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Cystic-fibrosis-related diabetes (CFRD) represents one of the most frequent extra pulmonary complications of CF. It is associated with worse clinical outcomes and higher mortality rates [START_REF] Kerem | Factors associated with FEV1 decline in cystic fibrosis : analysis of the ECFS Patient Registry[END_REF][START_REF] Chamnan | Diabetes as a Determinant of Mortality in Cystic Fibrosis[END_REF].

At the physiopathology level, CFRD is a complex disease combining impaired insulin secretion with insulin resistance. Insulin secretion is determinant in the glucose tolerance abnormalities in CF. Several factors contribute to insulin insufficiency: fibrosis destruction of the pancreas, intra islet inflammation, oxidative stress, and decrease in the incretin hormones release [START_REF] Moheet | CF-related diabetes: Containing the metabolic miscreant of cystic fibrosis[END_REF]. Other experimental studies demonstrated a CFTR activity at the beta cell surface and that inhibition of CFTR increases cell apoptosis and leads to a decrease in insulin secretion [START_REF] Edlund | CFTR and Anoctamin 1 (ANO1) contribute to cAMP amplified exocytosis and insulin secretion in human and murine pancreatic betacells[END_REF].

Lumacaftor-ivacaftor is a combined CFTR-modulating therapy including a corrector (lumacaftor) and a potentiator (ivacaftor) of the cystic fibrosis transmembrane conductance regulator (CFTR). This combination was studied in CF patients homozygous for the Phe508del CFTR mutation, causing improved respiratory and nutritional status [START_REF] Wainwright | Lumacaftor-ivacaftor in patients with cystic fibrosis homozygous for Phe508del CFTR[END_REF].

Only two clinical studies on a short follow-up, including small number of patients, investigated the influence of lumacaftor-ivacaftor on glucose metabolism and insulin secretion in CF [START_REF] Thomassen | Effect of lumacaftor/ivacaftor on glucose metabolism and insulin secretion in Phe508del homozygous cystic fibrosis patients[END_REF][START_REF] Li | Continuous glucose monitoring in youth with cystic fibrosis treated with lumacaftor-ivacaftor[END_REF]. It is still debated whether modulating therapies might improve glucose tolerance abnormalities in CF.

Therefore, we investigated in an observational prospective study, the impact of 1year lumacaftor-ivacaftor treatment on glucose tolerance abnormalities in 40 CF patients. Metabolic evaluations: Glycemia, C-peptide, and insulin plasma levels were measured at 0, 60, and 120 minutes, after drinking a glucose solution of 1.75g/Kg (maximally 75g). Insulin and FT4C peptide were measured by using electrochemiluminescence (ECL) technology for immunoassay with the fully automated Cobas e 601 analyzer (Roche Diagnostics). Insulin and C peptide measures were not centralized. Patients were classified according to OGTT glycemia at two hours (2h): normal glucose tolerance (NGT), glycemia at 2h <140mg/dL; impaired glucose tolerance (IGT), 140 mg/dL ≤glycemia at 2h<200mg/dL; CFRD, glycemia at 2h ≥200mg/dL. Improved glucose tolerance was defined by a change in glucose tolerance status: IGT to NGT, CFRD to NGT or IGT.

Patients and Methods

CF patients homozygous for the

Nutritional status: Nutritional status was evaluated using body mass index (BMI) and albuminemia (g/L).

Lung function: Spirometry, with FEV1 and FVC measurements (Vmax spirometer, VIASYS, Healthcare Respiratory Technologies, Canada), was performed, with values adjusted in percentage according to age, gender, height, and weight as recommended by European Respiratory Society (ERS) and North American Thoracic Society guidelines. The intravenous antibiotic courses within one year were quantified for each subject. 

Results

From June 2016 to April 2018, 69 CF patients were enrolled, 55 treated with lumacaftor-ivacaftor. Seven patients experienced lumacaftor-ivacaftor intolerance, with early treatment discontinuation after 1 month, while seven declined the treatment after the enrollment. 15 patients were excluded of the study due to missing data at OGTT realized at baseline or after one year of treatment. Only 40 patients having two complete OGTT at baseline and one year were analyzed.

Patients were 24 years old on average with an age distribution of 12 to 61 years. 9 patients were under 18 years. Characteristics of 40 patients included in the study were comparable to the 29 excluded patients excepted for the fasting glycemia: 84 (79-94) vs 91 (81-105) mg/dL (p=0.064) and number of IV antibiotic cures: 2 (1-4) vs 1 (0-2) respectively (p=0.001).

Glucose tolerance abnormalities at 1 year: Before treatment, 78% (n=31) patients had glucose intolerance and 22% (n=9) CFRD (Table 1) versus 50% (n=20) of patients displayed NGT, 40% (n=16) glucose intolerance, and 10% diabetes (n=4) after one-year lumacaftor-ivacaftor treatment (p <0.001). The change in glycemic status is listed in Figure 1. Overall, 57.5% (n=23) of patients improved their glucose tolerance. At baseline, BMI was lower in improved glucose tolerance group: 19.6 (17.9-21.6) versus 20.5 (18.7-22.3) kg/m 2 (p=0.012).

In the overall cohort (n=40), two-hour glucose was lower after one year of treatment [171 (153-197) to 139 (117-162) mg/dL (p <0.001)] (Figure 1A), but no differences in fasting or one-hour glucose were found. In the subset with improved glucose Metabolic parameters: After one-year lumacaftor-ivacaftor treatment, HbA1c and blood levels of fasting, 1-hour, and 2-hour C-peptide, and insulin at OGTT were not significantly changed (Table 1).

Nutritional parameters: After one-year lumacaftor-ivacaftor treatment in 40 patients, BMI and albuminemia significantly increased from 19.6 (17.9-21.6) to 20.5 (18.7-22.3) Kg/m 2 (p=0.012) and from 40.0 (37.1-42.0) to 42.0 (39.2-45.8) g/L (p <0.001), respectively (Table 1). Variations of nutritional parameters similar between baseline and after 1 year of treatment were in both improved and unimproved glucose tolerance groups.

Respiratory parameters: After one-year lumacaftor-ivacaftor treatment in 40 patients, FVC and FEV1 values significantly increased from 2.85 (2.53-3.72) L to 3.12 (2.69-4.23) L (p=0.004) and from 2.01 (1.44-2.28) L to 2.12 (1.70-2.72) L (p=0.002), respectively, with similar trends when FEV1 and FVC were expressed as % of predicted values. The percentage of patients who received at least one IV antibiotic course/year significantly decreased from 90% (n=36) to 72.5% (n=29) (p=0.025). In absolute values, the number of IV antibiotic courses/year tended to decrease from 2

(1-4) to 2 (0-3) (p = 0.067) (Table 1). Variations of respiratory parameters between baseline and after 1 year of treatment were similar in both improved and unimproved glucose tolerance groups.

Discussion

This prospective observational study demonstrated an improvement in metabolic status in CF patients with early AGT after one-year lumacaftor-ivacaftor treatment.

Only two small studies have reported lumacaftor-ivacaftor treatment's impact on glucose metabolism [START_REF] Thomassen | Effect of lumacaftor/ivacaftor on glucose metabolism and insulin secretion in Phe508del homozygous cystic fibrosis patients[END_REF][START_REF] Li | Continuous glucose monitoring in youth with cystic fibrosis treated with lumacaftor-ivacaftor[END_REF]. The first study consisted of an evaluation before and after 6-8-week lumacaftor-ivacaftor treatment in five CF patients homozygous for the Phe508del CFTR mutation [START_REF] Thomassen | Effect of lumacaftor/ivacaftor on glucose metabolism and insulin secretion in Phe508del homozygous cystic fibrosis patients[END_REF]. Two-hour OGTT glycemia decreased in three patients and worsened in two. The second study reported lower glycemic variability upon GCM at 6 months post-treatment in nine CF subjects with early AGT [START_REF] Li | Continuous glucose monitoring in youth with cystic fibrosis treated with lumacaftor-ivacaftor[END_REF]. Other small studies reported a positive effect of ivacaftor on glucose metabolism in CF patients with G551D or Delta F508/S549R mutations [START_REF] Bellin | Insulin secretion improves in cystic fibrosis following ivacaftor correction of CFTR: a small pilot study[END_REF][START_REF] Hayes | Resolution of cystic fibrosis-related diabetes with ivacaftor therapy[END_REF][START_REF] Tsabari | CFTR potentiator therapy ameliorates impaired insulin secretion in CF patients with a gating mutation[END_REF][START_REF] Mutyam | Therapeutic benefit observed with the CFTR potentiator, ivacaftor, in a CF patient homozygous for the W1282X CFTR nonsense mutation[END_REF][START_REF] Kelly | Islet Hormone and Incretin Secretion in Cystic Fibrosis Following 4-months of ivacaftor Therapy[END_REF][START_REF] Dagan | Ivacaftor for the p.Ser549Arg (S549R) gating mutation The Israeli experience[END_REF].

In our analysis, we could not exclude any impact of the natural disease history, although various longitudinal studies have reported spontaneous improvements in glucose tolerance, as well as improvements in patients' nutritional status and respiratory function, in CF patients, owing to the natural disease history [START_REF] Scheuing | High variability in oral glucose tolerance among 1,128 patients with cystic fibrosis : a multicenter screening study[END_REF]. On the other hand, it is impossible to exclude lumacaftor-ivacaftor's role in improving glucose tolerance in our treated patients. CFTR mRNA and protein expression in human and murine β-cells have been documented in several studies [START_REF] Olivier | Abnormal endocrine pancreas function at birth in cystic fibrosis ferrets[END_REF][START_REF] Guo | Glucoseinduced electrical activities and insulin secretion in pancreatic islet beta-cells are modulated by CFTR[END_REF], with a direct functional role of CFTR in the regulation of glucose-stimulated insulin secretion demonstrated in islets and isolated β-cells [START_REF] Hart | Cystic fibrosis-related diabetes is caused by islet loss and inflammation[END_REF][START_REF] Ntimbane | CFTR silencing in pancreatic β-cells reveals a functional impact on glucosestimulated insulin secretion and oxidative stress response[END_REF].

In line with the initial randomized study that assessed the lumacaftor-ivacaftor treatment effects on respiratory and nutritional status in CF [START_REF] Wainwright | Lumacaftor-ivacaftor in patients with cystic fibrosis homozygous for Phe508del CFTR[END_REF], along with a real-life study [START_REF] Burgel | Real-life safety and effectiveness of lumacaftor-ivacaftor in patients with cystic fibrosis[END_REF], our data clearly revealed a positive lumacaftor-ivacaftor treatment impact on nutritional and pulmonary parameters. After one-year lumacaftor-ivacaftor treatment in 40 patients, we observed a significant increase in BMI and albuminemia levels, reflecting an improved nutritional status, as well as a decrease in percentage of patients who received at least one IV antibiotic course/year. Pulmonary function was similar before and after treatment, demonstrating the absence of any decline upon follow-up. However, any difference in respiratory and nutritional parameters was observed between patients having or not improved their glucose tolerance.

We chose to investigate CF patients with early AGT, i.e., glucose intolerance or newly diagnosed diabetes. According to our hypothesis, lumacaftor-ivacaftor treatment was more likely to impact beta cell function at this stage. Indeed, 1-hour OGTT glycemia, an earliest sign of glucose tolerance abnormalities in CF significantly decreased in improved glucose tolerance group. There was no difference in the one-and two-hour OGTT C-peptide and insulin values between preand post-treatment. No significant effect was observed on acute insulin secretion in a small study involving five patients receiving lumacaftor-ivacaftor treatment for 8 weeks [START_REF] Bellin | Insulin secretion improves in cystic fibrosis following ivacaftor correction of CFTR: a small pilot study[END_REF]. Kelly et al. evaluated glucose tolerance in CF patients with three different tests: OGTT, mixed meal tolerance test, and glucose-potentiated arginine test [START_REF] Kelly | Islet Hormone and Incretin Secretion in Cystic Fibrosis Following 4-months of ivacaftor Therapy[END_REF].

Among the tests to evaluate insulin secretion, OGTT is considered a good tool to define the glucose tolerance status, yet not appropriate for quantifying insulin secretion. Furthermore, the modeling of insulin secretion and insulin sensitivity was not realized in our study due to the difficulty to evaluate insulin secretion only with the insulin values of the three points of the OGTT.

The first limitation of our study is its relatively small patient number. Our study began in June 2016, at a time when the French regulatory authorities authorized lumacaftor-ivacaftor treatment's reimbursement. Despite our attempts to recruit more patients, in our CF center, lumacaftor-ivacaftor treatment was initiated so rapidly in eligible patients that it became difficult to recruit patients not yet on lumacaftorivacaftor treatment to obtain pre-treatment glycemic data. The second limitation is the large number of patients who did not contribute to follow-up data: 15 patients with missing data at OGTT and 14 patients who declined or did not tolerate lumacaftorivacaftor. Nevertheless, our study involved 40 patients, the largest number of CF patients so far reported in comparison with two other studies [6,7] 

Legends of Figures

  Phe508del CFTR mutation aged ≥12 years were consecutively included in this observational, prospective, multicenter study involving 10 French sites (Strasbourg, Lyon, Reims, Giens, Marseille, Tours, Angers-Le Mans, Paris, Rouen, Montpellier) CF diagnosis was based on clinical features and positive CF genotyping. At study initiation, patients were lumacaftor-ivacaftor treatment-naïve and enrolled because of abnormal OGTT, exhibiting glucose intolerance or newly diagnosed diabetes (ADA criteria). Patients with fasting hyperglycemia or treated with insulin were excluded of the study. Following one-year lumacaftor-ivacaftor treatment, pulmonary function and nutritional/metabolic status were evaluated, with two-hour OGTT glycemia as primary endpoint. The protocol was approved by local ethics committees, each patient/legal representative providing written informed consent. ClinicalTrial.gov Identifier: NCT03512119.

  Statistical analyses: Descriptive statistics were expressed as medians and interquartile ranges or numbers and proportions. For baseline and one-year values, we compared medians by the Wicoxon rank test. Categorical variables were compared using the chi-squared test. Statistical significance was set at p-values <0.05.

  tolerance, both one-and two-hour glucose improved [191 (173-214) vs 170 (154-192)179 ± 36 mg/dL (p <0.03) and 174 (157-197) vs 118 (11-131)123 ± 22 mg/dl (p<0.001), respectively]. In contrast, one-hour glucose worsened [191 (173-204)192 ± 44 to 214 (173-244) mg/dL (p<0.02)] in the subset of participants whose glucose tolerance did not improved (Figure 2B, C).

  . The third limitation concerns the non-randomized design. Since beneficial lumacaftor-ivacaftor treatment effects had convincingly been demonstrated in CF and in the absence of other treatments, randomization with a placebo would have been unethical. As such, we conducted an observational, prospective study, including only patients who were treatment-naïve. Strengths of this study are use of real-world data and inclusion of fasting, one-hour and two hour glucose tolerance test results.In conclusion, a positive lumacaftor-ivacaftor treatment impact was demonstrated in CF patients with early AGT. Larger longitudinal studies are needed to better define the role of CFTR modulators in CF.
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Figure 1 :

 1 Figure 1: Evolution of glycemic status after one year of treatment with lumacaftor-Ivacaftor. Abbreviations: NGT normal glucose tolerance, IGT impaired glucose tolerance, CFRD cystic fibrosis-related diabetes.

Figure 2 :

 2 Figure 2: OGTT glucose values at baseline and after 1-year follow-up (A) in lumacaftor-ivacaftor group (n=40) (B) in improved glucose tolerance treated group (n=23) (C) in unimproved glucose tolerance treated group (n=17). The black boxplots represent the patients at baseline and the gray ones after a year of treatment. ** : p<0.01; *** : p<0.001
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 12 Figure 1: Evolution of glycemic status after one year of treatment with lumacaftor-ivacaftor. Abbreviations : NGT normal glucose tolerance, IGT impaired glucose tolerance, CFRD cystic fibrosis-related diabetes.

Table 1 :

 1 Comparison of nutritional, metabolic and respiratory parameters in lumacaftor-ivacaftor group at baseline and after 1-year follow up. Abbreviations: OGTT: oral glucose tolerance test; CRFD: cystic fibrosis related diabetes; BMI: body mass index; FEV1: forced expiratory volume in 1sec.; FVC: forced vital capacity. Values are given as medians and interquartile ranges or absolute numbers and percentages as appropriate.

				lumacaftor-ivacaftor	p value
				group after one year
			n=40)	(n=40)
	age (years )	24 ±10	
	Male /Female(n)	20/20	
	Glucose tolerance subgroups			<0.001
	(OGTT) :		
	-	Normal n (%)	0	20 (50)
	-	Intolerance n (%)	31 (78)	16 (40)
	-	CFRD n (%)	9 (22)	4 (10)
	BMI (Kg/m²)	19.6 (17.9-21.6)	20.5 (18.7-22.3)	0.012
	HbA1C (%)	5.7 (5.5-6.0)	5.8 (5.5-6.0)	ns
	Albumin (g/l)	40.0 (37.1-42.0)	42.0 (39.2-45.8)	<0.001
	Fasting plasma glucose	84 (79-94)	88 (80-93)	ns
	(mg/dL)		
	1-Hour OGTT blood glucose	191 (174-209)	182 (160-229)	ns
	(mg/dL)		
	2-Hour OGTT blood glucose	171 (153-197)	139 (117-162)	<0.001
	(mg/dL)		
	Fasting insulin (mUI/L)	4.7 (2.4-8.6)	4.8 (2.7-6.6)	ns
	1-Hour OGTT insulin (mUI/L)	24.0 (12.9-34.0)	31.4 (17.9-41.6)	ns
	2-Hour OGTT insulin (mUI/L)	37.4 (20.0-62.3)	40.2 (21.4-51.8)	ns
	Fasting plasma C-peptide (µg/L)	1.2 (1.0-1.5)	1.4 (1.0-1.7)	ns
	1-Hour OGTT C-peptide (µg/L)	4.2 (3.5-6.6)	5.6 (3.9-6.2)	ns
	2-Hour OGTT C-peptide (µg/L)	8.4 (6.2-11.1)	7.6 (6.0-10.2)	ns
	FEV1 (L)	2.01 (1.44-2.28)	2.12 (1.70-2.72)	0.002
	FEV1 (% of predicted)	61 (48-78)	68 (49-80)	0.03
	FVC (L)	2.85 (2.53-3.72)	3.12 (2.69-4.23)	0.004
	FVC (% of predicted)	80 (70-90)	85 (69-98)	ns
	FEV1/FVC (%)	65.1 (57.5-73.6)	66.0 (57.7-74.9)	ns
	IV antibiotic courses/year:			0.025
	Number of patients: n, (%):		
	-	Without any	4 (10)	11 (27.5)
	-	With at least one course/year	36 (90)	29 (72.5)
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