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Preface

Cystic fibrosis (CF) is one of the most common fatal inherited diseases. The
discovery of the cystic fibrosis transmembrane conductance regulator (CFTR)

gene 30 years ago set the cornerstone for unravelling the pathogenesis of CF lung
disease, continuous development of disease-modifying agents, and the inception of
mutation-specific therapies, which are now becoming available for a subgroup

of patients.

This book provides an update on aspects of CF lung disease. Frost et al. describe
the use of novel culture-independent techniques such as next-generation
sequencing to analyse the lung microbiome, allowing us to further understand

the diversity, complexity, and effects of acute exacerbations, and the use of
antibiotics on bacterial communities. The understanding of the CF microbiome
presents new opportunities for disease management in CF and has the potential

to explore the impact of CFTR modulators. Abdelbary also provides an overview
of the microbiology in CF including the impact of bacterial colonisation, fungi and
respiratory viruses.

The overview of CFTR modulators and gene therapy provides understanding

of personalized therapeutic options with a focus on an individual’s specific
mutations. Rang et al. provide a succinct summary of these exciting treatment
modalities in CF and how these treatment modalities for forever alter the care of
these patients.

Szczesniak et al. discuss the use of CF registries that have the potential to improve
on CF clinical management effectiveness and the development of treatment
policies, although missing and confounding data can be huge challenges in the
evolution of these policies.

Around 40 percent of patients with CF have some form of liver abnormalities. In
recent years, an increase in CF-related liver disease (CFLD) has been noted. This is
most likely related to patients with CF who are being screened more stringently for
liver disease starting from a young age. Wiecek et al. provide an overview of the risk
factors, clinical symptoms, diagnostic methods and treatment of liver changes in
the course of CF.

In light of COVID-19, many health-governing bodies are turning to remote
consultations in order to minimise the risk of infection for staff and patients.
Fogazzi et al. describe the use of video education to improve the adherence of
airway clearance and inhaled therapies. This is an important stress test depicting
the usefulness of technology in this specific patient cohort.

Finally, Vagg et al. describe the design and development of a patient passport
mHealth application for adults with CF. This application allows patients access
to their own data. It will be of benefit when travelling abroad and between CF
centres. This technology also has the potential to improve the quality and safety
of care.



This book is invaluable for clinicians, scientists and researchers involved in the care

of patients with CF.

XIvV

Dennis Wat
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Chapter1

The Pulmonary Microbiome in
Cystic Fibrosis

Freddy J. Frost, Dilip Nazareth and Dennis Wat

Abstract

The chronic colonisation of the lower airways by bacterial pathogens is the
leading cause of morbidity and mortality in patients with cystic fibrosis (CF). The
use of novel culture-independent techniques such as next-generation sequencing
(NGS) to analyse the lungs has allowed us to further understand the diversity, the
complexity, the effects of acute exacerbations and the use of antibiotics on the
bacterial communities. The understanding of the CF microbiome to airway disease
remains a fascinating area of research; it presents new opportunities for disease
management in CF and has the potential to explore the effects of cystic fibrosis
transmembrane conductance regulator (CFTR) modulators. It also allows further
appreciation regarding the roles played by anaerobic organisms within the CF
airways. It is also of interest that a number of studies have demonstrated that the
fluctuations of microbiome are not necessarily associated with the patient’s clinical
status. Despite the available evidence, there remain many challenges that must be
overcome if microbiome profiling is going to influence future clinical practice. The
effects of fungus and the emergence of nontuberculous mycobacteria in CF are also
briefly discussed in this chapter.

Keywords: cystic fibrosis, microbiome, CFTR modulators, nontuberculous
mycobacteria, Aspergillus

1. Introduction

Traditional culture techniques rely on growing bacteria on media in laboratory
conditions often optimised for growth of specific organisms so that they can then
subsequently be identified. In the last 20 years, novel techniques utilising next-
generation sequencing (NGS) to identify bacteria have become available, enabling
detection and description of bacterial communities without the need for conven-
tional culture. These technologies have allowed a greater understanding of bacterial
communities throughout the human body and have revealed functional roles in
both health and disease.

A healthy human gut, for example, is home to a highly diverse community of
bacteria, termed as microbiome, which has symbiotic functions including metab-
olism of otherwise indigestible compounds and defence against opportunistic
pathogens [1, 2]. Furthermore, bacteria in the gut influence the stimulation and
development of the innate mucosal immune system [3]. In addition to the roles
in health, there has been significant interest in the relationship between micro-
biomes and diseases such as obesity, inflammatory bowel disease and diabetes
mellitus [4-6].

1 IntechOpen
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Studies utilising culture-independent techniques to analyse the lungs have iden-
tified the presence of bacterial communities that are much more complex than the
previously appreciated. The lungs were long considered to be an inherently sterile
environment, in part due to the fact that conventional culture techniques often
yielded negative results during health and it was only during disease that pathogens
were detected. However, the advent of culture-independent techniques has demon-
strated that multiple organisms comprise a community, termed the ‘microbiome),
in the lungs of patients, both healthy and diseased [7-9]. In this chapter, we discuss
the techniques employed in 16S rRNA sequencing and the evidence these tech-
niques have generated so far in relation to cystic fibrosis.

2.16S rRNA gene sequencing

The 16S rRNA gene codes for a ribosomal subunit present in nearly all bacteria.
The gene itself is approximately 1.5 kb long and consists of conserved regions,
similar in nearly all microorganisms, and nine variable regions labelled, V1-V9,
which are practically specific to each microorganism [10]. The identification of a
specific DNA sequence that corresponds to the known variable region of 16S rRNA
gene can allow discrimination of the presence and relative abundance of different
microorganisms (Figure1).

Once the samples have been processed, DNA is extracted, and the 165 rRNA
gene is amplified using polymerase chain reaction (PCR). Next-generation
sequencing allows elucidation of the precise gene sequences, and online reference
databases can then be used to match each sequence to an organism and quantify its
relative proportion within a multispecies population. However, it is important to
note that sequencing of the 16S rRNA gene has limited resolution and often cannot
distinguish species with similar gene sequences apart. Therefore, instead of distinct
species, sequences are referenced against and assigned into operational taxonomic
units (OTU) (see Table1).

Given the large number of species identified even in healthy lungs, ecological
theory and analyses are often employed to understand community dynamics [9].
According to ecological principles, the composition of the lung microbiome is
determined by three factors:

1.Immigration of organisms into the lung

2. Elimination of microbes from the airways

3.Regional growth factors [11]

@ Kl

Okb 1.5kb

Figure 1.
Schematic illustration of structure of the 16S rRNA gene. Orange regions—uvariable regions; blue region—
conserved region.
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Term Definition

Microbiome The microorganisms in a particular environment

16S rRNA gene A gene which codes for a ribosomal subunit. Present in all prokaryotes and has
variable regions, which differ slightly between bacterial species

Richness A measure of the number of species in a community

Evenness A measure of similarity of the relative abundance for each species in a

community That is, does one species dominate, or do all species have similar
relative abundance?

Diversity A measure of variety in a community. Combination of richness and evenness
Alpha diversity Within-sample diversity

Beta diversity Between-sample diversity

Operational Group of strains/species with similar 16S rRNA gene sequences

taxonomic unit (OTU)

Table 1.
Glossary of terms and definitions.

The lung microbiome in healthy individuals is dictated largely by immigration
and elimination and hence generally consists predominantly of those Gram-
negative anaerobes also resident in the oral flora such as Prevotella and Veillonella
spp. [11]. However, in disease the regional growth conditions are altered, and
niches for other species to thrive are created. In CF, for example, viscous secre-
tions, altered pH, nutrient availability and architectural disturbance may all help
select for a community of altered composition to that of healthy individuals. How
this community changes over time, in response to the intensive antibiotic treat-
ment that people with CF are exposed to, has been the subject of much interest in
the last decade.

3. CF respiratory microbiota in early life

Understanding the development of the CF respiratory microbiota in early life
has attracted interest in order to appreciate the driving factors behind the distinct
microbiota seen later in life and also to identify potential opportunities for inter-
vention. Neonates and infants cannot expectorate sputum independently, and
bronchoalveolar lavage (BAL) is only used sparingly; hence, upper respiratory
tract samples are often used as surrogates. The imperfection of this approach was
recently highlighted where large differences in concordance between BAL samples
and upper respiratory tract (URT) samples were observed in some taxa [12].
Nevertheless, concordance was high for some important taxa such as Moraxella and
Staphylococcus, and in the absence of less invasive techniques, URT sampling enables
early estimation of the neonatal lower respiratory tract.

The composition of CF nasopharyngeal microbiota diverges from that of
non-CF infants as early as the first few months of life [13, 14]. Newborn healthy
infants appear to have nasopharyngeal microbiota dominated by Moraxella spp.,
Corynebacterium spp. and Haemophilus spp., a community structure that persists for at
least the first 6 months of life. Conversely the CF nasopharynx microbiome is initially
dominated by Staphylococcus aureus before a gradual increase in Streptococcus spp. and
Moraxellaceae at 3 months of age [13]. Despite the increased S. aureus seen in CF, there
were no decreases in measures of richness or diversity indicating that changes are due
to differing microenvironment rather than interspecies competition [15].
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The divergence observed in the first few months of life usually precedes antibi-
otic administration and demonstrates that CF itself is associated with compositional
changes in the microbiota, but as CF infants grow older, exposure to antibiotics,
either via acute treatment for respiratory illnesses or prophylaxis against classic CF
pathogens, becomes inevitable. Mika et al. investigated the relationship between
antibiotics and the nasal microbiota by prospectively following 30 newborn infants
with CF with fortnightly sampling for the first 12 months of life [14]. Antibiotic
administration was associated with an increase in the Shannon diversity measure
(a measure of the richness and evenness of a community), but this was judged to be
most likely secondary to an increase in transient colonisers. Interestingly, antibiotic
therapy was staphylococcal directed, but decreases in Staphylococcus OTUs were
not seen. Instead significant reductions in Moraxellaceae were observed, and when
oligotyping was used to observe changes in Staphylococcus at the species level, mild
reductions in S. aureus were offset by increases in S. epidermidis, leading the authors
to suggest that S. epidermidis may act as a reservoir of resistance. These findings
were supported by Prevaes et al. who conducted a similar study in a slightly older
population (mean age 2 years old) [13]. Antibiotic treatment was observed to be
associated with reductions in Moraxellaceae and S. aureus OTUs, with increases in
other staphylococcal OTUs, although more specific oligotyping was not performed.

As babies grow older, sampling from the lower airways becomes more common,
and comparisons between the lower and upper airways become feasible. Given the
close proximity and interrelated spaces of the nose, throat and lungs, it could be
expected that they all may share similar community structures; however, the reality
is that the nasal community appears different from that of the throat and lung,
which are much more closely aligned. Boutin et al. found differences in the commu-
nity structure of the nasal cavity compared to throat and sputum samples; in that
diversity, richness and evenness were significantly higher in nasal samples, and up
to 21 of the 76 most abundant nasal OTUs were not present in the throat or sputum
samples [16]. Interestingly, the authors also found that subjects could be broadly
defined into one of two ecotypes based on the presence or absence of Pseudomonas,
and the similarities between throat and sputum samples began to diminish once
Pseudomonas was present. Muhlebach et al. supported these findings in a recently
published study, which for the first time included routine sequential BAL sam-
pling in young children as part of the large AREST-CF cohort in Australia and the
USA. They showed that lower airway cultures mirrored that of the oral cavity until
approximately age 2, when increasing predominance of known CF pathogens was
observed and communities diverged [17]. This has a number of clinical implica-
tions in that, firstly, throat swabs can provide adequate representation of the lower
airways in very young children and, secondly, prevention or delay of this transition
point by manipulation of the microbiota could theoretically be a strategy to improve
outcomes later in life.

4. Progressive loss of diversity

Once the lungs are colonised with CF pathogens, a pattern of progressively
uneven community structures ensues. Cox et al. examined biobanked sputum
samples from a cohort of 63 clinically stable people with CF of ages ranging from
9 months to 72 years [7]. This cross-sectional approach identified the loss of
community richness, evenness and diversity as age increased. Pseudomonas and
Burkholderia OTUs began to progressively dominate in older subjects, and the
changes in community structure were inversely associated with pulmonary func-
tion. In a similar study design with 269 patients, Coburn et al. also found sample
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diversity inversely correlated with age and disease stage. Progressive loss of diver-
sity was particularly correlated with Pseudomonas and Burkholderia abundance,
which notably increased after the age of 25 [18].

Zhao et al. were the first to confirm these findings longitudinally when they
followed up six patients over a 9-year period with serial sputum collections. It
was observed that the three patients with what they termed as more ‘progressive’
disease had significant decreases in community diversity over the course of several
years. Decreasing lung function and increasing age were also associated with
decreasing community diversity [19]. This study was soon followed by Fodor et al.
who focussed more on changes in the microbiota associated with acute changes in
clinical status but did observe a strong correlation between low species richness and
poor lung function [20]. Stokell et al. followed up a single patient up to over 3 years
and observed increasing total bacterial load as well as diminishing community
richness and diversity [21].

Contrastingly, Whelan et al. recently published a study of six patients who
submitted thrice-weekly sputum samples for a year [22]. No overall changes in
community structure were observed over the course of the year, and the authors
concluded that the respiratory microbiome is unique to each patient and the previ-
ously reported associations between community structure and clinical parameters
may be true on a cohort/population level but not at an individual level. There is
some merit in this argument, but it is also worth noting that the six patients in
the study appeared relatively stable with a median of only one exacerbation in the
12-month study period. It is also therefore a possibility that the follow-up period
was not long enough to capture the more indolent changes likely to be present in
those patients [23]. A much longer study period was adopted by Acosta et al. [24]
who analysed samples from matched patients with biobanked sputum samples
in three historic cohorts spanning nearly 20 years at a single centre. Across all the
three cohorts, the core microbiome constituents were preserved, but the propor-
tion of Pseudomonas-dominated communities was reduced, and overall diversity
increased in the more recent cohorts. Community structure improved gradually
from the most historic cohort to the most recent, and these changes appeared to
correlate with the generally improving clinical status of people with CF, confirming
the previously described observed association between community structure and
clinical outcomes [24].

The association reported in most studies between community structure and
clinical outcomes has inevitably led to the question of whether a less diverse or even
rich microbiome is simply a marker of increased pulmonary disease or is itself a
driver in disease pathogenesis [25]. If the latter were true, efforts to promote a more
diverse community could have the potential to slow pulmonary disease progression.
An Italian group has led efforts to find patterns or signatures in the microbiome
that may predispose patients to accelerated lung function decline; however, no
causal association has been elucidated [26-28]. Instead, Zhao et al. found that the
relationship between age, lung function and community diversity disappeared once
controlled for antibiotic use, thus suggesting antibiotic therapy is the predominant
driver of reducing community diversity [19]. The same group later developed a sta-
tistical approach to more precisely correct the antibiotic exposure when examining
relationships between microbiota and clinical outcomes. The approach was applied
to 478 sputum samples and confirmed that antibiotic use was an independent
predictor for decreased diversity [29].

Accurately recording antibiotic use is troublesome in longitudinal studies due to
the frequent episodic use of antibiotics in CF which is often self-directed by patients
themselves, due to the widespread use of long-term antibiotics for which compli-
ance may be heterogeneous and also due to the retrospective nature of a number
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of CF microbiome studies [30]. However, Pittman et al. were able to prospectively
perform bronchoscopy and record antibiotic exposure of 32 subjects as part of the
AREST-CF study. In that study, community diversity was much lower in the BAL of
those patients receiving antibiotics [31].

Thus it appears likely that the strong association between community structure
and degree of lung disease is related to the inevitable prolonged and aggressive use
of antibiotics in CF rather than direct pathogenesis from a less diverse microbiome.

5. Community changes with acute pulmonary exacerbations

Despite the importance of exacerbations on long-term outcomes of people with
CF, the pathophysiology of these events remains undefined [32, 33]. Clinically,
exacerbations are frequent and are characterised by rapid changes in symptoms
such as an increase in sputum volume or purulence, shortness of breath and fatigue.
The precise mechanisms underlying these important events remain elusive, and
studies looking for answers using culture-independent techniques have not found
consistent answers. For example, one may expect to find evidence of increases in
known pathogens at the time of exacerbations, yet there is no consistent evidence of
this [23]. In fact, a number of studies have found the CF microbiota to be extremely
stable over time and resilient to change at exacerbation and following subsequent
treatment [19, 20, 34, 35].

However, when the community structure as a whole is considered, a number
of larger studies have found reduced diversity or richness at the times of exacerba-
tion compared to clinical stability. Coburn et al. found small decreases in Shannon
diversity in exacerbation samples compared to their baseline study of 269 people
with CF [18]. Similarly, Filkins et al. found that samples taken during exacerbations
had significantly lower diversity than samples taken when patients were stable
[36]. Perhaps most convincingly, Li et al. collated data from 18 previous studies to
analyse over 700 sputum samples and found that there were significant reductions
in community richness at exacerbation [37].

Whilst increases in P, aeruginosa at the time of exacerbation have not been seen
consistently, they have been observed in some cases. Carmody et al. followed up
four patients for 3 months with daily sputum sampling and observed daily stability
between exacerbations but increased P. aeruginosa abundance at the time of exac-
erbation in some patients and increases in Prevotella in others [38]. These findings
help introduce two new concepts: firstly, the potential for exacerbations to appear
similar phenotypically but have different underlying aetiology with only some
being due to changes that can be observed in the microbiota and, secondly, that
previously overlooked anaerobes may play a pathogenic role.

The first concept is supported by Whelan et al. who found in longitudinal
sampling of six patients that some but not all exacerbations were associated with
changes in the microbiota [22]. Attempts to identify different types of exacerba-
tions in COPD have identified four distinct aetiological clusters, bacterial, viral,
eosinophilic predominant and ‘paucinflammatory’, and even though these clusters
may not be mirrored in CF, it is plausible that not all exacerbation clusters would
be associated with changes apparent in either individual taxa or overall bacterial
community structure [39].

Changes in the metabolic activity of specific taxa or the community as a whole
triggering an exacerbation could be another explanation for an apparent lack of
change in the community structure seen in some studies. The metabolites lactate
and putrescine were found by Twomey et al. to increase during exacerbation in
the absence of clear changes in the community structure [40]. Quinn et al. used
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the ecological functional networking to identify the non-mevalonate pathway of
isoprenoid synthesis as a ‘keystone’ pathway in CF infections. Intriguingly fosmido-
mycin, an antimalarial agent, is known to be effective at targeting this pathway [41].

The second concept to emerge from the study of Carmody et al. relates to the
changes in Prevotella abundance at the time of exacerbation and raises the prospect
that species not considered conventional CF pathogens may play a role in exac-
erbations [42]. Anaerobic species are easily overlooked in conventional selective
culturing due to the requirement for anoxic culture yet are identified frequently in
culture-independent analyses of the CF lower airways. In addition to Gemella, both
Prevotella and Streptococcus anginosus (milleri) have been found to have associations
with clinical stability [36, 38, 42]. Anaerobes have been shown to have the potential
to modulate P, aeruginosa gene expression in the polymicrobial setting; hence, even
if they are not directly pathogenic, they may still play a contributory role to the
pathogenesis of some exacerbations [43, 44].

To summarise, the aetiologies underpinning the transition from a stable state
to an acute exacerbation are not well understood. It is likely that there multiple
aetiological clusters but only some of which may be associated with changes in
community structure.

6. Community changes associated with treatment for acute pulmonary
exacerbations

Traditional dogma would dictate that intensive, targeted antimicrobial therapy
with dual anti-pseudomonal agents will result in significant reductions in abun-
dance of P aeruginosa; however, in a similar vein to the findings from studies of
the onset of exacerbations, microbiota responses to treatment for acute pulmonary
exacerbations in CF have not aligned with this conventional understanding of
infections.

One of the predominant themes that has emerged from studies of the respira-
tory microbiota response to acute antibiotics is that P. aeruginosa is not impacted to
the same degree as other members of the community. For example, Daniels et al.
studied 12 adult CF subjects across the cycle of an exacerbation and treatment and
found that following initiation of anti-pseudomonal antimicrobials, the relative
abundance of P, aeruginosa actually increased, alongside a reduction in the total
number of species detected [45]. Cuthbertson et al. also found no evidence of
reduced P, aeruginosa abundance in a study of 12 CF patients receiving treatment
for pulmonary exacerbations [45]. Instead, reductions in Streptococcus sanguinis,
Prevotella and Porphyromonas OTUs were observed [35]. Similarly, Li et al., in
their analysis of over 700 sputum samples, found that antibiotic treatment had
no effect on Pseudomonas abundance but did have significant effects on Gemella,
Staphylococcus, Actinomyces, Moraxellaceae and Fusobacterium [37]. Further, Fodor
et al. again found that dominant taxa such as Pseudomonas and Burkholderia were
unchanged when compared at the beginning and end of an exacerbation but the
relative abundances of Gemella, Streptococcus and a small number of other less
abundant OTUs were all reduced [20].

In contrast, two studies have found reductions in P, aeruginosa following treat-
ment. Firstly, Zemanick et al. investigated the association between inflammation
and changes to the airway microbiota during treatment for exacerbations and found
that although bacterial load did not change, the relative abundance of P. aeruginosa
was observed to decrease and that these changes correlated with improved lung
function [46]. A reduction in P, aeruginosa abundance following treatment was also
reported by Smith et al., who noted rapid decreases in P. aeruginosa abundance and
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an associated increase in diversity following the initiation of intravenous antibiotic
treatment for pulmonary exacerbations in CF, although these changes were tran-
sient and returned to baseline following the completion of treatment [47].

There are a number of factors that may explain the differences between the
studies mentioned in this section, and many of them apply to studies of the CF
microbiome in general. The most obvious is the heterogeneous study designs,
which are mostly retrospective and observational in nature and include a wide
range of antibiotic regimens. For example, some authors such as Cuthbertson and
Daniels included exacerbations treated with oral antibiotics as well as those requir-
ing intravenous therapy [35, 45]. Milder exacerbations are often treated with oral
antibiotics, and hence associated changes in the microbiota may also be expected to
be more subtle. Even in those studies where only intravenous regimens were used,
the antibiotic regimens or doses given are often not listed. The lack of a control or
comparator group further makes interpreting results difficult [35, 45].

A further consideration is the sampling timeframes in each study, where again
there exists a considerable variation that may have implications for interpreting
results, particularly given that Smith et al. reported significant but transient reduc-
tions in P, aeruginosa abundance in the first few days of treatment [48].

Sample collection, storage, handling and DNA extraction techniques all also
have the potential to impact on subsequent sequencing results. For example, mul-
tiple freeze—thaw cycles have been demonstrated to affect the results of microbiota
analysis in respiratory samples [49]. Furthermore, different sequencing platforms
can also produce different profiles [50].

There is no universally standardised protocol for the extraction of DNA from
respiratory samples, and hence methods are often inconsistent between study
groups. One obvious inconsistency is the use of propidium monoazide (PMA), a
chemical compound that binds DNA in cells with damaged membranes and hence
allows exclusion of non-viable DNA from sequencing. Excluding non-viable DNA
has been suggested to be important for accurately identifying which members of
the community are active at times of exacerbation and helps to avoid overestimation
of viable microorganisms following treatment with antibiotics, but it is not utilised
by all groups [51, 52]. There are concerns that PMA may incompletely penetrate
sputum, hence only identifying a portion of non-viable cells. PMA is also known
to stain viable cells of some species and stain dead cells in others [53]. In CF exac-
erbations, PMA treatment was not found to significantly alter the community asa
whole, and only changes in low abundance ‘satellite’ taxa were apparent [51].

Overall, there is certainly evidence that acute antibiotic administration alters
the respiratory microbiota; however, in the absence of prospective controlled trials,
it is difficult to interpret these results given the confounders mentioned above.
Indeed there have been calls for future clinical trials in CF to include biobanking of
samples to allow a more rigorous scrutiny of the effect of antibiotic agents on the
microbiome [54].

7. Community changes associated with chronic suppressive antibiotics

Inhaled antibiotics such as colistimethate (COL), tobramycin (TOB), aztreo-
nam (AZLI) and levofloxacin (LIS) preparations are all licenced in the UK for the
treatment of chronic P. aeruginosa infections and have, to varying degrees, dem-
onstrated improvements in lung function and exacerbation rates as well as sputum
density of P. aeruginosa [55-58]. However, despite the near ubiquitous use of these
inhaled anti-pseudomonals in the chronic P. aeruginosa treatment in CF, the effect
of these treatments on the microbiome remains poorly defined. Furthermore,
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many patients receive chronic macrolide therapy over many years, at least in

part for its immunomodulatory effects, yet similarly little is known about the
effects of this persistent selective pressure on the microbiota. When considering
inhaled antibiotics, there is contrasting evidence as to their influence on the CF
microbiome. For example, Kramer et al. [59] did not find any correlation between
bacterial community structure and inhaled antibiotic treatments, although it is
unclear which agents patients were using in that study. More recently Acosta et al.
[24] utilised a prospectively collected Canadian sputum biobank primarily to
investigate changes in CF cohort microbiota over time but also assessed whether
different long-term antibiotics were associated with distinct microbiota. Eighty-
two samples from 42 patients were sequenced, and those receiving long-term
tobramycin and colistimethate harboured significantly different respiratory com-
munities compared to those who were not, but interestingly no differences were
seen in people receiving AZLI. The authors also assessed the impact of long-term
oral azithromycin and nebulised dornase, but these agents were not associated
with any differences. Perhaps intrigued by the failure of AZLI to be associated
with microbiomic differences given its proven clinical benefits, the same group
investigated its effects in more detail. In the only published study focussing on the
microbiomic outcomes of a specific inhaled antibiotic, Heirali et al. [54] utilised
the same Canadian biobank and sequenced 80 samples from 24 patients naive to
AZLI and 82 samples from the same patients following initiation of AZLI. Overall
no differences were observed in alpha or beta diversity measures, but at the OTU
level, significantly lower relative abundances of Prevotella were seen following
AZL] initiation. The authors then subclassified patients into AZLI ‘responders’
and ‘non-responders’ based on clinical outcomes and found ‘non-responders’ to
have lower abundance of Pseudomonas and higher abundance of Staphylococcus.
This novel approach raises the prospect of signatures in an individual’s microbiota
acting as a biomarker for response to antibiotics and may represent an important
step in the march towards personalised precision medicine in CF. Further stud-
ies are required to explore the potential for an individual’s microbiota to guide
treatment.

8. Community changes associated with CFTR modulators

In the last 5 years, treatments targeted towards correcting the underlying
defect in CF have become available. Ivacaftor, a cystic fibrosis transmembrane
conductance regulator (CFTR) potentiator, is licenced specifically for the treatment
of people with a G551D mutation and a number of other rare gating mutations,
which together account for approximately 5-10% of the CF population in the UK
[60]. In this subset of the CF population, ivacaftor use has been associated with
improvements in lung function, reductions in exacerbations, reductions in sweat
chloride, improved weight gain and improved quality of life [61, 62]. The restora-
tion of CFTR activity by ivacaftor and the associated clinical benefits, in particular
improved lung function and reductions in exacerbation, has inevitably raised
questions as to whether ivacaftor has an antimicrobial effect.

Theoretically, ivacaftor could have an antimicrobial effect in a number of
ways. Firstly, the restoration of CFTR activity should result in a rehydrated airway
surface layer, and this in turn will allow the mucociliary escalator to function
physiologically. The improved clearance of airway secretions would then result
in the elimination of bacteria. Secondly, the restoration of CFTR activity could
result in a dramatic change in the local pulmonary microenvironment, turning a
previously favourable environmental niche into an inhospitable one for resident
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microbiota. There is evidence to support a similar effect in the GI tract, where
CFTR modulation with ivacaftor was associated with improved proximal small
intestinal pH, likely secondary to improved bicarbonate secretion [63]. Thirdly,

a direct bactericidal effect of ivacaftor itself has been postulated given that its
chemical structure contains a quinolone ring and many quinolone derivatives have
antimicrobial properties [64]. This theory is supported by evidence that ivacaftor
exerted in vitro antibacterial effects on clinical respiratory isolates of S. aureus
(MSSA and MRSA) and Streptococcus pneumoniae [65, 66]. However, these studies
found very little activity against Gram-negative organisms, which is uncharacter-
istic of a quinolone-based antibiotic [65]. Interestingly, the authors of the same
study noted synergism of ivacaftor with antibiotics commonly used in CF, and
this was recently supported by Payne et al., who again found that ivacaftor had
activity against Streptococcus spp. and S. aureus and that the effect was potentiated
in the presence of tobramycin. Again there was no evidence of direct antibacterial
activity against P. aeruginosa [67].

Interest has since focussed on clinical microbiological outcomes of patients com-
menced on ivacaftor therapy in an effort to investigate differences post-treatment
initiation. Interestingly, despite ivacaftor appearing to have no innate activity
against P, aeruginosa, a number of studies have reported reductions in counts and
density post initiation, perhaps suggesting that quinolone activity is not the only
mechanism at play [68, 69].

In contrast to the relative lack of focus on inhaled antibiotics, a number of
studies have investigated the effects of ivacaftor on the respiratory microbiome.
Peleg et al. [70] conducted the only placebo-controlled trial in this field when they
performed a double-blind, placebo-controlled, cross-over study of 28-day ivacaftor
treatment. Sputum was collected at the start and end of each 28-day treatment
period, and 16S rRNA sequencing with qPCR correlation was subsequently per-
formed. No significant differences were observed for either total bacterial load or
P, aeruginosa load following ivacaftor therapy, and no significant difference in the
microbiota composition (based on 16S rRNA microbiome analysis) was observed
between the placebo and treatment samples. However, the authors noted that when
they adjusted for consistent or changing antibiotic exposure in the 28-day study
period, ivacaftor was associated with a significant reduction in P, aeruginosa load.
That is to say, changes in the microbiota induced by acute changes in antibiotic
administration during the 28-day treatment periods may have masked the effect
induced by ivacaftor.

In longer-term observational studies, a number of changes have been observed.
Bernarde et al. [71] noted no significant changes in bacteria load and also no
significant changes in overall community composition at 1 year following ivacaftor
initiation. However, individual taxa were observed to change in that the rela-
tive abundance of Streptococcus mitis group was significantly diminished and a
Porphyromonas OTU was significantly increased. Elsewhere, in perhaps the most
comprehensive study of microbiological outcomes following ivacaftor initiation,
Hisert et al. [72] found marked reductions in P. aeruginosa sputum densities using
conventional culture and also reduced sputum inflammatory markers in regular
follow-up throughout the first 2 years of ivacaftor use. These findings were mir-
rored in the 16S rRNA-based analysis, where decreases in mean P, aeruginosa
relative abundance and subsequent increases in diversity measures were observed.
However, no patient eradicated P, aeruginosa, and after 12 months of treatment,
relative abundance, sputum counts and inflammatory markers began to increase
again. The authors interpreted these findings to suggest that P. aeruginosa may adapt
to a CFTR-restored environment and this clearly has implications for the need for
ongoing anti-infective chemotherapy in CF.
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9. Nontuberculous mycobacteria

Nontuberculous mycobacteria (NTM) are identified in approximately 10% of CF
patients, but only a small proportion will go on to develop NTM pulmonary disease
(NTM-PD) warranting treatment. First and foremost, the management of CF pulmo-
nary disease should be optimised, including antibiotic therapy targeted to the indi-
vidual’s usual airway bacteria, prior to considering treatment for NTM-PD. Those who
fulfil criteria for NTM lung disease may not necessarily require treatment and could be
monitored expectantly if symptoms and radiographic findings are minimal or stable
over a period of surveillance. However, the presence of Mycobacterium abscessus com-
plex (MABSC), deteriorating lung function, worsening radiology and/or anticipated
lung transplant should prompt NTM therapy initiation (Table 2). For CF patients
with Mycobacterium avium complex (MAC), recommended treatment includes
triple antibiotic therapy with a macrolide, rifampin and ethambutol. Azithromycin
is generally the preferred macrolide of choice in CF as it is better tolerated and has
fewer drug—drug interactions. An initial course of injectable amikacin or streptomycin
should be considered in the presence of (i) acid-fast bacillus smear-positive respira-
tory tract samples, (ii) radiological evidence of lung cavitation or severe infection and
(iii) systemic signs of illness. MABSC treatment is more complicated and requires an
induction phase (oral macrolide and two IV agents including amikacin with one or
more additional intravenous antibiotics including tigecycline, imipenem, cefoxitin)
for 3 to 12 weeks as well as a maintenance phase (nebulised amikacin and a macrolide
with two to three oral antibiotics including minocycline, clofazimine, moxifloxacin,
linezolid). Baseline and interval testing for drug toxicity is essential. The treatment
duration for both MAC and MABSC is extended 1-year post-culture conversion.
However, in patients who do not achieve culture negative status but tolerate therapy,
ongoing treatment for mycobacterial suppression and prevention of disease progres-
sion can be considered. There are no randomised controlled trials of MABSC therapy
in the general population or in CF; however, there is MABSC treatment outcome data
in non-CF populations from several clinical studies [74]. In a study of 57 non-CF

Clinical (both required)

1. Pulmonary symptoms with nodular or cavitary opacities on chest radiograph or a high-resolution CT
scan that shows multifocal bronchiectasis with multiple small nodules

2. Appropriate exclusion of other diagnoses.

Microbiologic (one of the following required)

Positive culture results from at least two expectorated sputum samples. If the results from samples are
non-diagnostic, consider repeat sputum acid-fast bacillus (AFB) smears and cultures.

Positive culture results from at least one bronchial wash or lavage.

Transbronchial or other lung biopsy with mycobacterial histopathological features (granulomatous
inflammation or AFB) and positive culture for NTM or biopsy showing mycobacterial histopathologi-
cal features (granulomatous inflammation or AFB) and one or more sputum or bronchial washings that
are culture positive for NTM.

Expert consultation should be obtained when either infrequently encountered NTM or those usually
representing environmental contamination are recovered.

Patients who are suspected of having NTM-PD but who do not meet the diagnostic criteria should be
followed up until the diagnosis is firmly established or excluded.

Making the diagnosis of NTM-PD does not, per se, necessitate the institution of therapy, which is a
decision based on potential risks and benefits of therapy for individual patients.

Table 2.
ATS/IDSA clinical and microbiologic criteria for diagnosing nontuberculous mycobacterial pulmonary disease
(NTM-PD) [73].
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Figure 2.
Typical treatment schedules for individuals with CF with Mycobacterium abscessus or MAC pulmonary
disease [74].

subjects that compared M. abscessus ssp. massiliense and ssp. abscessus infections and
treatment outcomes, all individuals were treated with clarithromycin-containing
regimen in combination with an initial 4-week course of cefoxitin and amikacin, was
given to 57 patients (24 with M. abscessus and 33 with M. massiliense) for more than
12 months. The proportion of patients with sputum conversion and maintenance of
negative sputum cultures was higher in patients with M. massiliense infection (88%)
than in those with M. abscessus infection (25%; p < 0.001). Inducible resistance to
clarithromycin (minimal inhibitory concentrations = 32 pg/ml) was found in all tested
M. abscessus isolates (n = 19), but in none of the M. massiliense isolates (n = 28) [75].

Inhaled liposomal amikacin for maintenance treatment has also drawn inter-
est. In a randomised placebo-controlled trial, CF subjects with NTM lung disease
refractory to standard therapy were assigned to 590 mg OD inhaled liposomal
amikacin or placebo, in addition to their standard CF treatments and ongoing
NTM therapy [76]. The group of 90 patients was stratified based on MAC (64%)
and MABSC (36%) [77]. At the end of the 6-month treatment period, there was a
statistically significant increase in culture negativity overall and for the MAC group.

Reported NTM prevalence in CF ranges from 3 [78] to 23% [79]. The major-
ity (95%) of NTM isolated from CF patients are Mycobacterium avium complex
(MAC) (M. avium-intracellulare and four M. avium subspecies) and M. abscessus
complex (MABSC) (subspecies abscessus, massiliense, and bolletii) [80, 81]. Bryant
et al. [82] reported the largest outbreak occurred in Cambridge, England, where 11
of 31 patients with MABSC had a shared strain of M. abscessus subsp. massiliense with
similar antibiotic resistance patterns by whole genome sequencing despite a lack of
exposure to the same antibiotics, raising the possibility of cross infection amongst
the CF cohort albeit conventional cross infection measures (Figure 2).

MABSC has been demonstrated to accelerate lung function decline in CF
patients compared to uninfected CF controls [83, 84]. In CF, a common measure
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of lung disease severity is percent-predicted forced expiratory volume in 1 second
(FEV1), with lower values indicating more severe lung disease. Qvist et al. showed
that MABSC had a greater rate of FEV1% predicted decline than other organisms,
including Pseudomonas aeruginosa and Burkholderia cepacia [84]. However, no lung
function decline was noted in patients growing MAC [83]. Likewise, a large study
found no significant effect of NTM infection on lung function decline, although
analyses were not based on different NTM subtypes [80]. A diagnosis of NTM
pulmonary disease must meet both clinical and microbiologic criteria as outlined by
ATS guidelines, with exclusion of other aetiologies [73].

Individuals who are NTM culture positive but who do not meet ATS criteria
for disease should be monitored closely [74]. Patients with CF meeting criteria for
NTM-PD should be considered for therapy; however, treatment decisions should be
individualised [74, 85]. It may be reasonable to monitor individuals with mild CF
lung disease, MAC lung disease with mild symptoms and radiographic changes or a
high possibility of drug intolerance or drug interactions [85]. However, CF patients
with MABSC and/or severe CF lung disease should generally be treated in the
absence of contraindications [85].

10. Fungal lung disease in CF

Clinical manifestations of respiratory fungal diseases in adult CF patients are
very heterogeneous, ranging from asymptomatic colonisation to chronic infections,
allergic disorders or invasive diseases in immunosuppressed CF patients following
lung transplantation.

Aspergillus spp. are amongst the most widespread filamentous fungi in the
environment, especially in areas with high humidity [86]. In CF patients, the
most frequently isolated species is Aspergillus fumigatus, accounting for 67-73%
of Aspergillus-positive sputum cultures [87]. Isolation of other species such as
A. flavus, A. niger and A. terveus is less frequent but not rare (4, 4 and 2% of
Aspergillus-positive sputum cultures, respectively) [87]. Notably, the prevalence of
isolation of Aspergillus spp. from sputum cultures in CF patients increases with age,
possibly reaching 46-78% in adult CF patients, although with important inter-
region and inter-centre variability [88-90]. However, knowledge of the prevalence
of Aspergillus spp. isolation from sputum does not automatically allow to infer the
prevalence of the various Aspergillus-related manifestations in CF patients, which
range from asymptomatic colonisation to invasive diseases, especially in patients
post-lung transplantation.

Allergic bronchopulmonary aspergillosis (ABPA) refers to a complex hypersen-
sitivity reaction which often occurs in patients affected by CF or asthma. ABPA is
beyond the scope of discussion in this chapter.

In CF patients, the disease-related progressive damage of the lungs may favour
the development of chronic Aspergillus infection, commonly defined as ‘Aspergillus
bronchitis’, although aspergilloma(s) might also develop in some cases, especially
in pre-existing cavities or bronchiectasis [91-93]. Aspergillus bronchitis has an
estimated prevalence of ~2-8% in CF patients and may be suspected in the case of
pulmonary exacerbation unresponsive to antibacterial treatment [94, 95]. As per
Baxter et al’s [96] classification, diagnosis of Aspergillus bronchitis can be made in
the presence of a positive sputum galactomannan, high levels of Aspergillus-specific
IgG and negative total and Aspergillus-specific IgE. Since Aspergillus bronchitis does
reflect infection and not an immune-mediated response as in ABPA, corticosteroids
are not the cornerstone of treatment. Treatment with azole derivatives is the cur-
rent standard of care, although the overall duration of treatment is still not clearly
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defined [97]. Invasive aspergillosis is described as the infection progresses across
tissues and invades the vessels, with subsequent necrosis [96]. Usually, invasive
aspergillosis is observed in severely immunocompromised non-CF populations,
such as haematology patients with prolonged neutropenia and patients receiv-

ing high dosages of corticosteroids or other immunosuppressive agents. Clinical
symptoms usually include fever, chest pain, shortness of breath and/or cough [96].
Haemoptysis and pneumothorax might also develop in some cases [98, 99]. Invasive
aspergillosis is rarely seen in patients affected by CF. However, it could develop

in end-stage CF patient and in immunosuppressed CF patients following lung
transplantation, frequently in the form of Aspergillus tracheobronchitis, occur-
ring mainly in the first 3 months after transplants and associated with increased
mortality (39%) [100, 101]. Frequent symptoms of Aspergillus tracheobronchitis
are severe dyspnoea, cough and wheezing [97]. The histopathological examination
may show different features: (1) obstructive bronchial aspergillosis; (2) ulcerative
tracheobronchitis (characterised by the invasion of the tracheobronchial mucosa
and cartilage); and (3) pseudomembranous tracheobronchitis (characterised by
inflammation and invasion of the tracheobronchial tree). Invasive aspergillosis is
usually treated with systemic azole therapy (possibly associated with nebulised
amphotericin B in some cases of tracheobronchitis) [97]. The US guidelines recom-
mend a minimum of 6 to 12 weeks of therapy for patients with invasive pulmonary
aspergillosis and at least 3 months in the case of Aspergillus tracheobronchitis [97].

11. Conclusion

The pulmonary microbiome of people with CF diverging significantly from that
of the healthy individuals has been the focus of much research in the last 5 years
often producing more questions than answers. As the disease progresses, com-
munity structure becomes progressively less diverse, most likely as a consequence
of long-term aggressive antibiotic therapy. The impact of acute antibiotic therapy,
antifungal treatments and CFTR modulators are less well defined, and prospective
clinical trials with sputum biobanking are needed to answer these questions.
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Chapter2

Recent Approach in Microbial
Pathogen Complications in
Patients with Cystic Fibrosis

Salah Abdelbary

Abstract

Cystic fibrosis (CF) is a multisystem genetic disease caused by mutations in

the cystic fibrosis transmembrane conductance regulator (CFTR) gene. Microbial
infection is the defined characteristics of cystic fibrosis airway disease. This infec-
tion is caused by bacteria, fungi, and viruses which increase complications leading
to patient death. Additionally, bacterial pathogens including Haemophilus influenza,
Staphylococcus aureus, Pseudomonas aeruginosa, nontuberculous mycobacterium
(NTM) species, and MRSA are attributed to pulmonary infections. Subsequently,
fungal pathogens such as Candida sp. and filamentous fungi such as Aspergillus
fumigatus can also lead to pulmonary infections. On the other hand, Pseudomonas
aeruginosa is the most common bacterial pathogen leading to complications in

CF distal airways disease. Also, Aspergillus fumigatus can lead to aspergillus lung
diseases including allergic bronchopulmonary aspergillosis and aspergilloma for-
mation. Control of pathogenic microorganisms associated with cystic fibrosis may
prevent pulmonary complications and has the potential to improve the prognosis of
this life-limiting disease.

Keywords: cystic fibrosis, Pseudomonas aeruginosa, Aspergillus fumigatus,
Haemophilus influenzae, MRSA, CFTR, NTM, microbial infection, respiratory
diseases

1. Introduction

Cystic fibrosis (CF) is an autosomal recessive disease which basis on a dys-
functional cystic fibrosis transmembrane conductance regulator (CFTR) protein
[1]. It is an inherited chronic disease that remains a common cause of morbidity
and mortality in affected patients [2]. Also, it is a monogenic autosomal recessive
condition affecting approximately 1in 3000 of the Caucasian population and
involves multiple organs, predominantly the lungs, gastrointestinal tract, pancreas,
and liver [3].

Mutations in CFTR gene are resulted in defective mucociliary clearance leading
to the production of thick and sticky bronchial mucus. This mucus facilitates the
entrapment of viruses, bacteria, and fungal spores and acts as a suitable environ-
ment for growth of these microorganisms [4]. High morbidity and mortality rates
are secondary to recurrent respiratory infections, which, when associated with
this obstructive lung disease, lead to respiratory insufficiency [5]. Complex micro-
organisms and microbial communities can be identified in the distal airways ina
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variety of respiratory diseases, including CF [6]. Chronic infection is the defined
characteristics of CF airway disease. Conditions within the airways of patients
living with CF are conducive to colonization by a variety of opportunistic bacterial,
viral, and fungal pathogens [7].

Also, bacterial strains that colonize the respiratory tract include Haemophilus
influenzae, Staphylococcus aureus, Pseudomonas aeruginosa [8], and Burkholderia
cepacia; these have been recorded as the main common CF pathogens. Traditionally,
Pseudomonas aeruginosa has been regarded as the main pathogen in CF, and chronic
infections have been linked to disease morbidity and mortality [9]. Little attention
has been paid to the role of Aspergillus sp. and other filamentous fungi in CF. It has
become more apparent, however, that Aspergillus sp. may play an important role in
chronic lung disease in CF [10]. This chapter discusses the complications of micro-
organisms in patients with cystic fibrosis, including bacterial, fungal, and viral
pathogens and their effects on this disease leading to an increased risk of mortality.

2. Defining causes and history of cystic fibrosis

Cystic fibrosis is a multisystem genetic disease that affects children and young
adults [11]. It is caused by mutations in CFTR gene leading to defective or insuf-
ficient amounts of functional CFTR protein and causes abnormalities in chloride
(Cl), bicarbonate (HCO;), and sodium (Na) transport across cell membranes with
serious consequences on multiple organs. The CF lung disease is characterized by
infection and inflammation with eventual bronchiectasis and eventual respiratory
failure causing death in over 90% of CF patients [3].

Cystic fibrosis is an autosomal recessively inherited disorder caused by the pres-
ence of one of more than 1500 possible mutations in CFTR gene with an occurrence
of the clinical disease being 1 in 2500 live births. This mutation leads to the non-
function or loss of function of CFTR (a cyclic AMP-regulated chloride ion channel)
leading to defective chloride ion transport through epithelial cell surfaces [12].

Since its first description in 1938, study of the genetics, pathophysiology, and
clinical manifestation of the disease has led to the creation of new therapies and
significantly improved quality of life and survival [2].

In CF, the biology and treatment strategies are important to understand for
several reasons. Firstly, it is the most common cause of chronic respiratory failure
in children and adults. Secondly, CF is a common reason for the dysfunction of
pancreatic exocrine in children and adults. Thirdly, the majority also develop pan-
sinusitis. Other potential consequences of CF include diabetes, liver disease, bone
disease, and infertility [3].

Advances in research of CF have given a roadmap for the understanding of
pathophysiology studies and treatment stages for other severe airway diseases,
including chronic obstructive pulmonary disease, non-CF bronchiectasis, and
asthma [11].

Survival of individuals with CF has improved significantly over the last half
century from a median age of survival of 5 years in the 1970s to 40 years of age as
of 2011. There are different reasons for improvement in clinical outcomes includ-
ing the intense use of antibiotic therapy, advancement in chest physiotherapy,
nutritional support, specialized CF units, and introduction of CFTR modulators;
however, the majority of CF deaths still occurred in young adult especially in the
ages between 21 and 30 years as a consequence of respiratory failure [13]. Recent
research also suggests that even asymptomatic genetic carriers for CF may be at risk
for subclinical physiological derangements, which can be exacerbated by external
stresses and other environmental triggers [14, 15].

24



Recent Approach in Microbial Pathogen Complications in Patients with Cystic Fibrosis
DOI: http://dx.doi.org/10.5772/intechopen.91635

3. Microbial complications in patients with cystic fibrosis

Airways of patients with CF are usually infected with various microorganisms.
In infected airways of CF patients, microhabitats can develop owing to local differ-
ences in the inflammatory reaction between the different focal areas of infection
and also as a result of the competing activities of the many co-colonizing microbial
populations [16]. Several bacterial strains are major causes of mortality and mor-
bidity and have therefore been studied intensely [12].

3.1 Microbial infection in patients with cystic fibrosis

Chronic infection is a characteristic of CF airway disease. So, conditions in the
airways of patients with CF are conducive to forming colonization by different
microorganisms such as bacterial, fungal, and viral pathogens. Molecular identifi-
cation of microorganisms has emphasized and recorded the polymicrobial nature of
microbial infections in the CF airway microenvironment. Additionally, changes in
airway of CF physiology through the loss of CFTR functionality lead to a variety of
immune dysfunctions that permit microbial pathogen colonization and microbial
persistence [7].

The prognosis of patients with the hereditary disease CF is substantially
dependent on chronic respiratory infection and inflammation [17]. CF lungs are
often colonized or infected with a complex microbial species, mainly composed of
bacteria, provoking acute and chronic infections [18]. Airway infection accounts for
90% of the morbidity and mortality observed in CF patients. These chronic infec-
tions are typically associated with a few bacterial pathogens such as Pseudomonas
aeruginosa, Staphylococcus aureus, and Burkholderia cepacia complex [19].

High morbidity and mortality rates in cystic fibrosis patients are secondary
to recurrent respiratory infections, which, when associated with this obstructive
lung disease, lead to respiratory insufficiency, the main cause of death in these
patients [5, 14].

CF lung disease is characterized by progressive colonization of respiratory tract
infection by different bacterial strains leading to polymicrobial biofilms. Also,
the emergence of nontuberculous mycobacteria (NTM) infections has caused
additional challenges to patient management due to their multiresistance nature to
antibiotics [20]. These are compounded by the impairment of mucociliary clear-
ance and the inability to mobilize thick secretions within the airways. These result
in mucus impaction, microorganism colonization, recurrent infections, persistent
inflammation and death from respiratory failure. With improvement in CF progno-
sis, new challenges emerge, including the management of fungal colonization and
infection [1].

3.2 Host-microbe interactions with CF lung infection

Bacterial and fungal infections are hallmarks of CF lung disease. In the era of
long-term inhaled antibiotics and increasing CF patient survival, new “emerging”
pathogens are detected in CF airways, yet their pathophysiological impact remains
largely controversial and incompletely defined. As a consequence to chronic
microbial triggers, innate immune cells, particularly neutrophils, are continuously
recruited into CF airways where they combat pathogens but also lead to tissue
injury through the release of oxidants and proteases. The coordinated interplay
between host immune cell activation and pathogens is essential for the outcome
of CF lung disease. A better understanding of this phenomena may enhance the
survival in CF [21-23].
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3.3 Nontuberculous mycobacteria species in patient with cystic fibrosis

NTM are wide environmental microorganisms causing chronic pulmonary
infection in lung diseases such as CF. Also, pulmonary disease caused by NTM has
a major threat with CF and difficult to diagnose and problematic to treat according
to the US Cystic Fibrosis Foundation (CFF) and European Cystic Fibrosis Society
(ECFS). Additionally, the most common NTM species identified in CF are the
slow-growing Mycobacterium avium complex (MAC) including M. intracellulare,
M. avium, and M. chimaera and the rapid-growing M. abscessus complex (MABSC)
including subspecies of M. a. abscessus, M. a. massiliense, and M. a. bolletii. Other
less common NTM species include M. kansasii, M. simiae, and M. fortuitum [24].

In addition, there are more than 100 types of NTM, and more are being found
every year. The reported prevalence of NTM in CF varies widely from 45 to 40%
with Mycobacterium avium complex and Mycobacterium abscessus complex being the
most common [25, 26].

4. Airway colonization process in patients with cystic fibrosis

Colonization of microorganisms in respiratory tract infection within young CF
patient includes common pathogens such as S. aureus or H. influenza then succeeded
by P. aeruginosa infection in the latter stages of CF.

It is well established that Pseudomonas aeruginosa is a frequent and virulent
pulmonary pathogen in patients with CF [27]. After a period of intermittent coloni-
zation, the organism becomes permanently established and is difficult to eradicate.
Most patients with CF become chronically infected with wild-type P. aeruginosa
strains in early childhood [28]; prevalence increases with age, so that as many as
80% of patients with CF are infected by the time they reach 20 years [27]. During
the years following initial colonization, the wild-type strains uniformly mutate into
mucoid variants [28]. Conversion to the mucoid phenotype is thought to be driven
by the unique CF microenvironment [29-31]. For patients with CF, this conversion
results in a significant increase in morbidity and mortality accompanied by a mea-
surable decline in pulmonary function [28]. The mucoid matrix is believed to allow
the formation of protected biofilm microcolonies [30, 32] and provide increased
resistance to opsonization, phagocytosis, and digestion [33]. Furthermore, resis-
tance to various antibiotics is increased [27, 34].

The potentiality of pathogenic bacterial colony morphotypes in P. aeruginosa
evolved to a non-swimming phenotype form. So, motility is considered as one of
the first steps of P, aeruginosa in CF lungs that lead to adaptation steps including
biofilm formation and progress to chronic infection. Also, impaired swimming
motility seemed to be a candidate to disease marker of P, aeruginosa infection
development. So far, the pathological changes in the lungs are best studied due to
the high mortality rates linked to poorer lung function and recurrent development
of infections [18].

Also, the lungs of people with cystic fibrosis are predominantly colonized with
Pseudomonas aeruginosa using the following mechanism: firstly, reduced mucocili-
ary clearance combined with the malfunction of antibacterial peptides; secondly,
impaired defense of the lungs due to low levels of glutathione and nitrous oxide;
thirdly, reduced ingestion of bacteria by lung cells; and finally, increased numbers
of bacterial receptors [35].

On the other hand, earlier age of infection with P. aeruginosa in our population
was strongly associated with greater likelihood of severe lung disease later in life,
most particularly in those subjects who acquired P. aeruginosa before the age 5; the
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observed association was stronger in females than in males. P. aeruginosa infection
may be a cause of more severe CF lung disease but may also be a marker of some
other processes determining lung function in children with CF [36].

5. Fungal infection in patients with cystic fibrosis

Fungi are generally divided into molds or yeasts with the latter circumferentially
shaped with a one-celled thallus. Molds also known as filamentous fungi grow
as branching cylindrical hyphae [1]. Aspergillosis is the most well-characterized
and well-recognized Aspergillus disease in CF, but reported prevalence varies
significantly and is likely to be underdiagnosed. Aspergilli are saprophytic, spore-
forming, filamentous fungi found ubiquitously in the environment. A. fumigatus is
the most prevalent species causing human disease and is the species most frequently
isolated from the respiratory secretions of CF patients [37].

Yet, the relative contribution of other emerging pathogens, such as S. maltophilia,
Aspergillus, Candida, and Scedosporium species, remains less precisely defined.
Aspergillus fumigatus is the only species that is associated with an increased risk for
infection with P. aeruginosa [9]. Candida sp. is found in as many as 70% of patients
with CF. The clinical significance of Candida in patients with CF is not clearly under-
stood, but most clinicians discount these organisms as not significant [38]. Fungemia
caused by Trichosporon has been reported in two patients with CF, who were double
lung transplant recipients [39]. Some species such as Exophiala dermatitidis grow as
unicellular fungi (yeast) at human body temperature but in the case of filamentous
fungi at room temperature. Trichosporon species as of any Candida species may
produce true mycelium in culture conditions or in host tissues. So, there are varia-
tions in isolation and purification of yeast and filamentous fungi. Additionally, some
fungal strains are thermotolerant filamentous mycota such as Aspergillus fumigatus
which are the most common, and others include Scedosporium species and E. derma-
titidis [1]. A. fumigatus is frequently detected in respiratory secretions of both adults
and children with CF. Once present in the airways, Aspergillus can exacerbate lung
inflammation, establish infection, and trigger hypersensitivity responses [10].

In patients with CF, complications increased when exposed to A. fumigatus
spores causing impaired mucociliary clearance and defective innate immune
responses leading to accumulation and persistence of fungal spores within the
smaller airways. Also, germination of spores leads to the formation of fungal
hyphae and release of antigens, phospholipases, proteases, and other virulence fac-
tors which damage the airway of epithelial cells and allow a large dose of antigenic
factors access to the interstitial and vascular compartments [40].

Also, exotic genera can be found in CF airway secretions, such as Penicillium,
Alternaria, or Scedosporium. Some studies provide the first evidence that even
healthy airways are not sterile and contain distinct fungi called “pulmonary myco-
biome.” The kinetics, dynamics, and disease relevance of the pulmonary myco-
biome, however, are poorly understood [7]. The majority of yeasts in CF belong
to Candida species and the most common species such as Candida albicans and
other yeast strains recorded such as Candida parapsilosis, Candida krusei, Candida
glabrata, and Candida dubliniensis [1].

6. Viral infection in patients with cystic fibrosis

Progression of CF respiratory disease is influenced by viral infection.
Respiratory viral infections include respiratory syncytial virus (RSV), rhinovirus,
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influenza, para influenza, and adenovirus which is RSV and influenza infection
leading to decreases in lung function [41]. Also, viral respiratory infections show
pronounced and long-lasting effects on patients with CF, resulting in significant
declines in forced vital capacity (FVC), forced expiratory volume in 1 second
(FEV-1), and significant increases of both the frequency and duration of hospi-
talizations especially that the frequency of viral respiratory infections is closely
associated with pulmonary deterioration in patients with CF [42]. Additionally,
viral respiratory infections occur in equal frequency in CF patients and healthy
controls which in CF patients viral upper respiratory tract infections are associated
with lower respiratory tract symptoms in 31-76%. Viral infections cause long-term
respiratory morbidity in CF patients [43].

7. Prevention and control of microorganisms in cystic fibrosis

Despite the development of antibiotics and vaccines, patients with CF are still
faced with many debilitating and fatal infections, which demonstrate the adapt-
ability of microbial pathogens [44]. The choice of antibiotic depends on in vitro
sensitivity patterns. Physicians treating patients with CF are increasingly faced with
infection with multidrug-resistant strains of Pseudomonas aeruginosa. Also, innately
resistant organisms such as Burkholderia cepacia, Stenotrophomonas maltophilia, and
Achromobacter xylosoxidans become more prevalent [45].

Additionally, many studies resulted in strong indicator for a relevant importance
of mutators in bacterial populations especially in infectious diseases. High preva-
lence and mutators are recorded environmentally in chronic respiratory infection
with Pseudomonas aeruginosa in CF patients [46].

7.1 Strategies and guidelines for bacterial infection control within CF patients

Guidelines on infection control developed for general patient populations are
applicable to CF patients. Historically, before 1998, guidelines on infection control
were applied to acute-care hospitals. Recently it includes for non-acute-care set-
tings. Also, it has shifted from hospitals to home and outpatient clinics to reduce
days of hospitalization and provide chronic suppressive treatments. Infection con-
trol in CF guidelines has been developed by Healthcare Infection Control Practices
Advisory Committee (HICPAC) and Centers for Disease Control and Prevention
(CDC) [47].

Common pathogens that infect the lungs of CF patients include Staphylococcus
aureus, Haemophilus influenzae, Pseudomonas aeruginosa, and Burkholderia cepacia.
Aggressively treating pulmonary infection with antibiotics has contributed to
improved survival in patients with CF but has also promoted multiple drug-resis-
tant bacteria [48].

Antibiotic therapy leads to improvement in lung function, the best predictor of
survival in CF patients which treat CF lung disease morbidity based on decisions
with which antibiotics are selected according to broad empirical and based on the
severity of the patient’s pulmonary exacerbation, the colonizing microorganisms,
and the patient’s age [49].

A range of anaerobic bacterial species are present in huge numbers in the lungs
of CF patients, which contribute significantly to infection and inflammation in the
CF lung. So, informed alterations of antibiotic treatment to target anaerobes is done,
in addition to the primary infecting pathogens, may improve management [50].

A positive approach to the protection of the lung from early in life seems to be
the only way to change the slope of the survival curves [51]. Ticarcillin can be used
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in the treatment of pulmonary exacerbations of cystic fibrosis due to susceptible
strains of Pseudomonas aeruginosa [52, 53].

Also, Alcaligenes bacterial strains are characterized as motile, Gram-negative,
producing oxidase enzyme. The most common is Alcaligenes xylosoxidans known as
Achromobacter xylosoxidans. The bacterial genus is composed of three main species
such as Achromobacter piechaudii, Achromobacter xylosoxidans, and Achromobacter

faecalis. These bacterial strains observed multiple antibiotic resistance especially
grouped of aminoglycosides and recorded sensitivity to cephalosporins (third
generation) [54].

7.2 Inhalational antibiotics for the treatment of Pseudomonas aeruginosa

In recent years, there are emergences of inhaled antibiotics to treat patients with
Gram-negative bacterial infection such as P. aeruginosa infection. The benefits of
which are explained below [55, 56].

Inhaled tobramycin, inhaled colistin, and inhaled aztreonam are used to control
chronic P. aeruginosa infections in patients with CF [57]. In CF, tobramycin inhala-
tion solution contributed to improved survival and reduced lung function decline
[58]. Subsequently, the development of antibiotic agents can achieve high tissue
concentrations to control bacterial infection that is difficult to treat in hosts [59].
Inhaled tobramycin achieves a sputum concentration of drug at least 25 times the
MIC, with a median serum/sputum concentration of 0.01. Such high concentrations
are required for the effective killing of P. aeruginosa because aminoglycosides bind
to mucins in sputum and reduce the availability of effective antibiotic. Also, early
randomized, double-blind, placebo-controlled trials conducted in patients with CF
were short-term but demonstrated positive results with the use of aztreonam solu-
tion for inhalation compared to placebo. Colistin is bactericidal and active against
Gram-negative bacteria including P. aeruginosa. Nebulized colistin is a preferred
inhaled therapy for patients with CF and chronic P. aeruginosa [59]. Inhaled levo-
floxacin was studied in patients with CF and P. aeruginosa lung infection. Also,
nebulized levofloxacin solution (MP-376) is a novel therapy that is currently being
evaluated in phase I, II, and III clinical trials among patients with stable CF and
recent isolation of Pseudomonas aeruginosa from sputum [60].

7.3 Antifungal therapy to control yeasts and filamentous fungi with CF patients

Antifungal therapy is usually considered when the deteriorating respiratory
function is not responding to antibacterial therapy and A. fumigatus is growing and
identified in sputum cultures [61]. Long-term antifungal treatment with mold active
azoles, the only class of antifungals with an oral formulation, is not without risk of
toxicity and adverse events and should be carefully balanced against its benefit [10].

A. fumigatus can grow in sputum cultures, and antifungal therapy is not effective
[61]. Also, Scedosporium sp. is the second most frequent cystic fibrosis associated
filamentous fungi which is resistant to many antifungal agents [62].

In CF, Candida albicans causes 95% of all Candida infections, whereas the
remainder is caused by Candida glabrata, Candida pavapsilosis, and Candida krusei.
Also, Candida dubliniensis has been isolated in CF; however, little is known about its
potential for virulence, and treatment modality is not clearly defined [63].

7.4 Antiviral therapy to control respiratory viruses with CF patients

Respiratory viruses associated with exacerbations in CF patients and upper
respiratory symptoms are strong predictors for their presence. Some studies have
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suggested a role played by respiratory viruses in exacerbation of CF. The impact of
respiratory viruses is likely to be underestimated due to the low detection rate by
conventional laboratory methods. Molecular techniques such as multiplex PCR have
improved their diagnostic accuracy identifying respiratory viruses in CF patients
which are important in clinical decision-making and are potentially important

as new antivirals are becoming readily available [64]. A few therapeutic options
recorded to treat virus-induced CF pulmonary exacerbations include macrolide
antibiotic (azithromycin). It has antiviral properties of the human bronchial epi-
thelial cells and stimulates antiviral mechanisms in bronchial epithelial cells within
the CF airway control infection with rhinovirus by reducing rhinovirus replication
as an interferon pathway [65]. Also, there are exciting prospects such as antiviral
host defense peptides in development and can be novel therapeutics targeting
rhinovirus [66].

Additionally, CF patients infected with influenza A(H1N1) showed increased
case fatality rate (CFR) and morbidity compared to patients with other chronic
respiratory 