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Abstract 


Prior to the use of Cystic Fibrosis (CF) modulator therapy, exocrine pancreatic insufficiency in CF was thought to be irreversible.  Improvement in pancreatic function on ivacaftor has been reported in open label studies in 1-5 year olds.  The mechanism by which ivacaftor might improve exocrine pancreatic function is unclear.  Although the effect of ivacaftor on pancreatic function may be more significant in younger children, evidence is mounting that there may still be potential for improvement in older children on long term therapy.  




[bookmark: _Hlk29197277]Studies of the CFTR modulator ivacaftor in young children aged 1-5 years have reported an improvement in exocrine pancreatic function, shown by an increase in mean human faecal elastatse-1 (FE-1), with between 26 and 67% of children becoming exocrine pancreatic sufficient (FE-1 >200 g/g)(1-3).  The long-term effect of ivacaftor on exocrine pancreatic function in older children is not well described.  We present a case of a teenager who regained exocrine pancreatic function after 7 years on ivacaftor and a summary of exocrine pancreatic function changes in 21 children taking ivacaftor in a single UK clinic.

A female infant was born at term following an uneventful pregnancy.  She was re-admitted to hospital 2 days later with meconium ileus and underwent a laparotomy and washout.  CF was confirmed on genetic testing (genotype: Phe508del/Gly551asp).  FE-1 was <15 g/g and faecal microscopy showed moderate number of fat globules consistent with exocrine pancreatic insufficiency and malabsorption.  She was therefore commenced on pancreatic enzyme replacement therapy (PERT).

At 10 months old she isolated Pseudomonas aeruginosa for the first time and received eradication treatment.  At 18 months, she presented with subacute obstruction and underwent a further laparotomy for removal of adhesions.  During her pre-school years there was intermittent concern regarding poor weight gain and abdominal pain.  She received several courses of oral antibiotics and intermittent intravenous (IV) antibiotics for respiratory exacerbations.  By 5 years of age her forced expiratory volume in 1 second (FEV1) was 74%, forced vital capacity (FVC) 74% and her lung clearance index (LCI) was 10.8.  Her ventilation scan showed a left middle zone abnormality.	Comment by Andy Jones: define	Comment by Andy Jones: define

She was commenced on ivacaftor aged 7 years, initially as part of a clinical trial.  At this time her FE-1 remained at <15 g/g.  Her average PERT requirement was 12,254 lipase units/kg/day.  Clinically, her lung function improved and she had no admissions for IV antibiotics for 2 years.  Her sweat chloride remained between 11-17 mmol/l on ivacaftor treatment. Aged 12 years, she started a clinical trial of tezacaftor/ivacaftor for 1.5 years.  After stopping tezacaftor she continued on ivacaftor, her lung function declined and she had difficulty with adherence to physiotherapy and taking medication. She started missing PERT doses with no overt symptoms and at age 14 years her FE-1 was found to be >500 g/g, consistent with normal exocrine pancreatic function.  Her PERT was weaned and stopped completely with no adverse effects.  She has continued to gain weight and has a normal bowel habit and stool consistency after stopping PERT 12 months ago (see Figure 1).  Her last FEV1 was 91.4%, FVC was 104.5% and LCI was 7.76. 

In our cohort of 21 children on ivacaftor (for both clinical use and following initiation during clinical trials) 4 were exocrine pancreatic sufficient before and after starting ivacaftor.  Ten were exocrine pancreatic insufficient before and have remained exocrine pancreatic insufficient.  Seven out of 17 patients who were exocrine pancreatic insufficient before starting ivacaftor have become exocrine pancreatic sufficient on treatment (41%).  Of these 7 patients, 5 were older than 6 years when they became exocrine pancreatic sufficient.  The mean age of starting ivacaftor for these 5 patients was 6 years (4-7 years).  The mean absolute increase in FE-1 was 299 g/g (197-485 g/g) and the mean time to exocrine pancreatic sufficiency was 5 years (3-7 years).  Two of the 5 patients have stopped PERT and 3 have reduced their doses and are continuing to wean treatment.  Figure 2 shows FE-1 of the 5 older patients who have converted from severe exocrine pancreatic insufficiency to exocrine pancreatic sufficient.	Comment by Carr Siobhan: In an ideal world I would like to just present the older children converting	Comment by Carr Siobhan: Are you happy with dropping the number? It was to fit with the title a bit more….I do not mind if you would prefer all 7 to remain in

CF was first distinguished from coeliac disease by Dorothy Anderson in 1938 and derives its name from the abnormal fibrosis and cysts found in the pancreas on autopsy(4).  Early obstructive destruction of the pancreas starts in utero and is caused by the collection of secretory material within dilated ducts causing destruction of acinar tissue(5). In the case described presentation was with meconium ileus and exocrine pancreatic insufficiency was already established. It is thought that only 1-2% residual pancreatic function is required to maintain exocrine pancreatic sufficiency(6).  CF patients with two class I, II or III CFTR variants are usually exocrine pancreatic insufficient whereas those patients with one or two class IV or higher CFTR variants tend to be exocrine pancreatic sufficient at birth(7).  FE-1 is a good marker of exocrine pancreatic function.  It is 98-100% sensitive and 93-100% specific with the cut off of <200g/g(8).

Ivacaftor was the first CFTR potentiator therapy available to CF patients worldwide.  It increases CFTR channel opening in those with the Gly551asp mutation and other Class III gating mutations(9). In 2011, the first randomized, double-blind, placebo-controlled trial of Ivacaftor in CF patients with the Gly551asp mutation found an improvement in FEV1, decrease in  concentration of sweat chloride, decrease in pulmonary exacerbations and symptoms and an increase weight and quality of life(10).  This study did not look at the effect of ivacaftor on pancreatic function.  However, more recent studies looking at ivacaftor in younger children did evaluate the effect of ivacaftor on FE-1. (1-3)

The KIWI study was an open label, multicenter, phase 3 study looking at ivacaftor in 34 CF patients aged 2-5 years with a CFTR gating mutation(1).  Improvements in sweat chloride were seen similar to studies of older children on ivacaftor.  At baseline, 26 patients were exocrine pancreatic insufficient (<200 g/g) and 1 was exocrine pancreatic sufficient (>200 g/g).  After 24 weeks on ivacaftor, 24 were exocrine pancreatic insufficient and 7 exocrine pancreatic sufficient.  There was a mean absolute increase FE-1 99.8 (138.4) g/g and 26% children had a FE-1 >200 g/g at least once in the course of study.

The KLIMB study was an open-label, single arm extension of the KIWI study(2).  Thirty-three children from KIWI enrolled into KLIMB.  Improvements in sweat chloride, weight and body mass index (BMI) were maintained.  There were 17 children who had a paired baseline and 84 week FE-1.  At week 84, the mean absolute increase in FE-1 was 128.8 (45.7, 211.9) g/g.  One in 17 (6%) children were exocrine pancreatic sufficient at KIWI baseline and 6 of 17 (35%) children were exocrine pancreatic sufficient at 84 weeks. 	Comment by Andy Jones: define

The ARRIVAL study was a phase 3, single arm, multicentre study of 19 children aged 12 to < 24 months with CF and a CFTR gating mutation(3).  A reduction in sweat chloride and growth measures were maintained throughout the study. Eleven children were exocrine pancreatic insufficient at baseline (FE-1 <200 g/g) .  Of these 11 children, 9 had a paired baseline and 24 week FE-1.  At 24 weeks, 6/9 were exocrine pancreatic sufficient with a FE-1 >200 g/g.  The mean absolute change FE-1 164.7 (151.9) g/g.  No child who was sufficient at baseline became exocrine pancreatic insufficient.  Increases in FE-1 were observed by week 2 and sustained to week 24.

These studies, despite having small sample sizes, suggest that CFTR modulators could alter the natural progression of pancreatic dysfunction in patients with CF.  They challenge the traditional theory that the pancreas is irreversibly damaged in utero and early life and provide evidence that ivacaftor could have a positive and protective effect on pancreatic exocrine function.

This year there have been two case reports published of children greater than 6 years of age (6 and 10 years) who have converted from exocrine pancreatic insufficient to exocrine pancreatic sufficient after up to 4 years of ivacaftor treatment(11-12). Both presented with abdominal pain and an element of pancreatitis, unlike our case it appears one had some residual exocrine pancreatic function demonstrated in infancy (FE-1 83g/g )  it is unclear whether the second case also had residual function. An earlier case report of a child with a late CF diagnosis, reported some return of exocrine pancreatic function after 6 months on ivacaftor at 6.5 years of age(13).  Our case describes a 14-year-old girl with absent exocrine pancreatic function demonstrated over 7 years, who became exocrine pancreatic sufficient after 7 years of treatment with ivacaftor. This is the oldest and latest a patient has become exocrine pancreatic sufficient after starting ivacaftor in the literature.  Exocrine pancreatic sufficiency has been sustained with no requirement for PERT.  Four of the five older cases in our series have all also demonstrated absent FE-1 levels of <15 g/g and one with FE-1 of 50 g/g. No extension study of ivacaftor has evaluated FE-1 beyond 84 weeks and further studies are needed to determine whether improvement in exocrine pancreatic function is sustained with long term treatment.

Another retrospective cohort analysis of 28 CF patients receiving ivacaftor over a 1 year period, found a significant decrease in the amount of PERT, increase in BMI and improvement in FE-1 (107  80.8 g/g)(14).  Forty-three percent of the patients reached exocrine pancreatic sufficiency (FE-1 >200 g/g).  A further series of 4 CF patients (Phe508del/Gly551asp) aged 6-14 years, who were taking ivacaftor for mean duration of 24 months (range: 12-30 months) found that the weight-adjusted dose of lipase per kg decreased progressively and significantly in all 4 patients(15).  There was a 39.5% reduction in dose in 3 of the 4 patients.

Other studies of the combination of lumacaftor/ivacaftor and tezacaftor/ivacaftor have also shown a trend towards improvement in FE-1(16,17).  A 24 week open label phase 3 study of 60 children aged 2-5 years on lumacaftor/ivacaftor showed a mean absolute change FE-1 from baseline of 52.6 g/g  (95% CI 22.5-82.7).  All children (n=48) were exocrine pancreatic insufficient (FE-1 <200 g/g) at baseline.  However, 3/48 (6%) were exocrine pancreatic sufficient after 24 weeks of treatment.  During the 2 week wash-out period at the end of the study, FE-1 rapidly reversed towards baseline in most children.  Although this study has a small sample size and lacks a control group, it provides further evidence of the possibility of dynamic changes in exocrine pancreatic function in CF patients on modulator therapy.

Little is known about the variability of an individual’s faecal elastase levels over time.  A series of 4 CF patients classified as exocrine pancreatic insufficient (FE-1 <100 g/g) at birth were found be exocrine pancreatic sufficient with stable FE-1 levels >200 g/g 2-6 years later allowing them to stop PERT(18).  Three of the four children had at least one CFTR mutation conferring residual function but none were on CF modulator therapy.  Although this is a small cohort it suggests that further studies are needed looking at pancreatic function variability in CF patients and that closer long-term monitoring of FE-1 maybe beneficial. Interestingly, in the ARRIVAL cohort 8 of 19 infants were exocrine pancreatic sufficient at baseline, the baseline age for this study was 12-24 months suggesting pancreatic function in children with a gating mutation may be more preserved than originally thought.

Serum immunoreactive trypsinogen (IRT) is used in CF newborn screening as a surrogate marker of pancreatic stress and damage with high levels suggesting pancreatic insult or ductal obstruction.  Levels of IRT were measured in the KIWI, KLIMB and ARRIVAL studies and all three studies saw a mean absolute decrease in IRT levels from baseline to 24-84 weeks on ivacaftor -20.7 (24.0) ng/mL, -15.9 (25.2) ng/mL, - 647.1 (339.3) ng/mL respectively(1-3).  In future studies of exocrine pancreatic function in CF patients, measuring FE-1, IRT, amylase and lipase may help us understand the protective effect of ivacaftor on the pancreas3.

Despite improvement in exocrine pancreatic function in younger children on ivacaftor, there is little reported about the long-term effects in older CF patients.  Although there have been case reports and series of older children with dynamic changes in exocrine function, no large studies have looked at the long term effect of ivacaftor in this population.  Although the effect of ivacaftor on pancreatic function may be more significant in younger children, there may still be potential for improvement in older children on long term therapy. It took 7 years for our case to reach exocrine pancreatic sufficiency, CFTR modulators are still in their infancy and the effect of the newer generations on pancreatic function over time is still to be revealed.  Pancreatic function could be more dynamic than previously thought and closer monitoring of FE-1, IRT, amylase and lipase in CF patients on modulator therapy may aid adjustments in the PERT dosing and contribute to more personalised care to patients.  Further research and longitudinal studies are needed to determine whether CFTR modulation can improve and sustain pancreatic function in older children and adults.
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Figure 1:  Average requirement of pancreatic enzyme replacement therapy (PERT) over time for index case.	Comment by Carr Siobhan: Can you get rid of the day month format? Maybe go for month/year only in the graph

















Figure 2: Concentration of FE-1 in patients on ivacaftor converting from pancreatic insufficient to sufficient greater than 6 years old.
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