the Phe508del-CFTR mutation have an independent risk 

factor for low BMD(137). A retrospective analysis of patients treated with ivacaftor 

demonstrated improvement in CFTR-related bone disease and bone remodelling. 

Improved nutrition and a reduction in infection rates are likely to be contributory 

factors together with the direct activity of CFTR within bone cells(138). Furthermore, 

G551D CF patients have been found to have higher levels of blood monocyte osteoclast 

precursors compared to healthy individuals and which decrease post ivacaftor 

treatment(139). 

3.5 General Endocrine Disease/Salt-Fluid Balance/ Renal Function 

Vitamin D is integral to bone health and vitamin D deficiency is present in more than 

90% of individuals with CF. Decreased vitamin D absorption secondary to exocrine 

pancreatic insufficiency, impaired metabolism and reduced sunlight exposure, are all at 

play(140). Alteration of these processes through modulator therapy has the potential 

for hypercalcaemia developing if vitamin D supplementation is not monitored, which in 

turn could lead to proteinuria or acute renal disease.  

CFTR is also highly expressed within the kidney and there is evidence of its involvement 

with chloride secretion in the distal tubule(141). A range of renal phenotypes have been 

described, with nodular glomerulosclerosis reported in patients with normal glucose 

metabolism(142). Despite this, the prevalence of renal disease in individuals with CF is 

only approximately 5%(143). Modulator therapy could lead to an increase in this, 

through the unmasking of renal disease as a result of salt retention. Salt intake will need 

to be closely monitored in these patients. In addition, it may have a significant impact on 

hypertension and cardiovascular disease in individual patients, as described below. 

4. Cardiovascular Disease 

Blood pressure elevation is a potential side-effect of treatment with 

lumacaftor/ivacaftor. Treatment over 96 weeks saw increases in mean systolic blood 



pressure (BP) by 5mmHg and diastolic BP by 4mmHg (62). This could be related to salt 

retention and the unmasking of renal disease. However, if the rises in BP continue 

unchecked following prolonged modulator usage, CF patients will have an increased risk 

of complications secondary to hypertensive disease. 

CF is associated with chronic inflammation and systemic oxidative stress, both integral 

in cardiovascular disease processes(144). A recent study has identified CF patients with 

more severe genotypes to have a greater impairment in cardiovascular function(145). 

The cardiovascular impact of long-term modulators either started early and/or in older 

CF patients has yet to be evaluated. 

5. Neuropsychosocial factors 

CF is not classically considered to affect the nervous system. However, there is 

increasing evidence of neuropsychiatric abnormalities in individuals with CF that is not 

necessarily fully explained as an indirect consequence of chronic disease 

manifestations(146). The CFTR protein is present in the human nervous system, both in 

the brain and spinal cord neuronal cells, with widespread expression throughout brain 

tissue(6-8). CFTR transports chloride, an ion involved in the regulation of neuronal 

excitability. Investigation is still required to identify CFTR’s exact role in this context. 

Modulators could directly act on the CFTR proteins within the nervous system, altering 

the pathways affected by dysfunctional CFTR proteins. It is unclear though if they cross 

the blood-brain barrier. Ivacaftor and its metabolites have been shown to have 

significant affinity for the 5-hydroxytryptamine (5-HT) and dopamine transporter 

receptors, with mouse models of depression displaying improved outcome measures 

similar to that exhibited by fluoxetine(147). Initial modulator trials did not report any 

deterioration in depression or anxiety rates during treatment (51, 68, 148) and in fact 

anxiety rates improved post ivacaftor therapy (147).  However, there have been reports 

of deterioration in mental and pulmonary health in some individuals with CF on 

lumacaftor-ivacaftor therapy who have depression or anxiety being treated with 

psychotropic medications. These changes are likely to be multi-factorial in nature, with 

a combination of drug-drug interactions, the direct actions of CFTR modulators on the 

central nervous system together with the psychological impact of starting new 

medications all being contributory factors(149). This needs to be taken into account 

particularly as individuals with chronic diseases, such as CF, are known to be at an 

increased risk of depression and anxiety. A large multi-centre study across Europe and 



the US identified depression rates in the range of 5-19% for adolescents and 13-29% in 

adults and anxiety rates of 22% in adolescents and 32% in adults (150). These high 

rates highlights the importance of screening for these conditions within the CF 

population, especially as depression is associated with decreased lung function and 

increased CF-related hospitalisation rates(151). Careful planning and monitoring of 

mental health should be undertaken in high risk individuals starting on modulator 

therapy. 

6. Pregnancy and CF 

As survival in CF has increased, so have the rates of pregnancy among women with CF. 

In the US between 2005-2014, the pregnancy rate was 25.5 per 1000 women with 

CF(152). Pregnancy is well tolerated by many women but there can be an unpredictable 

impact on lung function and difficulty in maintaining an adequate nutritional status 

(153, 154). There is evidence of a downward trend in pregnancy rates in women with CF 

post ivacaftor availability(152), which is likely secondary to prescribing guidelines 

advising that modulator therapy is contraindicated during pregnancy. However, there 

have been a few case reports of the use of both ivacaftor and lumacaftor-ivacaftor use 

during pregnancy without delirious outcomes(155, 156). As an increasing number of 

individuals receive modulator therapy, so the implication of these treatments during 

pregnancy and upon contraceptive usage needs to be evaluated. However, to date these 

important areas have not been rigorously investigated. The discontinuation of 

modulator therapy is likely to be undesirable for individuals who have received a 

treatment from childhood, especially if therapy has maintained disease stability and 

prevented deterioration in health and well-being. Lumcaftor-ivacaftor interacts with all 

hormonal contraceptives and current recommendations are for the use of barrier 

methods or the copper intrauterine device (IUD), which limits appropriate 

contraceptive options for females of a reproductive age(152, 157). These interactions 

upon contraceptive efficacy have not been identified for ivacaftor, tezacaftor/ivacaftor 

or elexacaftor/tezacaftor/ivacaftor. However, there is evidence of an increased 

frequency of rash in individuals treated with elexacaftor/tezacaftor/ ivacaftor whilst on 

hormonal contraception(158). 

 

Future Directions 

The widespread introduction of modulator therapy is likely to result in both individual 



and overall changes in the CF phenotype.  Although we might predict that the number of 

phenotypic manifestations should decrease as fewer patients have dysfunctional CFTR, 

there is always the possibility that other gene-environment heterogeneities may be 

unmasked.  In this setting, both overall and differential treatment effects represent 

opportunities for improved understanding of CF pathophysiology and disease 

manifestations. This can hopefully be translated into improvements in management 

approach and health-related patient outcomes. Although the latter are to be expected, 

we also anticipate many new challenges both clinically and within CF research.  

From a clinical perspective, the predicted increase in less severe phenotypes will shift 

the focus of CF care to an increasingly outpatient system. This should lead to a reduction 

in health care spending for these individuals, particularly when adjusted for number of 

years lived and quality of life improvements during those years, which need to be 

recognised when evaluating the cost effectiveness of modulator therapy. Flexibility with 

service delivery systems and a corresponding change in the current standard model for 

CF care delivery will be required. Alternatively, this may be re-stated as next generation 

physicians for next generation thinking and practice in CF (25, 159). 

Current CF models of care are predominantly hospital-based with stable patients being 

reviewed every 2-3 months. These services are largely provided at tertiary centres or 

when geographical distance is a problem, at general hospitals with links to the tertiary 

centres. The recommendation is for these centres to provide timely emergency 

assessment and access for inpatient treatment(26). As life expectancy continues to 

increase, there will be a larger demand on adult services and an even greater 

requirement for highly skilled health professionals to manage these patients. In parallel 

with this will be the need to ensure that high-quality training in the multi-faceted 

condition of CF is maintained(25). In the context of highly effective gene modulator 

therapy received from birth, patients may no longer require such regular clinical review. 

Many services already utilise telemedicine to enable ease of review for patients lively in 

geographically remote areas. However, despite its utility alongside direct clinical review, 

some places are slow to initiate its use (160-162). It may become even more important 

to engage with such strategies when more individuals with CF are stable and have near 

normal lung function. If patients are receiving modulator therapy during the neonatal 

period, they may not develop the multi-system complications of CF and thus will have a 

significantly reduced treatment burden compared CF individuals living today. In line 

with this, constant review and monitoring of medications must occur as some therapies 

may be able to be withdrawn as stability with modulator therapy is maintained over 



many years. 

From a research standpoint, there are still many unanswered questions regarding CFTR 

dysfunction. Individuals with CF are well-known to have a range of phenotypes. In part, 

this is related to the amount of functional CFTR protein but as discussed, other factors 

are at play that are likely to be very important, particularly in specific individuals 

(Figure 2a & 2b) (163). The focus of modulator therapy has been on increasing the 

amount of functional cell surface protein. It is not clear what overall and/or differential 

effect this may have on other CFTR-dependent cellular processes.  Although this 

“revealing” may only occur after prolonged usage and systematic cohort analyses 

(Figure 2), it may further explain genotype-phenotype heterogeneity and ongoing 

symptoms whilst on these agents, thereby having the potential to drive further novel, 

targeted therapies in CF.  

CF carriers have been classically thought of as being disease free and indeed there is 

evidence that the carrier status confers a survival advantage(164-166). However, 

heterozygotes have also been found to have an increased prevalence of asthma and 

respiratory infections when compared to the general population. This may arguably 

result from a degree of CFTR dysfunction in the context of other specific genetic or 

environmental predisposing factors (167, 168). Additionally, some CFTR dysfunction 

could also be acquired as a result of specific acute insults or general ageing and life-long 

accumulated “hits”.  Smoking confers a 68% reduction in CFTR activity in human 

bronchial epithelial cells(22). These observations raise the question as to whether 

patients with borderline sweat chloride values would benefit from CFTR modulation, 

either in the short or long-term. It also raises the ethical dilemma as to how to use 

modulator therapies in the setting where an individual continues to smoke or inhale 

other noxious agents despite counselling. Detailed systematic clinical audit and ongoing 

hypothesis driven research will need to go hand in hand in order to best address these 

questions. 

  



Conclusion 

Cystic Fibrosis care has advanced dramatically over the last thirty years and indeed 

since it was first noted as an entity in the 1930s(169). If this revolution is to continue to 

its extreme and therefore achieve maximum real impact upon CF morbidity and 

mortality, treatment options need to be available from birth. Animal models have 

identified that inflammation is absent in the lungs of newly born pigs with CF. Once 

exposed to bacteria, their ability to eradication these organisms is inferior to controls 

(170). The impaired pulmonary host defence is comparable to that which is seen in 

infants with CF. Controversy exists as to the precise processes that lead to inflammation, 

but what is clear is that the ensuing cycle of inflammation and infection results in lung 

parenchymal destruction, bronchiectasis and respiratory failure, albeit at varying rates 

in different individuals (1, 12). Ensuring that patients are diagnosed as early as possible 

is integral in preventing this vicious cycle from developing. The introduction of newborn 

screening programmes for CF in some countries is a positive step, but those with less 

common mutations may still have delays in their diagnosis (171). The treatments that 

are then offered must be targeted at favourably altering the dysfunctional CFTR protein. 

With over three hundred disease causing mutations now identified, patients would 

ideally have individualised treatment plans. Modulator therapy is currently in the 

strongest position for achieving this goal for most CF individuals – but not all. 

Additionally, it is unlikely that a single CFTR modulator therapy will be able to treat all 

aspects of CF pathology. Arguably the ideal CF treatment would be a one-off gene 

therapy agent that could fully restore CFTR protein function and regulation and thus 

treat all aspects of abnormal CFTR dysfunction. However, this is by no means an easily 

achievable goal. Either way, an ongoing commitment to research and development 

should provide ever-improving answers for patients with CF and their families as the CF 

community continuously strives for longevity and improvements in quality of life. 

  



References: 

1. Ratjen F, Bell SC, Rowe SM, Goss CH, Quittner AL, Bush A. Cystic fibrosis. 
Nat Rev Dis Primers. 2015;1:15010. 
2. The Clinical and Functional Translation of CFTR (CFTR2) Baltimore: Johns 
Hopkins University [Available from: http://cftr2.org/. 
3. Ruseckaite R AS, Ranger T, Tacey M, Dean J, Gardam M, Bell S, Burke N; on 
Behalf of the Australian Cystic Fibrosis Data Registry. The Australian Cystic 
Fibrosis Data Registry Annual Report, 2016. . Department of Epidemiology and 
Preventive Medicine, Australia; 2018. 
4. Cystic Fibrosis Foundation Patient Registry 2018 Annual Data Report. 
Bethesda, Maryland: Cystic Fibrosis Foundation; 2019. 
5. Zolin A, Orenti A, Naehrlich L, van Rens J, Fox A, Krasnyk M, et al. ECFSPR 
Annual Report 2017, Zolin A, Orenti A, Naehrlich L, van Rens J et al, 2019. 2019. 
6. Guo Y, Su M, McNutt MA, Gu J. Expression and distribution of cystic 
fibrosis transmembrane conductance regulator in neurons of the human brain. J 
Histochem Cytochem. 2009;57(12):1113-20. 
7. Guo Y, Su M, Su M, McNutt MA, Gu J. Expression and distribution of cystic 
fibrosis transmembrane conductance regulator in neurons of the spinal cord. 
Journal of Neuroscience Research. 2009;87(16):3611-9. 
8. Mulberg AE, Weyler RT, Altschuler SM, Hyde TM. Cystic fibrosis 
transmembrane conductance regulator expression in human hypothalamus. 
Neuroreport. 1998;9(1):141-4. 
9. Shead EF, Haworth CS, Condliffe AM, McKeon DJ, Scott MA, Compston JE. 
Cystic fibrosis transmembrane conductance regulator (CFTR) is expressed in 
human bone. Thorax. 2007;62(7):650-1. 
10. Sellers ZM, De Arcangelis V, Xiang Y, Best PM. Cardiomyocytes with 
disrupted CFTR function require CaMKII and Ca(2+)-activated Cl(-) channel 
activity to maintain contraction rate. J Physiol. 2010;588(Pt 13):2417-29. 
11. Divangahi M, Balghi H, Danialou G, Comtois AS, Demoule A, Ernest S, et al. 
Lack of CFTR in skeletal muscle predisposes to muscle wasting and diaphragm 
muscle pump failure in cystic fibrosis mice. PLoS Genet. 2009;5(7):e1000586.  
12. Elborn JS. Cystic fibrosis. The Lancet. 2016;388(10059):2519-31. 
13. De Boeck K, Amaral MD. Progress in therapies for cystic fibrosis. Lancet 
Respir Med. 2016;4(8):662-74. 
14. Marson FAL, Bertuzzo CS, Ribeiro JD. Classification of CFTR mutation 
classes. The Lancet Respiratory Medicine. 2016;4(8):e37-e8. 
15. McKone EF, Emerson SS, Edwards KL, Aitken ML. Effect of genotype on 
phenotype and mortality in cystic fibrosis: a retrospective cohort study. The 
Lancet. 2003;361(9370):1671-6. 
16. Geborek A, Hjelte L. Association between genotype and pulmonary 
phenotype in cystic fibrosis patients with severe mutations. J Cyst Fibros. 
2011;10(3):187-92. 
17. De Boeck K, Zolin A. Year to year change in FEV1 in patients with cystic 
fibrosis and different mutation classes. J Cyst Fibros. 2017;16(2):239-45. 
18. Johnson LG, Olsen JC, Sarkadi B, Moore KL, Swanstrom R, Boucher RC. 
Efficiency of gene transfer for restoration of normal airway epithelial function in 
cystic fibrosis. Nat Genet. 1992;2(1):21-5. 

http://cftr2.org/


19. Chu CS, Trapnell BC, Curristin S, Cutting GR, Crystal RG. Genetic basis of 
variable exon 9 skipping in cystic fibrosis transmembrane conductance regulator 
mRNA. Nat Genet. 1993;3(2):151-6. 
20. Alton EW, Boyd AC, Davies JC, Gill DR, Griesenbach U, Harrison PT, et al. 
Genetic medicines for CF: Hype versus reality. Pediatr Pulmonol. 
2016;51(S44):S5-S17. 
21. Griesenbach U, Geddes DM, Alton EW. The pathogenic consequences of a 
single mutated CFTR gene. Thorax. 1999;54 Suppl 2:S19-23. 
22. Raju SV, Jackson PL, Courville CA, McNicholas CM, Sloane PA, Sabbatini G, 
et al. Cigarette smoke induces systemic defects in cystic fibrosis transmembrane 
conductance regulator function. Am J Respir Crit Care Med. 2013;188(11):1321-
30. 
23. Kanherkar RR, Bhatia-Dey N, Csoka AB. Epigenetics across the human 
lifespan. Front Cell Dev Biol. 2014;2:49. 
24. Elborn JS, Shale D J, Britton J R. Cystic fibrosis: current survival and 
population estimare to the year 2000. Thorax. 1991;46:881-5. 
25. Elborn JS, Bell SC, Madge SL, Burgel PR, Castellani C, Conway S, et al. 
Report of the European Respiratory Society/European Cystic Fibrosis Society 
task force on the care of adults with cystic fibrosis. Eur Respir J. 2016;47(2):420-
8. 
26. Bell SC, Mall MA, Gutierrez H, Macek M, Madge S, Davies JC, et al. The 
future of cystic fibrosis care: a global perspective. The Lancet Respiratory 
Medicine. 2019. 
27. Frederiksen B, Koch C, Høiby N. Antibiotic treatment of initial 
colonization with Pseudomonas aeruginosa postpones chronic infection and 
prevents deterioration of pulmonary function in cystic fibrosis. Pediatric 
Pulmonology. 1998;23(5). 
28. Ramsey BW, Pepe MS, Quan JM, Otto KL, Montgomery AB, Williams-
Warren J, et al. Intermittent administration of inhaled tobramycin in patients 
with cystic fibrosis. Cystic Fibrosis Inhaled Tobramycin Study Group. N Engl J 
Med. 1999;340(1):23-30. 
29. McCoy KS, Quittner AL, Oermann CM, Gibson RL, Retsch-Bogart GZ, 
Montgomery AB. Inhaled aztreonam lysine for chronic airway Pseudomonas 
aeruginosa in cystic fibrosis. Am J Respir Crit Care Med. 2008;178(9):921-8. 
30. Southern KW, Barker PM. Azithromycin for cystic fibrosis. Eur Respir J. 
2004;24(5):834-8. 
31. Zarogoulidis P, Papanas N, Kioumis I, Chatzaki E, Maltezos E, Zarogoulidis 
K. Macrolides: from in vitro anti-inflammatory and immunomodulatory 
properties to clinical practice in respiratory diseases. Eur J Clin Pharmacol. 
2012;68(5):479-503. 
32. Fuchs HJ, Borowitz DS, Christiansen DH, Morris EM, Nash MI, Ramsey BW, 
et al. Effects of Aerosolized Recombinant Human DNase on Exacerbations of 
Respiratory Symptoms and on Pulmoanry Functions in Patients with Cystic 
Fibrosis. NEJM. 1994;331(10):637-42. 
33. Elkins MR, Robinson M, Rose BR, Harbour C, Moriarty CP, Marks GB, et al. 
A controlled trial of long-term inhaled hypertonic saline in patients with cystic 
fibrosis. N Engl J Med. 2006;354(3):229-40. 



34. Button BM, Wilson C, Dentice R, Cox NS, Middleton A, Tannenbaum E, et 
al. Physiotherapy for cystic fibrosis in Australia and New Zealand: A clinical 
practice guideline. Respirology. 2016;21(4):656-67. 
35. Steinkamp G. Relationship between nutritional status and lung function in 
cystic fibrosis: cross sectional and longitudinal analyses from the German CF 
quality assurance (CFQA) project. Thorax. 2002;57(7):596-601. 
36. Ramsey BW, Welsh MJ. AJRCCM: 100-Year Anniversary. Progress along 
the Pathway of Discovery Leading to Treatment and Cure of Cystic Fibrosis. Am J 
Respir Crit Care Med. 2017;195(9):1092-9. 
37. Rosenfeld MA, Yoshimura K, Trapnell BC, Yoneyama K, Rosenthal ER, 
Dalemans W, et al. In vivo transfer of the human cystic fibrosis transmembrane 
conductance regulator gene to the airway epithelium. Cell. 1992;68(1):143-55. 
38. Gill DR, Hyde SC. Delivery of genes into the CF airway. Thorax. 
2014;69(10):962-4. 
39. Flotte TR, Laube BL. Gene Therapy in Cystic Fibrosis. Chest. 
2001;120(3):124S-31S. 
40. Thaci B, Ulasov IV, Wainwright DA, Lesniak MS. The challenge for gene 
therapy: innate immune response to adenoviruses. Oncotarget. 2011;2(3):113-
21. 
41. Alton E, Armstrong DK, Ashby D, Bayfield KJ, Bilton D, Bloomfield EV, et al. 
Repeated nebulisation of non-viral CFTR gene therapy in patients with cystic 
fibrosis: a randomised, double-blind, placebo-controlled, phase 2b trial. Lancet 
Respir Med. 2015;3(9):684-91. 
42. Pranke I, Golec A, Hinzpeter A, Edelman A, Sermet-Gaudelus I. Emerging 
Therapeutic Approaches for Cystic Fibrosis. From Gene Editing to Personalized 
Medicine. Front Pharmacol. 2019;10:121. 
43. Haque A, Dewerth A, Antony JS, Riethmuller J, Schweizer GR, Weinmann P, 
et al. Chemically modified hCFTR mRNAs recuperate lung function in a mouse 
model of cystic fibrosis. Sci Rep. 2018;8(1):16776. 
44. Schwank G, Koo BK, Sasselli V, Dekkers JF, Heo I, Demircan T, et al. 
Functional repair of CFTR by CRISPR/Cas9 in intestinal stem cell organoids of 
cystic fibrosis patients. Cell Stem Cell. 2013;13(6):653-8. 
45. Firth Amy L, Menon T, Parker Gregory S, Qualls Susan J, Lewis 
Benjamin M, Ke E, et al. Functional Gene Correction for Cystic Fibrosis in Lung 
Epithelial Cells Generated from Patient iPSCs. Cell Reports. 2015;12(9):1385-90. 
46. Vasiliou V, Vasiliou K, Nebert DW. Human ATP-binding cassette (ABC) 
transporter family. Human Genomics. 2008;3(3). 
47. Serohijos AW, Hegedus T, Aleksandrov AA, He L, Cui L, Dokholyan NV, et 
al. Phenylalanine-508 mediates a cytoplasmic-membrane domain contact in the 
CFTR 3D structure crucial to assembly and channel function. Proceedings of the 
National Academy of Sciences of the United States of America. 
2008;105(9):3256-61. 
48. Van Goor F, Straley KS, Cao D, Gonzalez J, Hadida S, Hazlewood A, et al. 
Rescue of DeltaF508-CFTR trafficking and gating in human cystic fibrosis airway 
primary cultures by small molecules. American journal of physiology Lung 
cellular and molecular physiology. 2006;290(6):L1117-30. 
49. Van Goor F, Hadida S, Grootenhuis PD, Burton B, Cao D, Neuberger T, et al. 
Rescue of CF airway epithelial cell function in vitro by a CFTR potentiator, VX-



770. Proceedings of the National Academy of Sciences of the United States of 
America. 2009;106(44):18825-30. 
50. Sloane PA, Rowe SM. Cystic fibrosis transmembrane conductance 
regulator protein repair as a therapeutic strategy in cystic fibrosis. Curr Opin 
Pulm Med. 2010;16(6):591-7. 
51. Ramsey BW, Davies J, McElvaney NG, Tullis E, Bell SC, Drevinek P, et al. A 
CFTR potentiator in patients with cystic fibrosis and the G551D mutation. N Engl 
J Med. 2011;365(18):1663-72. 
52. McKone EF, Borowitz D, Drevinek P, Griese M, Konstan MW, Wainwright 
C, et al. Long-term safety and efficacy of ivacaftor in patients with cystic fibrosis 
who have the Gly551Asp-CFTR mutation: a phase 3, open-label extension study 
(PERSIST). Lancet Respir Med. 2014;2(11):902-10. 
53. De Boeck K, Munck A, Walker S, Faro A, Hiatt P, Gilmartin G, et al. Efficacy 
and safety of ivacaftor in patients with cystic fibrosis and a non-G551D gating 
mutation. J Cyst Fibros. 2014;13(6):674-80. 
54. Van Goor F, Yu H, Burton B, Hoffman BJ. Effect of ivacaftor on CFTR forms 
with missense mutations associated with defects in protein processing or 
function. J Cyst Fibros. 2014;13(1):29-36. 
55. Moss RB, Flume PA, Elborn JS, Cooke J, Rowe SM, McColley SA, et al. 
Efficacy and safety of ivacaftor in patients with cystic fibrosis who have an 
Arg117His-CFTR mutation: a double-blind, randomised controlled trial. The 
Lancet Respiratory Medicine. 2015;3(7):524-33. 
56. Durmowicz AG, Lim R, Rogers H, Rosebraugh CJ, Chowdhury BA. The U.S. 
Food and Drug Administration's Experience with Ivacaftor in Cystic Fibrosis. 
Establishing Efficacy Using In Vitro Data in Lieu of a Clinical Trial. Ann Am 
Thorac Soc. 2018;15(1):1-2. 
57. Robertson SM, Luo X, Dubey N, Li C, Chavan AB, Gilmartin GS, et al. 
Clinical drug-drug interaction assessment of ivacaftor as a potential inhibitor of 
cytochrome P450 and P-glycoprotein. J Clin Pharmacol. 2015;55(1):56-62. 
58. Van Goor F, Hadida S, Grootenhuis PD, Burton B, Stack JH, Straley KS, et al. 
Correction of the F508del-CFTR protein processing defect in vitro by the 
investigational drug VX-809. Proceedings of the National Academy of Sciences of 
the United States of America. 2011;108(46):18843-8. 
59. Flume PA, Liou TG, Borowitz DS, Li H, Yen K, Ordonez CL, et al. Ivacaftor in 
subjects with cystic fibrosis who are homozygous for the F508del-CFTR 
mutation. Chest. 2012;142(3):718-24. 
60. Clancy JP, Rowe SM, Accurso FJ, Aitken ML, Amin RS, Ashlock MA, et al. 
Results of a phase IIa study of VX-809, an investigational CFTR corrector 
compound, in subjects with cystic fibrosis homozygous for the F508del-CFTR 
mutation. Thorax. 2012;67(1):12-8. 
61. Wainwright CE, Elborn JS, Ramsey BW, Marigowda G, Huang X, Cipolli M, 
et al. Lumacaftor-Ivacaftor in Patients with Cystic Fibrosis Homozygous for 
Phe508del CFTR. N Engl J Med. 2015;373(3):220-31. 
62. Konstan MW, McKone EF, Moss RB, Marigowda G, Tian S, Waltz D, et al. 
Assessment of safety and efficacy of long-term treatment with combination 
lumacaftor and ivacaftor therapy in patients with cystic fibrosis homozygous for 
the F508del-CFTR mutation (PROGRESS): a phase 3, extension study. The Lancet 
Respiratory Medicine. 2017;5(2):107-18. 



63. Kerem E, Reisman J, Corey M, Canny GJ, Levison H. Prediction of Mortality 
in Patients with Cystic Fibrosis. New England Journal of Medicine. 
1992;326(18):1187-91. 
64. Que C, Cullinan P, Geddes D. Improving rate of decline of FEV1 in young 
adults with cystic fibrosis. Thorax. 2006;61(2):155-7. 
65. Jennings MT, Dezube R, Paranjape S, West NE, Hong G, Braun A, et al. An 
Observational Study of Outcomes and Tolerances in Patients with Cystic Fibrosis 
Initiated on Lumacaftor/Ivacaftor. Ann Am Thorac Soc. 2017;14(11):1662-6. 
66. Hubert D, Chiron R, Camara B, Grenet D, Prevotat A, Bassinet L, et al. Real-
life initiation of lumacaftor/ivacaftor combination in adults with cystic fibrosis 
homozygous for the Phe508del CFTR mutation and severe lung disease. J Cyst 
Fibros. 2017;16(3):388-91. 
67. Jordan CL, Noah TL, Henry MM. Therapeutic challenges posed by critical 
drug-drug interactions in cystic fibrosis. Pediatr Pulmonol. 2016;51(S44):S61-
S70. 
68. Taylor-Cousar JL, Munck A, McKone EF, van der Ent CK, Moeller A, Simard 
C, et al. Tezacaftor-Ivacaftor in Patients with Cystic Fibrosis Homozygous for 
Phe508del. N Engl J Med. 2017;377(21):2013-23. 
69. Donaldson SH, Pilewski JM, Griese M, Cooke J, Viswanathan L, Tullis E, et 
al. Tezacaftor/Ivacaftor in Subjects with Cystic Fibrosis and F508del/F508del-
CFTR or F508del/G551D-CFTR. Am J Respir Crit Care Med. 2018;197(2):214-24. 
70. Rowe SM, Daines C, Ringshausen FC, Kerem E, Wilson J, Tullis E, et al. 
Tezacaftor-Ivacaftor in Residual-Function Heterozygotes with Cystic Fibrosis. N 
Engl J Med. 2017;377(21):2024-35. 
71. Walker S, Flume P, McNamara J, Solomon M, Chilvers M, Chmiel J, et al. A 
phase 3 study of tezacaftor in combination with ivacaftor in children aged 6 
through 11years with cystic fibrosis. J Cyst Fibros. 2019;18(5):708-13. 
72. Davies JC, Moskowitz SM, Brown C, Horsley A, Mall MA, McKone EF, et al. 
VX-659-Tezacaftor-Ivacaftor in Patients with Cystic Fibrosis and One or Two 
Phe508del Alleles. N Engl J Med. 2018;379(17):1599-611. 
73. Keating D, Marigowda G, Burr L, Daines C, Mall MA, McKone EF, et al. VX-
445-Tezacaftor-Ivacaftor in Patients with Cystic Fibrosis and One or Two 
Phe508del Alleles. N Engl J Med. 2018;379(17):1612-20. 
74. Heijerman HGM, McKone EF, Downey DG, Van Braeckel E, Rowe SM, Tullis 
E, et al. Efficacy and safety of the elexacaftor plus tezacaftor plus ivacaftor 
combination regimen in people with cystic fibrosis homozygous for the F508del 
mutation: a double-blind, randomised, phase 3 trial. The Lancet. 
2019;394(10212):1940-8. 
75. Middleton PG, Mall MA, Drevinek P, Lands LC, McKone EF, Polineni D, et 
al. Elexacaftor-Tezacaftor-Ivacaftor for Cystic Fibrosis with a Single Phe508del 
Allele. N Engl J Med. 2019;381(19):1809-19. 
76. Kerem E, Hirawat S, Armoni S, Yaakov Y, Shoseyov D, Cohen M, et al. 
Effectiveness of PTC124 treatment of cystic fibrosis caused by nonsense 
mutations: a prospective phase II trial. Lancet. 2008;372(9640):719-27. 
77. Sermet-Gaudelus I, Boeck KD, Casimir GJ, Vermeulen F, Leal T, Mogenet A, 
et al. Ataluren (PTC124) induces cystic fibrosis transmembrane conductance 
regulator protein expression and activity in children with nonsense mutation 
cystic fibrosis. Am J Respir Crit Care Med. 2010;182(10):1262-72. 



78. Aslam AA, Higgins C, Sinha IP, Southern KW. Ataluren and similar 
compounds (specific therapies for premature termination codon class I 
mutations) for cystic fibrosis. Cochrane Database Syst Rev. 2017;1:CD012040.  
79. Wilschanski M, Yahav Y, Yaacov Y, Blau H, Bentur L, Rivlin J, et al. 
Gentamicin-induced correction of CFTR function in patients with cystic fibrosis 
and CFTR stop mutations. N Engl J Med. 2003;349(15):1433-41. 
80. Altamura N, Castaldo R, Finotti A, Breveglieri G, Salvatori F, Zuccato C, et 
al. Tobramycin is a suppressor of premature termination codons. J Cyst Fibros. 
2013;12(6):806-11. 
81. Xue X, Mutyam V, Tang L, Biswas S, Du M, Jackson LA, et al. Synthetic 
aminoglycosides efficiently suppress cystic fibrosis transmembrane conductance 
regulator nonsense mutations and are enhanced by ivacaftor. American journal 
of respiratory cell and molecular biology. 2014;50(4):805-16. 
82. Ratjen F, Durham T, Navratil T, Schaberg A, Accurso FJ, Wainwright C, et 
al. Long term effects of denufosol tetrasodium in patients with cystic fibrosis. J 
Cyst Fibros. 2012;11(6):539-49. 
83. Burrows EF, Southern KW, Noone PG. Sodium channel blockers for cystic 
fibrosis. Cochrane Database Syst Rev. 2014(4):CD005087. 
84. Cutting GR. Modifier genes in Mendelian disorders: the example of cystic 
fibrosis. Annals of the New York Academy of Sciences. 2010;1214:57-69. 
85. Strug LJ, Gonska T, He G, Keenan K, Ip W, Boelle PY, et al. Cystic fibrosis 
gene modifier SLC26A9 modulates airway response to CFTR-directed 
therapeutics. Hum Mol Genet. 2016;25(20):4590-600. 
86. Corvol H, Mesinele J, Douksieh IH, Strug LJ, Boelle PY, Guillot L. SLC26A9 
Gene Is Associated With Lung Function Response to Ivacaftor in Patients With 
Cystic Fibrosis. Front Pharmacol. 2018;9:828. 
87. Mayer-Hamblett N, Boyle M, VanDevanter D. Advancing clinical 
development pathways for new CFTR modulators in cystic fibrosis. Thorax. 
2016;71(5):454-61. 
88. Dorlöchter L, Røksund O, Helgheim V, Rosendahl K, Fluge G. Resting 
energy expenditure and lung disease in cystic fibrosis. Journal of Cystic Fibrosis. 
2002;1(3):131-6. 
89. Fidler MC, Beusmans J, Panorchan P, Van Goor F. Correlation of sweat 
chloride and percent predicted FEV1 in cystic fibrosis patients treated with 
ivacaftor. J Cyst Fibros. 2017;16(1):41-4. 
90. Barry PJ, Jones AM, Webb AK, Horsley AR. Sweat chloride is not a useful 
marker of clinical response to Ivacaftor. Thorax. 2014;69(6):586-7. 
91. Ronan NJ, Einarsson GG, Twomey M, Mooney D, Mullane D, NiChroinin M, 
et al. CORK Study in Cystic Fibrosis: Sustained Improvements in Ultra-Low-Dose 
Chest CT Scores After CFTR Modulation With Ivacaftor. Chest. 2018;153(2):395-
403. 
92. Hisert KB, Heltshe SL, Pope C, Jorth P, Wu X, Edwards RM, et al. Restoring 
Cystic Fibrosis Transmembrane Conductance Regulator Function Reduces 
Airway Bacteria and Inflammation in People with Cystic Fibrosis and Chronic 
Lung Infections. Am J Respir Crit Care Med. 2017;195(12):1617-28. 
93. Bernarde C, Keravec M, Mounier J, Gouriou S, Rault G, Ferec C, et al. 
Impact of the CFTR-potentiator ivacaftor on airway microbiota in cystic fibrosis 
patients carrying a G551D mutation. PLoS One. 2015;10(4):e0124124.  



94. Peleg AY, Choo JM, Langan KM, Edgeworth D, Keating D, Wilson J, et al. 
Antibiotic exposure and interpersonal variance mask the effect of ivacaftor on 
respiratory microbiota composition. J Cyst Fibros. 2018;17(1):50-6. 
95. Harris JK, Wagner BD, Zemanick ET, Robertson CE, Stevens MJ, Heltshe SL, 
et al. Changes in Airway Microbiome and Inflammation with Ivacaftor Treatment 
in Patients with Cystic Fibrosis and the G551D Mutation. Annals of the American 
Thoracic Society. 2019. 
96. Nixon PA, Orenstein DM, Kelsey SF, Doershuk CF. The prognostic value of 
exercise testing in patients with cystic fibrosis. N Engl J Med. 
1992;327(25):1785-8. 
97. Hebestreit H, Arets HG, Aurora P, Boas S, Cerny F, Hulzebos EH, et al. 
Statement on Exercise Testing in Cystic Fibrosis. Respiration. 2015;90(4):332-
51. 
98. Edgeworth D, Keating D, Ellis M, Button B, Williams E, Clark D, et al. 
Improvement in exercise duration, lung function and well-being in G551D-cystic 
fibrosis patients: a double-blind, placebo-controlled, randomized, cross-over 
study with ivacaftor treatment. Clin Sci (Lond). 2017;131(15):2037-45. 
99. Savi D, Schiavetto S, Simmonds NJ, Righelli D, Palange P. Effects of 
Lumacaftor/Ivacaftor on physical activity and exercise tolerance in three adults 
with cystic fibrosis. J Cyst Fibros. 2019;18(3):420-4. 
100. Weill D, Benden C, Corris PA, Dark JH, Davis RD, Keshavjee S, et al. A 
consensus document for the selection of lung transplant candidates: 2014--an 
update from the Pulmonary Transplantation Council of the International Society 
for Heart and Lung Transplantation. J Heart Lung Transplant. 2015;34(1):1-15. 
101. Ramos KJ, Smith PJ, McKone EF, Pilewski JM, Lucy A, Hempstead SE, et al. 
Lung transplant referral for individuals with cystic fibrosis: Cystic Fibrosis 
Foundation consensus guidelines. J Cyst Fibros. 2019;18(3):321-33. 
102. Feng LB, Grosse SD, Green RF, Fink AK, Sawicki GS. Precision Medicine In 
Action: The Impact Of Ivacaftor On Cystic Fibrosis-Related Hospitalizations. 
Health Aff (Millwood). 2018;37(5):773-9. 
103. Taylor-Cousar JL, Jain M, Barto TL, Haddad T, Atkinson J, Tian S, et al. 
Lumacaftor/ivacaftor in patients with cystic fibrosis and advanced lung disease 
homozygous for F508del-CFTR. J Cyst Fibros. 2018;17(2):228-35. 
104. Borowitz D, Lubarsky B, Wilschanski M, Munck A, Gelfond D, Bodewes F, 
et al. Nutritional Status Improved in Cystic Fibrosis Patients with the G551D 
Mutation After Treatment with Ivacaftor. Dig Dis Sci. 2016;61(1):198-207. 
105. Ratjen F, Hug C, Marigowda G, Tian S, Huang X, Stanojevic S, et al. Efficacy 
and safety of lumacaftor and ivacaftor in patients aged 6–11 years with cystic 
fibrosis homozygous for F508del-CFTR : a randomised, placebo-controlled phase 
3 trial. The Lancet Respiratory Medicine. 2017;5(7):557-67. 
106. Corey M, McLaughlin FJ, Williams M, Levison H. A comparison of survival, 
growth, and pulmonary function in patients with cystic fibrosis in Boston and 
Toronto. J Clin Epidemiol. 1988;41(6):583-91. 
107. Hanna RM, Weiner DJ. Overweight and obesity in patients with cystic 
fibrosis: a center-based analysis. Pediatr Pulmonol. 2015;50(1):35-41. 
108. Kastner-Cole D, Palmer CN, Ogston SA, Mehta A, Mukhopadhyay S. 
Overweight and obesity in deltaF508 homozygous cystic fibrosis. J Pediatr. 
2005;147(3):402-4. 



109. Sutherland R, Katz T, Liu V, Quintano J, Brunner R, Tong CW, et al. Dietary 
intake of energy-dense, nutrient-poor and nutrient-dense food sources in 
children with cystic fibrosis. J Cyst Fibros. 2018;17(6):804-10. 
110. Gonzalez Jimenez D, Munoz-Codoceo R, Garriga-Garcia M, Molina-Arias M, 
Alvarez-Beltran M, Garcia-Romero R, et al. [Excess weight in patients with cystic 
fibrosis: is it always beneficial?]. Nutr Hosp. 2017;34(3):578-83. 
111. Haller W, Ledder O, Lewindon PJ, Couper R, Gaskin KJ, Oliver M. Cystic 
fibrosis: An update for clinicians. Part 1: Nutrition and gastrointestinal 
complications. J Gastroenterol Hepatol. 2014;29(7):1344-55. 
112. Garg M, Ooi CY. The Enigmatic Gut in Cystic Fibrosis: Linking 
Inflammation, Dysbiosis, and the Increased Risk of Malignancy. Curr 
Gastroenterol Rep. 2017;19(2):6. 
113. Ooi CY, Syed SA, Rossi L, Garg M, Needham B, Avolio J, et al. Impact of 
CFTR modulation with Ivacaftor on Gut Microbiota and Intestinal Inflammation. 
Sci Rep. 2018;8(1):17834. 
114. Zeybel GL, Pearson JP, Krishnan A, Bourke SJ, Doe S, Anderson A, et al. 
Ivacaftor and symptoms of extra-oesophageal reflux in patients with cystic 
fibrosis and G551D mutation. J Cyst Fibros. 2017;16(1):124-31. 
115. Rowe SM, Heltshe SL, Gonska T, Donaldson SH, Borowitz D, Gelfond D, et 
al. Clinical mechanism of the cystic fibrosis transmembrane conductance 
regulator potentiator ivacaftor in G551D-mediated cystic fibrosis. Am J Respir 
Crit Care Med. 2014;190(2):175-84. 
116. Yamada A, Komaki Y, Komaki F, Micic D, Zullow S, Sakuraba A. Risk of 
gastrointestinal cancers in patients with cystic fibrosis: a systematic review and 
meta-analysis. Lancet Oncol. 2018;19(6):758-67. 
117. Arthur JC, Perez-Chanona E, Muhlbauer M, Tomkovich S, Uronis JM, Fan 
TJ, et al. Intestinal inflammation targets cancer-inducing activity of the 
microbiota. Science. 2012;338(6103):120-3. 
118. Than BLN, Linnekamp JF, Starr TK, Largaespada DA, Rod A, Zhang Y, et al. 
CFTR is a tumor suppressor gene in murine and human intestinal cancer. 
Oncogene. 2016;35(32):4191-9. 
119. Dekkers JF, van der Ent CK, Beekman JM. Novel opportunities for CFTR-
targeting drug development using organoids. Rare Diseases. 2014;1(1). 
120. Berkers G, van Mourik P, Vonk AM, Kruisselbrink E, Dekkers JF, de 
Winter-de Groot KM, et al. Rectal Organoids Enable Personalized Treatment of 
Cystic Fibrosis. Cell Rep. 2019;26(7):1701-8 e3. 
121. Davies JC, Cunningham S, Harris WT, Lapey A, Regelmann WE, Sawicki GS, 
et al. Safety, pharmacokinetics, and pharmacodynamics of ivacaftor in patients 
aged 2–5 years with cystic fibrosis and a CFTR gating mutation (KIWI): an open-
label, single-arm study. The Lancet Respiratory Medicine. 2016;4(2):107-15. 
122. Ledder O, Haller W, Couper RTL, Lewindon P, Oliver M. Cystic fibrosis: An 
update for clinicians. Part 2: Hepatobiliary and pancreatic manifestations. 
Journal of Gastroenterology and Hepatology. 2014;29(12):1954-62. 
123. Carrion A, Borowitz DS, Freedman SD, Siracusa CM, Goralski JL, 
Hadjiliadis D, et al. Reduction of Recurrence Risk of Pancreatitis in Cystic 
Fibrosis With Ivacaftor. Journal of Pediatric Gastroenterology and Nutrition. 
2018;66(3):451-4. 



124. Bessonova L, Volkova N, Higgins M, Bengtsson L, Tian S, Simard C, et al. 
Data from the US and UK cystic fibrosis registries support disease modification 
by CFTR modulation with ivacaftor. Thorax. 2018;73(8):731-40. 
125. Hayes D, Jr., Warren PS, McCoy KS, Sheikh SI. Improvement of hepatic 
steatosis in cystic fibrosis with ivacaftor therapy. J Pediatr Gastroenterol Nutr. 
2015;60(5):578-9. 
126. Saxby N, Painter C, Kench A, King S, Crowder T, van der Haak N. Nutrition 
Guidelines for Cystic Fibrosis in Australia and New Zealand. 2017. 
127. Stallings VA, Sainath N, Oberle M, Bertolaso C, Schall JI. Energy Balance 
and Mechanisms of Weight Gain with Ivacaftor Treatment of Cystic Fibrosis 
Gating Mutations. J Pediatr. 2018;201:229-37 e4. 
128. Mouzaki M, Avolio J, Griffin K, Tulliis DE, Ratjen F, Gonska T. Weight 
increase in CF patients on Kalydeco is due to decrease in resting energy 
expenditure and associated wtih increase in adipose tissue. . Pediatric 
Pulmonology. 2017;52 (Supplement 47):S448. 
129. Kopelman PG. Obesity as a medical problem. Nature. 
2000;404(6778):635-43. 
130. Bridges N, Rowe R, Holt RIG. Unique challenges of cystic fibrosis-related 
diabetes. Diabet Med. 2018. 
131. Bellin MD, Laguna T, Leschyshyn J, Regelmann W, Dunitz J, Billings J, et al. 
Insulin secretion improves in cystic fibrosis following ivacaftor correction of 
CFTR: a small pilot study. Pediatric Diabetes. 2013;14(6):417-21. 
132. Tsabari R, Elyashar HI, Cymberknowh MC, Breuer O, Armoni S, Livnat G, 
et al. CFTR potentiator therapy ameliorates impaired insulin secretion in CF 
patients with a gating mutation. J Cyst Fibros. 2016;15(3):e25-7. 
133. Hayes D, McCoy KS, Sheikh SI. Resolution of Cystic Fibrosis–related 
Diabetes with Ivacaftor Therapy. American Journal of Respiratory and Critical 
Care Medicine. 2014;190(5):590-1. 
134. Thomassen JC, Mueller MI, Alejandre Alcazar MA, Rietschel E, van 
Koningsbruggen-Rietschel S. Effect of Lumacaftor/Ivacaftor on glucose 
metabolism and insulin secretion in Phe508del homozygous cystic fibrosis 
patients. Journal of Cystic Fibrosis. 2018;17(2):271-5. 
135. Haworth CS. Impact of cystic fibrosis on bone health. Curr Opin Pulm Med. 
2010;16(6):616-22. 
136. Sermet-Gaudelus I, Bianchi ML, Garabédian M, Aris RM, Morton A, Hardin 
DS, et al. European cystic fibrosis bone mineralisation guidelines. Journal of 
Cystic Fibrosis. 2011;10:S16-S23. 
137. King SJ, Topliss DJ, Kotsimbos T, Nyulasi IB, Bailey M, Ebeling PR, et al. 
Reduced bone density in cystic fibrosis: DeltaF508 mutation is an independent 
risk factor. Eur Respir J. 2005;25(1):54-61. 
138. Sermet-Gaudelus I, Delion M, Durieu I, Jacquot J, Hubert D. Bone 
demineralization is improved by ivacaftor in patients with cystic fibrosis 
carrying the p.Gly551Asp mutation. J Cyst Fibros. 2016;15(6):e67-e9. 
139. Jacquot J, Abdallah D, Jourdain ML, Guillaume C, Ronan N, McCarthy Y, et 
al. Cystic Fibrosis Related Bone Disease - Alterations in Blood Monocytes of 
G551D-Bearing Cystic Fibrosis Patients Undergoing Treatment with Ivacaftor.  
American Thoracic Society 2018 International Conference; San Diego Convention 
Center2018. 



140. Hall WB, Sparks AA, Aris RM. Vitamin d deficiency in cystic fibrosis. Int J 
Endocrinol. 2010;2010:218691. 
141. Morales MM, Falkenstein D, Lopes AG. The cystic fibrosis transmembrane 
regulator (CFTR) in the kidney. An Acad Bras Cienc. 2000;72(3):399-406. 
142. Westall GP, Binder J, Kotsimbos T, Topliss D, Thomson N, Dowling J, et al. 
Nodular glomerulosclerosis in cystic fibrosis mimics diabetic nephropathy. 
Nephron Clinical practice. 2004;96(3):c70-5. 
143. Wilcock MJ, Ruddick A, Gyi KM, Hodson ME. Renal diseases in adults with 
cystic fibrosis: a 40 year single centre experience. Journal of Nephrology. 
2015;28(5):585-91. 
144. Reverri EJ, Morrissey BM, Cross CE, Steinberg FM. Inflammation, oxidative 
stress, and cardiovascular disease risk factors in adults with cystic fibrosis. Free 
Radical Biology and Medicine. 2014;76:261-77. 
145. Pallin M, Keating D, Kaye DM, Kotsimbos T, Wilson JW. Subclinical Left 
Ventricular Dysfunction is Influenced by Genotype Severity in Patients with 
Cystic Fibrosis. Clinical Medicine Insights: Circulatory, Respiratory and 
Pulmonary Medicine. 2018;12. 
146. Reznikov LR. Cystic Fibrosis and the Nervous System. Chest. 
2017;151(5):1147-55. 
147. Schneider EK, McQuade RM, Carbone VC, Reyes-Ortega F, Wilson JW, 
Button B, et al. The potentially beneficial central nervous system activity profile 
of ivacaftor and its metabolites. ERJ Open Research. 2018;4(1).  
148. Wainwright CE, Elborn JS, Ramsey BW, Marigowda G, Huang X, Cipolli M, 
et al. Lumacaftor–Ivacaftor in Patients with Cystic Fibrosis Homozygous for 
Phe508del CFTR. New England Journal of Medicine. 2015;373(3):220-31. 
149. Talwalkar JS, Koff JL, Lee HB, Britto CJ, Mulenos AM, Georgiopoulos AM. 
Cystic Fibrosis Transmembrane Regulator Modulators: Implications for the 
Management of Depression and Anxiety in Cystic Fibrosis. Psychosomatics. 
2017;58(4):343-54. 
150. Quittner AL, Goldbeck L, Abbott J, Duff A, Lambrecht P, Sole A, et al. 
Prevalence of depression and anxiety in patients with cystic fibrosis and parent 
caregivers: results of The International Depression Epidemiological Study across 
nine countries. Thorax. 2014;69(12):1090-7. 
151. Riekert KA, Bartlett SJ, Boyle MP, Krishnan JA, Rand CS. The association 
between depression, lung function, and health-related quality of life among 
adults with cystic fibrosis. Chest. 2007;132(1):231-7. 
152. Heltshe SL, Godfrey EM, Josephy T, Aitken ML, Taylor-Cousar JL. 
Pregnancy among cystic fibrosis women in the era of CFTR modulators. J Cyst 
Fibros. 2017;16(6):687-94. 
153. Edenborough FP, Borgo G, Knoop C, Lannefors L, Mackenzie WE, Madge S, 
et al. Guidelines for the management of pregnancy in women with cystic fibrosis. 
J Cyst Fibros. 2008;7 Suppl 1:S2-32. 
154. Kroon MAGM, Akkerman-Nijland AM, Rottier BL, Koppelman GH, 
Akkerman OW, Touw DJ. Drugs during pregnancy and breast feeding in women 
diagnosed with Cystic Fibrosis - An update. Journal of Cystic Fibrosis. 
2018;17(1):17-25. 
155. Trimble A, McKinzie C, Terrell M, Stringer E, Esther CR, Jr. Measured fetal 
and neonatal exposure to Lumacaftor and Ivacaftor during pregnancy and while 
breastfeeding. J Cyst Fibros. 2018;17(6):779-82. 



156. Kaminski R, Nazareth D. A successful uncomplicated CF pregnancy while 
remaining on Ivacaftor. J Cyst Fibros. 2016;15(1):133-4. 
157. Vertex Pharamaceuticals Incorporated, editor. Highlights of Prescribing 
Information: Orkambi® (lumacaftor/ivacaftor). 2015, Revised 08/2018. 
158. TRIKAFTA (elexacaftor, tezacaftor and ivacaftor) Tablets, Prescribing 
Information [package insert]. Boston, MA: Vertex Pharmaceuticals Inc. 2019.  
159. Blasi F, Elborn JS, Palange P. Adults with cystic fibrosis and 
pulmonologists: new training needed to recruit future specialists. Eur Respir J. 
2019;53(1). 
160. Cox NS, Alison JA, Button BM, Wilson JW, Holland AE. Feasibility and 
acceptability of an internet-based program to promote physical activity in adults 
with cystic fibrosis. Respiratory care. 2015;60(3):422-9. 
161. Ketchell RI. Telemedicine is the way forward for the management of 
cystic fibrosis – the case in favour. Paediatric respiratory reviews. 2018;26:19-
21. 
162. Lenney W. Telemedicine is the way forward for the management of cystic 
fibrosis- the case against. Paediatric respiratory reviews. 2018;26:22-3. 
163. Wilschanski M, Dupuis A, Ellis L, Jarvi K, Zielenski J, Tullis E, et al. 
Mutations in the cystic fibrosis transmembrane regulator gene and in vivo 
transepithelial potentials. Am J Respir Crit Care Med. 2006;174(7):787-94. 
164. Farrell P, Genin E, Ferec C, Giteau K, Frischer T, Renner S, et al., editors. 
The ancient origin of F508del-CF: When and where the mutation arose. Journal 
of Cystic Fibrosis; 2015; Brussels, Belgium. 
165. Cuthbert AW, Halstead J, Ratcliff R, Colledge WH, Evans MJ. The genetic 
advantage hypothesis in cystic fibrosis heterozygotes: a murine study. J Physiol. 
1995;482 ( Pt 2):449-54. 
166. Högenauer C, Santa Ana CA, Porter JL, Millard M, Gelfand A, Rosenblatt RL, 
et al. Active Intestinal Chloride Secretion in Human Carriers of Cystic Fibrosis 
Mutations: An Evaluation of the Hypothesis That Heterozygotes Have Subnormal 
Active Intestinal Chloride Secretion. The American Journal of Human Genetics. 
2000;67(6):1422-7. 
167. Nielsen AO, Qayum S, Bouchelouche PN, Laursen LC, Dahl R, Dahl M. Risk 
of asthma in heterozygous carriers for cystic fibrosis: A meta-analysis. J Cyst 
Fibros. 2016;15(5):563-7. 
168. Polgreen PM, Brown GD, Hornick DB, Ahmad F, London B, Stoltz DA, et al. 
CFTR Heterozygotes Are at Increased Risk of Respiratory Infections: A 
Population-Based Study. Open Forum Infectious Diseases. 2018;5(11). 
169. Andersen DH. Cystic Fibrosis of the Pancreas and Its Relation to Celiac 
Disease. American Journal of Diseases of Children. 1938;56(2).  
170. Stoltz DA, Meyerholz DK, Welsh MJ. Origins of cystic fibrosis lung disease. 
N Engl J Med. 2015;372(4):351-62. 
171. Schmidt M, Werbrouck A, Verhaeghe N, De Wachter E, Simoens S, 
Annemans L, et al. Strategies for newborn screening for cystic fibrosis: A 
systematic review of health economic evaluations. J Cyst Fibros. 2018;17(3):306-
15. 
 

 



Reimagining Cystic Fibrosis Care Figure Legends 

Figure 1 CFTR Classification Table 

The classification systems divide mutations into discrete groups determined by the 

predominant CFTR defect. However, these systems may not be mutually exclusive for all 

mutations. For example, the p.Phe508del-CFTR is predominately class II but does also have 

some class III & class VI properties 

 

Figure 2 Cell biology of CFTR - abnormal CFTR protein results in the 

uncoupling of CFTR dependent processes at all levels from intracellular 

dynamics to cell membrane function 

Various cell processes are dependent upon CFTR as schematically represented in the above 

diagrams (A & B). Intracellular dynamics of CFTR processing include protein synthesis, 

protein folding and trafficking leading to CFTR proteins reaching the cell membrane. 

Significantly misfolded or dysfunctional CFTR is redirected to the proteasome for 

degradation and recycling. 

 

Ubiquitination of abnormal proteins targets them for the proteasome where degradation 

occurs. Abnormal CFTR proteins (large complex proteins) requiring degradation via the 

proteasome necessitate an increase in the metabolic requirements of the cell. It is 

hypothesised that CFTR both ‘burdens’ and ‘blocks’ the proteasome. This impacts upon 

multiple processes, particularly antigen processing, cell cycle and division, apoptosis and the 

modulation of cell surface receptors/channels and secretory pathways, at the same time as 

increasing the metabolic requirements of the cell. 

 

  



Figure B 

Schematic of the abnormal cell processes occurring within the cell: 

1) Channelopathy – resulting in reduced chloride and bicarbonate transport across the cell 
membrane with subsequent uncoupling of other ion channels, for example, unopposed 
sodium transport via the ENaC channel 

2) Abnormal lipid raft stabilisation and cell surface signal transduction dysfunction - system 
‘uncoupled’ 

3) Intracellular signal transduction processes ‘uncoupled’ in either positive or negative 
directions 

4) Increased CFTR turnover due to an increase in misfolded CFTR or increase CFTR turnover 
dynamics. This hypothetically causes proteasome dysfunction due to the increased CFTR 
being degraded and thus the inability to process and degrade other proteins within the 
cell. 

5) A high energy state within the cell due to the uncoupled processes. This is exacerbated 
by mitochondrial/metabolic dysfunction, either indirectly through the inability to meet 
the increased metabolic demands, or directly through CFTR dependent gene associated 
‘uncoupling’ of oxidative phosphorylation. 

 








