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Genetic variation in CFTR and modifier loci may modulate Cystic Fibrosis disease severity
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In patients with cystic fibrosis (CF), genetic variants within and outside the CFTR locus contribute to the variability of the disease severity. CFTR transcription is tightly regulated by cis-regulatory elements (CREs) that control the three-dimensional structure of the locus, chromatin accessibility and transcription factor recruitment. Variants within these CREs may contribute to the pathophysiology and to the phenotypic heterogeneity by altering CFTR transcript abundance. In addition to the CREs, variants outside the CFTR locus, namely "modifiers genes", may also be associated with the clinical variability. This review addresses variants at the CFTR locus itself and CFTR CREs, together with the outcomes of the latest modifier gene studies with respect to the different CF phenotypes.

Background

Cystic fibrosis (CF) is the most common severe autosomal recessive genetic disease in Caucasians caused by variants in the gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR), a chloride channel expressed in epithelial cells throughout the body [START_REF] Riordan | Identification of the cystic fibrosis gene: cloning and characterization of complementary DNA[END_REF]. To date, over 2,000 variants in the CFTR gene have been identified world-wide. The international CF genetics research community has contributed these data to the CFTR2 database (http://www.cftr2.org), which provides information on different CFTR variants and their disease liability by a phenotype-driven approach [START_REF] Sosnay | Defining the disease liability of variants in the cystic fibrosis transmembrane conductance regulator gene[END_REF]. Available data include genomic and phenotypic analyses, together with molecular studies (CFTR RNA and protein expression) and sweat chloride measurements. Compiling information from more than 88,000 patients with CF, together with in vitro studies, 412 variants were annotated and 346 assigned as "CF causing", 37 as "of varying consequences", 21 as "non-CF causing", and 8 "of unknown significance" [START_REF] Sosnay | Defining the disease liability of variants in the cystic fibrosis transmembrane conductance regulator gene[END_REF].

Missense variants are the most prevalent (40%), compared to frameshift (16%), splicing (12%) and non-sense variants (8%) [START_REF] Castellani | Consensus on the use and interpretation of cystic fibrosis mutation analysis in clinical practice[END_REF][START_REF] Corvol | Translating the genetics of cystic fibrosis to personalized medicine[END_REF]. The most common variant (70% of patients) is a three base deletion (c.1521_1523delCTT) that removes a phenylalanine residue at position 508 (F508del). Annotating these CFTR variants will benefit both clinical diagnosis and personalized therapies [START_REF] Mccague | Correlating CFTR Function with Clinical Features to Inform Precision Treatment of Cystic Fibrosis[END_REF].

CF affects many organs, including the pancreas, the liver, the intestine, and most critically the lungs. Although CF is recognized as a single gene disorder, disease severity varies between mutation types and between patients with the same CFTR variant [START_REF] Cutting | Cystic fibrosis genetics: from molecular understanding to clinical application[END_REF][START_REF] Guillot | Lung disease modifier genes in cystic fibrosis[END_REF][START_REF] Mckone | Effect of genotype on phenotype and mortality in cystic fibrosis: a retrospective cohort study[END_REF][START_REF] O'neal | Cystic Fibrosis Disease Modifiers: Complex Genetics Defines the Phenotypic Diversity in a Monogenic Disease[END_REF]. This variability complicates treatment options and the efficacy of therapeutics. The only strong CFTR genotype-phenotype association is with pancreatic exocrine function, which is either deficient (PI for pancreatic insufficiency), or normal (PS for pancreatic sufficiency). Generally, patients carrying two CF-causing variants have a classical form of CF associated with PI, whereas others have a milder form of disease associated with PS (4). Besides environmental factors, additional genetic variants, both within and outside the CFTR locus, may also contribute to this phenotypic variability [START_REF] Cutting | Cystic fibrosis genetics: from molecular understanding to clinical application[END_REF][START_REF] Guillot | Lung disease modifier genes in cystic fibrosis[END_REF][START_REF] Mckone | Effect of genotype on phenotype and mortality in cystic fibrosis: a retrospective cohort study[END_REF][START_REF] Kerschner | Screening for Regulatory Variants in 460 kb Encompassing the CFTR Locus in Cystic Fibrosis Patients[END_REF]. CFTR transcription is tightly regulated by cisregulatory elements (CREs) that control the three-dimensional structure of the locus, chromatin accessibility and transcription factor recruitment [START_REF] Swahn | Cell-Selective Regulation of CFTR Gene Expression: Relevance to Gene Editing Therapeutics[END_REF]. Variants within these CREs may contribute to pathophysiology by altering CFTR transcript abundance, as shown for those in the gene promoter [START_REF] Kerschner | Screening for Regulatory Variants in 460 kb Encompassing the CFTR Locus in Cystic Fibrosis Patients[END_REF]. Utilization of unique CREs in tissue-specific or cell-type-specific contexts may be involved in the different disease manifestations and severities between affected organ systems. In addition to the CREs, variants outside the CFTR locus, in other "modifiers genes", are also associated with the clinical heterogeneity in CF [START_REF] Cutting | Cystic fibrosis genetics: from molecular understanding to clinical application[END_REF][START_REF] Guillot | Lung disease modifier genes in cystic fibrosis[END_REF][START_REF] Mckone | Effect of genotype on phenotype and mortality in cystic fibrosis: a retrospective cohort study[END_REF][START_REF] O'neal | Cystic Fibrosis Disease Modifiers: Complex Genetics Defines the Phenotypic Diversity in a Monogenic Disease[END_REF]. This review, based in part on a symposium session presented at the 16th ECFS Basic Science Conference, Dubrovnik, Croatia, 27 to 30 March, 2019, describes the results of investigating variants at the CFTR locus itself and CFTR CREs, together with the outcomes of the latest modifier gene studies with respect to the different CF phenotypes.

VARIANTS AT THE CFTR LOCUS AND CFTR REGULATION

Variants at the CFTR locus

Extensive research has focused on mutational diversity of the CFTR gene and the relationship with disease severity. Current therapeutic options are limited to treating patients with relatively few (albeit common) known variants in the coding region, whereas variants elsewhere in the locus (Figure 1) also contribute to the disease-associated alleles. Large deletions and genomic rearrangements constitute a significant proportion of rare CFTR alleles with variable disease phenotype [START_REF] Audrezet | Genomic rearrangements in the CFTR gene: extensive allelic heterogeneity and diverse mutational mechanisms[END_REF][START_REF] Ferec | Gross genomic rearrangements involving deletions in the CFTR gene: characterization of six new events from a large cohort of hitherto unidentified cystic fibrosis chromosomes and metaanalysis of the underlying mechanisms[END_REF]. In a screen for rare CF-causing mutations that are currently unidentified, several variants in 460 kb encompassing the CFTR gene mapped to known CFTR CREs [START_REF] Kerschner | Screening for Regulatory Variants in 460 kb Encompassing the CFTR Locus in Cystic Fibrosis Patients[END_REF]. These include variants at the gene promoter, enhancer elements at the locus, and structural elements that may result in dysregulated CFTR transcription. Many mechanisms could account for how variants in CREs disrupt CFTR transcription, though these have yet to be proven experimentally. Single base changes may introduce transcription factor binding sites such as the c.-8G>C CFTR promoter variant, which creates a binding motif for zinc finger protein 300 (ZNF300), a known transcriptional repressor [START_REF] Gou | Identification and functional analysis of a novel human KRAB/C2H2 zinc finger gene ZNF300[END_REF]. Similarly, variants that destroy the binding site for architectural proteins may change locus organization and hence gene expression.

Regulation of CFTR

CFTR regulatory mechanisms differ between tissues and cell types at organ sites affected by CF [START_REF] Thul | A subcellular map of the human proteome[END_REF]. This diversity is evident from observations on long-range chromatin looping interactions and the location of open chromatin sites, which mark active CREs, at the locus [START_REF] Gheldof | Cell-type-specific long-range looping interactions identify distant regulatory elements of the CFTR gene[END_REF]. Cell-type-selective regulatory elements tightly control CFTR expression by recruiting specific transcription factors and establishing the three-dimensional structure of the expressed locus. CFTR lies within a single topologically associated domain (TAD) maintained by the architectural proteins CCCTC-binding factor (CTCF) and cohesin complex [START_REF] Smith | Invariant TAD Boundaries Constrain Cell-Type-Specific Looping Interactions between Promoters and Distal Elements around the CFTR Locus[END_REF].

Although the CFTR TAD is invariant in all cells, different CREs within it are recruited in celltype-selective 3D interactions with the promoter. Open chromatin/CRE sites were shown by several protocols to be different in airway and intestinal epithelial cell populations [START_REF] Ott | A complex intronic enhancer regulates expression of the CFTR gene by direct interaction with the promoter[END_REF][START_REF] Smith | A regulatory element in intron 1 of the cystic fibrosis transmembrane conductance regulator gene[END_REF][START_REF] Zhang | Molecular mechanisms controlling CFTR gene expression in the airway[END_REF].

CREs within intron 1 (185 + 10kb) (K) and intron 11 (1811 + 0.8kb) were found to control CFTR expression in the intestine [START_REF] Kerschner | Transcriptional networks driving enhancer function in the CFTR gene[END_REF]. Among activating transcription factors at these two sites are forkhead box protein A1/A2 (FOXA1/A2), hepatocyte nuclear factor 1 (HNF1) and caudal type homeobox 2 (CDX2) [START_REF] Kerschner | Chromatin remodeling mediated by the FOXA1/A2 transcription factors activates CFTR expression in intestinal epithelial cells[END_REF]. In contrast, CREs at open chromatin peaks located -44kb and -35kb upstream of the CFTR transcriptional start site are airway-selective [START_REF] Zhang | Immune mediators regulate CFTR expression through a bifunctional airway-selective enhancer[END_REF][START_REF] Zhang | Oxidative stress regulates CFTR gene expression in human airway epithelial cells through a distal antioxidant response element[END_REF]. The -35 kb site appears to be involved in immune regulation of CFTR, recruiting interferon regulatory factor 1 (IRF1) and nuclear factor Y (NF-Y). The -44 kb site may respond to oxidative stress in airway epithelial cells. In addition to activating factors CFTR expression in airway epithelial cells is regulated by a number of transcription factors acting as repressors such as Ets homologous factor (EHF) and Krüppel-like factor 5 (KLF5) [START_REF] Mutolo | A transcription factor network represses CFTR gene expression in airway epithelial cells[END_REF]. Determining the interactions of CREs at the locus and their associated transcription factors will enhance understanding of the CFTR regulatory landscape in CF-relevant tissues. A number of approaches are being taken to upregulate CFTR transcription for therapeutic benefit, including activation by CRISPRa [START_REF] Villamizar | Targeted Activation of Cystic Fibrosis Transmembrane Conductance Regulator[END_REF] and steric inhibition of 5' UTR regulatory mechanisms by antisense oligonucleotides [START_REF] Sasaki | Steric Inhibition of 5' UTR Regulatory Elements Results in Upregulation of Human CFTR[END_REF].

Cell-Type Specificity of Expression

The abundance of CFTR transcripts varies between tissue types and in different cells within the same tissue [START_REF] Trezise | Expression of the cystic fibrosis gene in human foetal tissues[END_REF]. In the small intestine and the colon, the majority of CFTR mRNA is found in the mucosal epithelium with a decreasing gradient along the crypt to tip axis [START_REF] Strong | Localization of cystic fibrosis transmembrane conductance regulator mRNA in the human gastrointestinal tract by in situ hybridization[END_REF]. Also, a rare epithelial cell type that expresses high levels of CFTR was observed in several studies.

CFTR expression is very high in most ductal epithelial cells in the pancreas [START_REF] Hyde | The cystic fibrosis transmembrane conductance regulator as a marker of human pancreatic duct development[END_REF][START_REF] Reid | Cystic fibrosis of the pancreas: involvement of MUC6 mucin in obstruction of pancreatic ducts[END_REF][START_REF] Wilschanski | The cystic fibrosis of exocrine pancreas[END_REF]. As lung disease is the primary cause of mortality in CF patients, there is an ongoing effort to characterize CFTR-expressing cells in the airway epithelium. CFTR protein is reported in ciliated cells in the epithelium though levels of expression are apparently lower than in intestinal epithelial cells [START_REF] Kreda | Characterization of wild-type and deltaF508 cystic fibrosis transmembrane regulator in human respiratory epithelia[END_REF]. Recent single cell RNA-seq sequencing data from mouse tracheal epithelial cells and primary human bronchial epithelial cells also identified a rare high CFTRexpressing cell type in the lung, named the pulmonary ionocytes, which may have a similar role to the high CFTR-cells in the intestinal epithelium [START_REF] Montoro | A revised airway epithelial hierarchy includes CFTR-expressing ionocytes[END_REF][START_REF] Plasschaert | A singlecell atlas of the airway epithelium reveals the CFTR-rich pulmonary ionocyte[END_REF]. Further work is underway to resolve the cellularity of CFTR expression in the human lung. Identifying the unique combinations of CREs and activating factors utilized by different CFTR expressing epithelial cells will advance understanding of the cell-specific disease mechanisms.

CYSTIC FIBROSIS MODIFIER GENES

For more than a decade, modifier genes in CF were sought using candidate gene approaches, and early studies were hampered by small sample size and poor study design, yielding mixed results [START_REF] Guillot | Lung disease modifier genes in cystic fibrosis[END_REF]. One of the major limitations of the candidate gene approach is that it does not identify genetic locations other than those suspected to influence the disease. That is, it does not detect modifying genes or pathways beyond those involved in our limited understanding of the disease [START_REF] Cutting | Cystic fibrosis genetics: from molecular understanding to clinical application[END_REF]. Thus, it became important to move forward by studying the whole genome. Although whole genome sequencing was still out of range in large part through costs and lack of resources, it became feasible to pursue genome-wide association studies (GWAS). A GWAS can generate information on hundreds of thousands of single nucleotide polymorphisms (SNPs) chosen to capture linkage disequilibrium (LD) structure without bias imposed by pre-existing models. Moreover, the use of imputations made it possible to explore millions of polymorphisms based on the initial GWAS results. Thus, the GWAS data identified novel genes, regulatory loci, and pathways not previously considered. However, the main disadvantage in testing so many variants is that there are statistical penalties that increase as the number of comparisons rises, and, thus, power is a major limitation [START_REF] Cutting | Modifier genes in Mendelian disorders: the example of cystic fibrosis[END_REF]. To overcome this constraint, collaborations were set up in North-America and France to create an international GWAS consortium. Data from these collaborative studied revealed several novel regions of the genome that are associated with numerous CF phenotypes (Figure 2).

Lung function modifiers

Lung disease remains the major cause of morbidity and mortality in CF. CF sibling and twin studies suggested that more than 50% of the variation in lung function could be explained by modifier genes [START_REF] Vanscoy | Heritability of lung disease severity in cystic fibrosis[END_REF]. To evaluate these modifiers, a quantitative lung phenotype is computed for each patient [START_REF] Taylor | A novel lung disease phenotype adjusted for mortality attrition for cystic fibrosis Genetic modifier studies[END_REF]. In addition, this enables direct comparison of the lung function of CF patients irrespective of age and gender, thus reducing the need to stratify individuals and thereby increasing statistical power and avoiding distortions. By applying genome-wide approaches (linkage and association analyses), North-American teams initially showed in 3,444 PI-CF patients that the intergenic region between the Ets Homologous Factor (EHF) and Apaf-1 interacting protein (APIP) loci (chr11p13) was associated with lung disease severity [START_REF] Wright | Genomewide association and linkage identify modifier loci of lung disease severity in cystic fibrosis at 11p13 and 20q13.2[END_REF]. The study was further extended with additional patients from North America and France.

The meta-analysis of 6,365 CF patients confirmed the previous genome-wide association with the EHF/APIP locus, and identified four new regions that contain genes with high biological relevance for the pathophysiology of CF lung disease: regions on chr3q29 (mucins 4 and 20: MUC4/MUC20), chr5p15.3 (solute carrier family 9 member A3: SLC9A3), chr6p21.3 (class II major histocompatibility complex: HLA Class II) and chrXq22-q23 (angiotensin II receptor type 2/solute carrier family 6 member 14: AGTR2/SLC6A14) (Figure 2) [START_REF] Corvol | Genome-wide association meta-analysis identifies five modifier loci of lung disease severity in cystic fibrosis[END_REF]. Of note the mechanisms connecting high P-value SNPs in intergenic regions with the expression or function of nearby genes, has proven to be a major challenge.

Genes associated with meconium ileus susceptibility

Around 15% of the patients with CF are born with meconium ileus (MI), an intestinal obstruction at birth which affects only PI patients. Similarly to the approach applied for lung disease modifiers, the first GWAS in 3,763 North-American patients showed 2 loci near solute carrier genes, SLC6A14 at chXq23-24 and solute carrier family 26 member 9 (SLC26A9) at ch1q32.1, associated with MI susceptibility [START_REF] Sun | Multiple apical plasma membrane constituents are associated with susceptibility to meconium ileus in individuals with cystic fibrosis[END_REF]. Recently, the meta-analysis of >6,500 CF patients from the International CF Gene Modifier Consortium confirmed these associations and identified two new loci comprising the nongastric form of the H + /K + -ATPase (ATP12A) and serine protease 1 (PRSS1) genes (Figure 2) [START_REF] Gong | Genetic association and transcriptome integration identify contributing genes and tissues at cystic fibrosis modifier loci[END_REF]. Further transcriptomics analysis of nasal epithelial cells from CF patients and pancreatic gene expression data from GTEx, showed that lung disease severity is associated with variations in SLC6A14 gene expression in nasal epithelia, and meconium ileus susceptibility with variations in expression of SLC6A14, SLC26A9 and ATP12A in the pancreas.

Modifiers of cystic fibrosis related diabetes (CFRD)

CF-related diabetes (CFRD) is one of the most important complications of CF. While the age at onset varies considerably, CFRD prevalence increases with age, affecting more than 90% by the 5 th decade in PI-CF patients. Onset of CFRD is recognized to be associated with a more rapid decline in lung function and a reduced survival [START_REF] Moran | Cystic fibrosis-related diabetes: current trends in prevalence, incidence, and mortality[END_REF]. A pilot candidate-gene study found that the gene encoding the transcription factor 7-like 2 (TCF7L2), which is known to be associated with type II diabetes prevalence in the general population, was also associated with the risk of developing CFRD [START_REF] Blackman | A susceptibility gene for type 2 diabetes confers substantial risk for diabetes complicating cystic fibrosis[END_REF]. In particular, the variant rs7903146 increased the risk of diabetes threefold, and decreased the age of onset by 7 years. A further GWAS in 3,059 North-American patients including 644 patients with diabetes confirmed the association of CFRD with TCF7L2, and identified a new association with SLC26A9 (Figure 2) [START_REF] Blackman | Genetic modifiers of cystic fibrosis-related diabetes[END_REF]. Interestingly, as the SLC26A9 gene is also associated with the risk of onset of MI at birth (see above) this suggests a pleiotropic action of this gene [START_REF] Sun | Multiple apical plasma membrane constituents are associated with susceptibility to meconium ileus in individuals with cystic fibrosis[END_REF]. Finally, a recent study provides new data suggestive of an impact of SLC26A9 promoter variants on its expression [START_REF] Lam | Increased expression of anion transporter SLC26A9 delays diabetes onset in cystic fibrosis[END_REF].

Cystic fibrosis liver disease (CFLD) modifiers

Focal biliary cirrhosis is the most clinically relevant form of CF liver disease (CFLD) in PI-CF patients, since extension of the initially focal fibrogenic process may lead to multilobular biliary cirrhosis with subsequent portal hypertension and related complications [START_REF] Debray | Best practice guidance for the diagnosis and management of cystic fibrosis-associated liver disease[END_REF][START_REF] Stonebraker | Features of Severe Liver Disease With Portal Hypertension in Patients With Cystic Fibrosis[END_REF].

Currently, multilobular cirrhosis ranks as the third leading cause of death in patients with CF after respiratory failure and transplantation-related complications [START_REF] Rowland | Outcome in patients with cystic fibrosis liver disease[END_REF]. To date, only candidategene approaches have been performed to look for liver modifiers [START_REF] Debray | Modifier genes in cystic fibrosis-related liver disease[END_REF]. Some genes have been shown to be associated to an increased frequency of liver disease, such as ATP binding cassette subfamily A member 4 (ABCA4), glutathione S-transferase (GSTP1), and a mannosebinding lectin (MBL) haplotype [START_REF] Flamant | Glutathione-S-transferase M1, M3, P1 and T1 polymorphisms and severity of lung disease in children with cystic fibrosis[END_REF][START_REF] Tomaiuolo | An MBL2 haplotype and ABCB4 variants modulate the risk of liver disease in cystic fibrosis patients: a multicentre study[END_REF]; and other to a more severe liver disease such as serpin family A member 1 (SERPINA1, previously known as the α1-antitrypsin gene) (Figure 2) [START_REF] Bartlett | Genetic modifiers of liver disease in cystic fibrosis[END_REF]. The French CF Modifier Gene Study recently reported the incidence of CFLD and severe CFLD in patients with CF and showed that the risk of CFLD increases with age, with a frequency up to 32% by age 25, and is associated with several risk factors, including male gender, CFTR F508del homozygosity, and a history of meconium ileus at birth [START_REF] Boelle | Cystic Fibrosis Liver Disease: Outcomes and Risk Factors in a Large Cohort of French Patients[END_REF]. In a cohort of unprecedented size for such study (n = 3,328), we confirmed that the incidence of CFLD increased more rapidly in patients carrying the SERPINA1 Z allele, with up to 47% of the Z allele carriers developing liver disease before the age of 25 compared to only 30% for noncarrier patients [START_REF] Boelle | SERPINA1 Z allele is associated with cystic fibrosis liver disease[END_REF].

Pharmacogenomics

In recent years, considerable efforts have led to the development of therapies that target the CFTR protein. Significant clinical benefits of ivacaftor, such as gain of lung function and reduced number of pulmonary exacerbations, were initially observed in patients older than 12 years and carrying at least one Gly551Asp (G551D) CFTR variant [START_REF] Ramsey | A CFTR potentiator in patients with cystic fibrosis and the G551D mutation[END_REF]. Subsequently, ivacaftor was approved for other CFTR-gating variants and for patients older than 2 years [START_REF] Davies | Efficacy and safety of ivacaftor in patients aged 6 to 11 years with cystic fibrosis with a G551D mutation[END_REF][START_REF] Avella | SLC26A9 stimulates CFTR expression and function in human bronchial cell lines[END_REF][START_REF] Boeck | Efficacy and safety of ivacaftor in patients with cystic fibrosis and a non-G551D gating mutation[END_REF][START_REF] Davies | 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[END_REF]. Since the airway response to ivacaftor was variable between individuals, it was hypothesized that modifier genes could play a role. Though genome-wide analyses are as yet incomplete, candidate studies targeted SLC26A9, a gene that may have a pleiotropic role in CF as discussed above [START_REF] Sun | Multiple apical plasma membrane constituents are associated with susceptibility to meconium ileus in individuals with cystic fibrosis[END_REF][START_REF] Gong | Genetic association and transcriptome integration identify contributing genes and tissues at cystic fibrosis modifier loci[END_REF][START_REF] Blackman | Genetic modifiers of cystic fibrosis-related diabetes[END_REF]. A pilot study in Canadians showed that one variant of this gene was indeed associated with the lung-response to ivacaftor, explaining 28% of the variability (Figure 2) [START_REF] Strug | Cystic fibrosis gene modifier SLC26A9 modulates airway response to CFTR-directed therapeutics[END_REF]. We also found that this gene was associated with the variability of the lung response in French [START_REF] Corvol | SLC26A9 Gene Is Associated With Lung Function Response to Ivacaftor in Patients With Cystic Fibrosis[END_REF]. Specifically, focusing on the variant rs7512462 of the SLC26A9 gene in the patients carrying at least one G551D CFTR mutation, we observed that the CC genotype was associated with a lesser response, with a decrease in FEV1pp of -7.7% compared to the patients carrying the ancestral allele T. Pharmacogenetics testing in CF patients is a growing current and future challenge that may be predictive for efficacy and for adverse drugs effects. 
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Summary and Future directions

Recent advances in research into the genetics of CF provide some insights on the phenotypic heterogeneity of the disease, potential targets to predict disease severity and personalize therapeutic care, and new therapeutic avenues for CF patients. Studying larger cohorts and using cutting-edge protocols of functional genomics may allow the identification of new CFTR variants and modifier genes that could better explain the heterogeneity of the disease. In addition, exploring the mechanisms of CFTR transcriptional regulation and evaluating the impact of CFTR regulatory variants and modifier genes in CF is crucial to better understand the disease and improve patient care. Current challenges are to develop clinical diagnostic tools based on identified CFTR variants and modifier genes as well as new specific and personalized therapies to improve survival and quality of life of all the patients with CF.
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