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Factors of lumacaftor/ivacaftor response

Highlights

• Clinical response to Lumacaftor/ivacaftor is variable

• CFTR Biomarkers, such as variation of intestinal current measurement or nasal potential difference do not correlate with the improvements in clinical status at 6 months of lumacaftor/ivacaftor treatment at an individual level • Serum drug levels do not correlate with changes in FEV 1 , BMI-Zscore or other CFTR activity biomarkers.

• Exonic variants may influence response to treatment

Background

Ivacaftor-lumacaftor combination therapy corrects the F508 del-CFTR mutated protein which causes Cystic Fibrosis. The clinical response of the patients treated with the combination therapy is highly variable. This study aimed to determine factors involved in the individual's response to lumacaftor-ivacaftor therapy.

Methods

Sweat test was assessed at baseline and after 6 months of ivacaftor-lumacaftor treatment in 41 homozygous F508del children and young adults. β-adrenergic peak sweat secretion, nasal potential difference (NPD) and intestinal current measurements (ICM) were performed in patients accepting these tests. Seric level of lumacaftor and ivacaftor were determined and additional CFTR variant were searched.

Results

Sweat chloride concentration significantly decreased after treatment, whereas the β-adrenergic peak sweat response did not vary in 9 patients who underwent these tests. The average level of F508del-CFTR activity rescue reached up to 15% of the normal level in intestinal epithelium, as studied by ICM in 12 patients (p=0.03) and 20% of normal in the nasal epithelium in NPD tests performed in 21 patients (NS). There was no significant correlation between these changes and improvements in FEV 1 at 6 months. Serum drug levels did not correlate with changes in FEV 1 , BMI-Zscore or other CFTR activity biomarkers. Additional exonic variants were identified in 4 patients. The F87L-I1027T-F508del-CFTR complex allele abolished the lumacaftor corrector effect.

Conclusion

This observational study investigates a number of potential factors linked to the clinical response of F508del homozygous patients treated with lumacaftor-ivacaftor combination therapy. Lumacaftor and ivacaftor blood levels are not associated with the clinical response.

Additional exonic variants may influence protein correction.

Introduction

Cystic fibrosis (CF) is a multi-organ disease caused by mutations in the Cystic Fibrosis

Transmembrane Conductance Regulator (CFTR) gene which encodes the CFTR protein. The most common CFTR mutation, p.Phe508del (F508del in legacy nomenclature), leads to the deletion of the amino acid phenylalanine in position 508 [START_REF] O'sullivan | Cystic fibrosis[END_REF]. This in frame deletion of the CFTR gene is associated with protein misfolding, resulting in abnormal function of the CFTR protein [START_REF] Pranke | Biosynthesis of cystic fibrosis transmembrane conductance regulator[END_REF].

Lumacaftor (VX-809) and tezacaftor (VX-661) are CFTR correctors that facilitate processing and trafficking of the F508del-CFTR protein to the epithelial cell surface. Its combination with the channel potentiator ivacaftor (VX-770) further increase CFTR function. However, this strategy only modestly improves the clinical outcome of patients that are homozygous for the F508del mutation [START_REF] Ratjen | 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[END_REF][START_REF] Wainwright | Lumacaftor-Ivacaftor in Patients with Cystic Fibrosis Homozygous for Phe508del CFTR[END_REF][START_REF] Rowe | Tezacaftor-Ivacaftor in Residual-Function Heterozygotes with Cystic Fibrosis[END_REF][START_REF] Deeks | Lumacaftor/Ivacaftor: A Review in Cystic Fibrosis[END_REF][START_REF] Elborn | Efficacy and safety of lumacaftor/ivacaftor combination therapy in patients with cystic fibrosis homozygous for Phe508del CFTR by pulmonary function subgroup: a pooled analysis[END_REF][START_REF] Jennings | An Observational Study of Outcomes and Tolerances in Patients with Cystic Fibrosis Initiated on Lumacaftor/Ivacaftor[END_REF][START_REF] Milla | Lumacaftor/Ivacaftor in Patients Aged 6-11 Years with Cystic Fibrosis and Homozygous for F508del-CFTR[END_REF]. Worryingly, a significant proportion of patients are nonresponsive to lumacaftor-ivacaftor combination treatment. The underlying cause for this variability is unknown and there are no predictors for therapeutic outcome available to date.

Notwithstanding, there is still a high unmet medical need for predictive biomarkers in CF patients, in particular in patients homozygous for the F508del mutation.

The combination of ivacaftor and lumacaftor is now marketed in France for patients over 12 years of age that are homozygous for the F508del mutation [START_REF]Haute autorité de santé. ORKAMBI (lumacaftor / ivacaftor), correcteur et potentialisateur du gène CFTR[END_REF]. This translational research study aimed to provide a comprehensive insight into factors involved in the individual's response to CFTR modulator therapy, including CFTR activity biomarkers in the patient's sweat gland, nasal and rectal mucosa, individual's drug concentration and the CFTR genetic context.

Methods

Study design

This study was conducted in homozygous F508del patients above 12 years (Clinical Trial: NCT02965326). The protocol was approved by the Ile de France 2 Ethics Committee, and informed consent was obtained from each adult or legal guardian for each child participating in the study.

Patients were enrolled before starting standard lumacaftor-ivacaftor therapy and they were evaluated during regular clinics at 3 months, and at 6 months for specific comprehensive evaluation.

The following assessments were carried out at the initial visit and at 6 months: body mass index (BMI); expiratory volume in 1 second (FEV 1 ) and forced vital capacity (FVC), both expressed as percentage predicted (pp) values [START_REF] Quanjer | Multi-ethnic reference values for spirometry for the 3-95-yr age range: the global lung function 2012 equations[END_REF], and residual volume (RV) (% of normal); history of bronchial exacerbations and antibiotic treatment; sputum bacterial colonization; sweat testing; fecal elastase. Patients with a ppFEV 1 above 90% performed lung clearance index 2.5 (LCI 2.5 ), considering that FEV 1 may not be sensitive enough in patients with mild disease manifestations [START_REF] Davies | Assessment of clinical response to ivacaftor with lung clearance index in cystic fibrosis patients with a G551D-CFTR mutation and preserved spirometry: a randomised controlled trial[END_REF]. Additional to the aforementioned inclusion testing, patients also could agree to undergo the several accompanying tests conducted at the initial visit and 6 months. These included: genetic analysis of the CFTR gene; measurements of the βadrenergic sweat secretion rate; nasal potential difference (NPD); rectal biopsy for intestinal short-circuit (Isc) current measurements (ICM); residual and peak serum samples for pharmacokinetic measurements. Specific questions were systematically asked to address the issue of adherence to treatment. A clinical response was defined by an increase in FEV 1 by at least 5% at 6 months. The threshold of 5% was considered to be a good compromise between the intrinsic technical variability of FEV 1 and the beneficial effect perceived by the patient [START_REF] Teramoto | Influence of age on diurnal variability in measurements of spirometric indices and respiratory pressures[END_REF].

Assessment methods

Sweat test was performed according to Standardized Operating Procedures and sweat secretion rate after β-adrenergic activation was assessed as previously described (Supplementary Figure 1) [START_REF] Nguyen-Khoa | European Cystic Fibrosis Society-Clinical Trials Network (ECFS-CTN) 2.2/001 Standard Operating Procedure for Sweat Induction and Collection-Macroduct®[END_REF].

Changes from basal NPD were recorded after perfusion with 100 µM amiloride (∆Amiloride), amiloride in low-chloride (Cl -) solution (∆lowCl -), and further addition of 10 µM isoproterenol (∆Isoproterenol) [START_REF]Cystic Fibrosis Foundation-Therapeutics Development Network) and the ECFS-CTN (European Cystic Fibrosis Society-Clinical Trials Network)[END_REF]. The sum of ∆LowCl -and ∆Isoproterenol (∆LowCl -/Isoproterenol) served as an index of CFTR function.

For ICM assays, Isc changes were measured after successive application of 10 µM forskolin (∆Forskolin), 100 µM carbachol (∆Carbachol), and 500 µM histamine (∆Histamine) [START_REF] Derichs | Standard Operating Procedure: Ion transport in rectal biopsies for diagnosis and clinical trials in cystic fibrosis (intestinal current measurement, ICM)[END_REF]. This enabled to assess the cAMP-activated Cl -response to forskolin and the total Cl - transepithelial transport, i.e; the sum of the response to forskolin, carbachol and histamine (∆Forskolin/Carbachol/Histamine).

Lumacaftor, ivacaftor and ivacaftor metabolites (hydroxyl and carboxyl) were analyzed by mass spectrometry [START_REF] Schneider | Development of HPLC and LC-MS/MS methods for the analysis of ivacaftor, its major metabolites and lumacaftor in plasma and sputum of cystic fibrosis patients treated with ORKAMBI or KALYDECO[END_REF] at residual concentration, just before dosing and 4 hours after ingestion [START_REF]ORKAMBI (ivacaftor/lumacaftor) European medicines agency[END_REF][START_REF]Sponsor Briefing Document: ORKAMBI (Lumacaftor/Ivacaftor) for the Treatment of Cystic Fibrosis in Patients Age 12 Years and Older Who are Homozygous for the F508del Mutation in the CFTR Gene[END_REF].

Additional detail of experimentations can be found in the supplementary file.

CFTR gene and protein analysis

Verification of the CFTR genotype and search for complex alleles were performed by massive parallel sequencing of the whole CFTR gene coding sequence according to Hinzpeter et al [START_REF] Hinzpeter | Alternative splicing at a NAGNAG acceptor site as a novel phenotype modifier[END_REF]. Additional detail of experimentations can be found in the supplementary file.

Immunoblots

For complex allele study, HEK293 cells were transiently transfected with lipofectamine 3000 (Invitrogen) and incubated with VX-809 (3 µM, 24 hours) to assess CFTR correction.

Immunoblot analyses were performed as previously described [START_REF] Baatallah | Cis variants identified in F508del complex alleles modulate CFTR channel rescue by small molecules[END_REF]. Additional detail of experimentations can be found in the supplementary file.

Statistical evaluation

Analyses were conducted using the Staview 5.0.1 (1998) statistical software package. A pvalue of less than 0.05 was considered statistically significant. As several results were obtained from a single patient for NPD and ICM (e.g results for 2 nostrils, 4 biopsies), quantitative parameters were expressed as median values per patient. Results were then expressed as mean (SEM) or % of the mean normal local values.

The coefficient of variation was determined for CFTR activity biomarkers. Comparisons between qualitative variables were analyzed using the Fisher test. For quantitative variables, nonparametric tests were used for samples sizes of below 30 -either the paired sign test, Mann-Whitney test, or Spearman rank correlation test -or alternatively, the paired Students' t-test, ANOVA or simple regression analysis.

Results

Characteristics of patients at inclusion and after 6 months of lumacaftor-ivacaftor therapy

Forty-one patients aged 12 years or over were included in the study. As a result of either poor tolerance (n=2) or poor compliance (n=3), treatment was stopped in 5 patients before the 6 months follow-up. The changes in parameters measured at inclusion and at the 6-month follow-up visit for the 36 remaining participants are shown in Table 1 andTable Supplementary 1. At baseline, the majority of the patients had a moderate respiratory disease. At the regular 3 months clinics, BMI had increased by 3.6% (1.33) (p=0.04; M3 versus M0) and by 3.7% (0.7) at 6 months (p=0.003; M6 versus M0). Similarly, ppFEV 1 had increased by 2.7% (2.9) (NS) and 5% (3.1) at 6 months (p=0.003). There was a trend to the decrease in the number of the most severe patients (initial ppFEV1 < 40%) and increase in the number of patients with ppFEV 1 ≥ 90% but this was not significant. In total, an increase in ppFEV 1 of at least 5% was observed in 15 patients who were classed as responders (average improvement of 13.5%

(2.1); p<0.0001). Subsequently, the 21 patients where a change in ppFEV 1 of below 5% was observed were classed as non-responders (average change of -1% (0.8); NS). Six patients had ppFEV 1 measurements of above 90% at baseline and performed LCI measurements. Mean LCI 2.5 score at baseline was 10.2 (0.7), a value above the normal range of 6.5 for this age class [START_REF] Lum | Age and height dependence of lung clearance index and functional residual capacity[END_REF]. At 6 months, these patients did not show significant changes in either their FEV 1 (mean decrease of -0.4% (2.2); NS) nor LCI 2.5. Nevertheless, LCI at 6 months tended to be worse among the non-responders (10.7 (0.7)) than among the responders (9.8 (0.5); NS). Abnormal pulmonary distension, with a RV of over 110%, was observed at baseline in 17 patients. The mean RV showed a significant decrease of 26.5% (8.2) to normal levels at 6 months (p=0.0009).

No correlation was identified between changes in ppFEV 1 and either RV, BMI Z-score or LCI 2.5 .

Biomarkers of CFTR function at inclusion and after 6 months of lumacaftorivacaftor therapy

Sweat test bioassays

At inclusion, all patients had sweat test results above 60 mmol/l Cl -(range 78 to 118 mmol/l).

A significant decrease with an average of 20 (3.9) mmol/l Cl -was observed after treatment (Table 1, Figure 1A). Nine patients accepted measurement of the sweat secretion rate. In those patients, improvement in sweat Cl -from 97.8 (3) to 79 (4.5) mmol/l (p=0.002) was not accompanied by any significant improvement in the β-adrenergic peak sweat response (Table 1, Supplementary Figure 2).

The sweat Cl -concentrations were not significantly different between responders and nonresponders (Supplementary Table 2) and there was no correlation between the improvement in sweat Cl -concentration and the change in ppFEV 1 (Figure 1B), BMI Z-score or %RV (Supplementary Table 3).

NPD and ICM

21 out of the 25 patients had reliable NPD measurements at baseline and at 6 months (Table 1, Figure 2A). Fifteen patients underwent rectal biopsies; 12 out of the 15 patients showed reliable ICM traces at both time points. All patients demonstrated an absence of Cl -secretion at inclusion, as shown by both the cAMP-activated Cl -response to forskolin and the total Cl - transepithelial transport, (∆Forskolin/Carbachol/Histamine) (Table 1, Figure 2B and supplementary Figure 3A).

Overall, lumacaftor-ivacaftor treatment induced an improvement in both bioassays. But the response varied widely (Table 1, Figure 2A and2B). For NPD, ∆LowCl -/Isoproterenol became more polarized from -1.1(1.1) to -4(1.4), translating into 21% (-30% to 100%) of the mean normal response, but this did not reach the significant level because of a high coefficient of variation of 1.62. For ICM, ∆Forskolin increased significantly from -1.45(2.6) to 8.5 µA/cm 2 , translating into 14% (-1%-37%) of the mean normal response (p=0.03). The coefficient of variation of the response was lower than that of NPD with a value of 0.83.

No correlations were found between the changes in ppFEV 1 or BMI-Zscore and either ∆LowCl -/Isoproterenol (Figure 2C and Supplementary Table 3), ∆Forskolin (Figure 2D and Supplementary Table 3) or ∆Forskolin/Carbachol/Histamine (Supplementary Figure 3B and Supplementary Table 3). Interestingly, there was a significant correlation between improvement in %RV and change in either ∆Forskolin or ∆Forskolin/Carbachol/Histamine ICM measurements (Supplementary Table 3).

None of the NPD or ICM criteria differed significantly between responders and nonresponders at 6 months, considering either their value at 6 months (Supplementary Table 2)

or their change between baseline and 6 months (Supplementary Table 4).

There was no correlation in the level of rescue of CFTR activity between the three types of epithelial tissue (Supplementary Figure 4).

Lumacaftor, ivacaftor and ivacaftor metabolite levels

Lumacaftor, ivacaftor and ivacaftor metabolite blood levels were increased significantly 4 h after administration (n=18) (Supplementary Table 5). Blood concentrations of lumacaftor were not significantly correlated to those of ivacaftor (Supplementary Figure 5). None of the increases in drug levels correlated with change in ppFEV 1 (Figure 3), BMI-Z score, and RV, nor any CFTR bioassays endpoint including sweat test, ∆LowCl -/Isoproterenol or ∆Forskolin (Supplementary Table 6).

Identification of complex alleles

We identified 3 additional exonic variants in 4 patients: c.259T>C (F87L), c.609C>T (I203I) and c.3080T>C (I1027T). Their description and the change in pp FEV1 in the corresponding patients is shown in Supplementary Table 7 and commented in supplemental material. We previously showed in HEK293 cells that I1027T does not modify the response of F508del-CFTR to VX-809 using in vitro assays [START_REF] Baatallah | Cis variants identified in F508del complex alleles modulate CFTR channel rescue by small molecules[END_REF]. As we also showed that that I203I alters exon skipping [START_REF] Baatallah | Cis variants identified in F508del complex alleles modulate CFTR channel rescue by small molecules[END_REF], CFTR transcript analysis was performed in fresh nasal cells of this patient but it failed to detect exon skipping or any other aberrant splicing. F87L-I1027T was identified in a non responder patient. This complex allele does not alter CFTR maturation of WT CFTR as shown by the presence of a band C at 180kD corresponding to a fully glycosylated CFTR protein (Figure 4A). Importantly, the presence of F87L-I1027T on the F508del genetic background abolishes the corrector effect of VX-809 on F508del-CFTR as shown by the absence of a band C and the presence of a core glycosylated immature band B at 150kD in HEK293 cells incubated with VX-809 (Figure 4 B).

Discussion

This real life observational study is the first to simultaneously investigate multiple potential factors linked to the clinical response of F508del homozygous patients treated with lumacaftor-ivacaftor in a post-approval setting. This thorough evaluation shows that (i) in vivo biomarkers of CFTR activity do not correlate with the improvements in clinical status at 6 months at an individual level; (ii) lumacaftor and ivacaftor blood levels are not predictive of the clinical response in this small patient collective; (iii) additional exonic variants may influence protein correction.

Limitations

The main limitation of this study is the absence of a placebo group; however this is intrinsic to a study in the post-approval setting. Clearly, this study design can introduce bias into the interpretation of CFTR biomarkers, particularly as both the NPD and ICM measurements displayed high levels of intrinsic variability. To limit this flaw, evaluations were performed in a single center by the same investigator with a standardized protocol, and the results were analyzed by two blinded reviewers. Another limitation of this study is the fact that βadrenergic sweat secretion, intestinal current measurement and nasal potential difference were each performed in patients accepting these tests. The low number of patients in these subanalyses therefore leads to lack of power and limits the interpretation of the data.

Clinical outcome

In this study, we focused on short term outcomes. We reasoned that improvement of CFTR Cl -transport would improve simultaneously mucociliary clearance and CFTR activity biomarkers, all features easily observed at 6 month treatment. This however does not exclude longer term outcomes, linked to improvement of other pathways such as inflammation or innate immunity [START_REF] Hartl | Innate Immunity of the Lung: From Basic Mechanisms to Translational Medicine[END_REF].

The change in ppFEV 1 after 6 months of treatment was ~ 5%, which is slightly higher than the level found in previous studies [START_REF] Wainwright | Lumacaftor-Ivacaftor in Patients with Cystic Fibrosis Homozygous for Phe508del CFTR[END_REF][START_REF] Rowe | Tezacaftor-Ivacaftor in Residual-Function Heterozygotes with Cystic Fibrosis[END_REF]. Interestingly, the greatest improvements in respiratory function were observed for RV, which normalized after treatment, showing that distension and gas trapping were alleviated, possibly related to an improvement in mucociliary clearance.

Patients with a ppFEV 1 above 90% had LCI 2.5 measurement as ventilation inhomogeneity is reported to be more sensitive to lung disease improvement than FEV 1 in patients with mild disease [START_REF] Davies | Assessment of clinical response to ivacaftor with lung clearance index in cystic fibrosis patients with a G551D-CFTR mutation and preserved spirometry: a randomised controlled trial[END_REF]. Unexpectedly, LCI 2.5 did not improve significantly. This could be explained by the small number of patients as suggested by the trend in improvement of LCI 2.5 in responder patients.

In vivo CFTR biomarker changes

CFTR biomarker measurements at baseline demonstrated minimal CFTR activity in the sweat, nasal and intestinal epithelium. Similarly to previous studies, we did not find any correlation between sweat Cl -concentrations and the clinical response. Our study is the first to evaluate β-adrenergic sweat rates in lumacaftor-ivacaftor-treated patients. The absence of modification of this response, in contrast to the sweat Cl -results, suggests either that βadrenergic sweat secretion rate measured by evaporimetry is not sensitive enough to detect rescue of CFTR in the sweat gland acinus or that β-adrenergic secretion is not affected by lumacaftor-ivacaftor treatment.

Altogether, the level of functional rescue for F508del-CFTR activity increased in average up to ~20% of normal in the nasal epithelium and ~15% in the rectal mucosa, similar to levels observed in subjects with genotypes associated with residual function [START_REF] Mesbahi | Changes of CFTR functional measurements and clinical improvements in cystic fibrosis patients with non p.Gly551Asp gating mutations treated with ivacaftor[END_REF][START_REF] Sermet-Gaudelus | Chloride transport in nasal ciliated cells of cystic fibrosis heterozygotes[END_REF]. These results are similar to those previously published both for ivacaftor and for lumacaftor-ivacaftor-treated patients [START_REF] Accurso | Sweat chloride as a biomarker of CFTR activity: proof of concept and ivacaftor clinical trial data[END_REF][START_REF] Graeber | Effects of Lumacaftor-Ivacaftor Therapy on Cystic Fibrosis Transmembrane Conductance Regulator Function in Phe508del Homozygous Patients with Cystic Fibrosis[END_REF]. Those changes are clinically relevant as indicated by the association between forskolin in the intestinal mucosa and a significant improvement in pulmonary distension, linking epithelial CFTR activity recovery to improvements in mucociliary clearance.

Both NPD and ICM showed significant variability at the individual level and did not correlate to FEV 1 change, as already demonstrated by Greaber et al [START_REF] Graeber | Effects of Lumacaftor-Ivacaftor Therapy on Cystic Fibrosis Transmembrane Conductance Regulator Function in Phe508del Homozygous Patients with Cystic Fibrosis[END_REF]. This is due to the fact that ppFEV1 is a complex phenotype dependent on many other factors other than CFTR activation, in contrast to CFTR biomarkers which are directly linked to CFTR activity in respective tissues.. Whether these changes in CFTR-dependent Cl -transport will have an impact on long term clinical status is unknown. Long term studies on a larger patient cohort are required to reach a definitive conclusion on the clinical relevance of in vivo pharmacological rescue.

There was no correlation in the level of rescue of CFTR activity between the three biomarkers indicating that they are not interchangeable. This can be explained by the fact that the three tests reflect CFTR activity differently: sweat test assess Cl -reabsorption along the sweat duct; NPD measures transepithelial voltage indirectly by relative changes in ion conductance; Short Circuit Current is a direct measurement of active transepithelial ion transport. Moreover, the bioavailability of the drug may differ in the three epithelia.

PK/PD parameters

Previous in vitro studies have suggested that individual drug metabolism and drug-drug interactions may be involved in the variability of the response to lumacaftor-ivacaftor [START_REF] Schneider | Cytochrome P450 3A4 induction: lumacaftor versus ivacaftor potentially resulting in significantly reduced plasma concentration of ivacaftor[END_REF]. In an attempt to understand the variability of the pharmacological rescue, blood samples provided by the patients involved in our study were analyzed for residual and peak concentrations of lumacaftor, ivacaftor and its metabolites. The timepoints were selected based on the EMA and FDA reports with median (range) time at 4 (2-9) hours for the maximum concentration of lumacaftor (tmax), and 4 (2-6) hours for ivacaftor when given as Orkambi, [START_REF]ORKAMBI (ivacaftor/lumacaftor) European medicines agency[END_REF]. Unexpectedly, we found that drug levels were not related to clinical status or to CFTR biomarker modifications. To date, no exposure/response relationships have been reported for Kalydeco or Orkambi nor is it known whether the correlation between CFTR correction and clinical response is a prolonged or delayed effect. These findings underline the need to investigate the population pharmacokinetics of CFTR modulator in order to validate whether PK/PD variations or cytochrome interactions affect the clinical response of patients receiving lumacaftor-ivacaftor.

CFTR genetics and complex allele

Our results, showing additional exonic variants in 4 patients, highlight the importance of comprehensive genetic CFTR studies for patients treated with CFTR modulators. These complex alleles were already described for clinical phenotype variation [START_REF] Claustres | CFTR-France, a national relational patient database for sharing genetic and phenotypic data associated with rare CFTR variants[END_REF][START_REF] Vecchio-Pagán | Deep resequencing of CFTR in 762 F508del homozygotes reveals clusters of non-coding variants associated with cystic fibrosis disease traits[END_REF]. I203I was found to enhance exon 6 skipping in vitro, which could explain the mild response in patient 3.

No effect on CFTR splicing, protein maturation or response to lumacaftor was shown associated with I1027T [START_REF] Baatallah | Cis variants identified in F508del complex alleles modulate CFTR channel rescue by small molecules[END_REF] which is confirmed by the fact that this variant was found both in responder and non-responder patients. In contrast, F87L;F508del;I1027T CFTR did not respond to lumacaftor in vitro, in concordance to the lack of response observed for patient 4.

These results emphasize the importance to investigate additional variants in cis of the main mutation which could affect corrector efficacy.

Conclusion

This is the first real-life study to highlight factors involved in the variability of the response to lumacaftor-ivacaftor therapy in F508del homozygous patients. Mechanisms of non response to CFTR modulators encompass probably a combination of many factors which not only include restoration of CFTR activity and transepithelial ion transport but also antiinflammatory effect which might be unraveled at longer term. Importantly, our data suggest that trough and peak drug concentrations are not directly involved in the pattern of response.

This points to the necessity to investigate larger cohort to further determine the mechanisms of non response. Finally, although CFTR in vivo bioassays were improved, their high intrinsic variability makes them not reliable to predict treatment efficacy. This highlights that currently available surrogate biomarkers and clinical outcome markers are not able to predict reliably short term benefit. These observations point to the need for validation of novel surrogate biomarkers of the clinical response to CFTR modulators. Ivacaftor concentration at 4 hours ingestion (µg/ml) ρ=0.17; p=0.46 ρ=0.005 ; p=0.98 ρ=0.1; p=0.66 ρ=0.14; p=0.66 
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Table 1 .Patients demographics and characteristics at baseline and after 6 months of treatment.

 1 Values are presented as n (%) or mean (SEM). Comparison for quantitative variables by paired t test for samples > 30 or paired signed test alternatively. Comparison by χ 2 test and Fisher test for qualitative variables. Number of patients are indicated if less than n=36.

	Baseline	6 months	P

β adrenergic sweat rate (kg water loss/m²/h)

This VX-809 corrector effect is abolished for I2027T-L87F-F508del-CFTR as shown by the absence of a band C and the presence of a core glycosylated immature band B at 150kD.
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