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Abstract

:

Patients with cystic fibrosis (CF) are prone to malnutrition and growth failure, mostly due to malabsorption caused by the derangement in the chloride transport across epithelial surfaces. Thus, optimal nutritional care and support should be an integral part of the management of the disease, with the aim of ameliorating clinical outcomes and life expectancy. In this report, we analyzed the nutrition support across the different ages, in patients with CF, with a focus on the relationships with growth, nutritional status, disease outcomes and the use of the CF transmembrane conductance regulator (CFTR) modulators. The nutrition support goal in CF care should begin as early as possible after diagnosis and include the achievement of an optimal nutritional status to support the growth stages and puberty development in children, that will further support the maintenance of an optimal nutritional status in adult life. The cornerstone of nutrition in patients with CF is a high calorie, high-fat diet, in conjunction with a better control of malabsorption due to pancreatic enzyme replacement therapy, and attention to the adequate supplementation of fat-soluble vitamins. When the oral caloric intake is not enough for reaching the anthropometric nutritional goals, supplemental enteral feeding should be initiated to improve growth and the nutritional status. In the last decade, the therapeutic possibilities towards CF have grown in a consistent way. The positive effects of CFTR modulators on nutritional status mainly consist in the improvement in weight gain and BMI, both in children and adults, and in an amelioration in terms of the pulmonary function and reduction of exacerbations. Several challenges need to be overcome with the development of new drugs, to transform CF from a fatal disease to a treatable chronic disease with specialized multidisciplinary care.
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1. Introduction


Cystic fibrosis (CF) is a progressive genetic disease that causes persistent lung infections and limits the ability to breathe over time [1]. CF is also the most common life-shortening autosomal recessive disease [2,3]. CF is caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, located at 7q31.2, which encodes the CFTR protein. This mutation leads to the absent or decreased function of the CFTR protein at the cell surface [4]. Currently, over 1900 CFTR mutations have been identified, the most common being a deletion at position 508, annotated as F508del [5,6,7]. Since specific mutations cause dysfunctions in the CFTR protein in various ways, six different classes have been defined to categorize the nature of the protein’s dysfunction. Classes I, II and III (defective protein production, defective processing and defective regulation) have more severe disease phenotypes and are more strongly associated with pancreatic insufficiency (PI) [5,6,7]. Indeed, the lack of the adequate functioning of the CFTR protein causes a disruption of the transport of sodium and chloride ions across cell membranes, leading to thickened mucus secretions in organs throughout the body, including the lungs, liver, pancreas, gallbladder and intestines [8,9,10]. In the lungs, thickened mucus adheres to the airway surfaces, which leads to a reduction of the mucociliary clearance, and to an increased risk of inflammation and infection. In the pancreas, thickened secretions obstruct the intra-pancreatic ducts, reducing the delivery of digestive enzymes to the intestines and impairing the absorption of key nutrients [10]. Intestinal malabsorption, in combination with an increased metabolic demand to achieve homeostasis, leads to challenges in providing an adequate nutritional intake. Thus, CF patients are prone to malnutrition, vitamin deficiencies and poor growth, in addition to the pulmonary manifestations [11,12]. For this reason, nutritional management is a fundamental part of the multidisciplinary approach of the patient with CF, at all ages [13,14]. The target of nutritional management is to reach and maintain an optimal nutritional status; advances in both pulmonary and nutritional management reached in recent years have helped to improve the nutritional status of patients with CF [13,14].



Newborn screening has had a profound impact on nutrition outcomes. As a matter of fact, infants diagnosed with CF via newborn screening, and children introduced to nutritional therapy at an earlier age, have a greater growth than those diagnosed later in infancy and childhood [15]. In this narrative review of the literature, we analyzed the current evidence in the field of CF and nutrition in children. This review was carried out by the Emilia-Romagna Regional Center for Cystic Fibrosis at the Pediatric Clinic at the University of Parma, Parma, Italy. Systematic searches were performed in PubMed, Cochrane Library, Google Scholar and ClinicalTrials.gov up, to July 2022. Language was restricted to English. Search terms included cystic fibrosis (CF), nutrition, enteral nutrition, parenteral nutrition and CFTR modulators, in combination with neonate, newborn, infant and preterm infant. Case reports, case series, original research studies, review articles, letters to the editor, randomized controlled trials (RCTs), non-RCTs and cohort studies (prospective or retrospective) were included.




2. Pathogenesis of Malnutrition in Cystic Fibrosis


There is a strong association between nutritional status and clinical outcomes in CF patients. In children with CF, malnutrition and poor lung function are the main sources of morbidity. Previous studies found a link between fat absorption and pulmonary outcomes: children who had steatorrhea had more severe symptoms, a higher sweat chloride and an overall worse prognosis than children who had a normal fat absorption [15,16]. The respiratory status and survival in children and adults inversely correlate with the degree of malnutrition, including short stature, lower weight and body mass index (BMI) [17,18]. Lung function at older ages is also associated with the nutritional status in toddlerhood and childhood [19,20,21,22]. Ashkenazi et al. found that a BMI z-score < −0.75 at 10 years of age was associated with a higher rate of lung transplantation in adulthood [22].



One of the first systems that shows symptoms of CF-related disease is often the gastrointestinal tract (GI). The GI symptoms, in fact, can be present even in utero or precede the pulmonary symptoms. In the association between malnutrition and CF, several factors are involved: a lower energy intake, greater energy expenditure, higher essential fatty acid (EFA) turnover, endocrine and exocrine PI, enteric inflammation, bacterial overgrowth and impaired bicarbonate secretion [23,24,25,26,27,28]. Multiple GI tract abnormalities are involved as the cause of malabsorption, which is a multifactorial process. In patients with CF, the primary mechanism of malabsorption is the PI. Approximately 85% of patients with CF develop PI by the age of one [29]. The ductal obstruction is predisposed by the thickened secretions caused by impaired chloride and bicarbonate secretion. The obstructions in the pancreatic ducts damage the transport of the digestive enzymes and pancreatic bicarbonate to the intestinal lumen. This leads to exocrine PI, poor absorption of fat-soluble vitamins (A, D, E and K) and acidifies intestinal lumen [7,9,11]. This process could begin in utero and progress through the loss of acinar tissue, ductal fibrosis and disruption and, eventually, lead to the fatty transformation of pancreatic tissue. As mentioned before, the severity of the CFTR variant correlates with PI: patients with three severe variants (classes I, II and III) have an altered exocrine function early in life, often at birth, while patients with two mild CFTR variants (classes IV and V) or who are heterozygous for mild/severe variants are usually pancreatic sufficient (PS) at birth [30].



In patients with CF, intestinal acidification also contributes to malabsorption. The progressive destruction of the pancreas deprives the duodenum of pancreatic secretions rich in bicarbonate [31]. Multiple deleterious effects on absorption can result from an unbuffered intestinal acidification: first, lipase is irreversibly inactivated at a pH below 4.0 [31,32]; second, the coatings of most commercial pancreatic enzyme replacement therapy (PERT) preparations are resistant to degradation at an acidic pH; third, at a pH below 5.0, glycine-conjugated bile acids precipitate out of an aqueous solution, resulting in an impaired bile acid-mediated micellar formation and lipid absorption, which makes fat absorption very difficult [33].



Patients with CF can also have an abnormal motility throughout the GI tract [34]. The reduction of enteral consumption and thus nutrient and caloric intake, caused by poor motility, can impact nutrition. With regards to food consumed by mouth as well as by tube, the delayed gastric emptying in the stomach can lead to early satiety and limit enteral intake. In addition, delayed gastric emptying can be exacerbated by the higher fat diet recommended for CF patients. Because of this, interventions for delayed gastric emptying, such as prokinetic agents, should be considered on an individual basis. In patients with CF, the small bowel transit time is also delayed, but the clinical significance of this, as a pathogenetic factor of malnutrition, is unknown at this time [34]. One set of views proposes that thickened CF intestinal mucus overlies the epithelium and leads to an abnormal chyme-epithelium interface, causing the decreased absorption of nutrients [9,35,36]. Another hypothesis proposes that the abnormally thickened intestinal mucus causes the stasis of intestinal contents and serves as a biofilm, the combination of which leads to dysbiosis and frequent small bowel bacterial overgrowth (SBBO) [35,37,38]. Other studies have hypothesized, based on experiments on CF-mutant mouse models, that the intestinal smooth muscle itself develops dysmotility [39,40,41]. Even though the mechanism is not entirely clarified, it does not seem to be a direct effect of CFTR, but more likely related to a complex network involving a different expression in prostaglandins, possibly influenced by dysbiosis [39,40,41]. In the intestines of patients with CF, Brunner’s gland also presents an altered functioning, particularly where CFTR is highly expressed [9,37].



Furthermore, approximately 40% of people with CF are affected by gastroesophageal reflux disease (GERD), which is the most common GI complication of CF [42]. Dyspepsia, dysphagia, acid brush, heartburn and chest pain, which are the clinical symptoms for GERD, and a decreased appetite can limit food intake. Because of this, it is important to remember and recognize GERD as an important cause of malnutrition in people with CF [42]. Acid suppressors, used by clinicians for the treatment of GERD, are also used to potentiate the intestinal acidification, in an attempt to improve the PERT function and thus the absorption of nutrients [42,43].



Moreover, there are significant nutritional implications of CF-related liver disease (CFRLD), of which there are many different types [44]. Especially neonatal cholestasis, which is often the initial sign of CFRLD, affects nutrition. Cholestasis in CFRLD is likely due to the increased viscosity of the bile from CFRLD dysfunction [44]. Cholestasis, besides determining parenchymal inflammation and fibrosis through the reduction of the total bile acid content and overall concentration of bile in small intestines, also limits the amount of bile acids available for digestion. Because bile acids are required for lipase function, neonatal cholestasis can exacerbate fat malabsorption. All of these mechanisms can lead to a deficiency in fat-soluble vitamins, which is more severe than in patients without neonatal cholestasis [44].



Overall, these factors cause the marked malabsorption of nutrients and bile acids, the latter of which further contributes to a poor absorption of the fats and fat-soluble vitamins [37]. Moreover, the bile acid profile is associated with the severity of liver disease, with glycodeoxycholic acid (GDCA), which allows us to differentiate patients with non-cirrhotic liver involvement from those with no detectable liver disease [45]. Furthermore, the disorder of the fatty acid profile deepens in patients with liver diseases and cirrhosis and leads to other disorders of lipid metabolism and dyslipidemia [46,47,48,49]. Patients with CF have a reduced intestinal absorption of cholesterol and plasma sterol profile. It may be useful to evaluate the metabolic status of lipids of patients with CF, in order to help manage the pancreatic enzyme supplementation therapy [47].



Clearly, interventions to improve the nutritional status, such as supplemental feeding (enteral and parenteral), PERT and behavioral interventions to increase calories, have a positive impact on weight and consequently on the respiratory status [50,51,52,53,54,55,56,57,58,59]. The introduction of neonatal screening leads to an improvement in long-term growth, in a reduction of pulmonary exacerbations and in an increase in survival, thanks to an earlier introduction of nutrition intervention [15,60,61,62,63].




3. Nutritional Assessment in Cystic Fibrosis


As mentioned before, evaluation and management of the nutritional status of patients with CF have an impact on their clinical outcomes [10]. A correct evaluation begins with newborn screening. Indeed, this practice is supported by evidence that an early diagnosis and then prompt intervention are effective in determining a better quality of life and in improving the lung function and growth parameters [60,64,65]. Worldwide, there are different screening protocols for CF, all implying a first dosage of immunoreactive trypsinogen (IRT) on a newborn blood spot, then variably linked to an IRT repeat measurement, a CFTR mutations analysis, pancreatitis associated protein (PAP) evaluation and sweat test for chloride concentration [66,67].



3.1. Growth Parameters


Once CF is diagnosed, the assessment of anthropometric parameters reflecting the nutritional status are recommended as part of routine CF care, with the aim of achieving a nutritional condition comparable to that of healthy children [10]. The reference parameters utilized are different, depending on age and basal nutritional status [43]. For infants and children younger than two years of age, weight, height and weight-for-length percentiles should be used to evaluate growth [10,68]. The longitudinal growth trajectory should also be used as a benchmark [69]. A weight-for-length percentile equal to or greater than the 50th percentile, according to the Centers for Disease Control (CDC) growth charts [70], is recommended [43,71]. Since CF patients achieving a 50th percentile of the weight-for-length, according to the World Health Organization’s (WHO) definition, have been found to have a lower forced expiratory volume (FEV1) than CF patients at the 50th percentile. Naturally, use of the latest charts are preferred [43].



In children from two to 18 years of age, the nutritional status may be assessed by the BMI [10], with the recommendation from the CDC charts to attain and maintain a BMI percentile equal to or greater than 50, [72]. A BMI at or above 22 kg/m2 and 23 kg/m2 is recommended for females and males, respectively [10].



The Cystic Fibrosis Foundation (CFF) guidelines recommend performing monthly anthropometric parameter assessments up to six months of life and then every one to two months from six months to one year of life [68]. However, it is essential to focus special attention to the nutritional status during the first 12 months after the diagnosis of CF, throughout both the first year of life and the prepuberty period. [68]. So, ESPEN-ESPGHAN guidelines suggest growth clinic monitoring every 1 to 2 weeks, then monthly through the first twelve months of life [10]. Older children and adults are suggested to be assessed at least every 3 months. Patients who fail to meet these criteria for length and weight should have more frequent monitoring and management [43].




3.2. Laboratory Tests and Other Measures


ESPEN-ESPGHAN guidelines also recommend the annual monitoring of the biochemical markers of malnutrition, including blood count, iron status, plasma fat-soluble vitamin levels, serum liver function and electrolyte measurements [10]. The annual determination of the coagulation factors should be advisable, given the possibility of a vitamin K deficiency [43]. A yearly fecal pancreatic elastase-1 dosage should be assessed, in order to exclude an exocrine pancreatic insufficiency [10].



In addition to the BMI, the assessment of the body composition should be considered, with the aim of reaching the target BMI, by increasing muscle mass instead of fat mass [72]. Since the evidence shows that the BMI is less strongly associated with lung function and nutritional status, compared to lean body mass (LBM) and bone mineral content (BMC) [73], the guidelines propose the measurement of the composition of the body weight from the age of eight to 10, every one to five years [10]. Different techniques could be utilized, including dual-energy X-ray absorptiometry (DXA), anthropometry or bioelectrical impedance [10].



All CF patients should undergo oral glucose tolerance testing yearly, beginning from 10 years of age [10,74]. Part of the nutrition status evaluation should be a dietary review, at least every 3 months for children and adolescents, using questions about the adherence to dietary advice and a record of dietary habits 3 to 5 days long [10].





4. Energy Requirements


The standard of care for patients with CF is a higher caloric intake than healthy subjects, as they are susceptible to an energy deficit, due to an imbalance between the energy intake and energy losses and requirements [43]. Energy losses in CF are greater than those in the normal controls. Intestinal malabsorption, even if pancreatic enzyme supplementation seems to control the clinical signs and symptoms, leads to energy losses through steatorrhea and azotorrhea [75,76]. Furthermore, type 2 diabetes mellitus may contribute to energy losses through glucosuria, as well as protein loss due to sputum [75,76]. Lastly, fat malabsorption could be the consequence of an inadequate bile salt secretion due to liver cirrhosis [75].



Another parameter in determining energy requirements is the measure of energy expenditure. Resting energy expenditure (REE) is responsible for 60–70% of the total energy expenditure, while the 10–25% is attributable to daily physical activity and the remaining 10% to diet-induced thermogenesis [76]. The REE is increased by 10–30%. The severity of lung disease contributes to the rising REE, especially because of the higher workload for the respiratory muscles [77]. During a pulmonary exacerbation, the REE becomes approximately twice as high as the normal controls, turning to lower values after treatment [76,77]. Furthermore, a pancreatic insufficiency has been linked to an increased REE [78]. The latter may also be mediated by catecholamines and cytokines during chronic inflammation [77]. Salbutamol and other beta-adrenergic drugs have been reported to increase the REE during the first hour after inhalation [76].



The energy intake, evaluated on the pattern of weight loss or gain and of adipose stores, is usually inadequate in patients with CF [68]. Compensatory digestive mechanisms, such as salivary amylase, gastric lipase, pepsin and colonic microbiota, are effective in releasing energy from food. However, these alternative mechanisms are less efficient than the usual ones [10]. Respiratory impairment, vomiting and clinical depression may cause anorexia [75]. Other conditions that could lead to a decrease in appetite and thus in the energy intake in CF patients are intestinal obstruction, gastroesophageal reflux and the release of cytokines in a condition of chronic inflammation or during pulmonary exacerbation [75].



Due to the pathogenesis of the disease and of the malabsorption, and because of the energy deficit, the standard of care for patients with CF is a high-calorie and high-fat diet with pancreatic enzyme replacement therapy (PERT) and the oral supplementation of vitamins [69].



There is a relevant variability between individuals with CF, regarding the energy daily requirement, depending on the degree of malabsorption, the level of chronic inflammation, lung function and exacerbations. The energy intake recommended by the European guidelines range from 120–150% concerning the energy requirements of the healthy population of similar age, sex and size [10]. Similarly, US guidelines recommend a higher dietary intake from 110% to 200% for the energy requirements of the healthy population [71].




5. Macronutrients: Fats, Proteins, Carbohydrates in the Diet of Patients with Cystic Fibrosis


The European and American consensus guidelines recommend that CF children receive over 120% of their energy requirements, according to age [79,80]. Because of the pathogenesis of the disease, as explained before, the decreased availability of lipase and bile salts negatively influences the digestion and absorption of fats. Overall, 35 to 40% of calories in a CF diet are obtained through fats (that is a greater intake than that recommended for healthy people) [68].



Furthermore, the protein intake should be higher for CF patients than the general population, so as to avoid protein malnutrition, identified by low serum albumin levels [74]. In the diet of patients with CF, proteins account for approximately 15 to 20% of calories [68]. Although it is recommended that 20% of the calories should come from protein, the optimal protein needs of CF patients are likely to be much higher, as indicated in other chronic inflammatory disease states [80,81]. The optimal protein intake of CF patients is crucial to prevent muscle loss [82,83].



Given the recommendations for an increased fat and protein intake, the resulting carbohydrate goal is lower than for the general population: if patients are following a high calorie diet, this carbohydrate intake is not typically difficult to achieve and a specific goal does not need to be set [69]. Carbohydrate provision must be adjusted according to the calories requirements but also according to the presence or absence of impaired glucose tolerance or CF-related diabetes [84]. In fact, for people with CF and diabetes, careful attention must be paid to multiple aspects, such as glycemic control and energy requirement adequacy, as these are linked with the risk of metabolic impairment and cardiovascular disease [1]. The prominent scientific societies dealing with these aspects (American Diabetes Association, Cystic Fibrosis Foundation, Pediatric Endocrine Society) provide important guidance recommending [10]:




	-

	
Individualized carbohydrate intake that is monitored for glycemic control;




	-

	
A higher than standard intake of calories and protein;




	-

	
A high fat diet, as needed, for weight maintenance and for the compensation of essential fatty acids;




	-

	
A limited use of artificial sweeteners due to the need for adequate calories.









Patients with CF, especially if pancreatic insufficiency is present, might undergo abnormalities in serum fatty acids and in essential fatty acid (EFA) deficiency [69]. The etiology is multifactorial: the decreased lipolysis can cause a poor absorption in long-chain fats; the inflammatory cascade leads to a raised turnover; both the high oxidative stress due to infections and the negative energy balance caused by a low weight cause the destruction of polyunsaturated fatty acids [69,76]. EFA deficiency, evaluated by measuring the level of linoleic acid or the triene:tetraene (T3:T4) ratio [85], can involve clinical manifestations, such as gastrointestinal or pulmonary symptoms, hepatic, renal, immune dysfunctions, desquamating skin lesions, growth retardation and increased susceptibility to infections [69,75]. The severe CF phenotypes are associated with a deficiency of linoleic acid, which is the precursor of arachidonic acid [86]. The release of arachidonic acid from membranes via phospholipase A2 is the rate-limiting step for eicosanoid synthesis and is increased in CF, which contributes to the observed inflammation. A potential deficiency of docosahexaenoic acid may lead to decreased levels of specialized pro-resolving mediators. This pathophysiology may contribute to an early and sterile inflammation, mucus production, and to bacterial colonization, which further increases inflammation and potentiates the clinical symptoms [86].



EFA supplementation seems to determine the anti-inflammatory effects and to improve lung function, also decreasing the number of exacerbations and the duration of intravenous antibiotic therapy [87]. Thus, the guidelines for the correct prescription of foods for special medical purposes for CF patients, according to the Italian Ministry of Health, suggest supplementation with docosahexaenoic acid (DHA) at the dosage of 100 mg/Kg/day in the first year of life [88]. Nevertheless, current international guidelines cannot recommend the dietary supplementation of fatty acids, based on the available evidence. Patients with CF should receive an intake of fatty acids, as recommended for the general population [10,68,76].




6. Fat-Soluble Vitamins


A deficiency in fat-soluble vitamins is common in people with CF, which is essentially due to the altered mechanism of fat absorption and reduced luminal bile salts [69]. Furthermore, patients with pancreatic insufficiency are at risk of a fat-soluble vitamin deficiency, despite enzyme replacement [89]. Liposomes can enhance the bioavailability of vitamin A, and cyclodextrins may strengthen the supplementation of vitamins D3 and E relative to the medium-chain triglycerides (MCT) in pancreatic-insufficient CF [90].



6.1. Vitamin A


Low levels of vitamin A are observed in patients with CF, because of a pancreatic insufficiency, which predisposes them to the malabsorption of fat and fat-soluble vitamins [91]. Vitamin A is important for vision, epithelial differentiation and resistance to infectious diseases, as well as for the antioxidant properties of its precursor, beta-carotene [92]. Thus, such a deficiency may have clinical consequences even if exceptional, such as night blindness, xerophthalmia and abnormalities of the bronchial mucosal epithelium [75].



Furthermore, it has been studied that low serum levels of vitamin A are associated with a poorer clinical status, impaired lung function, and increased pulmonary exacerbations [93]. It can be related to the systemic inflammation status. Indeed, during the acute phase response, the mobilization of retinoids from hepatic cells is impaired, as well as the retinol binding protein (RBP) [69,92]. In addition, the requirement of vitamin A may be increased by the oxidative stress linked to inflammation [92]. However, until an optimal range for serum retinol levels in CF has been defined, clinicians should aim for the minimum vitamin A supplementation dosage necessary to reach sufficient serum retinol levels to prevent deficiency and avoid hypervitaminosis A, which could lead to bone disease and liver damage [91].



The ESPGHAN guidelines affirm that in CF patients with PI, a daily provitamin beta carotene dose of 1 mg/kg body weight/day for 12 weeks, followed by a maintenance dose (maximum of 10 mg/day) was found to be efficacious and safe for children aged six to 18 years [10,91,94]. The administration of beta-carotene, i.e., a precursor of vitamin A, is considered safer than retinol because it is subject to negative feedback control [95,96].




6.2. Vitamin D


Vitamin D is an important mediator of immunity and respiratory health [97]. This hormone, as determined by circulating 25-hydroxyvitamin D 25(OH)D concentrations, upregulates the production of an antimicrobial peptide, cathelicidin, in in vitro and in clinical studies [98,99], providing strong immunomodulatory effects.



A vitamin D deficiency is a common finding in patients with CF. Despite supplementation, most of the patients remain at risk for a vitamin D deficiency due to fat malabsorption that is secondary to an exocrine pancreatic insufficiency, decreased sunlight exposure, poor nutritional intake, and changes in the vitamin D metabolism [100,101].



Several studies have documented that a vitamin D deficiency increases the risk of pulmonary exacerbation in children and adults with CF [102,103]. Screening for vitamin D deficiency and the appropriate vitamin D supplementation ensures an adequate vitamin D status, which has been positively associated with a higher bone density in children and adults with CF and with improved recovery after a pulmonary exacerbation of CF [104,105].



The European cystic fibrosis bone mineralization guidelines recommend a minimum serum 25(OH)D threshold of 20 ng/mL and the US Cystic Fibrosis Foundation suggests that individuals have sufficient vitamin D levels if 25(OH)D levels are >30 ng/mL [106,107]. The ESPEN-ESPGHAN-ECFS guidelines on nutrition care for infants, children, and adults with cystic fibrosis recommends starting infants on D3 (cholecalciferol) at a dose of 400 IU/day (advance to upper limit of 1000 IU/day) [10]. The monitoring of serum 25 (OH) D levels has to be carried out annually or checked 3 to 6 months after a dosage change [10].




6.3. Vitamin K


A vitamin K deficiency is well-recognized in people with CF and PI [108]. In addition to the disease process of CF and the insufficient supplementation, another co-factor that contributes to determining low vitamin K levels is the long-term use of certain types of antibiotics, which modify the intestinal flora which produces vitamin K [109]. The manifestations of a vitamin K deficiency can range from a mild subclinical identification (e.g., low levels of vitamin K in the blood) to actual coagulopathy. Such manifestations may include gastro-intestinal bleeding, hematuria, epistaxis and subcutaneous bleeding. Vitamin K is also involved in the calcium binding proteins in the bone and its deficiency is implicated in defective bone remineralization and reduced bone mineral density (BMD) and thus osteopenia and osteoporosis [109]. Vitamin K-related carboxylation allows for the activation of the bone matrix protein, osteocalcin, resulting in the osteoblast function and bone formation; a vitamin K deficiency impairs this process and thus impairs bone formation [110].



Currently, there are no routinely used biomarkers for the vitamin K status. It can be evaluated by measuring serum concentrations of vitamin K, PIVKA-II (protein induced by vitamin K absence) and undercarboxylated osteocalcin, but these biochemical indicators are not commonly used in routine clinical practice due to their cost [10]. The prothrombin time can be measured but the results will recognize only a severe deficiency in vitamin K [10].



Dougherty et al. affirmed that in children and young adults with CF and PI, vitamin K levels are often suboptimal despite routine supplementation with CF-specific preparations. Only subjects taking high doses of vitamin K (1000 lg/d) achieved a vitamin K status similar to that of healthy subjects [111]. Collectively, these findings suggest that the routine supplementation of high doses of vitamin K for this population will be required to ensure an optimal response [111]. Another study conducted by Beker et al. supports the daily, rather than weekly, supplementation of vitamin K [112] because of its limited storage capacity and rapid metabolic turnover [113]. ESPGHAN guidelines suggest a regular supplementation of vitamin K at 0.3 to 1.0 mg/day for infants [106]. For older children and adults, ESPGHAN suggests 1 to 10 mg/day of vitamin K [106,111]. In the case of sustained antibiotic therapies, higher doses may be considered [108,111].




6.4. Vitamin E


Vitamin E is a generic term for a group of eight fat-soluble compounds, the tocopherols and tocotrienols, of which α-tocopherol has the main biological activity [114]. It functions as an antioxidant that protects cell membranes from oxidative damage [115]; its deficiency may worsen the burden of oxidative stress that results from constant inflammation, especially in respiratory and digestive systems which occurs in CF [116].



Low vitamin E levels in CF patients put them at an increased risk of the detrimental effects of a vitamin E deficiency [117]. Vitamin E deficiency disorders are rare events and include cerebellar ataxia, peripheral neuropathy, generalized weakness, myopathy, pigmented retinopathy and visual field contrition with loss of vision [118]. A vitamin E deficiency can also manifest as the cognitive impairment and hemolytic anemias because of its role in the maintenance of the structural integrity of the hemoglobin membrane [119,120,121]. The risk of a vitamin E deficiency increases with the inflammation of the respiratory or digestive system [93,116]. Since vitamin E (α-tocopherol) is transported almost exclusively in circulating lipoproteins in blood, serum levels depend strongly on the amount of circulating lipids, which are often low in patients with CF [122]. It may be more accurate to use the α-tocopherol:total lipid ratio (in fasting samples), or the α-tocopherol:cholesterol or α-tocopherol:polyunsaturated fatty acids ratios (in non-fasting samples). A recent study conducted by Sommerburg et al. investigated the concentration of vitamins A and E in children and adolescents with CF homozygous for the CFTR mutation Phe508del before and after at least 12 months of treatment with lumacaftor and ivacaftor [122]. The authors observed a slight decrease of the plasma vitamin E level and explained that there may be various reasons for this. One of these could be that vitamin E competes with other fat-soluble substances when absorbed from the intestine. In addition, CFTR modulators normalize the intestinal pH, which is also expected to alter the fat digestion in the intestine [123].



Another reason for a slightly decreased plasma vitamin E concentration could be an altered vitamin E distribution in the adipose tissues of CF patients, where vitamin E is accumulated to a considerable extent [124]. A further reason may be due to lumacaftor itself, as this is a known inducer of cytochrome P450 3A4, which in turn would also affect the metabolism of vitamin E [124,125].



The European guideline on nutrition for children and adults with CF recommends a regular supplementation of vitamin E with 100 to 400 IU/day, 50 IU/day for infants < 12 months to maintain the serum α-tocopherol:cholesterol ratio above 5.4 mg/g [10,126]. The monitoring of vitamin E levels has to be carried out annually or checked 3 to 6 months after a dosage change [10].





7. Electrolytes and Minerals


As a consequence of the increased sweating, intestinal malabsorption, and chronic inflammation, patients with CF may have higher than normal requirements for electrolytes and minerals [10].



7.1. Sodium


CF pediatric patients may be at an increased risk of sodium depletion, which may lead to impaired growth and can trigger electrolyte disturbances, especially when it occurs in infants, because of their low sodium containing diet (breastmilk < 7 mmol/L and infant formula < 15 mmol/L), the larger relative body surface area, and immature homeostatic mechanism [10,127,128,129,130]. This may lead to chronic hyperaldosteronism that is secondary to the increased renin release [131,132].



Nutrition guidelines for CF management report variable recommendations for salt intake and supplementation. According to the guidelines of the Cystic Fibrosis Foundation, routine salt supplementation is recommended [130], whereas the ESPGHAN guidelines recommend evaluating and supplementing when needed [10]. In the absence of fever, hot weather, or exercise, a Western diet is assumed to contain a sufficient amount of salt to compensate for the sodium-chloride needs, especially in older children and adults [10].



A useful non-invasive measure of the adequacy of sodium supplementation in CF pediatric patients is the serum sodium concentration and/or urinary sodium, as a marker for the sodium status [133,134,135,136].




7.2. Iron


Children with CF are at high risk of iron deficiency (ID) [137]. Chronic inflammation and the malabsorption of iron are secondary to pancreatic insufficiency, and malnutrition and an inadequate intake are often seen in CF, making these patients particularly susceptible to ID. The incidence of ID in patients with CF is estimated from 33% in the pediatric population [137] to over 60% in adult patients [138].



The WHO defines ID as a ferritin concentration below 12 mg/L in children under five years of age and below 15 mg/L in children over five years of age [139]. Conventional markers of iron status are often abnormal in patients with CF, reflecting inflammation and/or infection, rather than the actual iron deficiency. Ferritin, for instance, is an acute phase protein, so higher values may indicate the severity of inflammation rather than improving the iron status [140]. The soluble transferrin receptor (sTfR) was the best parameter in assessing iron deficiency in CF. However, Uijterschout et al. demonstrated that sTfR is not useful in diagnosing iron deficiency in healthy children with CF [141].



ESPGHAN guidelines suggest monitoring children, adolescents, and adult patients annually using serum iron determination and, in cases of ID, recommend resolving the underlying inflammation, and supplementing with iron only if deficiency persists [10,68].




7.3. Calcium


Decreased bone mineral density is commonly found in CF patients [142,143,144]. Potential risk factors include chronic inflammation, gastrointestinal malabsorption, pulmonary infection, pancreatic insufficiency, vitamin D and K deficiencies, negative calcium balance, hypogonadism and CF-related diabetes, and these require prolonged glucocorticosteroid treatment and immunosuppressive therapy [145,146]. Decreased bone mineral density may contribute to a higher risk of low-trauma fractures that make chest physiotherapy ineffective and accelerate the deterioration of the lung function [147,148].



ESPGHAN guidelines recommend an annual assessment of the calcium intake even if currently, a simple test of the calcium status is not available. Calcium-rich foods, such as dairy foods, should be encouraged, especially in patients with a suboptimal calcium intake, to prevent bone demineralization [10].




7.4. Zinc


Zinc is an essential trace element that participates in many metabolic processes as a catalytic, regulatory and structural component [149]. Zinc-dependent proteins play roles in transcriptional regulation processes, DNA repair, apoptosis, extracellular matrix regulation and antioxidant defense [150]. Zinc is important for human health and disease due to its critical roles in growth and development, bone metabolism, central nervous system, immune function and healing processes [151,152].



A zinc deficiency impairs the specific susceptibility to bacterial, viral and fungal pathogens [153]. This triggers numerous health problems in children with CF, such as weight loss, stunted growth, weakened resistance to infections and early death [154]. The clinical signs of a marginal zinc deficiency include a decrease in immunity, taste and smell senses, night blindness, memory impairment and sterility [155]. Hypozincemia, assessed with a laboratory cut-off of 40 mg/dL, has been reported in approximately 30% of young infants with CF, during newborns screenings [156], Maqbool et al. reveal a prevalence of low plasma zinc ranging from 0% to 40% in various populations of infants, children and adolescents with CF [157].



CF patients may benefit from zinc supplements in several different aspects of their disease. A retrospective analysis of clinical data suggests that zinc supplements improved appetite, nutritional status, as well as pulmonary function [158]. Van Biervliet et al. show that a high-dose (5 mg zinc/kg/day) supplementation was associated with beneficial effects on growth and pulmonary function [159]. ESPGHAN guidelines suggest zinc supplementation for people with CF who are at risk of a zinc insufficiency [160]. At present, despite contradictory findings, many researchers believe that the intake of 30 mg/day of zinc reduces the number of days of antibiotics used to treat respiratory tract infections in these children [160].





8. Pancreatic Enzyme Replacement Therapy


The pancreatic enzyme replacement therapy (PERT) is a standard of care in the management of CF, in order to maintain an adequate nutritional status. PERT is required by 80–90% of CF patients [161]. PERT means the oral administration and delivery of exogenous pancreatic enzymes, especially lipase, amylase and protease, to the lumen of the duodenum, in order to ensure the digestion of fat and protein [8].



Pancreatic enzymes are given as enteric-coated microtablets or microspheres, thus protecting them from gastric acid degradation and ensuring their activation in the alkaline environment of the duodenum (pH > 5.0–5.5) [8]. Similarly, alkalizing the proximal small intestine through the administration of an H2 antagonist or proton pump inhibitor may improve the effectiveness of PERT [10]. Owing to the documented association between the pancreatic phenotype and genotype, PERT should be initiated in patients with two CFTR mutations known to cause PI [130]. Regardless of the CFTR mutation, PERT should be started also in case of unequivocal signs or symptoms of malabsorption, and in patients with a laboratory evidence of PI, with a fecal elastase-1 lower than 200 µg/g in a formed stool, or in those younger than six months with a fecal coefficient of fat absorption lower than 85% [43].



Multiple factors affect the PERT efficacy, such as the degree of PI, state of the disease, hyperacidity of the small bowel or delayed gastric emptying, diet composition and patient compliance [8,43]. Thus, despite multiple guidelines that have been published, PERT doses need to be individualized on the basis of patient age, body weight and grams of fat ingested [10]. The recommended PERT doses in the last ESPEN-ESPGHAN guidelines are consistent with those of the American CF Foundation and with those from another recent consensus [10]. For children younger than 12 months, 2000–4000 units of lipase per 120 mL of milk (breast milk or standard formula) or 2000 units per gram of fat eaten are recommended; for children aged one to four years old, the doses of pancreatic enzymes recommended are 2000–4000 lipase units for gram of fat eaten; children older than four years may receive 500 units of lipase per kilogram of body weight per meal [8,10,76,130,161,162,163]. The dose should gradually be titrated, with a maximum daily dose of 10,000 lipase units per kilogram of body weight per day, or 1000–2500 units per kilogram per meal, or 2000–4000 units per gram of fat eaten [8,10,76,130,161,162,163].



Adverse side effects of PERT are uncommon. However, an increase in enzyme doses beyond the upper recommended limit has been linked to stenotic fibrosing colonopathy and other side effects, such as abdominal bloating, cramping, fullness and nausea [8,130,161].



The response to PERT should be routinely assessed, checking the nutrition status and weight gain, the consistency and colour of stools and the presence of gastrointestinal symptoms [8]. The adequacy of a PERT treatment should be assessed at every clinic visit for infants and every 3 months for older children and adolescents [10].




9. Intensified Feeding Intervention


A strict nutritional assessment is crucial to determine when to intensify the nutrition intervention. As previously discussed, a single evaluation of the weight-for-length or BMI percentiles, along with a decline or flattening of the longitudinal growth trajectory, are the currently recognized predictors of nutritional risks for children younger than two or for those between two and 18 years old [10,71]. According to ESPEN/ESPGHAN guidelines [10], nutritional support with diet modification and/or oral nutritional supplementation (ONS) could be initiated with the weight-for-length between the 10th and 50th percentile in children under two years of age. In those between two and 18 years old, the intensification of the nutritional support is required in case of:




	-

	
A BMI percentile between the 10th and 50th percentile; or




	-

	
Weight loss in the previous 2 to 4 months; or




	-

	
No weight gain in the last 2 months.









If there is persistent undernutrition, that is pointed out in children under two years by a weight-for-length percentile under the 10th, and in children aged two–18 by a BMI percentile under the 10th or a weight loss of two percentile points since the last control and stunting of growth, an enteral feeding tube is recommended [10]. The CFF stresses the importance of an early achievement of the nutritional goals, especially by two years of age [130]. According to the CFF guidelines, the evaluation of children at risk includes the calculation of the normal average weight gain. If not achieved, an increase of the caloric intake should be considered through a diet modification and/or oral nutritional supplementation (ONS) [130].



Along with the anthropometric parameters, other predictors of nutritional risk [10,130], which can prelude an intensified nutrition intervention, are:




	-

	
Metabolic issues or factors that increase the energy expenditure: recurrent or chronic pulmonary infections or exacerbations, impaired glucose tolerance, salt depletion, zinc deficiency, periods of rapid growth;




	-

	
Factors that contribute to malnutrition: problems with doses or adherence to the PERT administration, the need of PPI therapy;




	-

	
Factors that decrease the energy intake: gastro-esophageal reflux disease, constipation, celiac or Crohn’s disease, poor appetite and depression.









Taking into account these considerations, the introduction of an enteral feeding tube or parenteral feeding should be considered [164] if a progressive decrease in weight occurs despite:




	-

	
Modification in diet in order to improve the caloric intake;




	-

	
Control of malabsorption and exclusion of other issues (GERD, CFRLD, other GI diseases);




	-

	
Optimal respiratory care;




	-

	
Psychologist support.









Data regarding the impact of the new CFTR modulators on the CF outcomes are emerging. Different studies have shown statistically significant improvements, not only in lung function and FEV1, but also in the BMI [165,166]. The fall in pulmonary exacerbations and the lower work of breathing lead to a reduction in the REE and in energy expenditure that enables weight gain and the changes in body composition, with an increase in both fat and lean mass [167,168,169].



Due to these beneficial effects on both respiratory and growth outcomes, it could be presumed that the use of the new modulator drugs could reduce the number of candidates for enteral and parenteral nutrition. However, data in this field are still lacking. Future research should assess the impact of CFTR modulators on nutritional intervention in CF patients.



9.1. Oral Nutritional Supplementation


Even if there is conflicting evidence about the efficacy of oral nutritional supplementation (ONS) in weight gain, a high-calorie and fat diet could be not sufficient to improve the nutritional status. Thus, in clinical practice, additional ONS should be considered [10,43]. Products currently available are widely variable for formulations and flavors, to ensure individual preferences and improve compliance [10]. High-energy dense formulations should be given, usually before or after meals or before bedtime [76].




9.2. Enteral Nutrition


When the oral caloric intake is not sufficient to reach the anthropometric nutritional goals, supplemental enteral feeding should be initiated to improve growth and nutritional status [10,72,170]. There are various devices, formulas, and timing for feeding enterically; the approach is lastly determined by the patient’s preference and his clinical status [10]. Among the devices for enteral nutrition, gastrostomy tubes are the most frequently used, especially for long term enteral feeding [72]. While feeds may be administered as a bolus during the day, or at a continuous rate overnight, the CFF recommends the latter, in order to encourage the consumption of high-energy meals during the day [10,170].



According to the CFF consensus, the enteral feeding should provide 30–65% of the total estimated calorie and nutrient needs [170]. The Italian Ministry of Health recommends that 50% of the total calories should be consumed during the day and the remaining 50% at night [88]. If comorbidities, such as gastroesophageal reflux disease, gastroparesis or pancreatitis are present, enteral feeds should be introduced directly into the jejunum, via jejunal or gastro-jejunal tubes [72]. In this case, continuous infusions are required. Enteral nutrition can also be administered by a nasogastric tube, which is recommended for short term nutritional supplementation (<3 months), in order to avoid complications, such as tube dislodgement, nasal bleeding or erosion and intestinal perforation [170].



At present, there is no consensus regarding the use of a specific type of formula (polymeric, semi-elemental, elemental) [170]. The polymeric formulas contain whole proteins, oligo- or polysaccharides, medium- or long-chain triglycerides, and are usually iso-osmotic. Elemental formulas are the most hydrolyzed, with small peptides or amino acids instead of proteins; the lipid content is minimal, and are usually hyper-osmotic. Semi-elemental formulas are between elemental and polymeric formulas [171]. In the majority of patients a high-energy polymeric formula (1.5 to 2 Kcal/mL) is at first administered [10]. Clinical experience suggests that isotonic formulas are better tolerated than hypertonic formulas [43]. In case of non-tolerance, an elemental or semi-elemental formula may be preferred [10].




9.3. Parenteral Nutrition


Total parenteral nutrition is not routinely advised for nutritional support in patients with CF [10]. Indeed, parenteral nutrition is not recommended for long-term treatment, due to the high risk of complications (such as infection, parenteral-nutrition-associated liver disease), the need for central access for its administration, and the high related cost [10,43]. Nevertheless, parenteral nutrition could be useful for short-term support, in case of contraindications for enteral nutrition (such as intestinal resection, meconium ileus, intestinal failure or short bowel syndrome) and in severely compromised patients enlisted for transplant [10,43,72,76].





10. New Therapies and Future Trajectories


In the last decade the therapeutic possibilities towards CF have grown in a consistent way, thanks to a better knowledge of the CFTR structure and genomics and the subsequent pathophysiology leading to disease [10]. The long-term impact of these new therapies on the nutritional domain is largely unknown, mainly because of their relatively recent introduction. Moreover, this theme emerges from numerous studies which are starting to show interesting results and could lead to future trajectories, especially in terms of clinical practice [10]. Starting from a brief examination of the CFTR modulators, we will then extend the discussion on what we know about their role on nutrition and consequently on the microbiome, finishing with the next therapeutic possibility under development.



10.1. CFTR Modulators


CFTR modulator therapies are designed to correct the malfunctioning protein made by the CFTR gene. They are mainly represented by small molecules that can be divided into the following categories [172,173]:



Potentiators, which restore or enhance the channel’s open probability;



Correctors, which target misfolding defects and allow protein to travel to the cell surface, enhancing the protein conformational stability during the endoplasmic reticulum folding process;



Stabilizers, which prevent the CFTR’s removal and degradation by anchoring it at the plasma membrane;



Read-through agents, which enable the incorporation of a foreign amino acid in place of the premature termination of the codon of splicing variants during the ribosomal process of translation, making it continue to the normal end of the transcript;



Amplifiers, which increase expression of CFTR mRNA and biosynthesis of the CFTR protein;



Antisense oligonucleotides: correct nonsense mutations and splicing mutations, or deletion mutations (by replacing missing bases).



Notably, many of the drug compounds belonging to the above categories have not reached commercialization, either because they are now undergoing pre-clinical and clinical development, or because of concerns about their safety, tolerability or efficacy. Nevertheless, their high numbers reflect the enormous interest that science and the pharmaceutical industry give to this theme. In Table 1, CFTR modulator therapies that are actually approved and used in the treatment of cystic fibrosis are listed.



Ivacaftor belongs to the potentiator category of CFTR modulators and it was the first one approved in 2012 by FDA and EMA for patients carrying the G551D gating mutation and aged at least six years old [173,174]. Since then, its use has been expanded to many other mutations and to younger ages: to date, 97 CFTR gene mutations are responsive to Kalydeco®, and the age from which it is possible to start treatment has been reduced to four months [173,174].



The positive effects of ivacaftor on nutritional aspects consist mainly in improved weight gain and BMI, both in children and adults, as demonstrated in a study during the first 48-week observational period [175]. Differences between the two age cohorts are seen in a longer period, in fact during a subsequent 144-week observational period, only children saw a continuous improvement both in weight and BMI, while adults did not [175]. This difference could be explained by the assumption that adults have reached an optimum in terms of nutritional status, so they cannot improve more [176].



The mechanisms behind these positive changes have not been clearly defined, but it is highly possible that they are primarily linked to an improvement in the CFTR function both in the lungs and in the GI tract, as evidenced by an amelioration in sweat chloride [4]. Concerning the pulmonary effects and their consequences on nutrition, the increased fluidity of the respiratory tract mucus leads to less airway obstruction and fewer pulmonary exacerbations. In fact, it has been demonstrated that a reduction of Pseudomonas aeruginosa infections, with improvement of the catabolic state is induced from repeated or prolonged infection [177]: this happens require less work for breathing and consequently in a smaller energy expenditure [175].



The better functioning of CFTR could have other various beneficial effects: by augmenting the fluid flow in the GI tract, it can lead to diminished constipation and SIBBO, thus leading to a better sense of appetite and less intestinal inflammation [175]. A study highlighted an increase in intestinal pH measurements after taking ivacaftor that led to better enzyme functioning, thus leading to an improved absorption of nutrients [177].



Ivacaftor has demonstrated favorable effects also on PI since fecal elastase is normalized after treatment [1]. This explains the good effects, especially on the fat metabolism. Furthermore, glycemic control is known to be influenced by ivacaftor. As insulin secretion improves, its anti-inflammatory effects rise and contribute to a better nutritional status, together with a decline in glycosuria [178,179].



Regarding the other CFTR modulators currently in use, it must first be said that studies on their nutritional effects are not as numerous as the ones made for ivacaftor, mainly for their most recent approval. Lumacaftor is a first-generation corrector, but it also operates as a stabilizer [173]. It has been approved in combination with the potentiator ivacaftor [180] for F508del-homozygous patients aged over 12 years. As it happened for ivacaftor, its use has been extended, both in terms of age and susceptible mutations. Orkambi has favorable effects on pulmonary exacerbations and hospitalizations, and consequently on the improvement in weight gain and BMI [180]. The mechanisms leading to a better nutritional status could be very similar to those observed in the studies conducted for ivacaftor, but more investigations must be carried out to prove it.



The same considerations can be given for the latest CFTR modulators approved. Tezacaftor is a second-generation corrector that has been approved, in combination with ivacaftor [181] for F508del-homozygous or F508del-heterozygous with a residual function mutation in trans patients aged over 12 years. Furthermore, for this combination of modulators there has been an extension, in terms of age and mutations. Compared to ivacaftor alone, the combination tezacaftor/ivacaftor has shown fewer adverse effects and better improvement, in terms of lung function [181]. It is highly probable that the impact on nutrient absorption can be better, as well as on the glucose metabolism. The triple combination ivacaftor/tezacaftor/elexacaftor [182], the last one approved for F508del-homozygous or F508del-heterozygous with a minimal function mutation in trans, has shown important effects in the treatment of CF [182]. In fact, it has a better profile of tolerance and safety, but also better improvements, in terms of pulmonary function and in reduction of exacerbations. Notably, ivacaftor/tezacaftor/elexacaftor was efficacious in patients in whom previous CFTR modulator regimens were ineffective [183]. Given the amount of evidence, it is not difficult to think that a greater effectiveness can also be shown on the gastro-intestinal profile.



Finally, both tezacaftor/ivacaftor and ivacaftor/tezacaftor/elexacaftor will need more studies to better understand the impact they have on the nutritional sphere, given the few studies specifically projected for this field [173]. However, given the accumulating evidence for the previously approved CFTR modulators with a pretty similar mechanism of action, it is likely that the multiple causes underlying the improvement of the nutritional status can be shared between this category of drugs.



Table 2 summarizes the effects of the improvements in the CFTR function.




10.2. CFTR Modulators and Impact on the Microbiome


The study of the microbiome has become increasingly central over the years; several strands of research investigate its composition and interactions with many organs and systems, outlining its role in various pathogenetic processes underlying various diseases (gastrointestinal, such as celiac disease, pulmonary disorders, neuropsychiatric problems and many others) [184,185,186]. The role of the microbiome in CF is emerging in the context of the broader concept of the gut–lung axis [187]; the study of the effects of the CFTR-modulating therapies on the microbiome are at their beginning, but some evidence is emerging. A research, although very small, has analyzed the gut microbial communities and gut inflammation using biomarkers, such as fecal calprotectin before and after starting ivacaftor. An increase in beneficial bacteria (Anaerostipes, Akkermansia spp.) involved in the mucosal protection and a decrease in fecal calprotectin have been noticed, resulting in a decrease in inflammation and an amelioration of the intestinal microbiome [188].



Other studies have focused on the lung microbiome after initiation of the CFTR modulators. Following the beginning of ivacaftor, a greater variability of the microbial population, with a reduction in P. aeruginosa species and an increase in endogenous species, especially anaerobes has been observed [189]. Similar results have been seen with Orkambi [190]. These findings may link with a reduction in the exacerbation rate, better lung ventilation and a lower inflammatory status, thus leading to improvements also on the nutritional sphere. Further studies are needed to link these initial discoveries to the impact they may have, in terms of a better nutritional status and their implications in clinical practice.




10.3. New Therapies Ongoing: Gene Therapy


A renewed interest in gene therapy has taken place in recent years with the beginning of the genome editing era and especially with the discovery and development of CRISPR-Cas nucleases, whose potential concerns the correction of genetic defects underlying multiple diseases, including CF [190,191]. The CRISPR-Cas nucleases system is based on the use of the Cas9 protein, a “molecular scissor” capable of cutting a target DNA, which can be programmed to make specific modifications to the genome of a cell. Following the cut introduced by Cas9, it is possible to eliminate harmful DNA sequences from the target genome or it is possible to replace sequences. The results from early pre-clinical and clinical studies suggest the use of this technology for the treatment of numerous genetic diseases, including CF [190,191], but much more work is needed in order to overcome several problems, such as the high numbers of CF mutations.



Another approach is gene complementation, in which an additional copy of the wild-type CFTR is delivered to the cells homozygous for CFTR mutations. This strategy can have some advantages, compared to gene repair: potentially, a single pharmaceutical entity could treat all classes of CF mutations, and so far, all CF patients [192].



Whenever such therapies will be implemented in clinical practice, tailored studies towards the nutritional field must be designed and conducted to understand the implications they may have. It is not difficult to think that the results could be extremely positive, as the studies on other drug compounds already available (i.e., CFTR modulators), are already beginning to show.





11. Conclusions


Clinical nutrition in CF patients has become very important over the years. Knowledge of the various micro- and macro-nutrient needs, enteral and parenteral nutrition, PERT, CFTR modulator therapies and their practical implementation in clinical experience has been demonstrated to have positive effects on the pulmonary function and also on the other organs and systems. All of these findings are definitely improving the quality of life of thousands of people.



In recent years, there has been a shift over time, from a focus on the pulmonary components of CF care to an emphasis on nutritional care of CF, that is such an integral part of CF treatment. The nutrition support goal in CF care includes achieving an optimal nutritional status, maintenance of the optimal pulmonary function and support growth and puberty development in children. Regarding novel therapeutics for CF, several challenges need to be overcome with the development of drugs that restore the CFTR function in all people with CF, regardless of CFTR genotype, in order to prevent or delay irreversible damage of the lungs and compromisation of the nutritional status. The aim is to transform CF from a fatal disease to a treatable chronic disease through highly efficacious CFTR-directed medicines and specialized multidisciplinary care, as a model for other chronic disorders and genetic diseases.
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Table 1. CFTR modulators and their impact on nutritional parameters.
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Year of Approval by FDA and EMA

	
CFTR Modulator

	
Impacts on Nutritional Parameters






	
2012

	
Ivacaftor

	
Improvements in weight gain and BMI (weight and BMI are often primary outcomes that are investigated in the studies concerning the approval of CFTR modulators)

Improvements in lung function→fewer exacerbations→better nutritional status, along with better sense of appetite

Pancreatic wellness (normalization of fecal elastase), better glycemic control, better absorption of nutrients→better quality of life




	
2015

	
Lumacaftor/Ivacaftor




	
2018

	
Tezacaftor/Ivacaftor




	
2019

	
Elexacaftor/Tezacaftor/Ivacaftor
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Table 2. Effects of the improvements in the CFTR function.
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Improvements in CFTR Function






	
Pulmonary effects

	
↑ fluidity in respiratory tract mucus, ↓ airways obstruction,

↓ pulmonary exacerbations




	
↓ infectious episodes, ↓ work of breathing,

↓ energy expenditure, ↑ catabolic and nutritional status




	
Gastro-intestinal effects

	
↑ fluid flow, ↓ constipation,

↓ small intestinal bacterial overgrowth




	
↓ intestinal inflammation, ↑ sense of appetite,

↑ nutritional status




	
↑ pH, ↑ enzymatic functioning,

↑ nutrients absorption




	
↑ pancreatic wellness (normalization of fecal elastase)




	
Glycemic control

	
↑ insuline secretion, ↑ insulin anti-inflammatory effects

↓ glycosuria, ↑ nutritional status




	
Overall effects

	
↑ weight and BMI, ↑ pulmonary function,

↓ exacerbations, ↑ quality of life








↑, increase; ↓, decrease.
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