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The 15 th European Cystic Fibrosis Society (ECFS) Basic Science pre-conference Symposium focused on the topic of the microbiome, asking the question "The lung and gut microbiome: what has to be considered for cystic fibrosis (CF)?". This review gives an overview of the main points raised during the symposium, which dealt with the technical considerations, pathophysiology and clinical implications of the microbiome in CF.

Introduction

This year, the ECFS Basic Science pre-conference symposium focused on the hot topic of the microbiome, addressing the question "The Lung and gut microbiome: what has to be considered for cystic fibrosis (CF)?". Historically, medicine has been impacted by the emergence of new and innovative technologies. Next Generation Sequencing (NGS) technologies are revolutionary tools and as a result the microbiome has emerged as a "blockbuster" theme in clinical microbiology. Most diseases are now considered taking into account the microbiome, including CF. Increased knowledge with respect to the lung and gut microbiome in CF, offers new perspectives which may improve clinical outcomes, by providing a better understanding of underlying disease pathophysiology and the impact of new therapies. In this article, we report on key aspects related to both the lung and gut microbiome in CF, and the issues and prospects raised during the session.

Technical issues in CF microbiome studies

Methods used to study the microbiome in CF are mostly nucleic acids based and therefore this review will focus primarily on DNA and RNA based methodologies. All described technical challenges, and possible ways to minimise these effects are presented in table 1. Since high throughput technologies are also applied to culture, we discuss extended culture.

2.1. Molecular methods 2.1.1. Pre-processing of the sample Nucleic acid extraction is a critical step in every microbiome study as it has been shown that lysis and extraction methodologies (precipitation or affinity columns) will greatly influence the outcome [START_REF] Bag | An improved method for high quality metagenomics DNA extraction from human and environmental samples[END_REF].

Usage of a mock community (see Glossary, Table 2) is recommended to verify that the extraction methods will be effective for targeted bacteria and for standardization of methodologies between research groups [START_REF] Sinha | The microbiome quality control project: baseline study design and future directions[END_REF]. For the CF field, no specific mock community, neither commercial nor homemade, has been designed to date. Given the wide-range of bacterial taxons found within the CF microbiome that harbour different cell wall properties, including Gram-positive (e.g. Staphylococcus, Streptococcus, Corynebacterium, Dolosigranulum, Actinomyces) and Gram-negative (e.g.

Pseudomonas, Achromobacter, Stenotrophomonas, Burkholderia, Neisseria, Moraxella, Haemophilus, Gemella, Fusobacterium, Prevotella, Veillonella) bacteria and mycobacteria, defining the best mock community for CF is a challenge in microbiome research that remains to be addressed.

It is also important to track any signs of contamination during nucleic acid extraction by processing a negative control (sample without biological material) to verify any presence of contaminants in chemicals or sample collection devices (such as swabs, brushes or saline used to bronchoalveolar lavage), and if so to rule out the background from the final microbial profiles [START_REF] Sinha | The microbiome quality control project: baseline study design and future directions[END_REF][START_REF] Olson | DNA extract characterization process for microbial detection methods development and validation[END_REF] . Applied to the lung microbiome, contamination can be a major concern as samples from the respiratory tract are characterized by low bacterial load (less true in chronically infected CF patients); this point was extensively discussed in details in the review of Marsh et al. [START_REF] Marsh | How low can we go? The implications of low bacterial load in respiratory microbiota studies[END_REF].

DNA based methods

Microbiome analysis using extracted DNA can be performed in two ways (Fig. 1): a gene-targeted approach or shotgun metagenomics. The gene-targeted approach uses a specific marker gene allowing taxonomic assignment and relative quantification. The main advantage of the gene-targeted method is the speed of analysis and cost-effectiveness. It is currently the only method that facilitates microbiome analysis of thousands of samples. This approach primarily focuses on the 16S rRNA gene and is therefore limited to the bacterial microbiome. However, methodologies for the investigation of archaea and fungi in the lung microbiome are also being explored [START_REF] Toju | High-coverage ITS primers for the DNA-based identification of ascomycetes and basidiomycetes in environmental samples[END_REF][START_REF] Koskinen | First insights into the diverse human archaeome: specific detection of Archaea in the gastrointestinal tract, lung, and nose and on skin[END_REF]. While, gene-targeted methods have the advantage that they can be rapidly analysed and highly multiplexable, they must be carefully controlled due to the possible introductions of contamination and bias during the PCR stage due to primer bias and chimera formation. It is therefore key to carefully consider the choice of primers, the denoising algorithm used to separate low from good quality contigs, and the database used to classify the Operational Taxonomic Units (OTUs) (see Glossary, Table 2).

Despite the fact that some prediction algorithms have been developed to predict the function based on taxonomic profile (Fig. 1), amplicon sequencing can only really answer the question: "which organisms are in the sample?". Shotgun metagenomics will provide data on their functions within the community, and will deliver taxonomic data without primer bias. However, contamination with human genomic DNA is unavoidable with CF respiratory samples containing greater than 99% human sequences [START_REF] Lim | Metagenomics and metatranscriptomics: windows on CF-associated viral and microbial communities[END_REF]. Dedicated workflows are available to minimise this (Fig. 1) by depleting human sequences during the sample process. This step can start during extraction with the addition of a specific lysis step or after extraction using microbiome enrichment kits [START_REF] Marotz | Improving saliva shotgun metagenomics by chemical host DNA depletion[END_REF]. Sequencing of the complete genetic material present in samples facilitates multi-kingdom analysis, strain typing, and can also predict metabolic and functional capacity based on detailed genomic coverage.

The complexity of metagenomics resides in the analysis (Fig. 1). Two main options exist to analyse this data: read based or assembly-based methods. For both these methods, the pipeline and the database used may influence the results [START_REF] Hahn | Benchmark evaluation of true single molecular sequencing to determine cystic Fibrosis airway microbiome diversity[END_REF]. It is therefore important to be consistent in the analysis and to fully validate results via an independent approach like qPCR methodology to estimate the number of copies of a gene of interest.

2.1.3. RNA-based methods DNA-based microbiome analysis will answer the questions "What is there" and "What can they do".

Metagenomics facilitates understanding of the functionalities present in the microbiome but this repertoire of genes do not reflect which bacteria are active or which genes are expressed at a defined timepoint. To understand the plasticity of the genetic repertoire, RNA-based studies are needed to analyse the meta-transcriptome. RNA approaches are thus used to identify expressed genes and active metabolic pathways, allowing researchers to decipher the complex microbial processes within a niche. Several groups have developed wet-lab protocols to extract RNA suitable for RNA-seq from sputum [START_REF] Hahn | Benchmark evaluation of true single molecular sequencing to determine cystic Fibrosis airway microbiome diversity[END_REF]. As human RNA will account for the majority of the sequences it is important to separate this from the microbial RNA to ensure that the microbial transcriptome is targeted. However, extracting both human and microbial RNA permits analysis of the relationship between the microbial and host transcriptome. In both cases, ribosomal RNA (rRNA), which can account for 27-83% of the total RNA, has to be separated to allow in depth sequencing of the transcriptome [START_REF] Hahn | Benchmark evaluation of true single molecular sequencing to determine cystic Fibrosis airway microbiome diversity[END_REF]. The workflow to analyse reads from RNA-seq is equivalent to the reads-based methods for metagenomics but pipelines with wrappers (see Glossary, Table 2) also exist specifically for metatranscriptomics (Fig. 1).

Just to mention that for functional analysis purposes metabolomics is an interesting approach that could complete DNA/RNA-based techniques, and offers biomarkers for a personalised follow-up of CF patients [START_REF] Garg | Three-dimensional microbiome and metabolome cartography of a diseased human lung[END_REF][START_REF] Quinn | Metabolomics of pulmonary exacerbations reveals the personalized nature of cystic fibrosis disease[END_REF] .

In conclusion, conscientious use of extraction and PCR controls during the sequencing process are essential in properly assessing the effects of contamination, and to gain insight into the microbial composition of any microbial environment, particularly those that have low microbial biomass. As explained above, several methodologies currently exist for nucleic acid analysis, bringing together different results and obstacles to study the microbiome. Therefore, it would be important that a committee of experts evaluate and design guidelines in the CF field for marker gene, shotgun metagenomic and metatranscriptomic analysis. Consensus on extraction protocols, inclusion of controls and analysis pipelines would allow studies from different sites to be compared or combined to provide greater insight onto the microbial community associated with CF.

Culture-based methods

In 2011, Sibley et al. showed that enriched culture methodologies allowed cultivation of the majority of the families detected in the naso-and oropharyngeal microbiome by NGS [START_REF] Sibley | Culture Enriched molecular profiling of the cystic fibrosis airway microbiome[END_REF]. Several studies based on anaerobic culture from CF airway samples showed that an important proportion of the microbiome were anaerobes [START_REF] Tunney | Detection of Anaerobic bacteria in high numbers in sputum from patients with cystic fibrosis[END_REF][START_REF] Tunney | Use of culture and molecular analysis to determine the effect of antibiotic treatment on microbial community diversity and abundance during exacerbation in patients with cystic fibrosis[END_REF] in concordance with NGS-based studies.

Combining high-throughput culture with rapid identification of colonies by either matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) or 16S rRNA gene sequencing [START_REF] Lagier | Microbial culturomics: paradigm shift in the human gut microbiome study[END_REF] has also been used to better define the airway microbiome in CF. The advantage of this culturebased method is that it allows phenotyping (antibiotic resistance, pathogenicity, metabolic pathways and other phenotypic characteristics) of each colony. Phenotype characterization is of great importance especially in CF where the clinical importance of most bacterial species including anaerobes is still poorly understood, and may reside at a strain level. Moreover, culture extended method in combination with whole genome sequencing of colonies provides taxonomical strain typing by reconstructing the genome and plasmids, allowing thus improvement in the mapping of microbial reads yielded by shotgun metagenomics.

Technical considerations for microbiome studies in CF

• Any mock community used has to be relevant to CF microbial ecology

• Extended-culture methods may help to better decipher the functions of the microbiome

• There is an urgent need for harmonized standard operating procedures for use in CF microbiome studies 3. Overview on the lung and gut microbiomes in CF Numerous culture and non-culture based molecular studies of the CF airway microbiome have clearly shown the presence of diverse polymicrobial communities [START_REF] Boutin | Comparison of microbiomes from different niches of upper and lower airways in children and adolescents with cystic fibrosis[END_REF][START_REF] Zhao | Decade-long bacterial community dynamics in cystic fibrosis airways[END_REF][START_REF] Cuthbertson | Respiratory microbiota resistance and resilience to pulmonary exacerbation and subsequent antimicrobial intervention[END_REF][START_REF] Zemanick | Airway microbiota across age and disease spectrum in cystic fibrosis[END_REF][START_REF] Acosta | Sputum microbiota is predictive of long-term clinical outcomes in young adults with cystic fibrosis[END_REF]. Furthermore, obligate and facultative anaerobic bacteria, typically associated with the oral cavity, have been cultured in abundance from CF respiratory samples provided by patients of all ages and stages of disease suggesting that they are common and persistent members of the lower airway community [START_REF] Tunney | Detection of Anaerobic bacteria in high numbers in sputum from patients with cystic fibrosis[END_REF][START_REF] Tunney | Use of culture and molecular analysis to determine the effect of antibiotic treatment on microbial community diversity and abundance during exacerbation in patients with cystic fibrosis[END_REF][START_REF] Muhlebach | Anaerobic bacteria cultured from cystic fibrosis airways correlate to milder disease: a multisite study[END_REF].

Concerns have been raised that the presence of anaerobic and streptococcal species in respiratory samples is simply a result of oropharyngeal contamination; however, the high abundance of these species in lower airway secretions more likely reflects retention of aspirated bacteria due to abnormal mucociliary clearance. Moreover, the most frequently identified anaerobic bacteria in the lower airways, Prevotella, Veillonella and Actinomyces are common to both CF and healthy lungs [START_REF] Dickson | Bacterial topography of the healthy human lower respiratory tract[END_REF]. Cooccurrence network analysis has recently been employed to examine microbiome community structure and visualize potential interactions between bacteria in respiratory samples [START_REF] Quinn | Ecological networking of cystic fibrosis lung infections[END_REF]. Strict anaerobes form the "core" component of the network with Streptococcus, Rothia, and Gemella are all associated with each other. In contrast, typical CF pathogens, such as Staphylococcus, Pseudomonas

and Burkholderia were mutually exclusive with each forming distinct entities [START_REF] Muhlebach | Anaerobic bacteria cultured from cystic fibrosis airways correlate to milder disease: a multisite study[END_REF].

Several studies have also shown that the airway microbiome in healthy individuals is more diverse than that in people with chronic respiratory disease [START_REF] Zemanick | Airway microbiota across age and disease spectrum in cystic fibrosis[END_REF][START_REF] Erb-Downward | Analysis of the lung microbiome in the "healthy" smoker and in COPD[END_REF]. Moreover, reduced community diversity and richness and increased dominance by a recognised pathogen are associated with increasing age, antibiotic use, decreased lung function and disease progression [START_REF] Zhao | Decade-long bacterial community dynamics in cystic fibrosis airways[END_REF][START_REF] Muhlebach | Anaerobic bacteria cultured from cystic fibrosis airways correlate to milder disease: a multisite study[END_REF][START_REF] Coburn | Lung microbiota across age and disease stage in cystic fibrosis[END_REF][START_REF] Carmody | Fluctuations in airway bacterial communities associated with clinical states and disease stages in cystic fibrosis[END_REF]. In a recent large culture-based study, prevalence of anaerobes was positively associated with pancreatic sufficiency, better nutrition and better lung function [START_REF] Tunney | Use of culture and molecular analysis to determine the effect of antibiotic treatment on microbial community diversity and abundance during exacerbation in patients with cystic fibrosis[END_REF]. These findings have led to the suggestion that anaerobic bacteria form part of the normal 'healthy' airway microbiome and that a lower load and diversity of anaerobic bacteria reflects microbiome disruption and disease progression. However, some of the anaerobic bacteria detected, e.g. Prevotella, demonstrate in vitro resistance to antibiotic treatment [START_REF] Sherrard | Antibiotic resistance in Prevotella species isolated from patients with cystic fibrosis[END_REF], produce virulence factors [START_REF] Mirkovic | The role of shortchain fatty acids, produced by anaerobic bacteria, in the cystic fibrosis airway[END_REF], cause a host inflammatory response [START_REF] Ulrich | Relative contribution of Prevotella intermedia and Pseudomonas aeruginosa to lung pathology in airways of patients with cystic fibrosis[END_REF] and interact synergistically with recognized pathogens [START_REF] Sherrard | Production of extended-spectrum beta-lactamases and the potential indirect pathogenic role of Prevotella isolates from the cystic fibrosis respiratory microbiota[END_REF]. Therefore, the presence of such bacteria in the lower airways may contribute directly to disease pathogenesis and indirectly to increased antibiotic resistance in the CF microbiome. Further studies are required to understand the activities and complex interactions of microbes in early-stage disease and how the evolution of the bacterial community towards a less diverse end-stage disease can be prevented.

Given that the microbiome is important for the development of the immune system, there is growing interest in how the local gut microbiome influences immunity at other sites such as the brain, lungs or liver. The 'gut-lung axis' is of particular interest in CF where the gut microbiome may be disturbed due to both malabsorption and frequent antibiotic exposure (see section 4). Studies have shown that both children and adults with CF have lower species diversity in their gut microbiome compared to non-CF controls [START_REF] Burke | The altered gut microbiota in adults with cystic fibrosis[END_REF][START_REF] Duytschaever | Dysbiosis of bifidobacteria and Clostridium cluster XIVa in the cystic fibrosis fecal microbiome[END_REF]. Moreover, there is some concordance of gut and respiratory microbiome in CF infants over time. Madan et al. have shown that a decrease in gut microbiome diversity and loss of beneficial microbial species were associated with the first CF pulmonary exacerbation, as well as with initial Pseudomonas colonization [START_REF] Madan | Serial analysis of the gut and respiratory microbiome in cystic fibrosis in infancy: interaction between intestinal and respiratory tracts and impact of nutritional exposures[END_REF]. These studies show the effect of treatment on the gut microbiome and highlight the potential need to develop and use CF specific probiotics to minimise alterations in the gut microbiome (see section 5).

Clinical implications for CF

• Community assemblies within the airways are both diverse and complex

• Is the altered microbiome a cause or effect of disease?

• What biological functions can or do members of the community carry out?

• Could altering the gut microbiome improve long-term respiratory health

Pathophysiological factors of CF dysbiosis

CF pathology is characterized by the progressive loss of lung function through a cycle of infection, inflammation and tissue damage. This decline in lung function has been associated with a number of factors, biological, abiotic and Iatrogenic, described in detail below, that have been shown to influence the microbial community leading to dysbiosis. Defective mucociliary clearance, impaired bacterial killing and hyperinflammation as a result of the CFTR mutation drive disease progression; however, outside factor such as treatments (antimicrobial and anti-inflammatory) and viral infections, compound these factors leading to marked decline in health. While it is easy to fixate on the respiratory tract, particularly when considering the microbial community, the multisystemic nature of CF must be considered when discussing dysbiosis.

Biological factors

CF pathophysiology is primarily driven by the underlying CFTR mutation. Over 2,000 mutations have been characterized to date. Mutation class has been shown to have an effect on disease severity; however, the relationship between CFTR mutation and the microbiome is poorly understood.

CFTRΔF508 mutations have been associated with a loss of airway bacterial diversity [START_REF] Cox | Airway microbiome and pathogen abundance in age-stratified cystic fibrosis patients[END_REF], and conserved community composition [START_REF] Klepac-Ceraj | Relationship between cystic fibrosis respiratory tract bacterial communities and age, genotype, antibiotics and Pseudomonas aeruginosa[END_REF]; however, the scarcity of rare mutations has resulted in the grouping of mutations to gain statistically comparable group sizes. Grouping mutations by class may provide a better indication of the effect of mutation on microbial dysbiosis.

CF pulmonary exacerbations (CFPE) are characterized by an acute inflammatory response. The triggers of CFPE are not always clear but they are a major factor in decreasing lung function and contribute to patient morbidity and mortality. There are two postulated triggers for CFPE; the first is an increase in bacterial burden of a particular organism [START_REF] Whelan | Clinical insights into pulmonary exacerbations in cystic fibrosis from the microbiome. What are we missing?[END_REF]; the second is an increase in virulence through polymicrobial interactions [START_REF] Whelan | Clinical insights into pulmonary exacerbations in cystic fibrosis from the microbiome. What are we missing?[END_REF]. In many studies no temporal difference in bacterial abundance is observed and changes in the bacterial population particularly of pathogens are rarely observed. A further model of CFPE is characterised by an active sub population, perhaps as a result of proinflammatory planktonic bacteria, which are sensitive to antibiotic treatment [START_REF] Whelan | Clinical insights into pulmonary exacerbations in cystic fibrosis from the microbiome. What are we missing?[END_REF]. This sub population may represent a small percentage of the total microbial community making it difficult to detect changes from the stable population; however; the use of RNA methods may provide insight into active populations.

A number of recent publications have investigated the controversial topic of the gut-lung axis. Altered microbiome in infancy due to caesarean section or antibiotic usage has been shown to increase risk of allergic airway diseases. Gut functionality in CF is altered compared to healthy individuals [START_REF] Burke | The altered gut microbiota in adults with cystic fibrosis[END_REF][START_REF] Duytschaever | Dysbiosis of bifidobacteria and Clostridium cluster XIVa in the cystic fibrosis fecal microbiome[END_REF]. It has also been shown that CF affects the microbial composition of the gut, due to pathophysiological factors such as increased mucus production, altered diet and medication such as pancreatic enzymes taken orally [START_REF] Fouhy | A pilot study demonstrating the altered gut microbiota functionality in stable adults with Cystic Fibrosis[END_REF]. In a study by Groves et al, the introduction of a respiratory virus to mouse models caused significant changes in the gut microbiome with the relative abundance in Bacteroidetes increasing and Firmicutes decreasing over the course of 7 days of infection with respiratory syncytial virus [START_REF] Groves | Respiratory disease following viral lung infection alters the murine gut microbiota[END_REF]. This study suggests respiratory infection in CF may have an important effect on the microbial community of the gut.

Abiotic factors

Environmental studies have proven that pH is a strong selective pressure for changes in the bacterial community structure. The reduction in pH observed in both CF intestinal and respiratory mucosal membranes is associated with impaired bicarbonate secretion as a result of the CFTR mutation. This in turn leads to a reduction of protein function and an increase in mucin viscosity affecting bacterial clearance in the lung and altering the intestinal microbiome [START_REF] Berkebile | Effects of airway surface liquid pH on host defense in cystic fibrosis[END_REF]. The reduction in ability to control mucosal pH has been found to have a subsequent effect on innate host defenses, including antimicrobial peptides, secreted mucins, mucociliary clearance and protease activity. Abnormally low airways surface liquid (ASL) pH, leading to reduced ASL has been observed in CF newborns, indicating impaired host defenses are present from birth [START_REF] Pezzulo | Reduced airway surface pH impairs bacterial killing in the porcine cystic fibrosis lung[END_REF]. In the gut, there is also emerging evidence that the aberrant intestinal mucosa in CF may be associated with an altered gut microbiome. Indeed, the gut microbiome appears disrupted; the latter being associated with the pulmonary status in CF.

Iatrogenic factors

Control of respiratory infection requires the use of antibiotic treatments, often from a young age. The number of antimicrobial treatments used has been shown to significantly reduce bacterial diversity, which in turn has been associated with poor clinical outcomes [START_REF] Coburn | Lung microbiota across age and disease stage in cystic fibrosis[END_REF]. It would be naïve to assume that antimicrobial treatment was only targeting the lung microbiome, and a study by Burke et al. observed a negative correlation between number of IV antibiotics and microbiome diversity within the gut [START_REF] Burke | The altered gut microbiota in adults with cystic fibrosis[END_REF].

Moreover, a recent study on the impact of non-antibiotic medications on the gut microbiome found that 24% of the human targeted drugs had antimicrobial effects in at least one strain [START_REF] Maier | Extensive impact of nonantibiotic drugs on human gut bacteria[END_REF]. This could have profound effects in CF due to the quantity of medications required and the prospect that some of these drugs may also promote antimicrobial resistance [START_REF] Maier | Extensive impact of nonantibiotic drugs on human gut bacteria[END_REF]. High levels of drug accumulation in the gut have been shown to affect the 40 representative gut bacterial species. Therefore, questions need to be asked as to whether such accumulation is occurring in the lungs and how systemic drug treatments could be affecting the microbial communities throughout the body.

Pathophysiology of the CF microbiome

• Both the lung and gut microbiome are impacted by CFTR abnormalities

• Dysbiosis is characterised by a loss of diversity

• The vicious circle of infection and inflammation is maintained by multiple additive factors

5.

Manipulating the microbiome for better health in CF?

The local microenvironment drives variations in the microbiome, in respect of both the presence and abundance of taxa. Treatments other than antibiotics can influence the microenvironment, thereby modifying the microbiome. Consequently, several clinical studies, especially in the field of CFTR modulators and probiotics, have documented changes in the lung microbiome as an exploratory endpoint for restoration of the CF ecosystem.

The short and long-term effects of CFTR modulators

Significant changes in airway microbiome composition in patients with CF are observed with disease progression [START_REF] Coburn | Lung microbiota across age and disease stage in cystic fibrosis[END_REF][START_REF] Cox | Airway microbiome and pathogen abundance in age-stratified cystic fibrosis patients[END_REF]. These changes include a phylogenetic narrowing, which is associated with a reduction in taxonomic richness and biodiversity. Similarly, significant changes in microbial community composition have been reported following initiation of ivacaftor treatment in both children and adult patients with G551D mutations [START_REF] Rowe | Clinical mechanism of the cystic fibrosis transmembrane conductance regulator potentiator ivacaftor in G551D-mediated cystic fibrosis[END_REF][START_REF] Bernarde | Impact of the CFTRpotentiator ivacaftor on airway microbiome in cystic fibrosis patients carrying a G551D mutation[END_REF][START_REF] Peleg | Antibiotic exposure and interpersonal variance mask the effect of ivacaftor on respiratory microbiome composition[END_REF]. These include: i) increased taxonomic richness ii) increased microbial diversity (except in the study of Peleg et al. [START_REF] Peleg | Antibiotic exposure and interpersonal variance mask the effect of ivacaftor on respiratory microbiome composition[END_REF]) iii) a reduction in the relative abundance of Pseudomonas reads and/or isolation of P. aeruginosa in culture (this reduction was apparent within 48h and lasted for the first 12 months) [START_REF] Peleg | Antibiotic exposure and interpersonal variance mask the effect of ivacaftor on respiratory microbiome composition[END_REF] and iv) an increase in the relative abundance of Streptococcus, Rothia, Haemophilus, and anaerobic taxa such as Prevotella, Veillonella and Porphyromonas [START_REF] Bernarde | Impact of the CFTRpotentiator ivacaftor on airway microbiome in cystic fibrosis patients carrying a G551D mutation[END_REF]. Possible explanations for these changes in airway microbiome composition include the fact that ivacaftor demonstrates antimicrobial activity against certain bacterial species [START_REF] Reznikov | Antibacterial properties of the CFTR potentiator ivacaftor[END_REF], and that the niche occupied by Pseudomonas is occupied by other bacterial species as

Pseudomonas relative abundance decreases.

This reversal towards a more diverse microbiome may reflect a "healthier" CF microbiome, as previous studies have demonstrated an association between lower lung microbial diversity and increased airway inflammation [START_REF] Zemanick | Airway microbiota across age and disease spectrum in cystic fibrosis[END_REF], and a positive correlation between increased number of taxa and FEV1 [START_REF] Bernarde | Impact of the CFTRpotentiator ivacaftor on airway microbiome in cystic fibrosis patients carrying a G551D mutation[END_REF]. Therefore, these bacterial taxa could represent potential new biomarkers of a healthy airway microbiome, which could be measured in patients receiving modulator therapy such as ivacaftor [START_REF] Bernarde | Impact of the CFTRpotentiator ivacaftor on airway microbiome in cystic fibrosis patients carrying a G551D mutation[END_REF]. However, this promising hypothesis remains to be confirmed. Indeed, given the varied courses of antibiotics that patients received during the period if ivacaftor therapy, it is difficult to assess the direct impact of ivacaftor on the airway microbiome. Peleg et al. showed in a double-blind placebo-controlled study, that in the short-term, the impact of ivacaftor on lung microbiome composition is modest compared to the change resulting from antibiotic exposure and may be masked by changes in antibiotherapy [START_REF] Peleg | Antibiotic exposure and interpersonal variance mask the effect of ivacaftor on respiratory microbiome composition[END_REF]. Moreover, P. aeruginosa was not eradicated in any chronically infected subjects after 12 months of treatment. Likewise, all positive ivacaftor-effects observed in the first year of treatment including increases in alpha diversity, evenness and richness were not sustained in the 2 nd year [START_REF] Duytschaever | Dysbiosis of bifidobacteria and Clostridium cluster XIVa in the cystic fibrosis fecal microbiome[END_REF]. Finally, when the dynamics of the microbiome were measured by qPCR of key-genera (Prevotella, Streptococcus), there was no significant modification in absolute abundance.

Effects of probiotics and other therapies in link with the gut-lung axis

The CF-associated gut microbiome had reduced microbial diversity, an increase in Firmicutes, a reduction in Bacteroidetes, and an increase of potentially pathogenic species compared to that present in healthy controls [START_REF] Burke | The altered gut microbiota in adults with cystic fibrosis[END_REF]; this dysbiosis occurs early in life and becomes worse with time because of the disease itself, and recurrent antibiotherapy regimens. However, to date, even if many pilot studies evaluating probiotics in CF patients (191 clinical studies were published between 1985 and 2015 [START_REF] Van Biervliet | Clinical effects of probiotics in cystic fibrosis patients: A systematic review[END_REF]) showed positive results such as a decrease in the rate of pulmonary infection, the lack of high quality randomized controlled trials (RCTs) on probiotics in CF makes it impossible to support recommendations about the use of probiotics in CF [START_REF] Van Biervliet | Clinical effects of probiotics in cystic fibrosis patients: A systematic review[END_REF]. Well-designed, adequately powered RCTs assessing clinically meaningful outcomes with specific probiotic species and/or prebiotics are required to study this important issue.

More generally, it may be reasonable to hypothesize that interventions, other than CFTR modulators or probiotics, that correct the gut microbiome may have a potential role in managing CF respiratory disease. Diet is among the most important factors contributing to intestinal microbial homeostasis. It is well known that dietary intervention optimizes nutritional status and subsequently respiratory function. This data could be analysed through the prism of the microbiome. In the general population, diet has been shown to modulate the gut microbiome with consequences on both local and systemic immunity and inflammation [START_REF] Singh | Influence of diet on the gut microbiome and implications for human health[END_REF]. Similarly in CF, dietary modification of the gut microbiome to optimize nutritional status in CF may be feasible, although more CF-specific studies are warranted.

Finally, others therapeutic interventions like vitamin D supplementation, NaCl supplementation or antioxidant vitamin intake are commonly applied in CF. Further research is required to clarify whether these therapies can influence both the gut and lung microbiome in CF.

CF microbiome implications in therapeutics

• The microbiome may be an interesting and clinically relevant end-point in drug clinical trials

• CFTR modulators have an effect on both the gut and lung microbiome but current evidence suggests it is not sustainable in the long-term

• The place of probiotics remains to be clarified in CF

Conclusions

Consideration of the role of the lung and gut microbiome may be important in the future healthcare management of people with CF. As there is no consensus on standard operating procedures for microbiome analysis in CF, the development of relevant guidelines will be essential if the CF community are to benefit from the innovative results provided by this new research field. Such which can be compared between samples and studies. In brackets are indicated one or two choices in each step for sampling site, kits, sequencing platforms, software or pipelines indicated to perform the analysis of metagenomic or metatranscriptomic data.

  guidelines would help drive standardized research programmes and potentially enable researchers to address the clinical implications of the microbiome in CF. Well-designed RCTs assessing clinically meaningful outcomes are required to study microbiome-driven therapeutic interventions, including probiotics. In the future, microbiome-derived biomarkers may fulfil the need for personalized and predictive medicine.
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