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Preface

Cystic Fibrosis (CF) is the most common autosomal recessive inherited disease. The inci‐
dence of CF in the UK is around 1 in 2,500 live births with 1 in 25 carrying a CF gene muta‐
tion. CF is a multisystem disorder and is characterised by chronic suppurative lung disease
and by exocrine pancreatic insufficiency, which affects gastrointestinal function and causes
restricted growth and maturation. CF also causes obstructive azoospermia and thus male
infertility. It is an autosomal recessive disorder and is accounted for by mutations in the
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene. The main function of
CFTR in many tissues is to regulate and participate in the transport of chloride ions across
epithelial cell membranes. Thus far, more than 1,900 mutations have been described in this
gene, but the most common mutation worldwide is caused by the deletion of phenylalanine
at position 508 (Delta F508) of the CFTR.

The existing therapeutic modalities for CF lung disease are predominantly reliant on the me‐
chanical clearance of airway secretions, treatment of infection with novel antibiotics and in‐
tense nutritional support and care delivered by dedicated specialist CF centres. All these
have contributed to the improved life expectancy and quality of life in recent decades. How‐
ever, antibiotic treatments are at times fraught with difficulties of bacterial resistance and
cumulative toxicity, and they are also cumbersome and time consuming for patients and
families. Eventual respiratory failure is the main cause of mortality in CF. Hence, there is a
pressing need for the development of newer treatment approaches.

This book has attracted leading experts in this field, covering a variety of topics regarding
this fascinating condition ranging from microbiology, immunologic aspects, therapeutic op‐
tions and the exciting genetic management of this condition.

It is well recognised that Pseudomonas aeruginosa is the major infective organism in adult CF
lungs; there is a dedicated chapter that defines some of the niches which enable this organ‐
ism to thrive in the CF lung and the available therapeutic options.

Another chapter presents an overview on the impact of respiratory viruses in CF, providing
an insight on the interaction between viruses and bacteria as well as the preventative and
therapeutic measures that are currently available for the management of viral lung infection
in CF.

There is also a chapter that outlines how the prognosis of this life-limiting illness has
changed in the last decade and some co-morbidities in CF that may influence its long-term
outcomes. It also outlines some useful clinical measurements which may enable clinicians to
make predictions on CF prognosis.



CF-related diabetes is an emerging area. This book recounts the difficulties in securing this
diagnosis and the advantages of continuous glucose monitoring rather than the traditional
oral glucose tolerance test as a diagnostic tool for this condition. It also explains how some
lifestyle changes may potentially improve glycaemic control.

As CF prognosis improves, this poses a question about fertility in patients with CF. This
subject also poses challenges to clinicians when addressing fertility issues with CF patients.
This book provides some advanced treatment options for infertility in CF and the subse‐
quent impact of pregnancy on lung function progression, diabetes control and nutritional
status.

Oxidative stress has been implicated as a causative factor in the etiology of progressive lung
damage in CF. Supplementation with antioxidant micronutrients might therefore be helpful
in rendering progression of CF lung disease. A section is this book is dedicated to looking at
the main pathways of oxidative stress in CF and the role of new antioxidant treatments.

Despite advances in our understanding of the molecular and cellular bases of CF, there per‐
sists an enigma as to why recruited neutrophils fail to eradicate bacterial infections in the
lung. This books provides an overview of neutrophil functions in CF as well as the altera‐
tions of cellular activities that lead to the pathogenesis of this disease.

Genetic treatment is a hot topic in CF. This book encompasses a collection of chapters that
provide an overview of the therapies that are designed to enhance CFTR protein activity.
The book also presents some theoretical possibilities and primary data in preclinical models
using genome editing and technologies that support in vivo gene correction of CFTR. All
these aspects provide hope to enhance the overall prognosis of this condition. This is a book
aimed for clinicians, scientists and researchers with specialist interest in CF. I hope that they
will gain a greater insight into this fascinating condition, as I have done. Through the inter‐
esting ideas expressed by the authors, I hope this will generate future research ideologies
and innovations which may have significant impacts on this life-limiting illness.

I would like to use this opportunity to thank all the authors who have contributed to this
book; without their effort, this book would not have materialised. I would also like to thank
INTECH for appointing me as the Editor and providing me with guidance throughout the
development of this book.

Finally, I would like to thank my wife, Pauline, and my three lovely children, Lucinda, Har‐
rison and Edison, for sacrificing their precious family time for the preparation of this book.

Dr Dennis Wat
Consultant Chest Physician

Liverpool Heart and Chest Hospital, United Kingdom
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Chapter 1

Factors Affecting Prognosis and Prediction of Outcome
in Cystic Fibrosis Lung Disease

Cormac McCarthy, Orla O’Carroll,
Alessandro N. Franciosi  and Noel G. McElvaney

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60899

Abstract

Cystic fibrosis (CF) is a multisystem disorder with a significantly shortened life
expectancy with the major cause of mortality related to lung disease. Inflammation is
seen in the CF airways from a very early age and contributes significantly to symptoms
and disease progression. As the condition worsens over time, lung function declines,
usually measured by Forced Expiratory Volume in 1 second (FEV1)% predicted, and
extra-pulmonary complications often manifest. While the life expectancy in CF is still
short, the median age of death and predicted survival age are continually increasing.
Therapeutic interventions for CF have improved significantly in the last 20 years and
now there are targeted therapies towards specific elements in CF that may impact
upon exacerbation frequency, symptoms, and eventually mortality due to lung
disease.

As life expectancy in CF increases, the need for predicting prognosis becomes more
and more important. Numerous factors affect prognosis in CF and can be used to
ultimately predict outcomes. These factors can be constant or dynamic variables
ranging from genetic mutation and gender to clinical measurements including
pulmonary function and weight. Further variables that affect prognosis in CF include
Diabetes Mellitus, sex, and pancreatic insufficiency. Furthermore, genotype is
becoming more and more important as novel targeted therapies are developed that
may affect survival and improve prognosis.

While prognosis in CF has traditionally been associated with FEV1% predicted,
decrements in lung function that are associated with recurrent pulmonary exacerba‐
tions are increasingly important, and these are increasingly common as CF lung

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



disease progresses. What drives these pulmonary exacerbations is bacterial colonisa‐
tion, particularly Pseudomonas aeruginosa, with early eradication shown to improve
prognosis. Nutrition and weight are also very important in CF and low body mass
index has been shown to predict poor outcomes. There are several clinical prediction
tools in CF, both radiological and clinical and many are too complex to be used
routinely in patient care. However, newer tools aimed at predicting outcomes based
on readily available objective measure are now available, including the CF-ABLE
score.

In this chapter we outline, firstly, how prognosis in CF has changed over the last
decade as a result of changes in treatment, better diagnostics, and improved care.
Secondly, we describe the effects that genotype, pancreatic status, gender, and diabetic
status have upon outcome. Thirdly, this chapter highlights the usefulness and
importance of clinical measurements, including lung function, radiology, bacteriolo‐
gy, and blood and sputum biomarkers of disease and inflammation in predicting
outcomes and how changes in these parameters influence prognosis. Finally, we
summarise the prediction tools that have been utilised in CF to predict survival and
how these may be utilised in clinical practice.

In conclusion, the most sensitive way of predicating prognosis currently remains a
multifaceted approach, including several markers of disease and the use of all factors
and a composite clinical prediction tool is suggested to stratify patient risk.

Keywords: Prognosis, prediction, survival, outcome, cystic fibrosis

1. Introduction

Cystic fibrosis (CF) is a multisystem inflammatory condition that is associated with a signifi‐
cantly shortened life span, primarily as a result of the pulmonary manifestations of the disease
[1]. For many years pulmonary function measurements have been utilised as the primary
surrogate of disease severity, with forced expiratory volume in 1 second (FEV1) used to assess
clinical status of both patients and to predict mortality [2, 3]. However, in the last two decades
there has been a significant improvement in survival in CF and this subsequently has conse‐
quences on how to treat patients and predict prognosis in this complex condition. With longer
life expectancy it is essential to better predict outcome and prognosticate in CF, thus the use
of survival or death as an outcome measure has become almost negligible in clinical trials or
indeed in studies to predict prognosis. Hence, the development of surrogate markers or disease
severity is increasingly important in CF; these range from physiological measurements of lung
function, biomarkers, radiological measures, and composite scoring systems and are becoming
essential in CF care and development of new drugs. With groundbreaking therapeutic
breakthroughs in CF over the last decade, particularly in the modulation of CFTR function [4],
the use of surrogate outcomes has become more apparent. This has led to development of new
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imaging modalities such as flurodeoxyglucose positron emission tomography (FDG-PET)
imaging [5-7] and hyperpolarised helium magnetic resonance imaging (He3-MRI) [8], as well
as increased use of multiple breath washout (MBW) and lung clearance index (LCI) to assess
disease severity [9]. Moreover, there has been huge progress in the research into and devel‐
opment of biomarkers of inflammation in CF [10–12], both systemic and pulmonary inflam‐
mation that correlates with clinical condition and can predict outcome, further highlighting
the deeper understating of the pathophysiological changes in CF and the translational research
ongoing in this area. Furthermore, the use of new composite scoring systems, taking into
account many aspects of this multisystem condition have been developed to aid with the
classification of disease severity and predict outcome over a defined period [13].

In this chapter we will outline, firstly, how prognosis in CF has changed over the last decade
as a result of changes in treatment, better diagnostics, and improved care. Secondly, the chapter
will describe the effects genotype, such as pancreatic status, gender, and diabetic status, have
upon outcome. Thirdly, this chapter will highlight the usefulness and importance of clinical
measurements, including lung function, radiology, bacteriology, and blood and sputum
biomarkers of disease and inflammation in predicting outcomes and how changes in these
parameters influence prognosis. Finally, the chapter will summarise the prediction tools that
have been created in CF, both clinical and research tools, which utilise measurements of disease
and radiological evidence of bronchiectasis to predict survival and how these may be utilised
in clinical practice.

2. Prognosis in cystic fibrosis

Life expectancy in patients with cystic fibrosis is in a constant state of change. Whilst there are
undoubtedly significant further gains to be made, the improvement in predicted survival in
cystic fibrosis sufferers has been a relative success story since its original description as a
clinical entity in 1938. Median life expectancy, the time period in which half of a given
population will die, has increased from a few months in the 1940s to as high as 41 years old in
the current era [14] at present in many countries. The predicted median survival of people born
with CF today continues to rise.

Numerous factors have contributed to the changing statistics in CF prognosis. Earlier and more
sensitive detection methods, centralised specialist multidisciplinary care and evidence-based
research have provided patients, their families, and clinicians with an environment that
facilitates the long-term management of this complex multisystem disorder. Identification of
increasing numbers of CF genotypes (many of which are characterised by phenotypically
milder variants) has also contributed to increasing the CF population and this consequently
affects the overall statistics on outcome and prognosis.

What is relevant to a patient diagnosed in infancy with a severe form of CF may not be relevant
to a patient diagnosed in middle adulthood. Equally, statistics on survival from one country
may not relate accurately to another, not because of difference in treatment alone, but because
of differences in the predominating demographics in the two cohorts and methodologies used

Factors Affecting Prognosis and Prediction of Outcome in Cystic Fibrosis Lung Disease
http://dx.doi.org/10.5772/60899
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in assessing outcomes. As such, a “one size fits all” approach to prognosticating is not
appropriate. In this chapter, we review the evidence regarding prognosis based on key clinical
and demographic parameters, and the biomarkers and prediction tools that may be used to
predict outcome.

3. Influence of genotype on prognosis in cystic fibrosis

CF is the most common lethal genetic disease of Caucasian populations and is caused by
genetic mutations of the cystic fibrosis transmembrane regulator (CFTR) gene. The CFTR gene
encodes an ATP- and CAMP-dependent chloride channel expressed on the apical membrane
of epithelial and certain non-epithelial cells throughout the body. To date, greater than 1,000
CFTR mutations have been discovered. In the lung, it also regulates the activity of the ENaC
channel (an apical sodium transport channel) defects in which mediate the majority of
pathogenic processes in the main target organ in CF sufferers.

Commonly, the multitude of various CFTR mutations are classified into 6 distinct groups based
on their ultimate effects on a range of cellular mechanisms such as transcription, processing
within the cell, localization of the channel, and quantity of correctly functioning protein. Class
I includes mutations with complete lack of production of protein while Class VI involves
unstable functional protein being produced that is then degraded at the cell surface (Table 1).

Class Effect Mutation Type Example

I No functional protein produced Premature stop codons:
nonsense; splicing; deletions

W128X; R553X; G542X

II Defective processing and maturation Missense; small deletions or
insertions

F508del; N1303K

III Defects in regulation of channel opening Missense; small deletions or
insertions

G551D; G551S; G1349D

IV Defective Chloride transport Missense; small deletions or
insertions

R117H; R334W, R347P

V Reduction of wild-type mRNA Partial splicing A455E

VI Increased turnover of unstable protein at cell
surface

Missense; nonsense 120del23; N287Y; 4279insA

Table 1. List of CFTR Mutations.

The most common CFTR mutation worldwide is delF508 that accounts for upwards of 70% of
cases of CF and has long been associated with more severe disease and less favourable clinical
outcomes [15-17]. Conversely, several mutations have been found to be associated with more
favourable outcomes and milder clinical phenotypes. In a study based on the US CF Registry
in 2003, it was found that significantly different mortality rates were observed when CFTR
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genotype was classified according to the effects on quantitative protein production. The
authors proposed that groups with severely reduced levels of CFTR (I-III) had a more severe
clinical phenotype and higher mortality than groups with some residual CFTR function (IV-
VI) [18]. A follow up study found that ‘high risk’ patients (I-III) had a two-fold greater risk of
death when compared to ‘low risk’ (IV-VI) patients [19] and this risk was not fully explained
by lung function, pancreatic insufficiency, Pseudomonas aeruginosa (PA) colonisation, or
nutritional factors. Hence, CFTR genotype may be useful as an initial measure of prognosis in
early CF diagnosis when it is often the only available information about the disease. Knowl‐
edge of the genetic processes involved in CF is leading the way for new targeted therapies that
ideally will improve mortality. One such therapy is ivacaftor, a potentiator drug that enhances
gating at the cell surface in patients with the class III G551D mutation. This novel medication
has been associated with sustained increases in FEV1 of up to 10%, reduced frequency of
pulmonary exacerbation, weight gain, and subjective improvements in quality of life (CFQ-R)
scores [4, 20, 21]. However, there is wide phenotypic variance observed frequently among
patients with identical genotypes. This is observed in the clinical realms of lung function,
pancreatic and diabetic status, nutritional status, and response to medications and this leads
to reluctance to link genotype too closely with phenotype in terms of predicting clinical
outcomes and prognosis.

4. Impact of gender on prognosis

It has long been recognized that there is a significant gender difference in terms of both
morbidity and mortality in cystic fibrosis. Many studies, throughout early and current cystic
fibrosis research, have focused on the poorer outcomes observed in female patients when
compared with their male counterparts. This dichotomy endures across the areas of microbial
colonization, lung function, frequency of exacerbations, and overall survival. However, an
explanation for this vast difference remains to be found.

A notable early study conducted in Canada investigated the effects of numerous variables on
mortality and found that on average, males had overall increased survival rates of greater than
5 years when compared with female cohorts from the same time period (1970-1989) [22]. These
results were echoed across international cohorts for similar time frames and were postulated
to relate to the lower bone mineral density observed in female populations. Over time, as
survival in cystic fibrosis increased, this gender difference has persisted with Rosenfeld et al.
in 1997 confirming a gender difference in CF survival (25.3 vs. 28.4 females vs. males) in a
cohort of over 20,000 patients [23], and Harness-Brumley et al. in more recent 2014 study
observed this difference in greater than 32,000 North American patients (36.0 years vs. 38.7
years, females vs. males) [24]. Despite accounting for variables known to influence CF-related
mortality, it was demonstrated that female gender is an independent significant risk factor for
death. Furthermore, women were found to be colonized at an earlier age with various
pathogens and that their clinical course was much worse when colonized with common CF
pathogens [24].
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Though the relationship between gender and adverse outcomes has been described in a
multitude of studies over a vast period of time, a full explanation of this dichotomy remains
elusive. Much current research now centres on the role of estrogen in female CF patients. The
primary female sex hormone is 17β-estradiol (E2) and circulates in the body bound to sex
hormone binding globulin, interacting with target tissues through a range of estrogen
receptors (ERs) expressed on the cell surface. E2 levels naturally vary over the course of the
normal menstrual cycle and E2 further dehydrates the already compromised airway surface
liquid seen in CF and peak levels of E2 lead to an increased risk of infection and subsequent
exacerbation [25]. Furthermore, high levels of E2 have been shown to promote TLR hypores‐
ponsiveness to a range of bacteria driven by an inhibition of interleukin-8 (IL-8) release [26].
In a study targeted to investigate the effects of E2 on Pseudomonas Aeruginosa (PA). it was found
that high levels of E2 promotes mucoid conversion, alginate synthesis, and genetic mutations
in mucins lending increased infectivity and virulence to PA in those exposed to E2 [15]. An
interesting addendum to this study was the observation that the individuals studied had lower
rates of exacerbation and required a lower number of antibiotic courses if they were using the
combined oral contraceptive pill [15]. As exacerbation rate is commonly quoted as a predictor
for mortality, there is scope here to assess the role of targeted estrogen therapies on mortality
and the gender dichotomy in CF.

5. Relationship between exocrine disease and prognosis in cystic fibrosis

Pancreatic insufficiency is an extremely common complication of CF and affects over 85% of
patients at some point during the course of their disease [27]. Loss of pancreatic exocrine
function leads to malabsorption of fat, protein, and micronutrients, which in turn causes failure
to thrive, steatorrhoea symptoms, and fat-soluble vitamin deficiencies. This arises as a
consequence of obstruction of proximal intralobular ducts in the pancreas due to inspissated
mucus plugs and tends to arise early in the disease. Chronic pancreatitis is another less
common manifestation generally associated with milder (IV-VI) CF genotypes [28, 29], as
residual pancreatic acinar tissue is a prerequisite for pancreatitis to develop. Pancreatitis affects
over 10% of CF patients and tends to occur in a chronic relapsing and remitting fashion. It is
thought to be due to a combination of obstructive tubulopathy and acidification of the acinar
lumen due to reduced ductal bicarbonate secretion. Those with symptomatic pancreatitis can
often become pancreatic insufficient as their disease progresses. A recent review of the
European Cystic Fibrosis registry demonstrated that pancreatic insufficiency was associated
with a statistically significant decreases in FEV1%, with pancreatic insufficient patients twice
as likely as sufficient patients to experience severe lung disease, defined as FEV < 40% predicted
[30]. This indicates that lack of pancreatic exocrine function is associated with worsening
prognosis.

6. Cystic fibrosis-related diabetes is associated with poor prognosis

Cystic fibrosis-related diabetes (CFRD) is a common comorbidity with an estimated prevalence
of 20% in adolescents and 40%–50% in adults [31]. As with other disease-related comorbidities,
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incidence of CFRD continues to increase as life expectancy improves. It encompasses a
spectrum of disease from impaired glucose tolerance to CFRD with fasting hyperglycaemia.
Impaired chloride channel function leads to thick pancreatic secretions that cause obstructive
damage to the exocrine pancreas and subsequent architectural disturbance in islet cells with
loss of endocrine function. Insulin deficiency is compounded by insulin resistance that occurs
during pulmonary exacerbations as a consequence of increased levels of growth hormone,
cortisol, catecholamines, and inflammatory cytokines [32]. Not all patients with CF go on to
develop CFRD, and it has been demonstrated that multiple extrinsic factors contribute to
disease pathogenesis such as malabsorption, immunosuppressant therapy following lung
transplantation, use of glucocorticosteroids, and the presence of liver disease.

CFRD has a significant impact upon clinical parameters of disease and thus impacts upon
prognosis. Insulin deficiency and hyperglycaemia negatively affects pulmonary function with
the rate of decline in FEV1% over a 4 year period found to be related to the severity of insulin
deficiency [33]. Moreover, insulin replacement therapy can improve both nutritional status
and pulmonary function in patients with CFRD [34]. Hyperglycaemia also impacts clinically,
with moderately elevated blood glucose levels leading to increased airway glucose concen‐
trations, which in turn promotes the growth of various respiratory pathogens and can increase
exacerbation rate [35]. CFRD also impacts, predictably, on nutritional status with both insulin
deficiency and hyperglycaemia exerting effects. The classical complications of diabetes
mellitus also contribute to morbidity in patients with CFRD. Macrovascular complications
have not been documented, despite the increasing life expectancy of these patients. However,
microvascular complications are common and include mild neuropathy as the most common
manifestation with prevalence rates similar to those for non-CF diabetics [36]. Furthermore in
one study, retinopathy occurred in 16% of CFRD patients and microalbuminaemia in 14% in
a cohort of patients who had diabetes for more than 10 years [36].

In terms of direct mortality, CFRD has been shown to have a negative prognostic effect, with
increased mortality seen in association with poorer nutritional status and greater severity of
lung disease [37, 38]. In addition, CFRD mortality has been shown to be increased in female
cohorts when compared to males [39]. However, over time there have been sustained im‐
provements in CFRD-associated mortality with both female and male mortality decreasing in
the period between 1992 and 2003 [31], this effect is presumably a reflection of increased
awareness of the importance of CFRD and improvements in diagnosis and treatment strat‐
egies. CFRD is a common and complex co-morbidity in CF which negatively impacts on clinical
outcomes and mortality. There is evidence to show that early treatment of CFRD can promote
improved nutritional status, pulmonary function, and ultimately improve outcome.

7. Cystic fibrosis-related liver disease and prognosis

As the life expectancy of patients with CF continues to improve, cystic fibrosis-related liver
disease (CFLD) is becoming increasingly more prevalent with an incidence estimated of up to
30%, according to multiple studies. Liver disease firstly manifests in its most simple form as
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biochemical derangements in liver enzymes. Structural disease develops next and manifests
as fatty infiltration on ultrasound scan or increased bile content in liver parenchyma. Decom‐
pensated liver disease occurs last, which can involve portal hypertension, ascites, variceal
disease, and impaired coagulation. These disease processes occur as a consequence of altered
viscous bile due to abnormal CFTR-regulated ion transport across cholangiocytes. Conse‐
quently, biliary flow is reduced and there is obstruction of intrahepatic bile ducts. This causes
damage to hepatocytes and cholangiocytes through inflammatory processes, bile duct
proliferation, and portal tract fibrosis. The pathogenesis of fatty liver disease in CF is less well
understood and has been loosely attributed to fatty acid deficiency, malnutrition, and insulin
resistance [40].

Attempts have been made to link the development of CFLD with the presence of certain
underlying CFTR mutations, the assumption being that CFLD would be seen with increasing
frequency in patients with the classically severe or high-risk phenotypes as described above.
However, this relationship has not been demonstrated to date. Non-CFTR modifier genes have
been proposed to increase susceptibility to development of CFLD and it is thought that
identifying these genetic modifiers may allow early identification of patients at risk. To date
only polymorphisms in the SERPINA1 allele, which codes for an alpha-1 antitrypsin, has been
demonstrated to be significantly related to CFLD and portal hypertension [41].

Liver disease is widely cited as the third most common cause of death in CF patients after
respiratory failure and transplant complications, with a mortality rate estimated at 2.5% [30]
and a higher mortality risk is observed in those with liver disease than in those without [40].
However, there continues to be massive variability in the severity of CFLD without adequate
explanation as to why it affects only certain patients, thus it is a complex prognostic index.

8. Clinical measurements of disease severity and how they predict
prognosis

Whilst recognising the importance of tailoring care of patients with CF to the individual
genotypes and associated co-morbidities is essential, many of these factors are established and
in many ways less dynamically modifiable than others in clinical practice.

The prognostic value of more dynamic markers of clinical condition offer more practical long-
term targets around which to focus treatment and goals in the individual patient. On a day to
day basis, these parameters guide practice and stratify patients in terms of expected outcomes.

9. Pulmonary function and how it predicts prognosis

Spirometric measurement of lung function, specifically FEV1, has been the pre-eminent
surrogate marker of disease staging in CF for a long time. As it is reproducible, readily
available, and cheap, it provides longitudinal measurement of airflow obstruction over years.
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Seminal work by Kerem et al. in 1992 suggested that as an independent factor, FEV1 reliably
predicts the relative risk of mortality, with a baseline FEV1 of less than 30% predicted giving
a 50% two-year mortality [3, 42]. Following on from this work, further studies suggested that
rate of decline of FEV1 could more accurately identify the most at risk patients [2, 43, 44].
Interestingly there is evidence that high baseline FEV1 is a risk factor for greater FEV1 decline
and that this phenomenon may be explained by less aggressive prescribing patterns in patients
with preserved lung function [45].

Few would argue that FEV1 is invaluable in clinical practice; however, it does fall short in
identifying early lung disease where spirometry is often normal. This is especially the case in
paediatric CF centres, where lung disease is often in its early stages or where technical
limitations in performing reliable expiratory manoeuvres are more common. Recent interest
has arisen in lung disease assessment using the Lung Clearance Index (LCI), a measurement
derived from the multiple-breath inert gas washout. Whilst this technique is time consuming
and less readily available, there is growing evidence that it may be more sensitive than FEV1
in diagnosing early lung disease [46, 47] and that abnormal LCI in the setting of normal FEV1
may predict future FEV1 decline [9]. Moreover, LCI correlates with high resolution compu‐
terised tomography (HRCT) findings [48] and predicts exacerbations and time to first exacer‐
bation [49]. As such LCI may prove to be an appealing tool for more sensitively detecting
improvements in lung health when assessing novel therapeutic options [50] and become a
useful prognostic index.

10. Microbial colonisation in cystic fibrosis and its effect upon prognosis

Bacterial colonisation of the airways is the catalyst for cyclical infectious exacerbations of CF,
leading to acute, subacute, and chronic inflammation. The identification of organism and
subsequent in-vitro sensitivity testing helps in guiding treatment, antibiotic choices, and even
infection control measures. The individual impact of specific organisms on prognosis and
survival has been a focus of interest in clinical research for some time.

11. Pseudomonas aeruginosa

The most prominent pathogen with a specific affinity for the CF lung is Pseudomonas Aerugi‐
nosa (PA). Though its prevalence in CF populations varies with age [51], it is the most common
airway pathogen in adult CF patients. PA colonisation predicts lower FEV1 at the time of
culture [52, 53] and greater rate of decline in pulmonary function over time [54-56] when
compared with Methicillin Sensitive Staphylococcus Aureus colonised (MSSA) and non-
colonised patients. Moreover, evidence suggests that patients in whom PA colonisation is
eradicated in a systematic manner have a significant reduction in treatment burden and days
spent in hospital. This, in turn, can result in reduced expense on treatment of exacerbations [57].
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12. Staphylococcus aureus

Amongst the earliest pathogens to become clinically prominent in the life of patients with CF
is Staphylococcus Aureus (SA) [58]. Its prevalence globally is 44%–56% (2008) in its methicillin
sensitive form (MSSA) and 8%–23% for methicillin resistant strains (MRSA). The difficulty in
accurately establishing the relevance of SA as a pathogen in CF may lie in the complexity
involved in characterising the specific virulence of the strains involved. MSSA, Small colony
variant MSSA (SCV-MSSA) and MRSA (both community acquired-MRSA and healthcare
associated MRSA) all differ in resistance patterns and apparent virulence. A study by Hoffman
et al. in 2006 [59] suggested that co-colonisation with MSSA and PA favoured the formation
of SCV-MSSA. Subsequent work by Besier et al. [60] associated colonisation with SCV-MSSA
with worse lung function, more PA co-infection and more antibiotic resistance than those with
MSSA. This is especially telling when colonisation with PA and SA is not uncommon. During
a 1990s US-based clinical trial [61] an analysis of baseline sputum found 43% of participants
to culture both PA and SA. Current evidence suggest that patients culturing MRSA have worse
lung function and require more antibiotics than those with MSSA [62] and that PA/MRSA co-
colonisation is associated with more pronounced decline in lung function than PA/MSSA co-
colonisation [63]. Controversy still exists surrounding the long established practice of
prescribing prophylactic antimicrobials with activity against MSSA. Although studies have
suggested reduced cough and less culture positivity in the setting of prophylaxis, no clear
benefits in terms of outcomes have been observed. Furthermore, several studies have pointed
to increased and earlier incidence of PA culture in patients undergoing MSSA suppression
therapy [64]. Whilst guidelines published by international bodies vary on their recommenda‐
tion regarding chronic anti-staphylococcal use, a recent Cochrane review found no convincing
evidence for treatment [65] and reiterated concerns around the increase in PA colonisation.

13. Burkholderia cepacia complex

Long mistaken for a Pseudomonas, Burkholderia species were identified more accurately in the
1980s and 1990s as diagnostic techniques improved. Now recognised as perhaps the most
virulent pathogens in CF, they present a major treatment challenge. The Burkholderia Cepacia
Complex (BCC) is comprised of at least 17 distinct species of gram-negative bacteria. Termed
Genomovars, these species vary in prevalence and apparent virulence. The most common BCC
strains identified are B.Cenocepacia and B.Multivorans. Evidence from 2002 revealed a four-fold
mortality risk in patients colonised with epidemic B.Cenocepacia, associated with a more rapid
rate of lung function decline versus others (FEV1 -1.9% vs. -0.3% per annum) [66]. Further data
from 2004 showed B.Cenocepacia was associated with a statistically significant higher rate of
lung function decline (-140 ml/year vs. -32 ml/year (p=0.01)) and reduction in BMI when
compared to PA and B.Multivorans [67]. Whilst evidence is mounting that specific BCC
genomovars have a hierarchy of virulence with B.Cenocepacia associated with the highest
morbidity, it is worth noting that progressive disease can be caused by a multitude of strains.
“Cepacia Syndrome”, a constellation of sepsis, fevers, and leucocytosis and fulminant decline
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most often resulting in death, has been described with genomovars other than B.Cenocepacia
[68]. The true determinant of virulence may best be assessed by identification of specific
epidemic strains within distinct genomovars. Moreover, strains associated with poor outcomes
in the native lungs of CF sufferers may not cause the worst outcomes in post-transplant
patients. A 2008 study assessing mortality in CF patients on transplant waiting list and post-
transplant revealed a higher waiting-list five year mortality in B.Multivorans and non-epidemic
strain B.Cenocepacia carriers than those with epidemic strains of B.Cenocepacia. Furthermore, 5-
year post-transplant mortality was highest in the non-epidemic B.Cenocepacia cohort and
carriers of Burkholderia Gladioli, an organism not included in the BCC group, and generally
considered less relevant as a CF pathogen [69]. Clearly a deeper understanding of the relevance
and prognostic implications of specific BCC colonisation is needed. Despite the significant risk
posed by Burkholderia species in the CF population, evidence for eradication protocols and
recommended antibiotic regimens is lacking, which is concerning as it possibly has the most
significant effect upon prognosis of all bacterial colonisers [70].

14. Non-tuberculous Mycobacteria (NTM)

A 2013 study by Bryant et al. [71] demonstrating patient to patient transmission of Mycobac‐
terium Abscessus (subspecies Massiliense) in a CF centre re-focused attention on the clinical
management and implications of NTM colonisation. Prevalence (6%-14%) of NTM organisms
is variable and changing with time [72] and patient phenotype appears to dictate colonisation
with younger, more malnourished patients with more severe genotypes culturing more
Mycobacterium Abscessus Complex (MBASC) organisms than Mycobacterium Avium Complex
(MAC) [73, 74]. Recurrent NTM culture positive status has been shown to be associated with
progression of HRCT changes [75], however, despite these findings, statistical evidence
indicating worse outcomes in pulmonary function or mortality is lacking. With the employ‐
ment of prophylactic macrolide treatment for reduction of exacerbations, significant concerns
were raised regarding the possibility of developing macrolide resistance in colonising NTM
species; hence, NTM culture positivity is a contraindication to macrolide prophylaxis. Long-
term macrolide use may, however, have a protective effect in reducing incidence of NTM
culture positivity as highlighted by Coolen et al. in 2015 [76]. This finding could have a
significant impact on prognosis and treatment options, as NTM colonisation is still considered
a contraindication to transplant in some centres despite growing evidence that outcomes post-
transplant in this cohort are acceptable [77].

15. Other microbial organisms in cystic fibrosis

Aspergillus Fumigatus (AspF) is a common airway fungus found in the CF lung. Previous
treatment was aimed largely at patients meeting criteria for diagnosis of Allergic Broncho‐
pulmonary Aspergillosis (ABPA). More recent evidence, however, suggests that AspF carriage
correlates with more severe changes on HRCT [78] and can predict greater rate of FEV1 decline
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in patients who are a) colonised but not sensitised, b) sensitised but do not meet ABPA
diagnostic criteria, and c) those with a diagnosis of ABPA [79]. Suitable studies assessing the
value of AspF eradication in patients with CF not meeting ABPA criteria are lacking.

Stenotrophomonas Maltophilia (SM) and its relevance has been a point of debate for some time.
Previously regarded as a bystander in the CF microbiome there is growing belief that it
represents a true pathogen with potentially significant impact of mortality [80]. Antibiotic
options for the treatment of SM are limited and dedicated studies assessing treatment effec‐
tiveness are lacking [81].

Candida Species are highly prevalent in CF airway culture [82]. Difficulty arises in differentiat‐
ing oropharyngeal contamination from bronchial colonisation without bronchoscopic sam‐
pling. Data from 2010 suggests that colonisation with Candida Albicans is associated with
increased exacerbation rate and significant decline in FEV1 [83]. There is a paucity of data
relating to the benefits of treating Candida Species routinely in CF.

16. Impact of respiratory failure on prognosis in cystic fibrosis

Despite being a predictable outcome of progressive lung disease, the management of respira‐
tory failure in CF, both hypoxic (Type 1 Respiratory Failure) and hypercapnic (Type 2
Respiratory Failure), is lacking in terms of an evidence base [84]. Prescribing habits for oxygen
(nocturnal, ambulatory, or resting) borrow largely from guidelines for other conditions.
Hypoxia as a determinant of prognosis therefore has not been assessed, although there are
suggestions that patients at higher mortality risk have an association with worsening six
minute walk test results [85]. However, baseline hypercapnia has been shown to be an
independent risk factor for death, even in patients with an FEV1 greater than 30% predicted
[86]. There is a paucity of reliable data regarding the benefits of maintenance non-invasive bi-
level positive airway pressure ventilation (BIPAP) in CF. One randomised placebo controlled
trial from 2008 [87] did show significant benefits with nocturnal BIPAP in terms of symptoms
(quality of life questionnaires scores, dyspnoea indices, and chest symptoms), improvements
in modified shuttle walk test distances, and improved nocturnal (but not diurnal) arterial
hypercapnia, but no significant improvements were shown in lung function. Data does
suggest, however, that in the setting of acute respiratory failure requiring admission to
intensive care units, non-invasive ventilation (NIV) was associated with significantly im‐
proved outcomes when compared to intubation and mechanical ventilation in patients with
CF [88-90]. Hence, the importance of respiratory failure in predicting prognosis needs further
study in CF.

17. Nutritional status and weight in determining outcome in cystic fibrosis

The impact of malnutrition in CF is of great interest; exocrine and endocrine dysfunction,
coupled with high basal metabolic requirements in the setting of chronic disease, exposes
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patients to a high risk of malnourishment. Low BMI in CF is known to increase in incidence
with age and be closely implicated in worsening lung function [91, 92] and predicts worse
outcome over a 4-year period [93]. Furthermore, patients awaiting lung transplantation who
require nutritional intervention have been shown to have a higher risk of death [86] and
improving the nutritional status of malnourished patients may ultimately improve lung
function, even in cohorts with relatively advanced lung disease [94-96].

18. Bone mineral density in cystic fibrosis

Low bone mineral density (BMD) and subsequently osteopenia and osteoporosis are common
in CF. Thus far, no convincing association has been shown between lung function and BMD
and predictors of low BMD include BMI, weight, and age [97, 98]. Despite much research focus
in this area, recent evidence raises the possibility that, unlike lung function and life expectancy,
there has not been a significant improvement inter-generationally in BMD [99]. The lack of
clinical data proving concrete improvements in outcomes with bisphosphonate therapy, other
than BMD change itself, has left a clinical conundrum regarding the management of low BMD
in CF [100]. Further studies are needed to guide clinical decisions which are currently dictated
by experience and judgement. However, there is no prognostic value in BMD scores in CF
patients.

19. Biomarkers of disease severity and how they predict prognosis

19.1. Sputum and bronchoalveolar lavage fluid biomarkers

The need for useful and clinically relevant biomarkers is vital, and their use as predictors of
prognosis as well as surrogates of clinical response to treatment is increasingly important.
Numerous different sputum biomarkers have been investigated and used to correlate with
clinical condition, including correlating with exacerbation frequency, pulmonary function,
microbiological colonisation and overall prognosis. The use of sputum biomarkers is ideal in
CF as patients produce significant amounts of sputum, hence samples are easy to obtain and
samples are routinely collected to assess bacterial colonisation as part of best practice care.

Several studies have demonstrated how neutrophil elastase (NE) activity is significantly
increased in the CF lung and a recent study by Sly et al. revealed how NE activity is an early
biomarker for the development of bronchiectasis in CF [101]. The levels of NE in CF bron‐
choalveolar lavage fluid (BALF) correlate inversely with FEV1 [10] and furthermore the higher
the level of NE detectable the more rapid the decline in lung function [12], neutrophil counts
also correlate well with these measures. These results support the use of NE levels and activity
as a useful biomarker available from BALF or sputum, and many other potential biomarkers
are benchmarked against this measure as well as clinical correlation. Several inflammatory
cytokines which are known to be elevated in the CF lung have potential to be useful biomarkers
also, particularly interleukin-8 (IL-8) and tumour necrosis alpha (TNF-α). IL-8 is a neutrophil

Factors Affecting Prognosis and Prediction of Outcome in Cystic Fibrosis Lung Disease
http://dx.doi.org/10.5772/60899

15



chemo-attractant and elevated levels are seen in CF BALF [102] and levels measured in sputum
correlate inversely with FEV1 [10]. IL-8 and TNF- α levels are elevated at the time of an acute
pulmonary exacerbation, and have been shown to significantly decrease in response to
antibiotic treatment in an inverse pattern compared to lung function measurements [103].
Furthermore, the levels of IL-8 found in the lungs of CF patients correlates with microbial
colonisation, with higher levels identifiable in patients colonised with Pseudomonas Aerugino‐
sa (PA) and Staphylococcus Aureus (SA) compared to non-colonised CF patients and healthy
controls [104]. Further support for the usefulness of these cytokines as markers is how they
correlate with symptoms of deterioration as reported by patients [105], hence IL-8 and TNF-
α are markers of degree of lung damage and bacterial colonisation. There are limitations to the
use of sputum and BALF biomarkers such as these, as they do not always correlate with all
clinical measurements of disease; in one study IL-8 did not correlate [106] with modified Bhalla
scores [107], or other reversible changes on high resolution computed tomography (HRCT)
that did correlate with lung function measurements.

Glycosaminoglycans (GAGs) are involved in the modulation of IL-8 activity in BALF and
increased expression of GAGs is related to the sustained inflammation in the CF lung, hence
the levels of GAGs may be a potential biomarker of disease progression in CF as their expres‐
sion is related to the neutrophil chemotaxis in the lung [108]. Other cytokines including IL-10
and IL-4 are also significantly elevated in CF BALF compared to healthy controls [109].
However, fewer studies have been done on these cytokines.

Several other sputum and BALF biomarkers have been studied and some have more potential
future utility than others. Some of the early sputum biomarkers investigated were nitrites, with
sputum NO2/NO3 shown to be significantly higher in CF patients with acute exacerbations
[110] and correlated with neutrophil counts and inversely with FEV1 [111]. However, the levels
did not return to normal despite intensive antibiotic treatment, hence negating their potential
use as a marker of response to treatment [110]. Biomarkers that correlate to PA colonisation
also include club cell secretory protein (CCSP), which is inversely related to the NE concen‐
tration in CF sputum and patients with pseudomonas aeruginosa have significantly lower
CCSP than non-colonised individuals [112]. Furthermore, levels of leukotriene B4 (LTB4)
correlate with PA colonisation in CF compared to other organisms [104].

To date, the most accurate sputum and BALF biomarker in CF remains NE activity and levels,
hence several other biomarkers have been compared to this to demonstrate their usefulness.
Other proteases such as matrix metalloproteinases 2 (MMP-2) and MMP-9 correlate well with
increased levels noted in BALF which possessed increased NE activity [109], while cathepsins
do not correlate with PA colonisation or exacerbations [113]. Biomarkers specific to pulmonary
exacerbations are ideal as defining the response to treatment is very difficult in CF,; these
include mucins MUC5AB and MUC5AC which are degraded at the time of exacerbation and
demonstrate increased sialylation compared to controls [114]. Granulocyte-macrophage
colony-stimulating factor (GM-CSF) levels at the time of pulmonary exacerbation predicts a
larger acute decline in FEV1[115], which is highly predictive of poor prognosis [13], hence this
may be a useful marker of future disease progression. Finally, calprotectin, a neutrophil
derived protein, may also be a useful biomarker, where levels both in sputum and serum have

Cystic Fibrosis in the Light of New Research16



chemo-attractant and elevated levels are seen in CF BALF [102] and levels measured in sputum
correlate inversely with FEV1 [10]. IL-8 and TNF- α levels are elevated at the time of an acute
pulmonary exacerbation, and have been shown to significantly decrease in response to
antibiotic treatment in an inverse pattern compared to lung function measurements [103].
Furthermore, the levels of IL-8 found in the lungs of CF patients correlates with microbial
colonisation, with higher levels identifiable in patients colonised with Pseudomonas Aerugino‐
sa (PA) and Staphylococcus Aureus (SA) compared to non-colonised CF patients and healthy
controls [104]. Further support for the usefulness of these cytokines as markers is how they
correlate with symptoms of deterioration as reported by patients [105], hence IL-8 and TNF-
α are markers of degree of lung damage and bacterial colonisation. There are limitations to the
use of sputum and BALF biomarkers such as these, as they do not always correlate with all
clinical measurements of disease; in one study IL-8 did not correlate [106] with modified Bhalla
scores [107], or other reversible changes on high resolution computed tomography (HRCT)
that did correlate with lung function measurements.

Glycosaminoglycans (GAGs) are involved in the modulation of IL-8 activity in BALF and
increased expression of GAGs is related to the sustained inflammation in the CF lung, hence
the levels of GAGs may be a potential biomarker of disease progression in CF as their expres‐
sion is related to the neutrophil chemotaxis in the lung [108]. Other cytokines including IL-10
and IL-4 are also significantly elevated in CF BALF compared to healthy controls [109].
However, fewer studies have been done on these cytokines.

Several other sputum and BALF biomarkers have been studied and some have more potential
future utility than others. Some of the early sputum biomarkers investigated were nitrites, with
sputum NO2/NO3 shown to be significantly higher in CF patients with acute exacerbations
[110] and correlated with neutrophil counts and inversely with FEV1 [111]. However, the levels
did not return to normal despite intensive antibiotic treatment, hence negating their potential
use as a marker of response to treatment [110]. Biomarkers that correlate to PA colonisation
also include club cell secretory protein (CCSP), which is inversely related to the NE concen‐
tration in CF sputum and patients with pseudomonas aeruginosa have significantly lower
CCSP than non-colonised individuals [112]. Furthermore, levels of leukotriene B4 (LTB4)
correlate with PA colonisation in CF compared to other organisms [104].

To date, the most accurate sputum and BALF biomarker in CF remains NE activity and levels,
hence several other biomarkers have been compared to this to demonstrate their usefulness.
Other proteases such as matrix metalloproteinases 2 (MMP-2) and MMP-9 correlate well with
increased levels noted in BALF which possessed increased NE activity [109], while cathepsins
do not correlate with PA colonisation or exacerbations [113]. Biomarkers specific to pulmonary
exacerbations are ideal as defining the response to treatment is very difficult in CF,; these
include mucins MUC5AB and MUC5AC which are degraded at the time of exacerbation and
demonstrate increased sialylation compared to controls [114]. Granulocyte-macrophage
colony-stimulating factor (GM-CSF) levels at the time of pulmonary exacerbation predicts a
larger acute decline in FEV1[115], which is highly predictive of poor prognosis [13], hence this
may be a useful marker of future disease progression. Finally, calprotectin, a neutrophil
derived protein, may also be a useful biomarker, where levels both in sputum and serum have

Cystic Fibrosis in the Light of New Research16

been demonstrated to decrease significantly following treatment of an acute exacerbation and
predicted time to next exacerbation [116], this is extremely useful as both exacerbations and
lung function decline are the most sensitive markers of disease progression in CF.

19.2. Serum biomarkers as markers of systemic inflammation

Similar to sputum biomarkers, the use of serum biomarkers is highly appealing to monitor
disease progression and also predict outcomes. Several studies have investigated in CF an
array of potentially useful peptides and cytokines measurable in serum that correlate with
exacerbation severity, length and recurrence as well as lung function and microbiological
colonisation. While there are many studies of biomarkers of inflammation in CF and it further
strengthens our understanding of the disease, the use of biomarkers has not become routine
clinical practice, hence the need for accurate measurements of both pulmonary and systemic
inflammation, which makes serum levels a key factor in this process as they may also be useful
in measuring the response to treatment and predicting prognosis especially as new therapeutic
options emerge.

As discussed previously, markers of neutrophil activity and elastase levels and activity in the
lung correlate excellently with clinical condition, hence the use of neutrophil markers from
serum would be ideal as biomarkers. One such biomarker is calprotectin, a neutrophil derived
protein that is released during neutrophil activation, which has been shown to correlate with
the resolution of exacerbations [116], as well as correlating with radiological scores and
pulmonary symptoms [117]. CD16b is a receptor expressed by human neutrophils which binds
immunoglobulins and is involved in the inflammatory response in CF. Levels of alpha-1
antitrypsin (AAT) complexed to CD16b (AAT:CD16b complex) have been shown to be
significantly higher in CF patients than healthy controls, and correlate to other pro-inflam‐
matory cytokines including IL-8 and TNF-α [11]. Plasma concentrations of AAT:CD16b
complex at the time of acute pulmonary exacerbation responded to antibiotic treatment and
demonstrated a significant correlation to FEV1 improvement. These results suggest this may
be a potentially useful biomarker of acute exacerbations and hence a useful prognostic tool.

The use of cytokines, similarly to sputum, is often viewed as an ideal surrogate of disease state,
and many have been studied. Immunoglobulin G (IgG) and IL-6 have been shown previously
to correlate with mortality, however, when adjusted for confounding factors, in particular
FEV1, this correlation did not remain independent [118]. There is significant cross correlation
between inflammatory markers such as TNF-α, IL-8 and cathepsins as well as IL-6 and IgG.
However, none have shown any significant correlation with mortality. As survival becomes
longer in this disease, the need increases for biomarkers that correlate together with other
indices of disease such as pulmonary function, bacterial colonisation, exacerbation frequency,
and radiological changes.

Leucocyte ribonucleic acid (RNA) measurements may be one such biomarker for potential
future use. In identifying the presence of airway infection, whole blood levels of leucocyte
RNA is an accurate measure and is more sensitive than FEV1 or c-reactive protein (CRP), and
together with FEV1 is highly sensitive [119]. Other novel biomarkers include anti-neutrophil
cytoplasmic antibodies specific for bactericidal/permeability-increasing protein (BPI-ANCA).
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Bactericidal/permeability-increasing protein (BPI) is one of the most potent endogenously
produced antibacterials secreted by neutrophils, and autoantibodies against this protein are
present in up to 90% of CF patients [120]. Levels of BPI-ANCA correlate strongly with markers
of lung disease and it may indicate a pathogenic role in CF [121] and a recent study has shown
that the presence of BPI-ANCA correlated significantly with a poor outcome, being death or
requiring a lung transplantation. Furthermore, in patients colonised with PA the outcome was
significantly worse if associated with this biomarker [122].

While no single biomarker of disease severity exists from either sputum or serum, there are
several potential biomarkers that need further study and more robust results to support their
routine use in clinical practice.

One biomarker that has recently re-emerged as a useful index of disease severity is the
measurement of CFTR function. This may be measured by nasal potential difference (NPD)
and sweat chloride concentration. It is important as a biomarker as it has been shown that
CFTR and sweat chloride concentration at diagnosis predicts long term prognosis [123]. NPD
is now reproducible in a more robust manor than previously, as it was difficult to accurately
to so in the past [124]. The use of this biomarker has been further established in the recent
clinical trials of CFTR modulators and correctors such as ivacaftor, with a change in NPD and
sweat chloride seen as marker of improvement and correlating with improvements in lung
function and BMI, whether this will be a long-term prognostic indictor remains to be seen [4].

20. Radiological methods to predict prognosis

Due to the complexity of CF lung disease, multiple modalities are needed to fully assess the
extent of disease severity, including radiological imaging. Several imaging techniques have
been employed and studied in CF; with plain radiograph, CT, and MRI all having varying
abilities to predict prognosis, as well as correlate with clinical condition, and a number of
scoring systems exist to qualify the extent of pulmonary involvement. High-resolution CT
imaging of the lungs is currently the most sensitive method of assessing the structural changes
in CF. HRCT permits airway thickness measurements and the extent of bronchiectactic
changes, and these changes closely correlate with FEV1 and often adult patients with CF show
more acute changes in HRCT abnormalities than decline in spirometric results [125]. The
progression of bronchiectasis also correlates with CFTR genotype and levels of neutrophilic
inflammation [126], while also significantly predicting exercise capacity in CF patients [127].

Newer methods to image the lungs in CF include hyperpolarised helium magnetic resonance
imaging (He3-MRI) [8] and flurodeoxyglucose positron emission tomography (FDG-PET)
imaging [5-7]. Both modalities correlate closely with abnormalities seen on HRCT and improve
with antibiotic treatment, making them both sensitive useful tools in the acute setting. He3-
MRI may identify early ventilatory changes in paediatric disease before identifiable changes
on HRCT [128] and may better correlate with spirometry in assessing response after exacer‐
bation treatment [8]. These modalities are not currently in widespread use due to both cost
and availability, however, He3-MRI may become more routine in the future as life expectancy
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increases and the risk associated with increased cumulative exposure to ionising radiation
associated with CT and FDG-PET [129].

A number of different radiological scoring systems have been developed to assess disease
burden in CF. Older scoring systems were based on chest radiograph changes, and these
included the Brasfield [130], National Institutes of Health (NIH) chest radiograph [131], and
the Royal Children's Hospital (RCH) chest radiograph score [132]. While these were somewhat
useful, they correlated poorly with spirometry and with clinical condition [133]. With the
continual improvement in CT imaging modalities, HRCT has become the gold standard for
assessing structural abnormalities, and several robust validated scoring systems exist for CT
abnormalities. These include the Brody II score [134] and the CF-CT score [135], while one of
the older original scoring tools, the Bhalla score, for bronchiectasis is still widely used in
modified versions [107]. The Bhalla scoring system is an objective measure incorporating all
aspects of CF structural abnormalities and has been validated and correlates with spirome‐
try[136], clinical condition [127, 137], and has some correlation with health related quality of
life [138], however, there is little correlation between these scores and other biomarkers of
inflammation [106].

Radiological scoring systems are useful in assessing the extent of structural changes in CF, and
correlate with certain aspects of the disease, however, they alone are not sufficient to predict
prognosis and are likely more beneficial when used as part of composite clinical prediction
tools.

21. Usefulness of clinical prediction tools in cystic fibrosis

As previously outlined in this chapter, life expectancy continues to improve in patients with
CF due to a combination of improvements in treatment, level of care, and diagnostic tools, as
well as multidisciplinary input and the development of disease-specific centres. With contin‐
ually improving clinical outcomes, the need arises to better predict the prognosis of CF at an
individual and group level. This need was first identified in 1958 with the development of the
Shwachman-Kulczycki (SK) score to assess the severity of CF [139]. This score formed part of
a study which monitored 105 patients for 5 years, the first of its kind to assess the long term
progress of young CF patients. It was seen that there was increased frequency of CF patients
surviving to adolescence and young adulthood and demonstrated a need to assess disease
severity in order to predict the likely course of the disease.

There are many criticisms of the SK score as it is largely a subjective measure that depends on
the clinical estimation of the examiner. Another drawback is that it does not include evalua‐
tions of pulmonary function. It was also devised with reference to a paediatric population in
a time when life expectancy was drastically decreased. However, there have been a range of
studies since its conception that have validated this score against a host of parameters
increasingly used to measure prognosis. For example, Brasfield et al. observed a significant
correlation between the SK score and chest radiography in an evaluation of over 640 chest
radiogrpahs of 118 CF patients [130]. A more recent evaluation of the usefulness of this score
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to assess disease severity was undertaken by Stollar et al. in 2011 where [140] significant
correlations were demonstrated between FEV1, chest radiograph, HRCT, 6-minute walk test
(6MWT), and SK score. It was felt that the SK score adequately reflects radiographic and
functional impairments in patients with greater impairment of lung function, however, the
score was less useful in patients with preserved lung function (FEV1 >70%). Regardless of its
shortcomings, the SK score is regarded as a milestone in the history of CF and continues to
serve as a somewhat tool in the determination of disease severity.

This score formed the basis for the development of a multitude of clinical prediction tools, the
majority of which involve clinical parameters, radiological parameters, or a combination of
both. One such early radiological scoring system is the Brasfield score [130], which is based on
the chest radiograph findings of patients with CF and encompasses a maximum score of 25,
with points scored according to the severity of air trapping, linear markings, nodular cystic
lesions, large lesions, and an impression of the overall general severity of the radiograph.
However, it similarly is a subjective scoring system and there can be inter-rater differences.
The Brasfield score does correlate with pulmonary function tests and the SK score and is
reproducible. A disadvantage of the Brasfield score is that it was developed to include
radiographs assessed by a team of radiologists and clinicians, while the Northern score [141]
is an advance on the Brasfield score which allows for a single examiner to determine the
radiographic severity based on assessing chest radiographs divided into lung quadrants. The
maximum score is 20, with higher scores reflecting poorer outcomes due to increased severity
of disease. This score was validated against the Brasfield score and an earlier score, Chrispin-
Norman [142], and was found to be equal in terms of consistency, reproducibility, and accuracy
in reflecting overall clinical status as measured by the SK score.

The development of widespread use of computed tomography in clinical practice has led to
the inclusion of HRCT in prognostic tools for CF. Nathanson et al. proposed the first such score
which involved dividing the lung CT into 12 distinct zones in order to classify the severity of
bronchiectasis on a 5-point scale in each zone [143]. This, once again, was validated against
the SK and Brasfield scoring systems along with the results of pulmonary function tests carried
out on the subjects. As discussed, Bhalla et al. [107] further developed the idea of CT scoring
systems in order to aid selection for lung transplantation and put forward a score based on the
severity of 9 different radiological parameters including peribronchial thickening, extent of
bronchiectasis, and extent of mucus impaction. This score is very reproducible and correlates
strongly with pulmonary function, hence is the gold standard for HRCT evaluation.

Clinically-based prognostic tools play a central role in the management of CF patients and
serve to direct treatments, investigations, and multidisciplinary input. The National Institute
of Health scale, developed in 1973, proposed a comprehensive scoring system which included
multiple parameters including baseline demographics, various measures of lung function, and
presence of common complications encountered in the disease [131]. A 100-point scale derived
from these measurements correlated with severity of disease, the higher scores being associ‐
ated with poorer outcomes. It is a complex and cumbersome scale that reduces the likelihood
for its application across the broader clinical setting. However, it is a reliable and reproducible
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score which encompasses many aspects of the disease and this has led to its continued use in
CF-related research.

With the advancement of CF survival and life expectancy a need to develop simple and reliable
prognostic tools for use in the clinical setting became apparent. In 1997, Hayllar et al. developed
a predictive index based on research from over 400 patients and studied and correlated the
index result with a mortality curve [144]. In this way, a simple calculation could be made to
estimate 6-month and 1-year survival rates for a given score. The score was based on height,
presence of hepatomegaly, white blood cell count, FEV1, and forced vital capacity (FVC). This,
and scores like it, revolutionised the approach to prognosis in previously unchartered territory
and survival estimates became central to prognostic tools. Liou et al. advanced on the NIH
and Hayllar scores to present a 5-year prognostic tool, the longest range survival model in the
field at its time of development [145]. It is based on a composite score of 8 clinical factors, as
well as measurement of FEV1 and is a comprehensive, reproducible, reliable prognostic tool.
However, it remains a complicated score to perform clinically and so focus has shifted in recent
times to the development of simplified prediction tools that can be used within the time
constraints of the current clinical setting. The CF-ABLE score was devised with this in mind
and it involves the measurement of 4 of the major clinical parameters encountered in day to
day practice [93]. Age, BMI, FEV1, and frequency of pulmonary exacerbations have been
evaluated on a 7-point scale for correlation with prognosis and it has been found that patients
with higher scores have a 26% chance of a poor outcome (death or transplantation) within 4
years of measurement. This score has been validated on a national registry and highlights the
applicability of simple prediction tools that can be employed in the clinical environment.

Clinical and radiological prediction tools have emerged as a vital resource in the treatment of
CF. They allow us to stratify patients by disease severity and to a certain extent allow us to
predict likely adverse outcomes in patients with poor prognostic indices. A multitude of
prognostic tools have been developed since the original SK score as CF research has continued
to expand, each reflecting the changing face of CF treatment and diagnostic tools. Clinical
practice favours the use of simple reliable scoring systems which take into account easily
measurable parameters, such as the Hayllar score and the more up to date CF-ABLE score.
Future research will need to involve the development of further prognostic tools to reflect the
changes occurring in the management of CF (Table 2).

Name of Score Year
Published

Number of
patients in cohort

Parameters Used Strengths Limitations

Shwachman-
Kulzcizy
[139]

1958 105 CF patients
followed for 5
years

- General activity
- Physical exam
- Nutrition
- Chest radiograph

- Uncomplicated
assessment
- Reproducible
- High correlation
with pulmonary
function

- Subjective
- No inclusion of
measurement of
pulmonary
function

Factors Affecting Prognosis and Prediction of Outcome in Cystic Fibrosis Lung Disease
http://dx.doi.org/10.5772/60899

21



Name of Score Year
Published

Number of
patients in cohort

Parameters Used Strengths Limitations

-High correlation
with Brasfield score

- Developed in
paediatric
population

NIH Score [131] 1973 73 patients aged 3
to 30 years
followed for a
period between 3
and 6 years

100 point scale of severity of
lung and general parameters
as well as common
complications:
- Chest Radiograph
- Pulmonary function
- Pulmonary exacerbations
- Pneumothorax
- Haemoptysis
- Pulmonary surgery
- Cor Pulmonale
- Lung auscultation
- Cough and expectoration
- Weight
- Activity
- General attitude
- ABG
- GI complications
- Infertility
- Salt depletion
- Osteoarthropathy

- Comprehensive
- Demonstrated to
be useful in
prognosis and
assessment of
disease evolution

- Complex scoring
system
- Overestimates
rare clinical
elements
- Does not include
patients younger
than 5 years of age
- High variability
in pulmonary
function evaluation

Brasfield
[130]

1979 643 chest
radiographs in 118
CF patients

Composite score of presence
and severity of each of the
following:
- Air trapping
- Linear markings
- Nodular cystic lesions
- Large lesions
- Overall impression of
severity

- Reproducible
- Strong correlation
with clinical severity
- Uncomplicated
assessment

- Somewhat
subjective in
measurement of
overall severity
- Inflexible
- Designed for
team of
radiologists

Nathanson
[143]

1991 28 HRCT of CF
patients

Severity of bronchiectasis
and mucous impaction on a
5 point scale as measured in
12 distinct lung zones

- Good correlation
with existing
radiographic scores
and clinical
outcomes

- No studies in
reproducibility
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Parameters Used Strengths Limitations

-High correlation
with Brasfield score

- Developed in
paediatric
population

NIH Score [131] 1973 73 patients aged 3
to 30 years
followed for a
period between 3
and 6 years

100 point scale of severity of
lung and general parameters
as well as common
complications:
- Chest Radiograph
- Pulmonary function
- Pulmonary exacerbations
- Pneumothorax
- Haemoptysis
- Pulmonary surgery
- Cor Pulmonale
- Lung auscultation
- Cough and expectoration
- Weight
- Activity
- General attitude
- ABG
- GI complications
- Infertility
- Salt depletion
- Osteoarthropathy

- Comprehensive
- Demonstrated to
be useful in
prognosis and
assessment of
disease evolution

- Complex scoring
system
- Overestimates
rare clinical
elements
- Does not include
patients younger
than 5 years of age
- High variability
in pulmonary
function evaluation

Brasfield
[130]

1979 643 chest
radiographs in 118
CF patients

Composite score of presence
and severity of each of the
following:
- Air trapping
- Linear markings
- Nodular cystic lesions
- Large lesions
- Overall impression of
severity

- Reproducible
- Strong correlation
with clinical severity
- Uncomplicated
assessment

- Somewhat
subjective in
measurement of
overall severity
- Inflexible
- Designed for
team of
radiologists

Nathanson
[143]

1991 28 HRCT of CF
patients

Severity of bronchiectasis
and mucous impaction on a
5 point scale as measured in
12 distinct lung zones

- Good correlation
with existing
radiographic scores
and clinical
outcomes

- No studies in
reproducibility

Cystic Fibrosis in the Light of New Research22

Name of Score Year
Published

Number of
patients in cohort

Parameters Used Strengths Limitations

Bhalla [107] 1991 HRCT scans of 14
patients studies by
3 radiologists

3-point severity score of the
following parameters:
- Bronchiectasis severity
- Peribronchial thickening
- Bronchiectasis extent
- Extent of mucoid
impaction
- Abscesses
- General impression
- Number of blisters
- Emphysema extent
- Collapse/consolidation

- Excellent
agreement between
examiners
- Reproducible
- High correlation
with pulmonary
function tests

- Extensive number
of parameters
- Complex scoring
system

Northern Score
[141]

1994 45 chest
radiographs read
by 10 clinical
physicians

Severity of radiographic
alterations in each lung
quadrant:
- 0: normal
- 1: minimally increased
linear signs or nodular cystic
lesions
- 2: moderately diffuse
nodular cystic lesions, more
pronounced linear signs
- 3: severe; profuse cystic
lesions, extensive collapse/
consolidation
- 4: very severe; small areas
of visible lung with dense
infiltrates throughout

- Allows for single-
examiner approach
- Better agreement
seen among
examiners
- Reproducible
- Uncomplicated

- May overly
simplify picture
and extent of lung
disease
- No strong
correlation with
clinical measures

Hayllar [144] 1997 Retrospective data
analysed on 403
patients over 18
year period

Predictive index based on
measurement of:
- Height
- Hepatomegaly
- FVC (%)
- FEV1 (%)
- White blood cell count
Mortality curve developed
to relate predictive index to
survival probability

- Directly relates
clinical measures to
an estimate of
survival
- Externally
validated
- Reproducible

- Excludes some
known predictors
of mortality
- Developed based
on data in 1970s
and 1980s; does not
reflect improved
diagnostic
techniques

Factors Affecting Prognosis and Prediction of Outcome in Cystic Fibrosis Lung Disease
http://dx.doi.org/10.5772/60899

23



Name of Score Year
Published

Number of
patients in cohort

Parameters Used Strengths Limitations

Liou
Predictive 5-
year
survivorship
model of Cystic
Fibrosis
[145]

2001 Retrospective data
collected 5820
patients in US
registry between
1986 and 1993

Composite score of the
presence or value of
following parameters to
predict 5-year survival:
- Age
- Gender (M=0, F=1)
- FEV1 (%)
- Weight-for-age z score
- Pancreatic insufficiency
- Diabetes mellitus
- Staphylococcus aureus
- Burkholderia cepacia
- No. of acute exacerbations
(0-5)

- Comprehensive
- Widely applicable
- Validated
- User-friendly

- Does not account
for radiological
findings
- Prediction rule is
derived from the
same cohort as the
validation group

CF-ABLE Score
[93]

2013 49 CF patients
followed over a 7-
year period.
Validated in 370
patients collected
from national
registry over 5
years

7-point scale based on
evaluation of:
- Age <24 = 1 point
- BMI <20.1 kg/m2 = 1
- FEV1 (%) < 52% = 3.5
- Number of exacerbations
in past 3 months > 1 = 3.5
points
Score of >5 indicates 26%
chance of poor outcome in
the next 4 years

- Common clinical
measurements used
- Easy to caluclate
- Validated

- Difficult to define
pulmonary
exacerbation
- Adult only score

Table 2. Summary of Clinical Prediction Tools in Cystic Fibrosis.

22. Conclusion

Over the last two decades, prognosis has improved significantly in CF and this has led to the
need to better predict outcomes. Subsequently, many studies have looked at all aspects of the
disease and identified modifiable risks, as well as identified biomarkers to follow disease
progression. This increased knowledge of the condition has allowed improved treatment and
more phenotypically specific therapy to be developed. Many different clinical features and
markers predict outcome and this is a complex area, and a multifaceted approach to risk
stratifying patients is needed. However, what must be not overlooked as the survival increases
in CF are the extrapulmonary manifestations and the significant psychosocial issues associated
with chronic illness. It is important to note that up to 22% of CF patients demonstrate symptoms
of depression, 10% report anxiety symptoms, and up to 5% report suicidal thoughts [146]. The
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with chronic illness. It is important to note that up to 22% of CF patients demonstrate symptoms
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incidence of depression and anxiety is 2–3 times higher than age matched community control
individuals [147]. This is highly important and there is an association between depression and
lower FEV1 [146]. Also, patients with well-preserved spirometry who have depression
demonstrate more significant decline in lung function than those with no depressive symp‐
toms [148]. Depression is associated with negative medication beliefs leading to lower
medication adherence, which ultimately may lead to poorer prognosis, hence it is important
to evaluate patients holistically beyond the medical complications of CF when assessing
prognosis [149]. Other important factors that are easily overlooked are socio-economic issues
that impact upon survival, including lower household income and socio-economic status
[150-152], larger family size with more than one person with CF [153], and exposure to cigarette
smoke [154] all predicting a poor outcome. These risk factors are sometimes more difficult to
quantify and hence are often overlooked. They are also difficult to measure as part of composite
prediction tools, but they must be taken into account when assessing the prognostic indices of
each individual with CF.

As survival continues to improve, the use of composite scoring systems and multi-disciplinary
approach to improving care is essential in CF. Many clinical prediction tools exist for CF and
some are more useful in clinical practice than others, however, these are underutilised in
general and should be employed in more clinical trials, as well as routine care.

In summary, the prognosis of CF has improved significantly over the last two decades and
may improve further as newer medications are developed. The need to accurately predict
prognosis is essential as the decision for lung transplantation or to aggressively treat certain
aspects of disease may be more tailored and appropriate per individual, this improving
survival further. The most sensitive way of predicating prognosis currently remains a multi‐
faceted approach, including several markers of disease and the use of all factors and a
composite clinical prediction tool is suggested to stratify patient risk.
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Abstract

Respiratory physiotherapy is part of the routine management of patients with cystic
fibrosis. It normally consists of airway clearance techniques and exercise training. The
evidence of such interventions has been questioned. Nevertheless, the lack of evidence
should not be interpreted as lack of benefit. Instead, attention to methodological
issues, such as the selection of the outcome measures, is needed, as they may hamper
the establishment of the effectiveness of respiratory physiotherapy techniques. Hence,
this chapter presents and discusses the strengths and weaknesses of conventional and
emerging outcome measures possibly to be used (i) in clinical practice before, during
and after each session of respiratory physiotherapy to monitor its effectiveness; (ii)
before and after the respiratory physiotherapy treatment (i.e., normally characterised
by weeks of intervention) and (iii) in applied research in respiratory physiotherapy
used in the management for cystic fibrosis. A comprehensive overview of the available
outcome measures is provided, with particular emphasis on their strengths and
limitations that should be recognised when interpreting the results.

Keywords: Respiratory physiotherapy, outcome measures, cystic fibrosis

1. Introduction

Respiratory physiotherapy is a non-pharmacological treatment commonly provided to
patients with cystic fibrosis (CF) [1]. According to international guidelines, respiratory
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physiotherapy is a key element of care for patients with CF, as it aims at both rehabilitation
and prevention [2]. Specifically, respiratory physiotherapy is used to deal with the progressive
loss of pulmonary function accompanied by symptoms of cough, excessive sputum produc‐
tion, dyspnoea, exercise intolerance, reduced functionality and impaired quality of life. To
respond to these multiple problems and needs, respiratory physiotherapy involves a range of
strategies and techniques, such as airway clearance, exercise training and breathlessness
management, which have an overall aim of reducing the progression of the disease [3, 4].

However, there is a lack of evidence to suggest the superiority of one technique over the other
[5] and to determine which strategies promote the adherence of this population to regular
physical activity [6]. Nevertheless, the lack of evidence does not mean lack of benefit. Instead,
methodological issues, such as the selection of the outcome measures, may hamper the
establishment of the effectiveness of the respiratory physiotherapy techniques.

Respiratory physiotherapists use several outcome measures to monitor and evaluate their
interventions. Most of the clinically available outcome measures are not specific for the
physiotherapy intervention employed and may be affected by other factors. This means that
there are no gold standard outcome measures specifically related to respiratory physiotherapy
interventions. Thus, in all areas of respiratory physiotherapy, one of the barriers to generate
evidence has been the lack of accurate, reliable, sensitive and valid outcome measures. To
overcome this problematic issue, new measures have been emerging.

This chapter starts by providing an overview of the problem. It then presents and discusses
the strengths and weaknesses of the commonly used clinical outcome measures and other
measures that have been gaining interest in the assessment and monitoring of respiratory
physiotherapy interventions in CF. The chapter ends with a brief conclusion. A comprehensive
overview of the available outcome measures is sought to be provided, with particular emphasis
on their strengths and limitations that should be recognised when interpreting the results.

2. Outcome measures for respiratory physiotherapy

Respiratory physiotherapy in CF involves a wide range of interventions and among them
airway clearance techniques and exercise training are recognised as the most important. The
primary aim of airway clearance techniques is to relieve the airway obstruction by promoting
the normal mucociliary clearance mechanism of the lungs and facilitating expectoration, thus
reducing the risk of infection and inflammation. A variety of airway clearance techniques have
been developed. Some involve airway oscillation, some are independently performed and
others require electricity or physical assistance [5]. Exercise training is advocated as an
important package of care delivered to patients with CF [5], since exercise intolerance has been
associated with reduced survival [45]. Observed benefits of exercise training include slow
pulmonary function decline [46], reduced dyspnoea and improved exercise capacity, muscle
strength and health-related quality of life (HRQoL) [47].

Although adhering to airway clearance techniques [7] and exercise training is generally
regarded as beneficial for patients with CF, there is no consensus about the superiority of one
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technique over the other [5]. Methodological issues, such as the underpowered samples or the
selection of the outcome measures, may explain this lack of evidence and thus hamper the
establishment of the effectiveness of these interventions. A clear example of this issue has been
the use of forced expiratory volume in the first second (FEV1) as a gold standard to assess the
impact of the mentioned interventions for many years, which is currently considered as not a
sensitive measure to be used in respiratory physiotherapy [5].

Most of the clinically available outcome measures are not specifically related to the physio‐
therapy intervention employed and may be affected by other factors. This means that there is
no gold standard outcome measure that is specifically related to respiratory physiotherapy
interventions. Moreover, there are many doubts about the accuracy, reliability, sensitivity and
validity of the current measures. Given this problematic situation, several researchers have
been investigating the potential of other objective, simple and non-invasive measures to be
used as outcome measures in respiratory physiotherapy.

The outcome measures most commonly used by respiratory physiotherapists to monitor their
interventions and evaluate their practice are: FEV1, respiratory sounds, sputum weight,
measures of oxygenation, chest radiography, dyspnoea, exercise capacity and HRQoL.
Computerised respiratory sounds, lung ultrasound, fat-free mass, inspiratory muscle strength
and endurance, physical activity and burden of treatment are some examples of these emerging
outcome measures to assess and monitor respiratory physiotherapy interventions in CF. Each
one of these outcome measures, their strengths and weaknesses are presented in detail below
according to their novelty in the field (i.e., conventional and emerging).

2.1. Conventional outcome measures

2.1.1. Forced expiratory volume in the first second

The most common pulmonary function test performed to assess respiratory physiotherapy
interventions is the forced spirometry, i.e., the volume and/or flow of air that can be inhaled
and exhaled as a function of time. The procedure consists in three distinct phases: (1) maximal
inspiration followed by an expiration at functional residual capacity; (2) a ‘‘blast’’ of exhalation;
and (3) continued complete exhalation until the end of test [8]. First, the patient should exhale
until he or she reaches the functional residual capacity and then be instructed to inhale rapidly
and completely. In this phase, the mouthpiece should be placed in the patient’s mouth and
indications should be given for the patient to blow as much and as fast as possible and to keep
blowing until totally emptying the lungs. Spirometry has been described as a cost-effective,
simple, reliable, valid and easy-to-interpret bedside measure [8]. The most used pulmonary
function parameter is the forced expiratory volume in the first second (FEV1), followed by the
forced vital capacity (FVC) and the ratio between FEV1/FVC. Measurements are taken
considering patient’s gender, age, height, weight and race and are then compared with
predicted values.

Spirometry, namely FEV1, has been used to assess the effectiveness of respiratory physiother‐
apy interventions. However, contradictory findings have emerged. Pfleger et al. (1992) found
significant improvements in FEV1 after autogenic drainage and high-pressure PEP-mask (n=14,
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Cohen’s dz 0.09 and 0.22) [9]. Jarad, Powell and Smith (2010) reported a statistically significant
reduction in FEV1 following hydro-acoustic therapy (n=19, Cohen’s dz=0.12) or flutter (n=19,
Cohen’s dz=0.06) [10]. Nevertheless, these changes returned to baseline on the second study
day [10].

In two recent reviews where conventional physiotherapy [11] and the active cycle of breathing
techniques (ACBT) [12] were compared with other airway clearance techniques, no significant
differences were observed between the techniques in terms of pulmonary function measured
with spirometry [11]. Nevertheless, when oscillating devices for airway clearance were used,
significant results were observed in pulmonary function, the FEV1 being the primary outcome
measure more frequently reported [13].

Findings in the literature about the effectiveness of respiratory physiotherapy interventions
in CF remain controversial when FEV1 is considered as the outcome measure. This is in part
due to the fact that accuracy and sensitivity of spirometry depends on many factors that are
difficult to control and not related to the intervention itself. Some examples of these factors are
the transducer characteristics, presence or absence of an in-line filter, presence or absence of a
display, patient’s mood and motivation to cooperate, relationship between the patient and the
technician, among others. Therefore, spirometry might be unsuitable or its reliability may be
affected in a number of situations, for example if the equipment or settings change, if patients
are unwilling or unable to collaborate (e.g. children, people with dementia), or if pain or
discomfort is present. Hence, this measure should be routinely used to characterise the
pulmonary function of patients with CF, but not to assess the effectiveness of respiratory
physiotherapy interventions.

2.1.2. Respiratory sounds

Lung auscultation, performed with conventional stethoscopes, is one of the oldest and most
used techniques to diagnose and monitor respiratory diseases [14, 15]. It consists in acquiring
acoustic signals from the lung structures during spontaneous or controlled volume or flow
breathing, and classifying the respiratory sounds as normal or abnormal (e.g., adventitious
respiratory sounds, such as crackles and wheezes) [15]. Auscultation is recognised as an
efficient and safe method for the early detection of respiratory diseases as it is non-invasive,
practical, low cost and easy to apply in all clinical settings and patients, irrespective of patients’
age and severity of the disease [14-16].

The efficiency of this method depends on the hearing ability of the health professionals [17],
their capacity to memorise different sound patterns [18] and on the quality of the acoustic
properties of the stethoscope being used [17]. Considering these limitations and subjectivity,
reliability studies have been performed. In CF there are no reliability studies using conven‐
tional stethoscopes. However, in other respiratory diseases, poor to fair correlations between
different raters have been reported, either in taped recorded sounds (kappa=0.26 and coeffi‐
cient of reliability of less than 60%) [19, 20] and real-time auscultation (–0.02<kappa<0.77) [21].
Using digital stethoscopes, one study conducted in adult patients with CF assessed the inter-
rater agreement between real-time manual annotation of respiratory sounds and automatic
detection of respiratory sounds through a computerised system [22]. Poor to moderate
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correlations were found (–0.20<kappa<0.60) [22]. Similar results were found in children with
respiratory diseases (–0.08<kappa<0.86) [23–25]. Direct comparisons between conventional
and digital stethoscopes showed that, although digital stethoscopes have a better sound
quality [26], the performance of health professionals to detect respiratory sounds is not
enhanced by its use [27].

It is also important to note that, in all the studies, the recognition of crackles was always less
accurate than the recognition of wheezes. As respiratory sounds in CF are mainly characterised
by the presence of crackles [28] and conventional auscultation has provided poor reliability
results, particularly for detection of crackles, it can be concluded that respiratory sounds are
not a reliable outcome measure for CF diagnosis and monitoring. Also due to its poor relia‐
bility, conventional auscultation has not been used as an outcome measure for respiratory
physiotherapy interventions in recent research [7]. Nevertheless, due to its simplicity and wide
availability in all clinical settings, it is still recurrently used in clinical practice by physiothera‐
pists to monitor patients with CF and to define therapeutic approaches [3]. Despite these
limitations, the advantages of using lung auscultation should not be overlooked, and currently
significant research efforts are being conducted to create equipment capable of overcoming
the subjectivity associated with conventional auscultation while preserving its main advan‐
tages (i.e., portability, patients’ minimal cooperation and cost-effectiveness) [16].

2.1.3. Sputum weight

Mucus is transported from the bronchial airways towards the exterior by mucociliary clear‐
ance, spontaneous cough and through a range of airway clearance techniques, such as directed
huffs and coughs. Subsequently, secretions are either expectorated or swallowed. During
respiratory physiotherapy sessions, patients are encouraged to expectorate to a cup. Sputum
volume or weight can then be used as an outcome measure for respiratory physiotherapy.

While sputum volume has shown to be difficult to determine with precision, sputum weight
(either dry or wet) has shown to be more accurate [29]. In a recent Cochrane review on the
effectiveness of respiratory physiotherapy interventions in respiratory diseases, five of the
eight studies used sputum weight as an outcome measure, out of which four were conducted
in patients with CF [7]. Mortensen et al. (1991) found that patients expectorated 8–8.6g of
sputum weight after airway clearance techniques and 0 g during a control day (range 0–2.1 g)
[30]. In Pfeger et al. (1992), the mean weight of expectorated mucus with spontaneous cough
was approximately 17g whereas with airway clearance techniques ranged from 34 to 45g (n=14)
[9]. Although no mean and standard deviation was provided, Rossman et al. (1982) also found
a higher volume of expectorated secretions during the different forms of chest physiotherapy
compared to a control session (n=6) [31]. However, Jarad et al. (2010) found no significant
differences in wet or dry sputum weight between a positive expiratory pressure (PEP) device
(flutter) or a placebo [10].

Another study conducted by Osman et al. (2010) compared high-frequency chest wall
oscillation with conventional airway clearance techniques in 29 patients with CF using wet
sputum weight. Expectorated sputum in a single session was significantly different between
the techniques (p<0.001; Cohen’s dz=0.72) [32].
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The problem with sputum weight remains that the lack of expectoration during respiratory
physiotherapy techniques does not mean that airway clearance techniques are not effective. It
is very common to expectorate after respiratory physiotherapy sessions or to swallow
secretions even during the session, which means that sputum weight expectorated during a
session may underestimate the effect of airway clearance techniques. On the other hand,
expectoration may be contaminated with saliva [30]. Sputum weight can, therefore, be both
over- and under-estimated and it is not surprising that contradictory findings have been found
in the literature.

Although simple to collect and measure, sputum collected during and following the treatments
is not considered a reliable measure of alveolar recruitment, airway clearance or even sensitive
to small changes. In fact, this outcome measure has been frequently questioned [29, 30, 33–35]
and is no longer considered as a valid outcome measure for studies in airway clearance
techniques [36].

2.1.4. Measures of oxygenation

Blood gas measurements are used to evaluate a person's lung function and acid–base balance,
i.e., it measures the amount of oxygen and carbon dioxide that is in the blood and determines
its levels of acidity (pH). The test results provide information about the partial pressure of
oxygen (PaO2), partial pressure of carbon dioxide (PaCO2) and hydrogen ion activity (pH) in
arterial blood, as well as indices of bicarbonate concentration, base excess and oxygen
saturation. The analysis is performed on the blood collected from a person’s artery and is
therefore, an invasive and relatively complex procedure. Although it is possible to measure
oxygenation more accurately, given the nature of the procedure, it is not practical to be
performed on a routine basis to monitor respiratory physiotherapy treatments. Hence,
transcutaneous pulse oximetry (reported as the percentage of saturation of arterial haemoglo‐
bin by oxygen [SaO2]) has become the most common method in clinical practice and research
for measuring oxygenation [37].

Peripheral oxygen saturation is commonly used as it is simple to perform via pulse oximeters
and finger probes. Pulse oximeters monitor the saturation of haemoglobin with oxygen (i.e.,
oxyhaemoglobin). This is possible because blood changes its colour as haemoglobin absorbs
various amounts of light depending on its saturation with oxygen. Oxyhaemoglobin absorbs
greater amounts of infrared light and does not absorb much red light, but as the haemoglobin
oxygen saturation drops, more and more red light is absorbed and the blood becomes darker.
Hence, pulse oximeters emit two wavelengths of light, red at 660 nm and near-infrared at 940
nm from the finger probe [38]. The pulse oximeter directly senses the absorption of light and
translates it through complex signal processing to a function of the arterial oxygen saturation.
A microprocessor integrates the data and, through an elaborate calibration algorithm based
on human volunteer data, the oxygen saturation can be estimated. This measure allows
constant monitoring of heart rate as well, being ideal to monitor patient’s safety during
interventions.

Nonetheless, this measure can provide unreliable readings due to several factors such as
haemoglobin level, arterial blood flow to the vascular bed, oximetry sensor location and
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temperature, fluorescent or direct sunlight, jaundice, discoloration of the nail bed, nail polish,
bruising under the nail, motion artefacts, intravascular dyes and skin pigmentation. All these
are discussed in detail elsewhere [38].

In two Cochrane reviews about respiratory physiotherapy techniques, insufficient evidence
was found regarding peripheral oxygen saturation as an outcome measure [7,12]. Osman et
al. (2010) compared high-frequency chest wall oscillation with conventional airway clearance
techniques in 29 patients with CF. It was found that, compared to the baseline, non-significant
changes in peripheral oxygen saturation were observed during or after any of the treatments
applied (Cohen’s dz from 0 to 0.28) [32]. However, in a recent study, the addition of non-
invasive ventilation to chest physiotherapy resulted in a significant reduction in the proportion
of treatment time with peripheral oxygen saturation below 90% (p<0.001) [39].

Controversial evidence exists on the potential of peripheral oxygen saturation as an adequate
measure to assess the effectiveness of respiratory physiotherapy. Hence, this measure seems
ideal to monitor patients’ safety but it may not present the required specificity and/or sensi‐
tivity to assess changes caused by respiratory physiotherapy interventions.

2.1.5. Dyspnoea

Dyspnoea is defined as “a subjective experience of breathing discomfort that consists of
qualitatively distinct sensations that vary in intensity” [40]. In a study conducted with 123
patients with CF, dyspnoea was reported to be present in 74% of the patients [41] and therefore,
it is an important problem to consider in this population. As a subjective experience, adequate
assessment depends on patient self-report. Depending on the circumstances in which breath‐
ing discomfort occurs and the history of similar sensations, dyspnoea may be perceived as a
threat associated with anxiety, fear or depression, and it may be viewed as a sign of disease.
This symptom has multidimensional aspects involving physiological, psychological, social
and environmental factors that result in a behavioural response. The assessment of multidi‐
mensional aspects of dyspnoea has assumed significance in recent years [40].

Dyspnoea has been assessed using scales and questionnaires, however, important differences
exists between these instruments, particularly in what they measure (e.g., one instrument may
ask what breathing feels like, whereas another may ask how distressing it is or how it impacts
on patient’s performance or quality of life), in the rating task (i.e., what patients are instructed
to rate), and in whether measurements are performed on real time or involve the recall of a
specific episode. These differences make comparisons across studies difficult.

In one study exploring the effectiveness of non-invasive ventilation during chest physiother‐
apy [39], it was found that dyspnoea scores, assessed with the Borg scale, increased in slightly
lesser extent following chest physiotherapy assisted with non-invasive ventilation than chest
physiotherapy alone (2.26±1.96 vs. 2.69±1.82, p=0.02, Cohen’s dz=0.23). Marques (2008),
however, found that dyspnoea assessed with the modified Borg scale was not significantly
different after one session of airway clearance techniques (Cohen’s dz=0.06) [42]. Enright et al.
(2004) investigated the effect of an 8-week inspiratory muscle training (n=19) and also did not
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find significant differences is dyspnoea, using the dyspnoea domain of the Chronic Respiratory
Disease Questionnaire (Cohen’s dz 0.07 to 0.37) [43].

A combination of unidimensional and multidimensional tools will probably be the best
approach for clinical assessment. Measurement of dyspnoea has to be seen in context, taking
into consideration the patient’s history, physical examination and diagnostic tests [44]. As
dyspnoea is a symptom perceived by patients, it has the potential to contribute for early
management of the disease, for adjusting the respiratory physiotherapy interventions and,
thus, for improving outcomes in patients.

2.1.6. Chest radiography

Several imaging techniques are available to diagnose and monitor a respiratory condition.
Within the respiratory field, chest radiography is the most commonly used. Although
relatively simple to perform, and in itself being relevant and reliable, the measure presents
several important limitations to be used as an outcome measure for respiratory physiotherapy.
The interpretation of chest radiography imaging is somewhat complex and presents high levels
of inter-observer subjectivity [45], the reports detailing either the presence or the absence of
any abnormalities are not commonly available immediately after the exam, its portability is
limited to places where health and safety radiation protection standards can be ensured, as
considerable doses of radiation are involved and is difficult to perform in non-collaborative
populations such as children or people with dementia. These factors prevent the use of this
measure to monitor respiratory physiotherapy patients with the required frequency.

In two long-term studies (n=36 and n=32), conducted for approximately one year comparing
different respiratory physiotherapy airways clearance techniques in patients with CF, chest
radiography was used as an outcome measure. However, no significant differences were
shown between interventions [46, 47]. In the most recent Cochrane reviews [11, 12] about
physiotherapy in CF, chest radiography is no longer reported as an outcome measure in the
included studies.

It therefore, seems that chest radiography is ideal for contributing to diagnosis and providing
a measure of improvement or deterioration over time but might not be the most appropriate
to be used as an outcome measure for respiratory physiotherapy.

2.1.7. Exercise capacity

The assessment of exercise capacity, expressed as the maximal workload achievable or the
peak oxygen consumption on a progressive maximal test, has been used to measure patients’
functional capacity and limitation, facilitates a safe exercise prescription and identifies changes
in patients’ performance as a result of an intervention [48, 49]. There are two types of clinically
applicable tests to assess exercise capacity in patients with CF: laboratory-based tests and field
tests [50, 51].

Laboratory-based tests, such as the cardiopulmonary exercise testing (CPET) [48, 49], are the
gold standard for evaluating the causes of exercise intolerance in patients with respiratory
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diseases, as they provide a comprehensive assessment of the physiological responses to
exercise involving the respiratory, cardiovascular and musculoskeletal systems [52]. CPET
consists of a progressive exercise performed at increasing levels of intensity either on a
treadmill or cycle ergometer, with simultaneous monitoring of breath-by-breath measures of
airflow (e.g., VO2, VCO2) along with heart rate, peripheral oxygen saturation and exercise-
related symptom responses (e.g. dyspnoea, leg discomfort) [49]. There are a number of
protocols that can be used to perform a CPET in patients with CF, but the most commonly
reported is the Godfrey protocol [53]. The CPET has been shown to be reproducible in young
and adult patients with CF [54, 55]. In patients with CF (n=23) enrolled in a strength and
endurance training for 6 months, significant differences were observed in VO2 peak between
3 and 6 months (Cohen’s dz=2.01) and between 18 and 24 months (Cohen’s dz=2.22) [56]. Despite
its sensitivity to change, the application of CPET is still limited in clinical settings [57]. This
may be attributable to the need for expensive equipment and technical expertise. For this
reason, field tests are more commonly used by physiotherapists to assess changes in exercise
capacity [58].

Field tests are simple clinical exercise tests that do not require expensive equipment [59] and,
thus, are suitable to be used at different settings of respiratory physiotherapy practice, such
as hospitals, private practices, at home or in community environments. In patients with CF,
the field tests most frequently used are the 6-minute walk test (6MWT), the 3-min step test
(3MST) and the modified shuttle test (MST) [51, 58]. The 6MWT measures the maximal distance
that a patient can walk in 6 minutes over a marked course (usually a corridor) following a
standardised protocol [60]. The 6MWT has been recommended for patients with CF [60] and
is valid and reliable for assessing exercise capacity in children [61, 62] and adults [63] with CF.
The product of the distance walked during a 6MWT and body mass have been reported to
correlate with aerobic capacity (VO2max) in children with CF [64], thus supporting the use of
this test in clinical settings. Furthermore, the 6MWT was found to be valuable for identifying
patients who might experience oxygen desaturation and physical impairment in daily
activities [65]. For this reason, the 6MWT has been considered more reflective of activities of
daily living than other walk tests [59]. Numerous reference equations of the 6MWT are
available for children [66–69] and adults [70].

The 3MST is a simple test that requires the patient to step at a rate of 30 steps per min on and
off a step with 15 cm (6 inch) of height, during 3 minutes. This test was developed for children
with CF by Balfour-Lynn et al. (1998) [71] based on the original Master two-step exercise test
(1929) [72]. One major advantage of the 3MST is that it does not depend on patient’s motivation,
since the cadence of steps is fixed and determined by a metronome. One limitation concerns
to the fact that, as step height and rate are kept constant, the workload varies between patients
depending on their height and lower limb length [51, 58]. The 3MST has been found to be
repeatable [71] and sensitive to changes in pulmonary function and peripheral oxygen
saturation in children with CF following a course of intravenous antibiotics for acute respira‐
tory exacerbations [73]. This is an important finding since even physiotherapists without access
to a formal exercise laboratory may evaluate the response to an intervention using a simple
field test. When compared to the 6MWT, the 3MST elicited a significantly greater change in
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heart rate and breathlessness in children with CF, along with a comparable [71] or higher [74]
fall in oxygen saturation, suggesting that this test is a more vigorous exercise challenge.
Nevertheless, Narang et al. (2003) showed that, in children with mild disease, important
information such as the exercise-related desaturation that occurs at higher exercise levels may
be missed with this test [75].

While the 6MWT and 3MST may be submaximal tests for patients with mild-to-moderate CF,
the MST allows maximal exercise capacity to be reached [58]. The MST [76] consists of a
validated adaptation of the Incremental Shuttle Walk Test [77], specifically developed for
adults with CF. This adaptation allowed individuals to walk and run at increasing speeds over
15 levels with a maximum speed of 10.2 km/h [76]. Bradley et al. (1999, 2000) studied the
validity, reliability and sensitivity of the MST in adults with CF [76, 78]. When compared to a
laboratory-based treadmill test, they showed that 90% of the variation of directly measured
VO2 peak was explained by the variation in MST performance [76]. Moreover, the MST was
effective in evoking a symptom-limited exercise response (i.e., peak heart rate and peak rating
of perceived dyspnoea) similar to what is found in treadmill tests [76]. Thus, it may be a valid
alternative when laboratory-based exercise testing cannot be performed. The validity of the
MST has also been assessed in children with CF (correlation of the MST distance with VO2peak,
r=0.663 p<0.01) [79]. In adults with CF, the MST was found to be reliable (correlation between
trials for distance completed and symptoms reported, r=0.99, p<0.01) and repeatable (coeffi‐
cients of repeatability: distance completed, four shuttles; peak heart rate, 6 beats/min; peak
oxygen saturation, 4%) [78]. The sensitivity of the test was assessed by measuring the change
in MST performance after 2 weeks of antibiotic therapy in patients admitted to hospital with
acute respiratory exacerbations. An effect size of 1.18 was achieved, suggesting that this is a
highly sensitive measure [78]. This test has also been used to assess changes in exercise capacity
after 2 months of exercise training and significant differences were found (median number of
shuttles: from 100 (range 21–150) to 105 (44–150)) [80]. Despite the good measurement
properties, it was recently argued that the 15-level MST developed by Bradley et al. (1999) [76]
still remained sub-maximal for some patients with CF and, thus, levels were extended to 25 in
order to create a truly maximal test [81].

There is no “best” exercise test. The selection of the test will depend upon the aspect of exercise
capacity of interest, availability of resources (i.e., time to perform the test, staff and equipment)
and patient’s characteristics (e.g., age, disease stage) [50, 51]. For example, if the aetiology of
a patient’s reduced exercise capacity is of interest, a laboratory-based test would be more
appropriate, while a field test could be used in large population studies. In addition, a young
child (< 7 years old) may not be able to cooperate sufficiently for a formal laboratory exercise
testing. Physiotherapists have the important role of selecting the best exercise test for a specific
individual according to the specific question being asked and the specificities of each test.

2.1.8. Health-related quality of life

Health-related quality of life (HRQoL) has been extensively studied in patients with CF,
especially in the last decades due to the improvement in patients’ life expectancy [82]. Several
instruments have been used to assess HRQoL in CF, either generic [83-85] or disease-specific
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[85-87]. One disadvantage of generic questionnaires is that they lack the sensitivity needed to
assess areas of functioning that are critically important for patients with CF [88]. Disease-
specific questionnaires were developed in an attempt to better understand CF specific issues
in clinical practice and research.

The most commonly used disease-specific questionnaires include the Cystic Fibrosis Ques‐
tionnaire (CFQ) and the Cystic Fibrosis Quality of Life questionnaire. The CFQ was developed
for assessing HRQoL of patients with CF and encompasses general domains of HRQoL
(physical functioning, role functioning, vitality, health perceptions, emotional functioning and
social functioning), as well as domains specific to CF (body image, eating disturbances,
treatment burden, and respiratory and digestive symptoms) [89]. Three versions of the
instrument have been developed: one for adolescents aged 14 years or older and adults (CFQ-
Teen/Adult), and two for assessing children 6–13 years old, one to be completed by the child
(CFQ-Child) and the other by parents (CFQ-Parent) [89, 90]. Each version takes around 15
minutes to fill in. The different versions of the CFQ questionnaire have shown good psycho‐
metric properties (validity [88-90], reliability [89, 90], internal consistency [88-90] and respon‐
siveness [90]). Hebestreit et al. (2010) found that patients with CF (n=23) enrolling in strength
and endurance training for 6 months improved their subjective health perception (CFQ
domain) significantly between months 3 and 6 (Cohen’s dz=0.92) [56]. Schmidt et al. (2011)
evaluated a 12-week individually tailored unsupervised aerobic exercise programme in 14
patients with CF and also found significant differences in emotional functioning and treatment
burden domains of the CFQ (Cohen’s dz of 0.29 and 1.03) [91]. Thus, this questionnaire may
be used in clinical practice to assess HRQoL of patients with CF, document the progression of
disease and explore the effects of respiratory physiotherapy interventions.

The Cystic Fibrosis Quality of Life questionnaire was specifically developed for adolescents
(14 years old or older) and adults, presenting good validity (concurrent and discriminate),
internal consistency, test–retest reliability results and responsiveness [92]. One advantage of
this instrument is the inclusion of domains concerning wider impacts of the disease on patient's
lives (e.g., interpersonal relationships, career issues and future concerns), which are not found
in other CF questionnaires. Though, it is not adaptable to children.

In sum, disease-specific instruments present good psychometric properties and seem appro‐
priate for several different applications in patients with CF, such as to identify problems and
intervene on an individual basis, compare different CF groups, or detect changes in patients’
HRQoL as a result of disease progression or interventions.

2.2. Emerging outcome measures

2.2.1. Computerised respiratory sounds

Computerised auscultation consists of recording patient’s respiratory sounds with a digital
stethoscope and automatically analysing and classifying them based on specific signal
characteristics [93]. Computerised auscultation allows to objectively detect, characterise and
identify both normal and adventitious (i.e., crackles and wheezes) respiratory sounds within
the breathing cycle [93].

Outcome Measures for Respiratory Physiotherapy in Cystic Fibrosis — Challenges and Advances
http://dx.doi.org/10.5772/60674

47



To assess computerised respiratory sounds, the patient is positioned in the sitting or supine
position (for long-term assessments) and instructed to breath from his/her mouth. Successive
or simultaneous recordings are taken from the trachea plus six chest locations (i.e., right and
left: anterior, lateral and posterior positions), using a single or a multichannel equipment
(Figures 1 and 2) [94].

Figure 1. Single-channel equipment for computerised respiratory sound analysis.

Figure 2. Multi-channel equipment for computerised respiratory sound analysis.

Seven to ten respiratory cycles at tidal breathing or at a flow of 1 to 1.5 L should be recorded
to ensure the stability of sound and quality of the analysis [94]. Then, the sound is filtered using
a combination of low-pass and high-pass filters in cascade to reduce sound artefacts (e.g.,
muscle, heart sounds and movement frequencies) and specialised algorithms for respiratory
sound detection and analysis are implemented [94].
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A wide range of analysis methods exists and new ones are continuously being proposed.
However, the ones with more evidence are time-frequency analysis, fast Fourier and wavelet
transformations, neural networks, periodogram and auto- regressive models [93, 95-97].
Specifically for patients with CF, a time-frequency wheeze detector has already been validated,
demonstrating high levels of sensitivity (77.2%) and specificity (98.4%) [98]. Nevertheless,
algorithms for the detection of crackles in patients with CF were not found and, thus, further
studies are needed.

The reliability of computerised respiratory sounds has been mainly studied in adults with CF
[99] and children with asthma, pneumonia [100] and bronchiolitis [23]. In adults with CF, one
study assessed the test–retest reliability of two main parameters of crackles (i.e., the initial
defection width and the two cycle duration). The intra-subject reliability of crackle parameters
was found to be ‘good’ to ‘excellent’ (0.76<intraclass correlation coefficients<0.94) with no
systematic bias. The smallest real difference found for the initial defection width was between
0.30 and 0.66 ms, and for the two-cycle duration between 1.57 and 2.42 ms. The reliability of
wheezes has only been assessed in children with bronchiolitis, presenting moderate to good
agreement (0.77<kappa<0.79) [99]. The reliability of computerised respiratory sounds to assess
wheezing in adults and its overall reliability in children with CF is still unexplored.

Due to its simplicity and increasing reliability, computerised respiratory sounds have been
used as outcome measures for pharmacological and respiratory physiotherapy interventions
in children and adult patients with several respiratory diseases, including CF [93]. Marques et
al. (2008) investigated the effect of one single session of respiratory physiotherapy using the
ACBT in 17 adult patients with CF [42]. The initial defection width and two cycle duration of
crackles were analysed. Considering the mean of all participants, no significant differences
were found in the analysed parameters. However, when the individual data of each participant
was considered, significant changes were observed in the initial defection width of 9 patients
(53%) and in the two-cycle duration of 10 participants (59%).

Considering the detection of wheezes and their analysis, one study assessing the sensitivity of
computerised respiratory sounds to defect bronchial hyperactivity in 23 children with CF,
following an induced methacholine challenge, found a sensitivity of 50% and a specificity of
100% [101]. Studies in patients with lower respiratory tract infection, a common form of
exacerbation in CF [102], have shown that computerised respiratory sounds are effective in
detecting changes following pharmacological and respiratory physiotherapy interventions
[93]. Small to large effects were found in the number of crackles (Cohen’s dz: 0.14 to 1.65), peak
frequency (Cohen’s dz: 0.11 to 0.47), two-cycle duration (Cohen’s dz: 0.83 to 0.85) and initial/
largest deflection width (Cohen’s dz: 0.38 to 1.25). Better results have been found in the
detection and characterisation of wheezes, with medium to large effect sizes for the number
and occupation rate of wheezes (Cohen’s dz: 0.34 to 4.30) [93].

One of the disadvantages of computerised respiratory sounds concerns the complexity and
costs associated with the equipment and subsequent sound analysis. Nevertheless, an
emerging body of health and engineer researchers have been gathering efforts to produce more
simple and efficient hardware/software that can be used in clinical practice [101, 103].
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Despite the scarce evidence of computerised respiratory sounds in CF, it seems that this
measure might offer potential to assess the short- and long-term effects of respiratory physi‐
otherapy interventions in these patients. However, more research is still required to determine
the parameters of computerised respiratory sounds (i.e., number, frequency, duration) that are
more sensitive to change after an intervention and to establish the reference values that will
allow physiotherapists to interpret with confidence the results obtained from the computerised
auscultation.

2.2.2. Lung ultrasound

Lung ultrasound (LU) is a simple, non-invasive and radiation-free methodology [104] mainly
used in critical care, emergency medicine, trauma surgery and pulmonary medicine for
diagnostic purposes [105]. However, due to its practical and secure character, which enables
its use as often as required, LU has become an attractive alternative imaging technique for
monitoring patients on whom thoracic computed tomography (CT) cannot be performed on
a routine basis or where chest X-ray presents serious limitations in terms of sensitivity and
specificity [106]. In fact, the international evidence-based guidelines for LU recommend this
technique to monitor aeration changes and the effects of therapy in a number of acute respi‐
ratory diseases, including acute pulmonary edema, acute respiratory distress syndrome, acute
lung injury, community-acquired pneumonia, ventilator-associated pneumonia and recovery
from lavage of alveolar proteinosis (level A) [105].

Usually, LU is performed using a 3–5 MHz convex transducer to visualise deeper lung
structures [107, 108]. A high-frequency 5–12 MHz linear probe is most effective in visualising
the chest wall, pleura and the lung peripheral parenchyma [108]. A complete examination of
the chest requires longitudinal, transversal and oblique-array probes to be placed along the
rib spaces, proceeding from top to bottom in the ventral-dorsal direction, along of 12 regions
of interest (parasternal, medial clavicular, anterior axillary, medial, and posterior right and left
chest walls) [106, 108]. Anterior examination should be performed with the patient in the
supine or semi-lateral position [106] while posterior examination should take place with the
patient seated [107].

LU has shown to be reliable in the diagnosis of several acute respiratory conditions, such as
pneumothorax (sensitivity of 65–100%; specificity of 78–100%) [108-110], including the
diagnosis of this condition in patients with CF (specificity of 100%) [109], interstitial syndrome
(sensitivity and specificity of 94%), lung consolidation (sensitivity of 90 to 95%; specificity of
95%), pleural effusion (sensitivity of 90 to 100%; specificity of 100%) [110] and atelectasis
(sensitivity of 88%; specificity of 89%) [104]. One study assessed the inter-subject reliability of
LU in the detection of atelectasis and reported a very good agreement (kappa=0.90; 95%CI 0.75
to 1) [104]. When compared with other imaging equipment (e.g. chest X-ray and MRI), this
measure showed similar or even better reliability results [104, 107, 110].

No data has been found regarding the use of LU to monitor respiratory physiotherapy
interventions in stable or exacerbated patients with CF. Nevertheless, considering its high
accuracy in detecting signals commonly presented in CF exacerbations, such as atelectasis and
consolidation [111], and its increasing impact in the management of acute respiratory condi‐
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tions [105], it is reasonable to conclude that LU may be a promising measure to monitor the
effectiveness of respiratory physiotherapy in patients with acute exacerbations of CF. Consid‐
ering stable CF, one study used LU to characterise diaphragm thickness as a way to infer about
its muscle mass. The authors reported an excellent inter- and intra-subject agreement (90% and
91%, respectively) and showed that LU was capable of detecting differences between patients
with low and high rates of fat-free mass [112]. From these findings, it can be hypothesised that
LU may also play a role in the assessment of the effectiveness of inspiratory muscle training
and general exercise training programmes in increasing the diaphragm thickness of patients
with stable CF, and thus, its muscle mass. Nevertheless, studies assessing the LU validity,
reliability and responsiveness to change are needed before it can be recommended as an
outcome measure for respiratory physiotherapy interventions.

At this point, there is no evidence to recommend LU as an outcome measure for respiratory
physiotherapy in patients with CF. However, the advantages presented by LU over other
imaging measures and its good performance as a diagnostic tool, should motivate further
investigation on the validity and reliability of this measure to assess respiratory physiotherapy
interventions in this population.

2.2.3. Fat-free mass

Fat free mass (FFM) is the component of body mass that represents muscle mass and protein
stores [113] and it is a critical determinant of maximal exercise capacity [114]. It is known that,
in patients with CF, lower FFM is also associated with lower FEV1 percentage predicted and
more frequent respiratory exacerbations [115, 116]. Maintaining appropriate levels of FFM is
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and remaining fat-free dry tissue, with the last item further divided into proteins and minerals.
The 4-C models require measurements of body weight, body water, body volume and bone
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air displacement plethysmography (BOD POD) and D2O analysis, are needed. The partial
measures are then pulled together in a predictive equation [118]. Although all devices involved
are valid and reliable (intraclass correlation coefficient>0.99), the improved accuracy of the 4-
C models may be offset by the potential propagation of errors due to the inherent measurement
error of each device used to assess each variable [118]. Also, it appears not to be suitable for
widespread clinical use due to the need for specialised equipment, experienced personnel and
large amount of time. Thus, its main value lies in the quality of its evidence in supporting
treatment approaches, rather than in routine practical application [117, 119].

For application of respiratory physiotherapy clinical practice, 2-C models, which require only
the use of one device, are the most recommended and have shown large correlations with the
4-C models. These are bioelectrical impedance (r>0.79, R2=0.70), CT scans (r>0.83, R2=0.96), MRI
(r>0.91), and specially dual-energy X-ray (r>0.91) [120, 121]. Indirect strategies involving
calculations based on anthropometric measurements, such as skinfold thickness analysis, are
controversial. Measuring FFM by measurement of skinfolds implies that no index of this
component of weight is directly measured, and thus it is based on the assumption that
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measuring fatness reflects lean body mass as well. Therefore, its use has not been recommend‐
ed [117]. Nevertheless, studies that show medium correlations between measurements of
skinfold thickness and 4-C models (R2=0.62) exist [120] and support the usability of this
measure to monitor FFM irrespective of the clinical severity of CF [122].

FFM has been used as an outcome measure in respiratory physiotherapy interventions for
children and adults with CF, mainly for the assessment of different types of exercise training.
In the study of Selvadurai et al. (2002), 66 children with exacerbated CF significantly increased
their FFM after five sessions of exercise training (aerobic or resistance training) or chest
physiotherapy, independently of the protocol applied (Cohen’s dz: 1.65 to 5.22) [123]. Sosa et
al. (2012) did not find improvements in the percentage of FFM of children with stable CF
following an 8-week exercise training protocol (78.1 to 79.4%; Cohen’s dz 0.47) [119], however,
significant differences were reached when a component of inspiratory muscle training was
added (81.6 to 82.6%; Cohen’s dz 0.85) [124]. Gruber et al. (2014) compared the effect of a 6-
week interval exercise training vs. standard exercise training in 43 adults with CF [125].
Significant improvements in FFM were only observed in the standard exercise training group
(41.7 to 43.3 kg; Cohen’s dz 0.29). These four studies, with its medium and large effect sizes,
demonstrated that FFM is an adequate outcome measure to assess the effectiveness of
respiratory physiotherapy or just exercise training protocols in patients with CF.

Despite the limited evidence available, FFM assessed with 2-C or 4-C models appears to be a
valid, reliable and usable measure to assess respiratory physiotherapy interventions in CF.

2.2.4. Inspiratory muscle strength

One of the functions of the muscles is to develop strength. In the specific case of the inspiratory
muscles, strength is usually estimated as pressure [126]. Several techniques have been
described to measure inspiratory muscle strength, however, the maximum static inspiratory
pressure at the mouth (Pimax) is one of the most widely used [126].

The assessment of Pimax requires patients to make a maximum inspiratory (Mueller manoeu‐
vre) effort at or near the residual volume, maintained for at least 1–1.5 seconds. These tests are
volitional and require patient’s full cooperation. For these reasons, this technique is usually
performed by an experienced health professional to assure adequate instruction and encour‐
agement. The manoeuver is repeated until the variation between measures is less than 20%.
Pimax is usually expressed in absolute values (cmH2O) or as a percentage of the predicted
values.

Pimax is a simple, low-cost and well tolerated technique. In addition, through the hand-held
and portable electronic pressure transducers, the technique is easily used by physiotherapists
in a wide range of clinical settings (e.g., primary care, hospital wards, intensive care units).
Another advantage of using this technique is the availability of reference values for healthy
children, adults and the elderly, enabling the interpretation of results [127, 128].

The reliability of this measure is well established in people with non-CF bronchiectasis [129]
and healthy people [130]. In patients with CF, only one study was found assessing the test–
retest reliability of Pimax [131]. Pimax had an excellent coefficient of reliability (89%) and
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intraclass correlation coefficient (0.88) in patients with CF (n=20), in line with the results
obtained in healthy individuals (coefficient of reliability 91%; intraclass correlation coefficient
0.87) [131]. One of the disadvantages of this study is the fact that it was conducted only with
adult patients with CF (22.7±3.4 years old). The reliability of Pimax in children with CF is still
unexplored.

Due to its simplicity and adequate reliability, Pimax has been used as an outcome measure of
inspiratory muscle training programmes. In the study by de Jong et al. (2001), seven patients
with CF improved their Pimax from 105 to 123cmH2O after 6 weeks of inspiratory muscle
training (Cohen’s dz 0.82) [132]. Enright et al. (2004) investigated the effect of an 8-week
inspiratory muscle training with a high (n=9) and low (n=10) training intensity. Large effects
were found using the Pimax, with improvements from 114–134cmH2O to 155–159cmH2O
(Cohen’s dz 1.01 and 1.34) [43]. Amelina et al. (2006), after a 6-week inspiratory muscle training,
found that patients with CF (n=10) had a mean improvement from 77% to 91% of the predicted
Pimax (p=0.023; Cohen’s dz 0.73) [133]. These three studies, with its medium and large effect
sizes, demonstrated that Pimax is an adequate outcome measure to assess the effectiveness of
inspiratory muscle training.

Pimax has also been used as an outcome measure to determine the effectiveness of non-
invasive ventilation during chest physiotherapy [39]. It was found that Pimax was maintained
following ACBT assisted with non-invasive ventilation, resulting in a significant difference
compared with ACBT alone (mean difference from standard treatment 9.04cmH2O, 95%CI 4.25
to 13.83, p=0.006) [39].

Despite the limited evidence available, it seems that physiotherapists can confidently rely
on Pimax to assess the effectiveness of respiratory physiotherapy interventions in patients
with CF.

2.2.5. Inspiratory muscle endurance

Inspiratory muscles, in addition to developing strength, have to be able to sustain muscular
tasks over time – also known as endurance [126]. Inspiratory muscle endurance is a highly
complex ability, which provides insight about the resistance to fatigue of inspiratory muscles
and about the function of the inspiratory pump.

Dyspnoea, one of the primary complaints of patients with CF, has been related to inspiratory
muscle fatigue. In adults with CF (n=18), inspiratory muscle endurance was found to be
strongly correlated with exercise dyspnoea (r=−0.72) and explained 48% of the variability of
this symptom [134]. In patients with advanced CF, the assessment and monitoring of inspir‐
atory muscle endurance may have a greater importance since, in these patients, activities of
daily living may be limited by their ability to sustain ventilation. Therefore, the measure of
inspiratory muscle endurance seems to be useful to evaluate the determinants of dyspnoea
and fatigue in patients with CF.

A number of distinct techniques have been employed to measure endurance of the inspiratory
muscles [126]. In CF, two main techniques have been employed: (i) ventilatory endurance tasks
[43, 112, 131] and (ii) endurance to external loads [132, 134].
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In ventilatory endurance tasks, inspiratory muscle endurance has been measured through the
sustained maximum inspiratory pressure (SMIP). This sustained pressure is determined using
an electronic manometer, with a fixed leak via a 2 mm diameter during the inspiratory
manoeuver, and a specific computer software. The leak sets a maximum flow during the
inspiratory effort and allows continuous measurement of pressure over a full range of lung
volumes, until no further pressure can be generated. During this technique, patients are asked
to take a maximal and sustained inspiratory effort from residual volume to total lung capacity.
SMIP is measured as the area under the pressure–time curve and is generally expressed in
absolute values (pressure–time units) [43, 112, 131].

The coefficient of reliability for measurements of SMIP in CF was previously established as
90% [131]. Albinni et al. (2004) reported that inspiratory muscle endurance, measured by the
SMIP, improved significantly in patients with CF (n=16) after 12 weeks of inspiratory muscle
training (p=0.0002) [135]. Enright et al. (2004) investigated the effect of an 8-week inspiratory
muscle training with a training intensity of either 80% of maximal inspiratory effort (n=9) or
20% of maximal inspiratory effort (n=10) [43]. The SMIP improved significantly in the two
groups (from 654–782 to 808–923 pressure–time units; Cohen’s dz 0.46 and 0.51) [43].

In endurance to external loads, inspiratory muscle endurance has been determined with
incremental loading tests using threshold devices. During these tests, patients have to generate
sufficient inspiratory pressure to open the valve and allow inspiratory flow. The test starts
with an inspiratory load of 20–30% of Pimax for 2 min. The load is then increased every 2 min
in increments of 10% of Pimax. The maximal load is defined by the maximal inspiratory
pressure sustained for 1 or 2 min (Plim), which can be expressed in absolute values and as a
percentage of the Pimax [132, 134].

The reliability of the Plim in CF has not yet been explored. In patients with COPD and in
healthy people, however, it has been demonstrated that the reproducibility of the inspiratory
pressure of the threshold was excellent, with small coefficients of variation in both groups
(<1%) [136]. Future studies should assess the reliability and test–retest reliability of the Plim
in the CF population.

Only one small study was found using Plim as an outcome measure in CF population. In this
study, patients with CF (n=7) were submitted to a 6-week inspiratory muscle training. Plim,
expressed as a percentage of the Pimax, increased significantly from 49% to 66% (Cohen’s dz

1.29) [132]. Using Plim, inspiratory muscle training was also found to have large effect sizes
in patients with COPD (n=16; Cohen’s dz 0.83) [137] and with chronic heart failure (n=16;
Cohen’s dz 1.09) [138]. Further research is needed to assess the sensitivity and responsiveness
of Plim to inspiratory muscle training in patients with CF.

Both SMIP and Plim appear to be adequate outcome measures to assess the effectiveness of
inspiratory muscle training in the inspiratory endurance of patients with CF. Nevertheless,
this evidence emerges from few studies with small sample sizes. More research is needed to
determine the responsiveness of these two outcome measures to inspiratory muscle training,
as well as to other respiratory interventions, such as respiratory retraining.
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2.2.6. Physical activity

Given the clinical implications of regular physical activity in patients’ pulmonary function
[139], exercise tolerance [140] and airway clearance [141], its assessment and monitoring in
patients with CF has also become a topic of great interest in research and clinical practice. An
assessment of physical activity (and inactivity) in the free living environment can be performed
using subjective and objective methods [142, 143], although no gold standard is still available.

Subjective methods rely on the individuals’ self-report through physical activity question‐
naires. These instruments are simple, inexpensive and easy to employ for routine assessment
of patients’ physical activity levels [142]. Examples of questionnaires used in CF include the
Habitual Activity Estimation Scale [144] and the Seven Day Physical Activity Recall [145].
Although the Habitual Activity Estimation Scale has presented good test–retest reliability
results (intraclass correlation coefficients of 0.72) in patients with CF [146], a previous system‐
atic review concluded that these two instruments were not able to generate valid activity data
or provide a valid assessment of aerobic fitness at the individual level [147]. Thus, the use of
these questionnaires for individual assessment and counselling may provide imprecise data.
For these purposes, objective measures are recommended.

Objective measures to assess daily physical activity include heart rate monitoring devices and
motion sensors, such as pedometers, accelerometers and multisensor devices [143, 148]. These
measures have been used in studies involving patients with CF [149-151] and show promising
results in evaluating the impact of respiratory physiotherapy interventions [56, 123]. Given
the small size of the devices, low participant burden and relatively low cost, objective measures
are appropriate for use in research and clinical practice [148]. Heart rate monitoring devices
enable the assessment of patients’ level of exertion since heart rate increases in a linear fashion
with oxygen consumption, especially in moderate to strenuous intensity activities [152]. As
such, these devices have been mostly used as a feedback tool to ensure patients’ compliance
with the intensity recommendations when exercising at home [56, 153]. Regarding motion
sensors, there are a large number of options available that makes the choice of the best device
challenging. Pedometers are designed to measure the number of steps taken by an individual
by detecting vertical movement at the hip or waist. They may be desirable in simpler studies
due to their lower cost and limited data [143]. Furthermore, since pedometers provide
immediate feedback to the user [143], they may be valuable in self-monitoring interventions
delivered to patients with CF. Despite their potential applications, no data is still available
regarding the validity and reliability of pedometers in CF [154]. Still, pedometers have
provided good reliability results in healthy and chronic respiratory diseases except when
walking at slower speeds [155].

Although more expensive than pedometers, accelerometers provide a more detailed analysis
of daily physical activity by capturing the frequency, duration and intensity of physical activity
through the collection of body accelerations during movements [143]. They have also the
advantage of storing the data for several weeks [143]. Multisensor devices combine acceler‐
ometry data with physiologic information collected from other sensors, such as heart rate and
skin temperature, and also have a memory function. The use of accelerometers and multisensor
devices in CF has increased dramatically in recent years [140, 146, 156–158] and this will likely
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continue with the technology advances. The clinimetric properties of these devices in CF are
described in a recent systematic review [154]. The authors found that only one accelerometer
(ActiGraph model 7164) and one multisensor device (BodyMedia SenseWear armband) were
tested. The ActiGraph presented good convergent validity [157, 159], test–retest reliability
(intraclass correlation coefficient of 0.63) and feasibility [146, 157] in adolescent and adult
patients with CF. Discriminate validity [160] and responsiveness [123] were only evaluated in
children with CF. Selvadurai et al (2002), exploring the effects of exercise training in children
with CF admitted to hospital (n=66), found a significant improvement in activity levels after
five sessions of endurance training (8.64%, p<0.001, Cohen’s dz 0.82) or resistance training
(3.81%, p<0.001, Cohen’s dz 0.85) measured by accelerometry [123]. Therefore, accelerometers
may be a useful tool to assess changes in physical activity levels of patients with CF in response
of respiratory physiotherapy interventions. Regarding the SenseWear armband device, its
validity (discriminate, convergent and concurrent) [140, 161] was only determined for adult
patients with CF and no data on reliability and responsiveness exist. Further research is needed
to determine which motion sensors provide the best clinimetric properties in CF in order to
improve physiotherapy assessment. Moreover, as children have typically higher physical
activity levels than adults [162], validation studies should be conducted in children and adults
with CF. Finally, it would be useful to develop specific guidelines for the use (e.g., number of
monitoring days, duration) of these motion sensors in CF, in order to standardise the collection
of activity data and optimise their interpretation.

2.2.7. Burden of treatment

The concept of burden of treatment has been receiving increasing attention in patients with
CF. Burden of treatment is described as the increased demand experienced from performing
self-care activities required to undertake treatment regimens and monitor health outcomes
[163]. Recent evidence demonstrated, however, that from a patient’s perspective, treatment
burden is beyond the workload arising from treatment regimens, being experienced in three
disruption domains: biological (physical side effects), biographical (sense of self) and relational
(impact on valued relationships) [164].

A large observational cohort study explored treatment complexity in patients with CF (n=7252)
over a 3-year period [165]. It may be hypothesised that treatment regimens would be more
complex only among patients with more severe disease. Indeed, in this cohort, the highest
treatment complexity was presented by patients with more severe disease. Nevertheless, over
the 3-year period, the complexity of treatment regimens increased in all age and disease
severity groups. This study showed that the recommended management of CF resulted in high
burden of treatment for patients.

In the specific case of respiratory physiotherapy, vigorous airway clearance and exercise
regimens are recommended for patients with CF [166], which may result in increased burden
of treatment. Burden of treatment, in turn, is associated with non-adherence and poor health
outcomes [158, 163, 167–169]. This is particularly important for physiotherapists since the level
of adherence to exercise and physiotherapy is generally reported to be poor (40–55%) [170,
171], in contrast with moderate to high adherence to nebulised medications, pancreatic
enzymes and antibiotics (65–95%) [170, 172].
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These levels of adherence suggest that patients with CF make decisions based on the com‐
plexity of recommended therapies they can complete, while fulfilling their responsibilities and
commitments to family and work. As the number of adjunct therapies increase in CF, there
may be a point at which perceived treatment burden outweighs the benefits of new or adjunct
therapies, adversely affecting patient’s adherence. Physiotherapists therefore, need to be
sensitive recognising, understanding and supporting the reduction of burden of treatment, in
order to balance the potential benefits and burdens of physiotherapy interventions and
maximise adherence [158, 173].

The recognition of this concept led to the development of specific instruments for assessing
burden of treatment. Burden of treatment has been incorporated into the CFQ [89]. Specifically,
the burden of treatment domain is comprised of three questions: ‘to what extent do your
treatments make your daily life more difficult?’, ‘how much time do you currently spend each
day on your treatments?’ and ‘how difficult is it for you to do your treatments each day?’. The
score ranges from 0 to 100, with lower scores representing higher burden of treatment.

The burden of treatment domain of the CFQ has been used in recent studies evaluating the
effectiveness of novel interventions [91, 174]. In a trial with patients with CF (n=12), assessing
the effect of a nebulised hypertonic saline therapy, a significant improvement was found in
respiratory symptoms together with an increased in perceived burden of treatment (Cohen’s
dz 3.05) [174]. Schmidt et al. (2011) evaluated a 12-week individually tailored unsupervised
aerobic exercise programme in patients with CF (n=14) [91]. Patients were instructed to exercise
at least 30 minutes, three times a week with a heart rate target above 70% of their maximum.
This study showed that an exercise programme could significantly increase VO2max and, at
same time, significantly decrease the perceived burden of treatment (Cohen’s dz 1.03) [91].
These two studies, despite being distinct, show that the burden of treatment domain of the
CFQ is sensitive to change over time and demonstrate large effect sizes. Physiotherapists can,
therefore, confidently rely on the burden of treatment domain of the CFQ to assess their
interventions.

One of the disadvantages of the burden of treatment domain is the fact that it mainly addresses
the complexity and time consuming routine of self-care. However, recent research has
demonstrated that burden of treatment goes beyond these aspects and is experienced as
biological, biographical and relational disruptions [164]. Therefore, when designing future
instruments and methods for assessing burden of treatment, these three disruption domains
should also be taken into account. This highlights the relevance of assessing burden of
treatment as an outcome measure of respiratory physiotherapy in CF. The evaluation of burden
of treatment will also inform the development of new and minimally disruptive interventions.

3. Conclusions

This chapter presented and discussed the strength and weaknesses of the outcome measures
currently applied or emerging in CF respiratory physiotherapy interventions. It provided a
comprehensive overview of the most commonly used, and also addressed the less used and
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some even emerging, outcome measures, which show potential to overcome some of the
barriers to build an evidence base for respiratory physiotherapy practice in patients with CF.

The chapter presented outcome measures possibly to be applied (i) in clinical practice before,
during and after each session of respiratory physiotherapy to monitor its effectiveness; (ii)
before and after the respiratory physiotherapy treatment (i.e., normally characterised by weeks
of intervention) and (iii) clinically, but which main interest is fundamental and/or applied
research in CF respiratory physiotherapy.

In a time where the relationship between “best care” versus “burden of treatment” is discussed,
two factors seem crucial for respiratory physiotherapy: (1) to take into consideration family
and patient’s preferences when providing treatments and (2) build a sound evidence base. For
the latter, a shift of the commonly used outcome measures, namely FEV1, is essential, and a
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Abstract

Airway infection leads to progressive damage of the lungs in patients with cystic
fibrosis (CF). Oxidative stress has been implicated as a causative factor in the aetiology
of that process. Supplementation with antioxidant micronutrients (vitamin E, vitamin
C, ß-carotene and selenium), docosahexaenoic acid or glutathione might therefore be
helpful in maintaining an adequate redox balance. Current literature suggests a
relationship between oxidative status and lung function. In this chapter we will
summarize the main pathways of oxidative stress, focusing on results of new
antioxidant treatments.

Keywords: Oxidative stress, fat-soluble vitamins, β-carotene, glutathione, essential
fatty acid, antioxidants

1. Introduction

1.1. Oxidative stress pathways in cystic fibrosis

Colonization of the respiratory tract by bacterial pathogens in the mucus of CF patients leads
to a sustained inflammatory response characterized by massive influx of polymorphonuclear
neutrophils and the activation of macrophages, eosinophils, monocytes and lymphocytes. An
integral part of this inflammation is the production and release of free radicals such as
superoxide (O2-) and hydroxide (OH-), which can induce oxidative stress. In fact, elevated
levels of proinflammatory cytokines, especially interleukins (IL-1β, IL-6, IL-8), tumour necrosis
factor-α and potent neutrophil chemoattractants found in bronchoalveolar lavage, are
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involved in the production of pro-oxidants leading to apoptosis and tissular damage. Con‐
versely, the production of immunosuppressive cytokine IL-10 with anti-inflammatory
properties is reduced or even suppressed [1].

Thus, the severe and recurrent respiratory inflammation ultimately leads to excessive activated
neutrophils and macrophages, which contribute to the generation of free radicals. Further‐
more, defects in the Cystic Fibrosis Transmembrane Regulator (CFTR) can directly affect
transport and glutathione homeostasis, while maldigestion and malabsorption related to
exocrine pancreatic insufficiency impair the absorption of fat-soluble vitamins and antioxi‐
dants. It has been suggested that the chloride channel CFTR also regulates glutathione,
disturbing the balance between pro- and anti-oxidants and promoting oxidative stress, which
may play an important role in Cystic Fibrosis Related Diabetes, a serious complication
associated with a dramatic increase in morbidity and mortality [2].

Although the cause of CF is well established, the pathogenesis of this progressive multisyste‐
mic disease is not yet fully understood. In fact, the broad spectrum of phenotypes and severity
in CF patients that carry the same combination of mutations suggests additional environmental
or genetic factors.

The CFTR dysfunction in the pancreas causes exocrine pancreatic insufficiency in almost 90%
of patients with CF. This leads to fat malabsorption, which explains the difficulty to gain or at
least maintain weight, and the high incidence of fat-soluble-vitamins and antioxidant (vita‐
mins A, E, and D and carotenoids) deficiency, and also essential-fatty-acids deficiency.
Obviously, the reduced availability of dietary antioxidants may further increase oxidative
stress in CF patients, which apparently plays an important role in multiorgan pathophysiology
of CF.

Consequently, the products of lipid peroxidation, which are markers of oxidative stress, have
been detected in exhaled breath condensate, as well as in blood and urine of CF patients. Thus
products of lipid peroxidation are unstable molecules that can reach distant sites to exert
various effects, including activation of the fibroblast cells in the presence of inflammation,
which further increases oxidative stress [3].

2. Management of oxidative stress in cystic fibrosis

Nutrition plays an essential role in the survival and quality of life of CF patients. CF patients
have high caloric requirements due to an increased resting energy expenditure (REE), bacterial
infection, and malabsorption. REE is higher in CF patients with a more severe phenotype. Lung
function and nutritional status are closely correlated, and the severe weight loss can lead to a
decrease in lean body mass, with consequences for respiratory muscles. There is a significant
correlation between growth retardation and the severity of pulmonary involvement [4].
Recently, Yen et al. found that greater weight at age four years is associated with greater height,
better pulmonary function, fewer complications of CF, and better survival through the age of
18 years. Furthermore, greater weight for age in the peripubertal period is associated, on
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average, with improved tempo and timing of pubertal height growth [5]. Long-term nutritional
management is as integral a part of modern care as pulmonary therapy, and is intimately linked
to pulmonary outcomes.

Dietetic management is based on the replacement of pancreatic enzymes and fat-soluble
vitamins (A, D, E, K), together with a high-protein diet and high calorie intake (120–125% of
the normal recommended daily allowance). The recommended Body Mass Index (BMI) for
adult CF patients is ≥22 kg/m2 for females and ≥23 kg/m2 for males. Overnight enteral nutrition
via nasogastric tube or gastrostomy provides supplementary nutritional support when BMI is
suboptimal [6].

a. Docosahexaenoic acid (DHA)

Essential fatty acid (EFA) imbalance has been identified in CF patients and is characterized by
a decrease in docosahexaenoic acid (DHA) and linoleic acid and an increase in arachidonic
acid (AA) [7]. These characteristics were mainly attributed to intestinal malabsorption due to
exocrine pancreatic insufficiency. In the last few years, new mechanisms have been proposed,
such as intensification of the b-oxidation of polyunsaturated fatty acids (PUFAs), inadequate
dietary EFA consumption, the possibility of an intrinsically defective EFA metabolism in CF
epithelial cells, an increase in the production of proinflammatory eicosanoids, a rise in the
peroxidation of PUFAs, and finally an impairment of desaturases or hepatic lipase activity [8].

It has been observed that long-term intake of the daily mixtures of fatty acids (eicosapentae‐
noic, docosahexaenoic, linoleic and γ-linolenic acid) at a low dose has a positive effect on lung
function and inflammation in adult CF patients. The total number of exacerbations after a year
of supplementation was reduced, while the lean-body-mass and lung-function parameters
measured by spirometry were increased. In addition, supplementation led to improved
parameters of oxidation, inflammation (IgG and IgM) and other clinical parameters [9]. 8-
isoprostane, a free-radical product of lipid peroxidation which is a consequence of oxidative
stress, appears to be a prognostic factor in deterioration of lung function in a short time in
patients infected with Burkholderia cenocepacia. The measured concentration of 8-isoprostane
in exhaled breath condensate of 24 patients did not show any significant relationship with the
clinical parameters during a one- and three-year study [10].

Forty-three CF patients were enrolled in a randomized double-blind placebo-controlled study
with three fatty-acid blends containing mainly n-3 or n-6 FA, or saturated fatty acid acting as
placebo [11]. After three months, in the omega-3 fatty-acid-supplemented group, a significant
decrease in the inflammatory markers, erythrocyte sedimentation rate and IL-8 was reported.
Another, longer-term study (17 participants) demonstrated a significant increase in essential-
fatty-acid content in neutrophil membranes and a significant decrease in the leukotriene B4 to
leukotriene B5 ratio in participants taking omega-3 supplements compared to the placebo [12].

b. Fat-soluble vitamins

Supplementation of CF patients with vitamin E and β-carotene has been effective in preventing
oxidative lung damage [13], as seen by a decrease in lipid peroxidation products. It is believed
that these antioxidants have an important role in maintaining or restoring essential-fatty-acid
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status by protecting polyunsaturated fatty acid from oxidative degradation, as their supple‐
mentation augments levels of plasma polyunsaturated fatty acid.

Carotenoids

Levels of plasma carotenoids such as β-carotene, β-cryptoxanthin, and total lycopene are
significantly lowered in CF patients and this has been associated with higher susceptibility to
lipid peroxidation. Rust et al. [14] examined the effect of long-term oral β-carotene supple‐
mentation in patients with CF. Patients of the CF supplementation group received 1 mg β-
carotene/kg body weight/day (maximally 50 mg β-carotene/day). During high-dose treatment,
a significant decrease in the MDA level and a correction of total antioxidative capacity was
observed.

Renner et al. reported distinct clinical benefits from high-dose (1 mg/kg body weight/ day,
maximum 50 mg/day) supplements. Their patients required significantly fewer antibiotics
during the phase of high-dose β-carotene supplementation and showed a decrease in pulmo‐
nary exacerbations [15]. Lepage et al. reported that the two-month supplementation of CF
patients with 4.42 mg β-carotene, three times per day, led to the normalization of increased
MDA level and increased plasma β-carotene from 0.08 ± 0.03 to 3.99 ± 0.92 μM [16].

At the same time, toxicity issues have been raised for supplementation with water- miscible
vitamin A formulations in CF patients, which may increase serum retinol and possible risk of
CF-associated liver and bone complications [17]. However, β-carotene supplementation seems
to be safe since it does not affect serum concentrations of other carotenoides and retinol [14].
Recent studies have analysed the use and safety of a new CF polyvitamin (AquADEKs ®),
which comprises almost 90% vitamin A in retinol form. Patients on AquADEKs ® maintained
a high level of serum β-carotene, but serum retinol was not above the normal levels. β-carotene
levels were associated with lung function and better nutritional status [18,19], while lipid
peroxidation markers were not affected [20].

Vitamin E (α-tocopherol)

α-tocopherol acts as a membrane antioxidant closely associated with polyunsaturated fatty
acids. Vitamin E’s antioxidative properties might be helpful in reducing the negative effects
of free radicals. Current recommended supplementation of vitamin E in CF patients only
includes α-tocopherol. Supplementation with high levels of α-tocopherol alone may result in
further imbalances in CF patients: such supplementation has been shown to deplete γ-
tocopherol in the blood and tissues [21]. Papas et al. [16] evaluated vitamin E supplementation
with mixed tocopherols. The increase in the blood of levels of γ-tocopherol may be particularly
important for CF patients due to its function as a scavenger of reactive nitrogen species and
its synergistic effects with α-tocopherol [22]. Cystic fibrosis is characterized by neutrophil-
dominated airway inflammation. Activated neutrophils release oxidants, proteases, and
cytokines, further sustaining and increasing the inflammatory response and causing direct
injury to the lungs. Improved antioxidant capacity with γ-tocopherol, especially if present in
the lungs, could potentially decrease oxidant-mediated damage and limit the cytokine-
mediated neutrophil recruitment. It has also been reported that reduced serum levels of
vitamin E are associated with an increased rate of pulmonary exacerbations in CF [23].
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c. Other vitamins and micronutrients

Vitamin C

Vitamin C is present in the respiratory lining fluid of human lungs, and local deficit occurs
during oxidative stress. Experimental findings confirm that vitamin C induced the openings
of CFTR Cl− channels without a detectable increase in intracellular cyclic AMP levels. Vitamin
C instilled into the nasal epithelium of human subjects effectively activates Cl− transport, too.

The pool of vitamin C in the respiratory tract represents a potential nutraceutical and phar‐
maceutical target for the complementary treatment of oxidative stress in patients with CF [24].
In a study by Winklhofer-Roob et al. [25] on 122 children and young adults with CF, ascorbic-
acid concentrations decreased with age, and low vitamin C levels were associated with the
highest indexes of inflammation, so the authors concluded that ascorbic acid could interact
with an inflammation-amplifying circle of activation of alveolar neutrophils and macrophages.

Water-soluble vitamins seem to be well absorbed by patients with CF, but there is documented
evidence of poor dietary intake. A supplement of at least 50–100 mg vitamin C/day should be
prescribed for patients with an unbalanced diet, or if there is evidence of deficiency.

Selenium

Dietary intake of selenium is inversely related to inflammatory markers such as sialic acid and
triacylglycerol [26]. Moreover, a possible role of selenium in the modulation of serum com‐
plement 3, which may be an early marker of metabolic syndrome manifestations, has also been
documented.

Wood et al. carried out an eight-week, double-blind, randomized intervention trial, providing
two groups of patients with low- and high-dose vitamin supplements (500 μg vitamin A and
10 mg vitamin E vs. 500 μg vitamin A, 25 mg β-carotene, 200 mg vitamin E, 300 mg vitamin C
and 90 μg selenium). They demonstrated significant improvement of clinical indicators after
treatment. Increased serum β-carotene, selenium, and fatty-acid concentrations were linked
to improved lung function [27].

Consensus regarding supplementation of antioxidants in CF to include selenium is yet to be
established. Two studies have attempted to demonstrate successfully how the administration
of 2.8 μg/kg/day and 90 μg/day of selenium can decrease oxidative stress in CF [28].

d. Glutathione and n-acetylcysteine

The discovery that CF is associated with significantly diminished efflux of reduced glutathione
(GSH) from most cells in the body [29] offers a new perspective on the pathophysiology of this
disease. GSH plays several important roles; among the most important are the following: 1)
primary water-soluble antioxidant; 2) mucolytic capable of cleaving disulphide bonds; and 3)
regulator of immune-system function [30].

The relationship between redox ratio (GSH:GSSG) and total glutathione (GSH+GSSG) and the
initiation of inflammation is well established [29,30]. GSH is also an important component of
the epithelial lining fluid of the intestines, helping to keep intestinal mucus thin, serving to
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defend the intestinal system against reactive oxygen species, and keeping inflammation in
check under normal circumstances [31].

In a recent placebo-controlled, randomized, double-blinded, clinical trial in 44 paediatric CF
patients aged between 18 months and 10 years [32], treatment with oral glutathione (65 
mg/kg/day) increased weight and BMI z score and improved measures of gut inflammation
(faecal calprotectin) over the course of six months, without adverse side effects. The authors
therefore concluded that Oral GSH might primarily be beneficial in those children with more
severe inflammation of the gut, and suggested that early intervention with oral glutathione in
young CF children with growth failure could forestall decline in pulmonary function in later
years.

Several studies have investigated the potential therapeutic role of inhaled GSH in patients with
CF. Three short-term clinical trials, including a placebo-controlled one, have shown the
tolerability and efficacy of inhaled GSH on pulmonary function in these subjects [33-34]. A
recent 12-month randomized single-blind placebo-controlled trial demonstrated the efficacy
of inhaled GSH (600 mg twice daily) on lung function in CF adults [35]. Three months of
therapy with inhaled GSH resulted in a statistically significant improvement in percentage-
predicted FEV1, measured as a pre-post difference from baseline values, when compared to
the placebo, which persisted at six and nine but not at 12 months. A reduced compliance with
therapy in adult patients could explain the decrease in FEV1 values registered in the last visit.
The best improvements in functional parameters were registered in the subgroup of patients
with moderate lung disease (FEV1 below 81%). These results are in concordance with those
reported by Griese et al. [36], who showed a significant increase of FEV1 absolute values (but
not when expressed as percentage-predicted) from the baseline after three months of GSH
therapy.

N-acetylcysteine (NAC), a well-known cysteine donor for the synthesis of glutathione, has
been used in different diseases to treat GSH deficiency [37]. High-dose oral NAC has been
shown to increase neutrophil GSH levels, decrease airway neutrophil recruitment and reduce
neutrophilic release of airway elastase in CF patients [38]. Skov et al. demonstrated that high-
dose oral NAC (1200 mg x 2/day for 30 days) in CF patients with chronic P. Aeruginosa infection
decreased the level of oxidized vitamin C [39].

Indications of a positive effect of NAC treatment on the lung function of a subgroup of CF
patients have previously been published [40]. Recently, a placebo-controlled randomized
clinical trial (70 CF patients) was conducted in the USA to study the effect of oral NAC on lung
inflammation (ClinicalTrials.gov Identifier: NCT00809094). Oral NAC was administered in a
dose of 1800 mg/day divided into two dosages over a period of 24 weeks and the effects on
the sputum levels of human neutrophil elastase (HNE) were assessed as a primary end-point.
While no statistical significant difference was found between the two groups with regard to
the primary end-point, an improvement in the predicted FEV1% was observed in the NAC-
treated group.

A recent Cochrane review on the use of thiol derivatives, such as NAC, did not find sufficient
evidence to recommend the use of these compounds in the management of CF lung disease,
but concluded that further studies were warranted [41].
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γ-Glutamylcysteine ethyl ester (GCEE) is another potentially interesting GSH pro-drug, which
has proved to have some efficacy in the amelioration of oxidative stress, e.g., in experimental
myocardial infarction [42] and central-nervous-system conditions (see, e.g., [43]). However,
GCEE has not been investigated in CF yet.

New CFTR modulation therapies are being designed to correct the function of the defective
protein (CFTR) made by the CF gene, allowing chloride and sodium to move properly in and
out of cells lining the lungs and other organs. N6022 is a new injectable compound that
modulates the function of the defective CFTR protein and decreases inflammation in the lung.
N6022 is the first of a new class of compounds that increase levels of an important signalling
molecule in the body called S-nitrosoglutathione, or GSNO. These novel compounds have been
shown in preliminary results (Phase 1b trial) to increase the amount of CFTR that reaches the
cell membrane and to stabilize CFTR so that its function can be improved.

3. Conclusion

In conclusion, there appears to be conflicting evidence regarding the clinical effectiveness of
antioxidant supplementation in CF patients. Based on the available evidence, glutathione
(administered either orally or by inhalation) and high doses of β-carotene appear to improve
lung function in some cases and decrease oxidative stress. Further studies, especially in very
young patients, examining clinically relevant outcomes, dose levels and other promising
therapies like CFTR modulation, are necessary before a firm conclusion can be made regarding
the effects on oxidative stress in these patients.
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Abstract

Cystic fibrosis related diabetes (CFRD) is a common co-morbidity of cystic fibrosis. It
is associated with diminishing lung function, poorer nutritional state, and a worse
prognosis and its early diagnosis and treatment is important. In addition, the adverse
pulmonary effects of CFRD may be present for up to 10 years prior to diagnosis.

Prevalence increases with age from 1 to 2% below 10 years of age, 20% of adolescents
and 40-50% by adulthood, and up to 90% of adults with CF will have some degree of
glucose intolerance by 40 years of age.

Although its pathophysiology is not well understood, the primary cause is thought
to be the fatty infiltration of the pancreas leading to fibrosis and destruction of the
pancreatic cells resulting in beta cell destruction and progressive insulin deficiency.

Oral glucose tolerance testing (OGTT) remains the method of choice for a diagnosis
of type I, type II and gestational diabetes; it is less discriminating in CFRD where early
glucose trends are important, and continuous glucose monitoring may prove a more
useful diagnostic and management tool.

Diabetic complications occur in CFRD and annual screening for these is necessary. As
life expectancy rises, diabetic complications may become more prevalent.

This chapter discusses the diagnosis and treatment of CFRD and touches on devel‐
opments in research which will enhance the future management of this increasingly
common and important manifestation of the CF condition.

Keywords: Cystic fibrosis related diabetes, Screening, Oral glucose tolerance test‐
ing, Continuous glucose monitoring, Cystic Fibrosis Related Diabetes
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1. Introduction

Cystic Fibrosis Related Diabetes (CFRD) is a form of abnormal glucose handling (dysglycae‐
mia) that is quite different to other forms of diabetes. It is uncommon in childhood, rarely
occurring in those under 10 years of age, but its incidence rises inexorably as patients survive
longer, affecting up to 50% of CF adults [1, 2].

The development of CFRD is associated with a significantly higher mortality rate [2, 3, 4], and
has a deleterious impact on pulmonary function [5] with the degree of glucose intolerance being
directly related to the decline in FEV1 [6]. Those with CFRD suffer more frequent infective
exacerbations and have a higher burden of colonisation with pathogens such as Pseudomonas
aeruginosa and Burkholderia cepacia as well as a poorer nutritional status – all of which are known
to be associated with poorer outcomes [7].

However, dysglycaemia is a progressive phenomenon in many CF patients, and the associat‐
ed increased morbidity occurs many years prior to a formal diagnosis of CFRD [8, 9, 10]. This
has fuelled the debate as to how the diagnosis should be made – the current “gold standard”
diagnostic test for diabetes mellitus (the oral glucose tolerance test, OGTT) [11] may not be
appropriate in the CF population, since the optimal time to introduce treatment (currently
limited exclusively to insulin-based therapies) may be at an earlier stage of dysglycaemia.

We will explore these issues as well as consider future developments in this emerging area of
CF care.

2. Epidemiology, prevalence and incidence

Historically, CFRD was typically only seen in paediatric practice as a pre-terminal complica‐
tion in those with advanced respiratory failure. It remains relatively rare in children under the
age of 10 (2), affects less than 5% of individuals during their early teen years, but the inci‐
dence rises exponentially with age, occurring in approximately 20% of adolescents and up to
50% of individuals in their fourth decade. The average age of onset for CFRD is 18-21 years (12).

Furthermore, it is estimated that 70-90% of all adult CF patients will have some degree of glucose
intolerance and therefore dysglycaemia is the commonest co-morbidity that complicates care
in adult CF and its prevalence is likely to increase further as life expectancy continues to rise.

In addition to age, other factors associated with an increased incidence of CFRD are severity of
CFTR mutation, poor pulmonary function, low BMI, pancreatic insufficiency, liver dysfunc‐
tion, and corticosteroid use (5, 7, 13, 14).

3. Pathophysiology

The pathophysiology of CFRD is still poorly understood. CFTR may have a role in the cell
signalling that contributes to both the timely release of and response to insulin and restora‐
tion of abnormal CFTR function.
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However, although Ivacaftor (which corrects the underlying gene product defect in patients
with a gating mutation) has reportedly led to normalisation of sugar handling in a single
individual [15], it seems likely that the pathways directly involving CFTR are of only minor
significance to overall glucose homeostasis.

CFRD involves a complex interplay between a state of relative insulin deficiency, particularly
during the first phase response, and variable insulin resistance during infective exacerbations.
Some level of dysglycaemia is detectable in most pancreatic-insufficient patients and the
hallmark of CFRD is the presence of post-prandial glucose excursions that may be followed
by spontaneous hypoglycaemic episodes.

Below we consider mechanisms that contribute to abnormal glucose handling in CF.

Figure 1. Factors influencing glucose handling in CF. Italicised – unclear role. Purple – factors pre-disposing to reac‐
tive hypoglycaemic episodes

3.1. Pancreatic responses in CF

The predominant mechanism underpinning dysglycaemia in CF patients is sluggish clearance
of proteolytic enzymes from the pancreatic ducts causing progressive β-cell destruction that
directly reduces insulin levels, as well as causing ischaemic damage and amyloid deposition
[16], further impairing the ability of remaining islet cells to sense and respond to glucose levels
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appropriately [17]. It seems likely that the same mechanism might also prevent incretin
hormones (e.g. GLP-1 and GIP) from evoking their physiological insulinogenic effect during
the post-prandial period, although this is an area still under investigation (see below).

Loss of pancreatic endocrine function is a continuum in patients with CF with impaired release
of both insulin and glucagon [18]. Those with significant pancreatic insufficiency (almost 90%
of patients with CF use pancreatic enzyme supplements [5]) have deranged glucose handling
even if not formally diabetic [17], typically displaying a slow and prolonged insulin response
to stimulation [18, 19].

The initial abnormality seen in CF patients is a delayed first-phase insulin response combined
with preserved total insulin secretion that occurs in response to various stimuli even in CF
subjects with normal glucose tolerance [10, 18, 20, 21, 22, 23]. Even at this early stage, patient
outcomes can be affected and the loss of pulmonary function is directly related to the degree
of dysglycaemia [6]: this has implications for CFRD screening and diagnosis (see below).

The CFTR mutation also causes rapid absorption of glucose from the small intestine compared
to the non-CF gut [23]. This combination of rapid glucose absorption and slow prolonged
insulin response helps to explain both the typical high post-prandial glucose excursions seen
in this group (Fig. 2) (an independent marker of worsening clinical status prior to a formal
CFRD diagnosis [10]), as well as the symptomatic hypoglycaemia (often termed reactive or
rebound) that may develop several hours later, as insulin continues to be secreted despite
falling glucose levels (see Fig. 2) [24, 25]. A tendency to spontaneous hypoglycaemia may be
further exacerbated by intense periods of exercise, something that forms a cornerstone of
treatment in CF [11] (see below).
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Figure 2. Continuous glucose monitoring showing a typical glucose profile seen in CFRD
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As progressive damage to the pancreas accumulates, there is an associated loss of endocrine
tissue such that over time patients become relatively insulinopaenic [26]. Although pancreatic
β-cell mass may be significantly reduced in patients with CFRD [27, 28], absolute insulino‐
paenia and ketoacidosis, typical features of Type 1 Diabetes (T1DM) [29], do not occur even
in the minority of patients with sufficient pancreatic damage to cause fasting hyperglycaemia.
Indeed, the presence of true ketoacidosis is so rare in this population that its occurrence should
stimulate investigation for the development of concurrent T1DM [11, 30, 31]. It is possible that
the loss of α-cells as part of the indiscriminate pancreatic damage that occurs in CF results in
relatively low glucagon levels, protecting against the development of ketosis as well as adding
to the propensity for symptomatic hypoglycaemia [32].

3.2. Insulin sensitivity in CF

The role of insulin sensitivity in the development of CFRD is unclear: CFTR may have a
theoretical role in cell signalling to increase glucose uptake by peripheral tissues but such
responses are predominantly mediated through GLUT receptors. Insulin resistance increases
during periods of acute illness [33] including pulmonary exacerbations which may frequently
occur in those with an underlying suppurative lung condition. Hardin et al. [34] suggested
that insulin sensitivity may be abnormal even in clinically stable CF patients, where on-going
indolent infection may up-regulate inflammatory pathways, thereby inducing a degree of
chronic insulin resistance.

However, despite these mechanisms, it is relatively rare for pancreatic-sufficient CF individ‐
uals, even when colonised with pathogens and suffering regular exacerbations, to develop
significant dysglycaemia [35] and overall it has been shown that insulin resistance is not a
major determinant of the development of diabetes in CF [36].

It is recognised that at times of high inflammatory stresses or concurrent glucocorticoid use –
such as during a pulmonary exacerbation – insulin resistance may contribute to or unmask
clinically relevant dysglycaemia in predisposed individuals [17, 30, 34] and extra glucose
monitoring is therefore recommended during such periods [37] since initiation or escalation
of treatment may be required [30]. As the nutritional aspects of CF care are increasingly well
addressed particularly by the early institution of highly effective pancreatic enzyme supple‐
mentation, it is becoming increasingly common for patients with CF to have a raised BMI -
indeed almost a quarter of patients in one recent series were reported to be overweight or obese
[38]. It may be that in future, insulin resistance will play a larger role in the development of
dysglycaemia in this population.

3.3. Other factors

Not all CF individuals with pancreatic insufficiency develop CFRD, raising the possibility that
other genetic factors might play a part [39].

However, with few exceptions, antibodies associated with the development of T1DM have not
been found in CFRD [40-42]. Genetic variation in the CAPN10 gene, which encodes Calpain-10,
may be a common risk factor for the development of both CFRD and T2DM [43], explaining
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in part why CF individuals with a familial history of T2DM are at increased risk of developing
CFRD themselves [35] despite a lack of insulin resistance.

It seems likely that genetic modifiers have a significant role in determining to what extent
dysglycaemia complicates the clinical course of an individual with cystic fibrosis. [35].

Glucose handling may also be disturbed in individuals with CF-related liver disease, partic‐
ularly in severe cases where the hepatic uptake and storage of glucose is diminished, poten‐
tially rendering treatment for hypoglycaemia with exogenous glucagon ineffective. Chronic
kidney disease, which may develop in CF because of recurrent uroliathiasis/nephrocalcinosis,
repeated exposure to nephrotoxic medications or indeed as a complication of CFRD itself, may
also effect glucose regulation.

Although it is unclear how important this is for overall blood sugar control, severe renal failure
may lead to an accumulation of exogenous insulin therapy causing an apparent improvement
in diabetic control (if judged by insulin requirements) as well as predisposing to hypoglycae‐
mic episodes.

Incretin hormones released from the bowel are a major determinant of pancreatic responses
in the post-prandial period, causing significantly more insulin to be secreted compared to the
presence of glucose alone – this so-called incretin effect is lost in T2DM and a range of
treatments that target components of the diffuse endocrine system have revolutionised the
treatment of this condition. Whilst it has been shown that enteroendocrine cells are present in
the expected amounts in the bowels of both animal models and direct intestinal biopsies from
children with CF [44, 45], the incretin effect itself has not been definitively investigated in a CF
setting, with various small-scale studies showing conflicting results. Whether or not the
incretin system is attenuated in CF, it is unclear whether augmenting its function pharmaco‐
logically would in any way improve the responses of a pathologically damaged pancreas.

Considering the mechanisms above, it is clear to see that although CFRD has a number of
features in common with both T1DM and T2DM it is clearly significantly different to both – a
comparison of CFRD with the more common forms of diabetes is shown in Table 1.

CFRD T1DM T2DM

Insulin resistance Variable Minimal Significant

Insulin deficiency Relative Absolute Variable

Typical BMI Low Low High

Complications Pulmonary, weight loss,
microvascular

Microvascular Macrovascular

Treatment Insulin Insulin Oral agents +/- insulin

Ketosis Very rare Common Rare

Table 1. Comparison of CFRD with other forms of diabetes
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4. Screening and diagnosis

Dysglycaemia is often detectable for several years prior to a formal diagnosis of CFRD, and
early detection is important to prevent pulmonary function decline and weight loss developing
[6, 8]. Timely intervention with appropriate treatment may have a profound impact on a
patient’s health and well-being. In the next section, we will discuss the various methods of
screening for CFRD.

4.1. Diagnosis

The World Health Organisation, Diabetes UK, American Diabetes Association and UK CF
Trust all consider that the formal diagnosis of CFRD should be based on responses to a
standard 75 g oral glucose tolerance test (see Table 2) and recommend that it is carried out
annually from late childhood. Given the impact of pulmonary decline in early CFRD, tighter
thresholds were discussed, but currently the general diagnostic criteria are still applied to CF.

∙ 2-hr 75g OGTT plasma glucose result ≥11.1 mmol/l
∙ Fasting plasma glucose ≥7.0 mmol/l
∙ HBA1C ≥6.5% (A1C <6.5% does not rule out CFRD because this value is often spuriously low in CF.)
∙ Classical symptoms of diabetes (polyuria and polydipsia) in the presence of a casual glucose level ≥11.1 mmol/l

Table 2. Diagnostic criteria for CFRD (any of the following)

These criteria were originally established by consensus opinion in 1998 [3]. The previously
used sub-categorisation of the diabetic response to recognise whether or not fasting hyper‐
glycaemia was also present (often abbreviated as CFRD FH+ and CFRD FH-, respectively), is
now considered to be obsolete since the differentiation adds little to management [46].

The OGTT was originally designed to detect individuals, predominantly with insulin resist‐
ance, who were most likely to benefit from intervention aimed at preventing the microvascular
sequelae of dysglycaemia. Although these do occur in CFRD, they are relatively late phenom‐
ena, where pulmonary decline (leading to increased mortality) occurs much earlier.

Furthermore, OGTT responses are highly variable in the CF population, where insulin
resistance waxes and wanes and glucose absorption alters depending on a variety of factors
peculiar to this cohort [17]. An opportunistic annual screen for diabetes carried out when an
individual with CF is well may poorly reflect their overall glucose handling.

Screening for diabetes based on the 2-hour glucose value alone has been shown to be of less
use in the CF population [47]. Furthermore, the dose of glucose used to stress the endocrine
function of the pancreas during an OGTT may be inadequate in CF, where individuals have
high calorific requirements and may routinely ingest carbohydrate loads much higher than
the 75 g bolus typically used in the diagnostic test.

Given these facts, as well as the typical insulin response profile seen in patients with CF, basing
the diagnosis of, as well as screening for, CFRD by means of an OGTT, as is currently recom‐
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mended [11], is clearly imperfect [48], leading to the conclusion that the under-diagnosis of
clinically relevant dysglycemia is common.

Patients with CF may experience significant hyperglycaemic excursions shortly after eating,
which then rapidly correct to the euglycaemic range as the delayed first-phase insulin response
belatedly begins; this not only devalues diagnostic tests such as the OGTT (which uses the 2-
hour glucose value to diagnose diabetes) but also means that measures of average glucose
control, such as glycosylated haemoglobin levels (the HbA1c test), may be misleadingly
normal or even low in this group and therefore of much less clinical relevance in CFRD than
in other forms of diabetes [49]. One study from Denmark found only 16% of patients had
elevated HbA1c values at the time CFRD was diagnosed [50]; others have found similar results
[49]. The utility of HbA1c may be further devalued by the increased red cell turnover com‐
monly seen in CF patients [49, 51]. As progressive decline in pancreatic endocrine function in
the CF population is related to increased morbidity years before a formal diagnosis of CFRD
is made by OGTT [8, 9, 10] and given that HbA1c is at best an unreliable marker of glucose
handling [49], other methods of assessing clinically important dysglycaemia, such as 1-hour
OGTT result, serial glucose monitoring or Continuous Glucose Monitoring (CGM), have now
been advocated as better markers of clinically relevant dysglycaemia.

Elevation of 1-hour glucose level during an OGTT has been shown to be a better predictor of
declining pulmonary function than a standard 2-hour result [9] as well as correlating better
with other methods of diabetic screening [53]. Currently, the UK CF Trust advocates the use
of both a standard 2-hour OGTT as well as a period of serial glucose monitoring (that entails
checking levels before and 2-hours after meals and at bedtime for several days) to establish if
clinically relevant hyperglycaemia requiring treatment is present [49].

For effective serial glucose monitoring to take place, patients must be empowered and
educated with regards to the technique including timing, hand washing, correct sampling
procedures as well as meter and strip management. Misleading results have been documented
[54] due to poor technique, therefore patient-recorded measurements should be considered
with a degree of caution, particularly one-off abnormal readings. Additionally, there is a risk
that patients, fearful of a further increase in their treatment burden associated with being
diagnosed with CFRD, will report lower glucose readings, fail to document high levels or
simply fabricate results altogether.

However, a CGM system circumvents many of the inherent weaknesses associated with self-
reported serial monitoring whilst enabling an accurate glucose profile to be established. Worn
for a period of 3-5 days typically on the arm or abdomen, a CGM system consists of a trans‐
mitter with a flexible plastic sensor which sits just below the skin allowing regular measure‐
ment of interstitial glucose. Readings are sent wirelessly to a receiver automatically every
minute without any user input, although an occasional finger-prick reading is required to
calibrate readings against blood glucose levels.

The use of CGM has been validated in the CF population [55] whilst others have shown that
it may be superior to other modes of screening for dysglycaemia [56]. The visual output
obtained from a CGM can be a useful tool in highlighting sugar control issues with patients
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and allow for highly individualised treatment regimens to be decided. A positive CGM result
– that is a value of more than 7.87.8mmol/l for over 4.5% of the test – is associated with a worse
prognosis in terms of CF-specific endpoints (i.e. pulmonary function and weight) as well as
being a better predictor of future risk of development of CFRD than an OGTT [57], which has
been shown to give unreliable results when used as a screening tool [58].

5. Clinical features, signs and symptoms

The biochemical and clinical detection and diagnosis of CFRD can be difficult, since symptoms
of polyuria, polydipsia and weight loss only occur in one third of cases [8]. An unexplained
decline in pulmonary function or difficulty maintaining or gaining weight should alert health
care professionals to the possibility of underlying significant dysglycaemia, impaired glucose
tolerance or even CFRD. Poor weight gain or weight loss can often be identified in the
preceding 12 months prior to a diagnosis of CFRD [57].

6. Consequences of dysglycaemia in CF

Multiple studies and reviews of large registry datasets have demonstrated a clear link between
dysglycaemia and poor outcomes in pulmonary health in CF [3, 5, 43], but the mechanism by
which hyperglycaemia, often intermittent rather than sustained in this population, causes the
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observed decline in lung function is less clear. Plausible theories include direct pulmonary
damage or suppression of various components of the immune system in the setting of
hyperglycaemia leading to an increased risk of pulmonary infections which might also be more
severe in nature [14], as has been demonstrated in other types of diabetes [44]. Insulin therapy
has been shown to reduce sputum pathogen levels in CF patients [45]. It has also been
hypothesised that the predominant factor in the decline in both respiratory function and
nutritional status is a direct consequence of the altered protein metabolism experienced by CF
patients who become relatively deficient in insulin therefore losing its important anabolic
effects [14]. CFRD has been considered to be a risk factor for the development of distal intestinal
obstruction syndrome in cystic fibrosis patients [59]; however, it is unclear how strong the
association really is between these two conditions [60] or what causal mechanism might be
involved.

6.1. Microvascular complications

Microvascular complications may develop in CFRD leading to the typical associated pathol‐
ogies (retinopathy, nephropathy and neuropathy), any of which may significantly impact the
on-going management of the condition, particularly the development of visual impairment,
gastroparesis and renal failure.

Where glucose control has deteriorated to the point that fasting hyperglycaemia is present (a
relatively rare occurrence in the CFRD population), a significant proportion will also have
developed retinopathy and microalbuminaemia (16% and 14%, respectively) [61]. Almost half
of all CFRD patients will display some degree of neuropathy, in most cases where the dys‐
glycaemia has been present for over a decade [43].

Examples of autonomic dysfunction and gastroparesis have been reported [61], although the
latter condition may be difficult to differentiate from the delayed gastric emptying that occurs
in up to 50% of the CF population regardless of their glucose tolerance [43].

Overall, the prevalence of microvascular complications is less in CFRD than in other forms of
diabetes, possibly due to the partially preserved endogenous insulin production and sensi‐
tivity leading to relatively short periods of hyperglycaemia.

6.2. Macrovascular complications

Although there is nothing to suggest dysglycaemia is not a significant risk factor for the
development of macrovascular complications in individuals with CF, as it is in other popula‐
tions, at present their occurrence very infrequently complicates the management of CFRD.

Although there are case reports of both coronary artery disease and strokes occurring in
diabetic CF patients [62, 63], there is at present no evidence of excess mortality attributable to
cardiovascular or cerebrovascular disease despite these patients often having co-existing
dyslipidaemia.

Currently, the consequences of significant dysglycaemia are likely to manifest earlier and more
profoundly in other ways, e.g. deteriorating lung function, but as the life expectancy of the
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general CF population continues to rise there is likely to be both a concurrent increase in the
incidence of CFRD and ultimately macrovascular complications.

7. Treatment and management

Treatment of CFRD is currently exclusively limited to insulin therapy, since by the time CFRD
is formally diagnosed the predominant issue is one of failure of insulin secretion. Evidence of
improved outcomes with insulin therapy is established for those who have a positive OGTT
with and without fasting hyperglycaemia [2, 39, 64]. It is also recommended that insulin is
initiated in those patients that exhibit diabetic responses whilst suffering an infective exacer‐
bation [11], which presumably reflects a group with poor pancreatic reserve, meaning that
they are unable to respond adequately when peripheral insulin resistance increases due to
higher levels of inflammation or treatment with corticosteroids. The UK CF Trust (2004)
guidelines for the management of CFRD [11] have produced recommendations for instigation
of treatment, which are as follows; Treatment should be considered:

• When impaired glucose tolerance on OGTT is associated with weight loss or deteriorating
clinical condition

• When there are episodes of transient hyperglycaemia

• When a diabetic glucose tolerance on OGTT, but normal glucose monitoring, is associated
with weight loss or deteriorating clinical condition

Definite indications for initiating treatment are:

• CF-related diabetes, that is, diabetic OGTT and/or regular hyperglycaemia

• Pregnancy with impaired glucose tolerance or diabetes

Better awareness and more aggressive management of CFRD have led to a considerable
improvement in outcomes over the last 5 years including mortality [2]. As discussed above,
the concept of truly normal glucose tolerance in the majority of adult CF patients, especially
if pancreatic-insufficient, is a fallacy and all such patients could be reasonably considered in
a ‘pre-diabetic’ state; however, the role of early treatment to prevent CFRD is less clear. Small
studies have previously suggested only a trend towards improvement in various outcomes
when CF patients with impaired glucose tolerance (IGT) received long-acting insulins [65].

As total insulin secretion is often preserved or only marginally decreased in non-diabetic CF
patients, the use of insulin therapy in such a group may not be as efficacious and any benefits
must be weighed against the increased treatment burden (which is considerable for the vast
majority of CF patients) and the risk of hypoglycaemia.

However, there is now increasing evidence to support initiation of treatment in non-diabetic
groups with improvement in pulmonary and other clinical outcomes seen after insulin
treatment was started [64, 66, 67], particularly those with positive CGM results [57], although
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it is currently too early to know if such benefits are sustained long-term or will impact upon
mortality rates.

The treatment of CFRD can prove challenging with treatment strategies having to constantly
be changed due to the variability and disease progression of CF. There are many different
variables associated with CF that have to be taken into consideration when managing CFRD.

7.1. Pharmacological treatments of CFRD

Whenever treatment for dysglycaemia in CF patients is initiated, the only modality with an
established evidence base is insulin therapy. Biguinide therapy potentially offers anti-
inflammatory activity as well as anti-diabetic effects and was shown to improve glucose
control in 4 patients without significant side effects over a 10-year period [68]. However, given
that insulin resistance is not the predominant abnormality in stable CF patients [36], coupled
with concerns about an increased risk of hepatitis, lactic acidosis, weight loss and pancreatitis
[69], metformin has not been widely used in this cohort.

A small study (n=12) using acarbose in a group of CF patients with IGT receiving inpatient
antibiotics for a pulmonary exacerbation showed an improvement in glucose profile compared
to placebo but also a very high incidence of GI side effects [70].

Secretagogues, such as the sulphonylureas, have been shown to be of little benefit in a CF
setting whilst increasing the risk of symptomatic hypoglycaemia in this group [71].

Dietary modification can play a role in decreasing very high post-prandial glucose excursions
in CF patients and Balzer et al. have suggested that adopting a low glycaemic index diet could
be advantageous in CFRD [72]. As such, insulin remains the only recommended treatment for
CFRD [11]; however, even the use of short-acting insulin in a bolus regime, attempting to
control post-prandial glucose excursions, still risks symptomatic hypoglycaemia developing
as endogenous hormone levels belatedly rise.

The incretin system is particularly important in the post-prandial handling of carbohydrate;
therefore, agents that enhance its effects are of considerable interest in the management of
CFRD, particularly as theoretically at least they have a much lower propensity to cause
hypoglycaemia. However, the widespread use of these agents has not yet been investigated
in a CF-specific setting, although initial small-scale use seems to have been well tolerated [73].

7.2. Insulin regimes for insulin therapy

Different types of insulin are available for use to treat CFRD. Their different modes of action
need to be correlated with glucose profiles and individual requirements of the patient in order
to manage glucose levels effectively.

The main categories of insulin are:

• Long-acting insulin analogues – Normally administered once daily with a duration of 18-24
hours, achieving a steady state after 2-3 days (e.g. insulin glargine; detemir or degludec).
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• Intermediate insulin – Onset of action 2-3 hours with a duration of 16-35 hours (e.g. insulin
isophane).

• Short-acting insulin – Onset of action 30-60 minutes and duration of up to 8 hours (e.g.
soluble insulin).

• Rapid-acting insulin analogues – Onset of action 15 minutes and duration of action 2-5 hours
(e.g. insulin aspart, lispro or glulisine).

• Pre- mix insulin – Onset of action 30-60 minutes duration up to 24 hours (e.g. biphasic
isophane insulin).

• Pre-mix insulin analogue – Onset of action 15 minutes duration up to 24 hours (e.g. biphasic
insulin aspart, lispro).

Typically, either a basal/bolus or a combination of both is used to treat CFRD [74].

Short acting rapid insulin before meals remains the insulin of choice for those without fasting
hyperglycaemia.

Taking into account treatment burden, long lasting basal insulin needs to be considered and
is frequently given [74].

Pre-mix insulin is used in some cases although with the variability in eating patterns this may
prove detrimental.

7.3. Multidisciplinary approach to management

When diagnosing and managing patients with CFRD, it is of paramount importance that the
multidisciplinary team have excellent knowledge relating to this complication. In ideal
circumstances an endocrinologist with experience of CF will form part of the regular multi-
disciplinary team caring for patients, but in many centres the task of coordinating diabetic care
will be delegated to a specialist nurse.

Communication is crucial to ensure patients are fully informed about the condition, particu‐
larly the differences between CFRD and other types of diabetes as patients may come with
pre-conceived notions that could impact their engagement with treatment and on-going
management, e.g. undertake wholly inappropriate calorie restriction.

Wherever possible, both the specialist CF dietician and clinical psychologist should be
involved at the earliest opportunity to ensure the best possible expert care and management
for the patient.

8. Screening for complications in CFRD

An important aspect of managing CFRD is effective screening for the development of com‐
plications. As such it is recommended that at least annually patients with CFRD have the
following assessed:
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• Clinical history - number of admissions with reasons

• Height, weight and BMI

• Pulmonary function

• Blood pressure

• Alcohol and smoking

• Hypoglycaemia – identify cause and optimise treatment

• Exercise

• Foot examination - pedal pulses, sensory and vibration check.

• Sexual dysfunction

• Frequency of distal intestinal obstruction syndrome (DIOS)

• Full dietetic review - Meals, snacks, enzymes, supplements, feeds.

• Insulin therapy

• Injection technique.

• Insulin site check

• Home blood glucose monitoring.

• Psychosocial support

• Urine sample for Microalbuminuria

• HbA1c

• Urea and electrolytes, creatinine clearance (selected cases)

• Lipid profile

• Retinopathy screening referral

Additionally, annual screening is an opportunity to identify educational gaps and discuss how
the patient is coping with their CFRD.

9. The challenges of CFRD

The distinct glucose profile typically seen in CFRD presents clear challenges not only for
establishing the diagnosis in the first place but also for managing the condition in general.

9.1. Dietary considerations

The primary aim of nutritional management in relation to CFRD is the achievement of a normal
nutritional status [3]. CFRD has different and conflicting dietary recommendations from that
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of type 1 or type 2 diabetes. CFRD patients have up to 150% the calorific requirements of other
diabetic patients and require a diet containing both high fat and protein levels.

Patients with CF require regular snacks in between meals in order to meet their increased
metabolic requirements and often resort to consuming foodstuff that is high in refined sugars
– such as so called ‘energy drinks’ – in order to maintain their weight, especially as it obviates
the need to medicate with enzyme supplements [75].

Ingestion of products that contain even modest quantities of highly refined sugar can not only
cause glucose excursions but may also precipitate a reactive hypoglycaemic episode – a
phenomenon that can be seen during 7-15% of diagnostic OGTTs [24, 76].

The use of a diet rich in carbohydrates that have a low glycaemic index (GI) is encouraged in
type 2 diabetics both to aid blood glucose control and weight reduction, however little robust
evidence exists of benefit from a similar approach in a CFRD population and there are concerns
that low GI diets might lead to inappropriate weight loss in this group [72].

Recommendations from American researchers have suggested that carbohydrate counting
may have a role in CFRD [3] however in other countries this approach is reserved for T1DM
alone, with the CF dietetic community in the United Kingdom favouring regular meals and
snacks containing a mixture of both complex and refined carbohydrates be taken with or just
after eating other foods [75]– an approach that anecdotally can reduce both the post-prandial
glucose excursions as well as subsequent reactive hypoglycaemia occurring.

Dietary assessment is therefore an important part of the management of CFRD particularly to
assess and modify refined sugar intake whilst ensuring overall calorific requirements and a
healthy weight are maintained.

9.2. Exercise

Regular exercise forms an important cornerstone of the general management of CF and is
widely advocated [46] although direct evidence that it specifically improves overall blood
sugar control in CFRD is lacking [77] although there is an on-going trial exploring this currently
[78] CFRD patients need to be aware of the risk of precipitating hypoglycaemia during exercise
and should be educated about extra monitoring during times of exertion.

9.3. Liver disease

CF affects all of the major organs in the body including the liver and the prevalence of CFRD
is higher in patients who have liver disease [79]. As discussed previously significant liver
disease may lead to a reduction in hepatic glycogen stores, exacerbating the risk of sympto‐
matic hypoglycaemia developing and potentially reducing the response to exogenous
glucagon used to treat such episodes. In addition, although it may be difficult to quantify, CF-
liver disease could lead to subtle impairments of hepatic insulin secretion and catabolism
which may contribute to the overall dysglycaemia suffered by this group [79].
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9.4. Hypoglycaemia

As mentioned elsewhere in this chapter hypoglycaemia is not uncommon in CFRD [24].
Furthermore, it has been demonstrated that hypoglycaemia awareness is also impaired as a
result of frequent subclinical hypoglycaemic episodes and a diminished glucagon response
[32]. Therefore, careful consideration must be given to when blood sugar monitoring is carried
out as well as the timing, type and amount of insulin used for treatment.

9.5. Corticosteroids

Oral corticosteroids (e.g. prednisolone) are frequently used during pulmonary exacerbations
in CF, and the concomitant elevation in blood glucose may necessitate a change in diabetes
management in these patients. Patients may also require increased supervision and treatment
during times of infection where blood glucose levels often fluctuate rapidly. There is evidence
that CF patients with normoglycaemia exhibit diabetic glucose tolerance during pulmonary
exacerbations [80]. This is likely to be due to the stress of infection and inflammation that
unmasks the early alterations in glucose homeostasis [81]. Additionally, when infection
subsides and patients stop corticosteroids, blood glucose can dramatically drop causing
hypoglycaemia and careful support and advice is required during this time.

10. Future developments

There are a number of areas currently at a research stage that may be of benefit in the man‐
agement of CFRD.

Many centres are moving away from a reliance on the standard 2-hour OGTT to diagnose
CFRD, with the use of CGM becoming more widespread to detect clinically significant
dysglycemia at an earlier stage.

A number of clinical trials are exploring the use of incretin based therapy in individuals
with  CF [82,  83]  and such  therapies  theoretically  offer  an  ideal  combination  of  glucose
lowering  effects  with  a  smaller  risk  of  precipitating  hypoglycaemia,  especially  as  con‐
cerns about the risk of pancreatitis associated with these type of medications have somewhat
lessened recently [84].

Ultimately novel experimental treatments being developed for other forms of diabetes such
as stem cell implantation may be applicable to individuals with CFRD.
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Abstract

In the last 20 years, the prognosis of cystic fibrosis (CF) has slightly increased and
nowadays more than 50% of CF patients are adults. An obvious consequence of this
deep change is the increasing question about fertility in both males and females.

Almost 97% of male CF patients are infertile, having significant anatomical abnor‐
malities of the reproductive tract, in most cases a congenital bilateral absence of the
vas deferens (CBAVD); even if anatomical defect plays an important role, cystic
fibrosis transmembrane conductance regulator (CFTR) is directly involved in many
aspects of male reproduction, with well-known consequences in spermatozoa
capacitation and bicarbonate secretion.

Actually, male CF patients can become parents with assisted fertilization techniques:
intracytoplasmic sperm injection (ICSI), currently the most used fertilization
treatment worldwide, has dramatically improved the assisted reproduction outcomes
for men with obstructive azoospermia.

Most CF women have a normal reproductive tract and may be able to conceive
spontaneously, but multifactorial fertility problems can affect them also: the main
cause could be the difficult transport of sperm through the female reproductive tract,
secondary to thick secretions, but also lung function and nutritional status at the time
of conception significantly influence their fertility.

Keywords: Cystic fibrosis, CFTR, Congenital bilateral absence of the vas deferens,
Fertility, In vitro fertilization, Pregnancy
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1. Introduction

As the life expectancy of cystic fibrosis (CF) patients continues to increase, and more patients
become adults with a chronic disease, researching the impact of this disorder on male and
female infertility has become increasingly important.

Although most men with CF have significant anatomical abnormalities of the reproductive
tract causing infertility, most women with CF have anatomically normal reproductive tracts
and up to half of them may be able to conceive spontaneously.

Assisted reproductive technologies can help both infertile male and female patients with CF
in achieving successful parenthood. In addition, for women more health characteristics
including baseline pulmonary function have to be evaluated as predictors of health and
pregnancy outcomes.

2. Fertility in men with cystic fibrosis

CF is a systemic illness that affects multiple organ systems, including lungs, endocrine and
epithelial tissues, gastrointestinal system, pancreas, and reproductive tract. Because of the
dramatic improvement made in prognosis in CF population in the last two decades, reproduc‐
tive function has become one of the new red flags in the management of CF adult patients.
Infertility in CF males has been extensively studied and found in most cases to be secondary to
atrophy or malformation of the vas deferens, leading to an obstructive azoospermia (Figure 1).

Figure 1. Spermiogram performed in our 34-year-old patient affected by CF documents azoospermia

2.1. Pathogenesis

Cystic fibrosis transmembrane conductance regulator (CFTR) is a gene located on chromosome
7 (7q31.2), encoding for a protein located in the apical membranes of epithelial cells; it was
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identified in 1989 and its role in the pathogenesis of CF is now well known. CF is a disease
characterized by a defect in electrolyte and fluid transport in exocrine tissues; it could present
several different clinical manifestations, including chronic lung disease, pancreas insufficien‐
cy, and infertility [1].

In literature, it is reported that almost 97% of male CF patients are infertile [2]: this infertility
is primarily secondary to an obstructive azoospermia. The defective CFTR ion channel function
causes an early obstruction of male genital tract, due to the dehydrated secretions: this
mechanism drives to deep structural changes in reproductive tract, causing in most cases a
congenital bilateral absence of the vas deferens (CBAVD). In early studies on CF adult patients
with azoospermia, CBAVD was reported in all the population studied. At the light of these
findings, Holscalaw et al. [3] speculated a unique genetic cause of CF and CBAVD. Usually,
the proximal part of epididymis is present and this allows the sperm collection in CF patients
to obtain spermatozoa.

Obstructive dysfunction is not the only cause of infertility in males with CF: further studies
demonstrated that CFTR may also play a critical role in spermatogenesis and sperm maturation
[4]; an increased CFTR mutation frequency in a population of men with reduced sperm quality
is also reported [5]. Histological examination of CF testicular biopsies shows a wide range of
spermatogenesis abnormalities, including a decreased count of mature spermatids and
maturation arrest. These findings could be the expressions of CFTR abnormalities in seminif‐
erous tubules or spermatozoa.

CFTR plays a role in many aspects of male reproduction, with well-known consequences in
CBAVD and CF. It has not only ion channel functions but also it is a versatile signaling molecule
and interacts with more than 180 other proteins. CFTR is expressed throughout the whole
genital tract [6], but we do not know yet what is CFTR’s role in the male accessory glands other
than the epididymis.

A significant role in sperm function was also suggested by the involvement of CFTR in uterine
HCO3

– secretion and its effect on the fertilizing capacity of sperm [7]. CFTR is present in human
sperm and it is involved in both sperm motility and capacitation phases. CF mice sperm has
reduced sperm motility and capacitation with reduced fertility rate in vitro and in vivo [8]:
these findings suggest a significant role of CFTR in sperm functions also.

2.2. CBAVD

CBAVD is a congenital condition in which vas deferens fails to develop properly, causing male
infertility because of the total obstruction of reproductive tract. CBAVD accounts for approx‐
imately 1–2% of all infertility in males and is the result of genetic abnormalities [9]. More than
half of the men with CBAVD (62–80%) carry a CFTR mutation and this condition is considered
to be one of the most common CFTR-related diseases. Anatomical abnormalities include
bilateral or unilateral absence of the vas deferens and seminal vesicles anomalies.

Subjects with CBAVD usually have no clinical symptoms of CF, but the finding of subclinical
CF features is not uncommon (mild chloride elevation at sweat test, chronic sinusitis, nasal
polyps) and actually many experts consider CBAVD as a mild CF form [9].
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2.3. Other genital abnormalities

Genital abnormalities may develop early in CF, but in children these are less common than
described in adults. In 2002, Blau et al. [10] described genital abnormalities in male children
with CF, performing pelvic and scrotal ultrasonography in 12 CF boys aged 2–12 years. They
found seminal vesicles hypoplasia, testicular microlithiasis, and abnormalities of the epididy‐
mal head, such as cysts, hypo-, or hyper-echogenicity. These findings are more frequent in
pancreatic-insufficient than in pancreatic-sufficient CF patients. The reported experience
represents a very small population of CF children, and larger longitudinal studies will be
necessary to better define the onset and progression of urogenital abnormalities in CF males.

In CF adults, testes are usually symmetric and have a normal echogenicity, but mild inhomo‐
geneity or striated appearance can be documented with ultrasounds. Focal inhomogeneities
seem to be rare, as testicular nodules. Didymus cysts, epididymal cysts (also multiple) with
sediments and/or calcifications are common. Usually, vas deferens is absent, but a structure
attributable to spermatic cord could be revealed bilaterally or unilaterally in some cases,
usually with a significant stenosis.

Several features can influence the anatomical genital phenotype in these patients (as genotype,
clinical features, age), and further studies will be crucial to find risk factors and significant
correlation for these abnormalities in CF.

2.4. Fertility management in men with CF

Over the last 20 years, the relevant improvement in survival of CF patients and the concomitant
development of new assisted conception methods have significantly increased the opportu‐
nities for these patients to become parents. It is therefore very important to start an early and
effective management of fertility issues in males with CF.

The clinical management of reproductive issues in males affected by CF has to begin during
puberty with periodic evaluation of testicular volume/consistency and all the other virilization
signs, indicating a congruous testosterone production. Hormonal levels (as LH, FSH, and
testosterone serum concentration) are usually normal in male CF, indicating a regular
spermatogenesis in most cases. It could be also useful as a deeper examination to detect the
presence of vas deferens (usually palpable in the upper portion of scrotum), but the definitive
diagnosis of CBAVD can be made with radiological exams.

There is not a considerable literature about the morphological study of the scrotum in adult
CF patients, but trans-rectal ultrasounds could be considered a good instrument to evaluate
abnormalities in shape, volume, and structure of testes, epididymis, and spermatic cord.

Also scrotal ultrasound with high-definition instruments is non-invasive and executable
without any discomfort for the patient and could be useful in order to analyze the extra pelvic
portion of the vas deferens (from the groin to the testicle) and all the scrotal structures.

The diagnosis of azoospermia could be simply supported and confirmed by semen analysis.
In case of seminal vesicles abnormalities, semen analysis will also show an acid pH, due to
lack of fructose concentrations in sperm, and often the volume of ejaculate is low: in these
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cases, the sperm is produced by the prostate, with no contribute from vesicles. Typically,
men with the absence of the vas deferens have low-volume (often less than 0.5 ml) and
acidic semen [11].

2.5. Assisted reproduction in men with CF

2.5.1. Counseling

CF men and their partners, who want to start assisted reproduction treatments, need an
adequate genetic, medical, and psychological counseling. Genetic tests have to be performed
in the patient (if not already done) and in the partner, in order to define the risk of generating
an affected child. In case of incomplete genetic assessment or high risk of CF recurrence,
prenatal or pre-implantation genetic diagnosis could also be recommended; it is important to
consider ethic and legislative issues, because in some countries pre-implantation genetic tests
are not allowed. All these procedures have relevant psychological, ethical, and sanitary costs,
so alternative measures (as adoption or use of sperm donor) could be considered.

Another important issue is the prognosis of the potential father affected by CF. This delicate
aspect asks the intervention of CF-clinician and psychologist, together with an experienced
fertility specialist.

2.5.2. Sperm collection

Sperm retrieval is a procedure used to obtain sperm for fertility purposes. In general, it is
necessary in case of azoospermia or if men are unable to ejaculate. In almost all cases, sperm
retrieval must be utilized in combination with in vitro fertilization (IVF) and intracytoplasmic
sperm injection (ICSI) for reasonable pregnancy rates to be obtained [12].

The sperm collection could be performed by aspiration from epididymis or directly from the
testis. In CF the proximal part of the epididymis is usually present, so the procedure is usually
quietly simple. The techniques of collection include:

• Percutaneous epididymal sperm aspiration (PESA) from the caput of the epididymis,
usually simple to localize and good reservoir of sperm; aspiration is performed with fine
needle after local anesthetization and is usually fast and well tolerated by the patient

• Microsurgical epididymal sperm aspiration (MESA)

• Percutaneous testicular aspiration (TESA) performed with local anesthetization (Figure 2)
as for PESA

• Testicular surgical biopsy (Figure 3)

• Testicular sperm extraction (TESE), an in vivo microdissection of testicular tubules finalized
to the identification of normal tubules (Figure 4), suitable for an effective sperm collection
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Figure 2. Percutaneous testicular aspiration (TESA) performed with local anesthetization

Figure 3. Percutaneous testicular biopsy

Cryopreservation of sperm is possible and represents a good chance for future use, but usually
repeated epididymal aspiration is required. These procedures are usually performed on the
same day of the partner’s oocytes collection (Figure 5) to assure high counts of motile sperm
in the time of fecundation.
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Figure 5. Oocytes culture

2.5.3. Assisted reproduction treatments

The first experience of in vitro fertilization with sperm obtained by epididymal aspiration was
in 1985 [13]; in the next years, several experiences also in CBAVD patients have been reported
[14]. In that period, the fertilization rates were low (less than 20%), with very poor birth rates.

A dramatic increase in assisted reproduction outcomes for men with obstructive azoospermia
has been represented by ICSI, introduced first in the 1990s. The first large experience with ICSI
in the United States was published by Sherins et al. in 1995 [15]. This technique is generally
performed following an in vitro fertilization procedure to extract one to several oocytes from
a woman. The procedure is done under a microscope, using multiple micromanipulation
devices, in order to allow the direct injection of a single sperm in a human oocyte.

Figure 4. Microsurgical identification of tubules with spermatogenesis (TESE technique)
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This technique is currently the most used fertilization treatment worldwide and it has deeply
increased the chances of successful fertilizations and pregnancies; ICSI technique allows to
have the same fertilization and pregnancy rates between CF males and men with no vas
deferens obstructive disease (Figure 6).

Figure 6. ICSI technique

3. Fertility in women with cystic fibrosis

Although most men with CF have significant anatomical abnormalities of the reproductive
tract, most CF women have an anatomically normal reproductive tract and may be able to
conceive spontaneously, but in literature it is reported that only slightly more than half of them
have spontaneous pregnancies. The fertility problems in CF female are multifactorial: the main
cause would be the difficult transport of sperm through the female reproductive tract,
secondary to thick secretions; but certainly also the underlying medical conditions (especially
lung function and nutritional status) have a major impact on fertility in these patients. The
improved health and longevity of CF women naturally leads to an increased number of CF
women who become or desire to become pregnant.

The first reported successful pregnancy in a CF woman was in 1960 [16], and in 1966 13
pregnancies in 10 different patients were reported [17]. These early reports were discouraging.
However, with aggressive management of infections and significant improvement in pulmo‐
nary and nutritional interventions, pregnancies today are well tolerated in CF, especially in
women with mild to moderate disease [18, 19]. The North American CF Registry reported in
2007 that 3–4% of CF women over 17 years old become pregnant each year [20].
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3.1. Pathogenesis

Despite CF has long been associated with female infertility, the underlying causes remain
unclear. Actually, we know that the majority of CF women have a normal fertility, but
ovulation disturbance may occur in patients with advanced disease [21], also with amenorrhea
in the most compromised subjects. Although most girls have normal menstrual cycles, there
is a higher incidence of missed or irregular periods and amenorrhea. This is more likely in
those with a reduced percentage of body fat and may occur in case of malnutrition or alimen‐
tary disorders.

Fertility problems may be related to lung disease severity, poor weight, and to an unsatisfying
control of CF-related diabetes [22]. Historically, the predictors of poor pregnancy outcome for
mother and/or fetus were a forced vital capacity (FVC) of less than 50% of the predicted value
and poor nutritional status. In the past, an FVC of less than 50% of the predicted value was an
absolute contraindication to pregnancy.

For several years, it has been postulated that the thickened cervical mucus present in CF
women reproductive tract could lead to fertility disturbance. Normally, when the egg is
released from the ovary, cervical and uterine mucus thins and allows easier passage of sperm
into the uterus and fertilization. Increased thickness of this mucus in women with CF may
theoretically act as a barrier to sperm penetration and could reduce fertility, but nowadays the
majority of women with CF can become pregnant without any difficulty.

In 2008, Hodges et al. [23] studied the mouse model of CF, indicating that in CF mice the major
cause of decreased fertility is the impaired sperm transport within female reproductive tract.
In their experience, excess cervical mucus played a minor role, because instead of a physical
barrier, the decreased fertilization seemed to be due to an inadequate fluid production in
reproductive system, with a subsequent decrease in sperm number in the oviduct. CFTR could
play not only an important role in female reproductive tract fluid control but also in sperm
capacitation with its bicarbonate transport.

3.2. Impact of pregnancy on CF

The physiologic changes associated with pregnancy may contribute to increased morbidity
and mortality risks for the mother in CF women. Volumetric increase of abdomen with the
consequent upward displacement of diaphragm causes a decrease in functional residual
volume, and the concomitant increase in resting minute ventilation can lead to a relevant
breath disturbance. Also gas exchange has deep alterations in pregnant women, with an
increased alveolar–arterial oxygen gradient, especially in supine position [24].

In a recent study [25], it is reported that adjusting for the FEV1 percent predicted, weight,
height, and pulmonary exacerbation rate per year, pregnancy is not associated with an
increased risk of death. Pregnancy did not appear to be harmful even in a subset of women
with diabetes mellitus or with FEV1 less than 40% of predicted. Important predictors of
pregnancy outcome for the fetus are the severity of maternal pulmonary impairment and
nutritional status; in women with advanced lung disease, preterm delivery is very common.
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McMullen et al. [26] in 2006 characterized health outcomes in CF pregnant women, comparing
them with a group of never-pregnant CF population: this large observational study showed a
nonsignificant difference in terms of FEV1 decline between the two groups (6.8% in pregnant
group and 4.7% in never-pregnant, P=0.61). Respiratory exacerbations and hospitalizations
were increased during pregnancy, as well as the number of outpatient visits and administered
therapies.

The risk for congenital anomalies in the fetus is not increased in CF gravidas and breastfeeding
is possible without complications.

3.3. Risk factors

The pregravid pulmonary function is clearly the greatest outcome predictor in CF women, but
there are multiple clinical prognostic markers to consider. Women with poor nutritional status,
pulmonary hypertension, and relevant decrease in pulmonary function during the first 3
months of gestation have to be informed about the high risk of maternal mortality and should
consider therapeutic abortion [27].

3.3.1. Lung function

FEV1% predicted, PO2, and PCO2 are important predictors of pregnancy outcomes. In 1995,
Edenborough et al. [28] reported that a pregravid FEV1 <60% caused greater pulmonary
function decrease, a higher frequency of preterm infants, and also a higher mortality. However,
successful pregnancies have been reported also in CF patients with compromised lung
function (FEV1 < 50% of that predicted), and most patients seem to return to baseline pulmo‐
nary status after pregnancy.

The only absolute contraindication to pregnancy in CF is represented by pulmonary hyper‐
tension, which is correlated with higher rates of mortality in pregnancy. An echocardiogram
performed before pregnancy can be useful to individuate underlying pulmonary hypertension
and cor pulmonale, in order to advise the patient about the high mortality risk in case of
pregnancy [24].

3.3.2. Pancreatic insufficiency and diabetes mellitus

In old literature, pancreatic insufficiency was considered as a major risk factor in pregnancy
outcomes. Actually, with the modern pancreatic enzymes supplementations, it is a nonsigni‐
ficant issue in CF pregnancies.

CF women planning pregnancy have to be tested for glucose intolerance before conception
and the test has to be repeated at 20 weeks of gestational age. Insulin therapy is indicated in
case of abnormalities in blood glucose monitoring.

3.3.3. Nutritional status

Clinician should advise to reach a pregravid weight before conception up to 90% of the ideal
body weight. Poor nutritional status is without any doubt one of the most relevant risk factor
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for pregnancy outcomes in CF, and a severe malnutrition (BMI <18 kg/m2) is a relative
contraindication to pregnancy. A weight gain of 11–12 kg during pregnancy is recommended
[29]; poor outcome is particularly associated with a maternal gain less than 4.5 Kg. A high
caloric intake should be maintained and a poor weight gain is an indication for aggressive
nutritional intervention (dietary supplementation, nasogastric, or gastrostomy feeding).

3.3.4. Microbiological issues

Burkholderia cepacia complex has been considered for several years a relative contraindication
for pregnancy in CF, because this infection seemed to be related with a higher maternal
mortality [30]. B. cepacia (particularly B. cenocepacia and B. multivorans) is also considered
related to preterm delivery, weight loss, and rapid pulmonary function decline [31], but further
studies are needed to better define its role in CF pregnancies.

3.3.5. Pulmonary transplantation

Limited cases of pregnancy after lung transplantation have been reported; most experience
comes from renal transplantation. Compared to other solid organ transplants, lung recipients
experience more frequent rejections during pregnancy and also a higher rate of graft loss
postpartum [32]. Graft dysfunction is unpredictable and may occur anytime during pregnancy,
leading to progressive decline and also eventual death after delivery. However, further studies
are necessary to determine long-term maternal survival.

Prematurity and neonatal complications in these pregnancies are very high (56% and 33%,
respectively), but no long-term consequences on children are reported [33].

3.4. Management of pregnancy in CF women

The management of pregnancy in CF requests necessarily a multidisciplinary approach. Most
of the literature on pregnancy in CF is constituted by case reports and a few national centre
based reviews. Unfortunately, at the moment, we have no available trials about any aspect of
pregnancy management in CF. In 2008, Edenborough et al. [34] published the guidelines for
the management of pregnancy in women with CF, based on the review of the literature and
experience of pediatricians, adult and transplant physicians, nurses, physiotherapists,
dietitians, pharmacists and psychologists experienced in CF, and also anesthetists and
obstetricians with experience of CF pregnancy.

3.4.1. Counselling

Counselling consists in helping the CF patient planning pregnancy and her partner to explain
the risks of their decision, such as medical implications, treatment options, and also the impact
of a toddler on the everyday life of a CF woman.

Genetic features, such as the risk of recurrence of the disease, have also to be discussed with
the couple. CF genotype, if not already known, have to be defined and the partner should also
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be tested before conception. Genetic counsellors should be involved in order to discuss these
delicate issues with the couple.

Genetic tests have a sensitivity <100% with detection rates from 70% to 95% of CFTR mutations.
If the partner has not been tested, given a CF carrier frequency of 1:25, the risk of an affected
infant is 1:50; while if the partner is a CF carrier, the risk is 1:2.

When the partner is a known carrier or if he has not been tested, clinicians should suggest to
perform prenatal genetic diagnosis to the couple, with the analysis of chorionic villus sample
(CVS) within the first trimester of gestation. This procedure includes technical risks that should
be discussed with the couple.

Psychological counselling is also an important part of the counselling activities: CF team
should provide information about sexual health and reproduction to all of their patients,
particularly teenage girls. Psychologists and clinicians play an important role also in psycho‐
logical counselling for CF women who want to become pregnant, even if women with
advanced disease with a very strong wish to have a child may proceed whatever the advices.

3.4.2. Medications during pregnancy

Most drugs have not been tested on pregnant women. Relevant issues about their use in
pregnancy are timing of exposure (periconception, first, second, third trimester, or perinatally),
systemic availability of the drug, and its ability to cross the placenta. Side effects can consist
in teratogenesis, growth retardation, death, renal insufficiency, neurological disorders,
stillbirth, etc.

Many pregnancies are unplanned and drugs could have been taken at the time of conception
and continued in the first weeks of pregnancy, and many women with serious illnesses
required treatment to be continued. Even if nowadays there is experience to guide prescribing
in pregnancy, the principle remains to avoid drug use where possible, except when the risk of
the drug is outweighed by the risk of the condition being treated.

The Swedish FASS information catalog provides information on the risks of drugs to the fetus
during pregnancy and to the infant during lactation. Each drug is classified to one category of
safety:

1. Drugs that have been used widely during pregnancy and are assumed safe for the fetus

2. Drugs not known to cause harm to the human fetus but with insufficient experience to
consider them safe. This category can be subdivided into

3. drugs that have been demonstrated to cause no harm in animal studies

4. drugs with insufficient animal data

5. drugs that have been demonstrated to harm the fetus only in animal studies

6. Drugs that could theoretically cause harm to the fetus by their pharmacological actions

7. Drugs known or believed to cause harm to the fetus
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Patient’s therapy should be reviewed during the discussion of a potential pregnancy, even if
most of the routine CF medications are safe and could be continued. Contraindicated drugs
have to be discontinued. β-lactams are safe in pregnancy and aminoglycosides at conventional
doses have not showed toxic results. Once-daily tobramicin has been tested in second and third
trimesters, showing safe results. Ciprofloxacin has been widely used during pregnancy with
no certain side effects, but its use is indicated only if vital for the mother.

3.4.3. Lung function and infections

CF women can become pregnant in all pulmonary disease stage, but the outcome for the
mother and the newborn is closely related to lung function (FEV1 predicted) and clinical
stability. Lung function should be optimized and chronic infections may be suppressed before
pregnancy: oral flucloxacillin could be administered in case of Staphylococcus aureus coloniza‐
tion; for Pseudomonas aeruginosa nebulized colistin or aminoglycoside treatment should be
employed.

When a pregnancy is unplanned, pregnancy is frequently connected to a worsening in lung
function: if necessary, one or more courses of IV antibiotic treatment could be administered in
the usual format also during pregnancy (β-lactam + aminoglycoside).

During the first trimester, most patients will feel breathless and the frequency of hospitaliza‐
tions could rise up: at each visit, physical examination, sputum cultures, weight and oxygen
saturation measurement, and pulmonary function test should be performed.

3.4.4. Physiotherapy

If the pregnancy is planned, preconceptional period could represent a good opportunity to
optimize the daily physiotherapy program. Inhalation therapies and techniques should also
be reviewed and optimized; the timing of these treatments in relation to airway clearance
therapy (ACT) is a relevant feature during pregnancy, especially in CF patients who produce
big volumes of sputum. ACT adherence and technique have to be adapted in pregnant women.
Advice on physical exercise and pelvic floor strength should be given as soon as possible.

The breathing pattern is affected by physiological and mechanical changes during pregnancy,
and in the last trimester these features can lead to increase in closing volume and determine
atelectasis. Physiotherapists should meet the pregnant patients weekly to optimize the
physiotherapy regimen, monitor lung function and sputum production in terms of colour and
quantity. Also maintaining exercise capacity should be useful during pregnancy and in last
trimester.

3.4.5. Nutrition

Dietetic counselling is crucial in preconceptional period, because maternal nutritional state is
one of the most important factors influencing outcomes for mother and infant. A low pre-
pregnancy BMI is strictly associated with reduced birth weight. Preconceptional assessment
is similar to non-CF population and should be performed by a CF specialist dietitian, who can
advise not only on increasing energy density of the diet but also oral supplements and invasive
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nutritional support (enteral tube feeding) can be purposed to the patient if nutritional status
is unsatisfactory. Vitamin supplementation with folic acid, vitamin A, and vitamin D are
recommended.

An overall weight gain of 12.5 Kg is considered normal and in CF it is recommended a weight
gain of at least 11 Kg. Also gastro-oesophageal reflux, heartburn, nausea, recurrent vomiting,
and constipation may occur more frequently in women with CF and required clinicians
monitoring.

3.4.6. Diabetes care

A pre-pregnancy diagnosis of CF-related diabetes and gestational diabetes are associated with
a poorer prognosis; in literature, it is reported that an unsatisfactory glycemic control in the
first trimester is associated with an increased risk of teratogenesis. During preconceptional
counselling an OGTT is recommended, if not already performed, and blood sugars have to be
monitored during lung exacerbations. Usually, OGTT is repeated at 20 weeks gestation and
glycaemia should be measured at every visit: if random values are high, another OGTT could
be repeated at 28 weeks.

Insulin is the recommended treatment for diabetes in CF also during pregnancy. A high calorie
intake should also be assessed in diabetic patients.

3.4.7. Termination of pregnancy

Guidelines about when to terminate pregnancy in a woman with advanced CF remain fluid.
The indications may be psychosocial (in order to prevent serious injury to the mental health
of the pregnant woman) or medical.

The only absolute contraindication to pregnancy is a pre-existing pulmonary hypertension
with cor pulmonale; also chronic hypoxia could be considered a contraindication to pregnancy.
There are no clear indications about the FEV1 cut-off to recommend pregnancy termination.

There are also some relative contraindications to pregnancy in CF women:

1. Poor nutritional status (BMI <18 kg/m2; <85% ideal body weight)

2. Uncontrolled CF-related diabetes

3. Burkholderia cepacia infection

4. Significant liver disease

3.4.8. Delivery

Most pregnancies in CF end in spontaneous vaginal delivery. Caesarean section is indicated
only in case of maternal or fetal sufferance, preferably with spinal anesthesia. In CF, a high
proportion (26–46%) of pregnancies end up with a spontaneous or therapeutic preterm
delivery, and the usual indication is represented by maternal conditions. Usually, failing lung
function and hypoxia occur in patients with a significant low pre-pregnant lung function;
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persisting hypoxia and onset of headache are in these cases severe signs and could request
oxygen support or non-invasive ventilation.

In peripartum, pain and anxiety can lead to hyperventilation and decrease in alveolar gas
exchanges; hypoxia, hypercarbia, and respiratory acidosis occur rapidly in patients with
compromised lung function. An adequate analgesia should be performed, because it reduces
pain, fear, and fatigue; oxygen support can be useful in case of desaturations.

4. Our experience

In our CF Center, we have 230 patients in regular follow-up and 153 of these are >18 years old.
In the last few years, fertility issues increased significantly in our population, surely because
of the significant improvement in prognosis and the easier access to the assisted reproduction
treatments.

During the last 20 years, 12 of our male patients recurred to in vitro fertilization with sperm
obtained by epididymal aspiration and in 6 cases had successful reproduction (with twin
pregnancy in 2 cases and in 1 case triplet pregnancy). All the newborns enjoyed good health
and no recurrence of CF has been detected (all the partners were tested for CFTR mutations
before the conception). In the other six cases in vitro fertilization was not successful and one
of these three patients decided to use heterologous fertilization by sperm donor, with a
subsequent successful pregnancy.

In the same period four of our female patients recurred to in vitro fertilization with two
successful pregnancies (in one case twin pregnancy). Also in these cases the newborns enjoyed
good health and no recurrence of CF has been detected (all the partners were tested for CFTR
mutations before the conception).

In our population 12 of our patients (10 women and 2 men) had spontaneous conceptions with
18 successful pregnancies. Also in these cases no recurrence of the disease has been detected,
even if in some cases the diagnosis of CF in these patients had been performed after the delivery
and in most cases the partners had not been tested for CFTR mutations before the conception.
Three of our female patients, after several attempts to become pregnant spontaneously,
decided and obtained to adopt a child.

Actually, no literature is available about scrotal imaging in males affected by CF. We decided
to realize an original study, performing scrotal ultrasound examination with high-definition
technique, to better evaluate abnormalities in shape, volume, and structure of the testes,
epididymis, and spermatic cord in a group of adult patients (>18 years) affected by CF.
Preliminary results seem to show an increased incidence of testicular and epididymal abnor‐
malities in comparison to the general population, but in most cases these seem to be secondary
to the obstruction of vas deferens [FigureS 7,8,9].
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Figure 7. US Figure of rete testis ectasia with structure inhomogeneities in a CF patient

Figure 8. US Figure of rete testis ectasia with structure inhomogeneities with a little epididymal cyst in a CF patient

Figure 9. US Figure of intradidymal cysts (one with corpuscular content) in a CF patient
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Nomenclature

CF = Cystic fibrosis

CFTR = Cystic fibrosis transmembrane conductance regulator

CBAVD = Congenital bilateral absence of the vas deferens

LH = Luteinizing hormone

FSH = Follicle stimulating hormone

US = ultrasounds

IVF = in vitro fertilization

ICSI = Intracytoplasmic sperm injection

PESA = Percutaneous epididymal sperm aspiration

MESA = Microsurgical epididymal sperm aspiration

TESA = Percutaneous testicular aspiration

TESE = Testicular sperm extraction

FVC = forced vital capacity

FEV1 = Forced expiratory volume in 1 second

PO2 = Partial pressure of oxygen

PCO2 = Partial pressure of carbon dioxide

BMI = Body mass index
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Abstract

Since the basic defect in cystic fibrosis (CF) involves a defective cell surface protein
controlling chloride channel transport across cell membranes, medications which are
developed to enhance the cystic fibrosis transmembrane conductance regulator
(CFTR) protein should result in improvement in patients with CF. The presence of
over 2000 genetic mutations have made these efforts difficult. However, a classifica‐
tion scheme of these mutations has allowed three basic approaches: to bypass
missense mutations by having the cellular translation machinery read through the
premature stop codon, to enhance the “gating” function of the CFTR protein on the
cell surface, and to correct a defective CFTR protein “trafficking” though the
cytoplasm to be inserted properly in the cell membrane. This chapter will review
clinical trials using drugs which are designed to enhance CFTR protein activity.

Keywords: Cystic fibrosis, CFTR, CFTR modulators, CFTR potentiators, CFTR cor‐
rectors, VC-770, ivacaftor, VX-809, lumacaftor, VX-661, PTC124, ataluren

1. Introduction

The identification of the genetic defect in CF allowed the classification of CFTR mutations into
six types of mutations. The over 2000 mutations which has been described can be placed in
one of these classes: Class I mutations, which may be the result of the genetic mutation resulting
in a stop codon or a shift in the reading frame in the messenger RNA which eventually results
in a downstream stop codon, do not produce a complete CFTR protein. Class ii mutations
result in an altered CFTR protein which is degraded in the endoplasmic reticulum and/or Golgi
systems within the cell. Some proteins may be able to make it to the cell surface and have

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



variable levels of function (or Class III, IV, or VI effects). Class III mutations result in amino
acid substitutions which affect how the CFTR protein is regulated on the cell surface, usually
decreasing the channel opening. Class IV mutations result in amino acid substitutions which
affect how the CFTR protein functions in its conduction of chloride ions. Class V mutations
result in decreased production of normal functioning CFTR protein. Therefore, there is a
reduced amount of normal CFTR protein on the cell surface. Finally, class VI mutations are
those which affect the stability of CFTR.

Awareness of the types of genetic mutations affecting the normal functioning of the CFTR
protein has resulted in searches for treatments directed at various CFTR dysfunctions. This
chapter will review recent attempts to develop treatments specific for the various classes of
mutations.

2. Premature termination codons

In approximately 10% of patients with CF, the responsible mutation results in a nonsense
mutation that terminates the CFTR protein production due to a premature stop codon in the
CFTR messenger ribonucleic acid (mRNA). The resultant truncated protein cannot properly
transport chloride ion across the membrane. PTC Therapeutics, Inc. had discovered a small
molecule drug ataluren (PTC124®) which enables the mRNA containing the premature stop
codon to be read through the ribosome. The molecule is a 1,2,4-oxadiazole with a molecular
weight of 284 Daltons. Using cell culture as well as a mouse model of CF, investigators
determined that oral administration of ataluren was effective as long plasma concentrations
in the range of 2 to 10 mcg/mL will result in functional CFTR activity. [1, 2] There was no
evidence of nonspecific read through of normal stop codons. It did not appear to be teratogenic
in rats and rabbits. However, there did appear to be inhibition of cytochrome P450 (CYP2C9)
at therapeutic concentrations of ataluren. Therefore, monitoring blood levels of medications
which are primarily metabolized by this enzyme (such as warfarin or phenytoin) may be
needed clinically.

Figure 1. Structural formula of atalaren

Phase 1 studies indicate that serum ataluren levels of 2 to 10 mcg/mL can be achieved with a
three times per day (TID) dosing schedule. Since administration with meals can result in
prolonged levels in the blood, dosing after a meal appears to be desired.
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Phase 2a studies have been conducted in 30 children and 47 adult patients in the United States,
Israel, and Europe. [3, 4, 5] Using transepithelial potential difference (TEPD), which assesses
transepithelial chloride conductance, as the primary outcome measure, these studies found
statistically significant improvements. Pulmonary function testing also showed positive trends
with decreased sputum volume and thickness, easier elimination of sputum, decreased
coughing, and increased quality of life. There were no serious adverse drug effects. Phase 2a
extension study looked at a 3-month administration of ataluren and confirmed its effectiveness
and safety. [6] Optimal responses appear to be with doses of 10-, 10-, 20-mg/kg on the TID
schedule and were seen with numerous different missense mutations.

The encouraging results of these preliminary studies prompted PTC Therapeutics to conduct
a Phase 3, randomized, double-blind, placebo-controlled study to look at the effects of 48 weeks
of therapy on pulmonary function and clinical symptoms in CF patients with the appropriate
mutation. Over 400 patients were enrolled and showed positive trends favoring ataluren over
placebo with an increase in percent of predicted for forced expiratory volume in 1 second
(FEV1) and decreased pulmonary exacerbation rate. [7] A subgroup of patients who were not
receiving inhaled antibiotics (primarily tobramycin) showed an even greater improvement on
ataluren. The study continued to show the drug was well tolerated and had a good safety
profile. There were some cases of creatinine elevation which were associated with the combi‐
nation of potential nephrotoxic antibiotics with ataluren. These results resulted in conducting
another international, multicenter study in which patients will not be allowed to receive
treatment with chronic inhaled aminoglycosides (such as tobramycin or TOBI) in early 2015.
The aim is to randomize approximately 208 patients who will receive either ataluren or placebo
for 48 weeks.

3. Potentiators

The presence of some CFTR on the cell surface in mutation classes III, IV, and VI suggests
another approach may be to increase the “gating” function of these protein molecules. The
most common gating mutation is G551D, a missense mutation that results in the replacement
of a glycine for an aspartic acid at position 551 of the CFTR protein. The resulting CFTR protein
is present at the cell surface but does not open and close properly, which is called defective
channel gating. The effort to find an effective “potentiator” of the channel opening has resulted
in the Federal Drug Administration (FDA) approval of the first medication which modulates
the function of CFTR, ivacaftor (Kalydeco), in January 2012.

Ivacaftor (or VX-770) was developed by Vertex Pharmaceuticals, Inc., to potentiate the action
of the mutated CFTR on the cell surface. It has a molecular weight of 392 and a molecular
formula of C24H28N2O3. Studies with recombinant cell lines with G551D-CFTR indicated that
VX-770 did result in increased total chloride transport by greater than 10%. [8] There was
evidence to indicate that it acted directly on the mutated CFTR protein to keep the channel
open. It apparently has similar activity on other mutant CFTR forms resulting from other CFTR
gating mutations. However, since the G551D mutation affects about 5% of all CF patients and
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is the most common gating mutation, initial studies focused on patients with this particular
mutation.

Phase 1 studies indicated that ivacaftor is primarily metabolized in the liver and moderate
hepatic impairment may reduce its elimination. Since in vitro studies indicated that ivacaftor
is a substrate of CYP3A4/5 and therefore, strong (e.g., ketoconazole) and moderate (e.g.,
fluconazole) CYP3A inhibitors as well as strong CYP3A inducers (e.g., rifampin) will affect
ivacaftor’s metabolism. A detailed list of the numerous drug interactions is found in the
package insert of ivacaftor (Kalydeco®) (see http://www.accessdata.fda.gov/drugsatfda_docs/
label/2012/203188lbl.pdf).

An initial phase 2 study by Accurso found that the safety profile of ivacaftor in adult patients
with at least one G551D mutation was excellent for a wide variety of daily doses (from 50 mg
to 500 mg for 2 to 4 weeks). An improvement in FEV1 and drop in sweat chloride were also
noted (although these were not primary end points of the study). [9] This prompted two
randomized, placebo-controlled, double blind studies eventually resulting in FDA approval.
Ivacaftor 150 mg twice daily for 48 weeks was studied in 167 patients 12 years or older with
at least one G551D mutation. There was a 10.6% improvement in predicted FEV1 from baseline
versus placebo. Additionally, a 55% reduction in pulmonary exacerbation was also observed.
Sweat chloride levels dropped to a mean of 47.8 mmol/L compared with 100.0 mmol/L in the
placebo group. There was improvement in quality of life measurements as well as a more
significant increase in weight gain (4.1 kg increase) in those receiving ivacaftor. [10] An
additional pediatric study of 52 patients 6 to 12 years of age showed a 12.5% improvement in
FEV1 and a 2.8 kg increase in weight. A decrease in sweat chloride of 54 mmol/L was also seen.
[11] In both studies, the incidence of adverse events was similar in both treated and placebo
groups.

Similar results were observed in studies examining non-G551D gating mutations. [12] These
36 patients also showed significant improvements in FEV1, sweat chloride measurements,
changes in BMI, and quality of life indices. Therefore, the FDA also approved ivacaftor for
G178R, S549N, S549R, G551S, G970R, G1244E, S1251N, G1349D, and S1255P mutations in
February 2014. Finally, in December 2014, one additional mutation, R117H, was added by the
FDA to the list of approved CF mutations for ivacaftor administration after 69 patients greater

Figure 2. Structural formula of ivacaftor
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than 6 years of age were studied showing similar efficacy and safety data. [13] However, their
decrease in sweat chloride was only 24.0 mmol/L and BMI treatment differences were not
significant.

Since its initial FDA approval in 2012, follow-up studies in 144 patients with the G551D
mutation have confirmed the persistence of lung function improvement (9.4% increase in
adults and 10.3% in children) for up to 144 weeks on ivacaftor. [14] Additionally, treated
patients continued to have reduced hospitalizations and decreased Pseudomonas aeruginosa
culture rates, which may be related to increased mucociliary clearance. [15] There was a
reduced rate of decline in FEV1. The absolute increase in weight was 5.1 kg in adults and 14.8
kg in children after almost 3 years, indicating that there was an increased rate of weight gain
and improved BMI. [16] Not all the nutritional improvement may be attributed to improved
lung function since treated patients also showed a normalizing in small bowel pH which may
have improved pancreatic enzyme function.[14]

Although the FDA approval was for patients greater than 6 years of age, Davies et al. found
ivacaftor to be well-tolerated in 34 children between 6 months and 5 years of age at doses 50
to 75 mg twice a day. [17] They also showed a significant decrease in sweat chloride with a
mean drop of 44 mmol/L, and many patients showed improvement in pancreatic function with
increases in stool elastase. However, 14.7% showed a higher rate of elevated liver function test
results indicating the need to especially monitor these younger patients.

4. Correctors

Most patients with CF have the F508del mutation in which the defective CFTR protein has
defective folding and processing in the endoplasmic reticulum, resulting in minimal amounts
of CFTR at the cell surface. After screening a large number of molecules, Vertex Pharmaceut‐
icals found two in which the CFTR molecule appears to be “corrected” in its “trafficking”
through the cytoplasmic to the cell membrane. Importantly, the F508del-CFTR corrected by
VX-809 (subsequently named lumacaftor) appears to have biochemical and functional
characteristics similar to normal CFTR such as biochemical susceptibility to proteolysis, time
in the plasma membrane, and single-channel openness. [18]

Although there was a statistically significant reduction in sweat chloride values, no effect was
seen in CFTR function in the nasal epithelium as measured by nasal potential difference (NPD)
or in lung function as measured by FEV1. Therefore, although it appeared to be safe and was
well tolerated at all doses, there did not appear to be any significant effect on CFTR function
in upper and lower respiratory tracts. Indeed, a phase 2 study with 140 patients did not show
any difference in lung function although there was a slight reduction in sweat chloride of 2.9
mmol/L which was barely significant (p=0.04).

VX-661 is another corrector with very similar structure to lumacaftor (see Figures 3 and 4). In
a Phase 2 study of 128 adult patients with homozygous F508del mutation in whom four doses
of VX-661 (10, 30, 100, and 150 mg) dosed once daily were given either alone or with ivacaf‐
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tor150 mg twice a day for 28 days. Interim results found decreases in sweat chloride with both
treatments. However, significant increases in FEV1 were found in both doses 100 mg and 150
mg of VX-661 with ivacaftor at 9% and 7.5% over baseline, respectively. [19]

Figure 4. Please Add Caption

[20] There were significant improvements in the mean absolute change in percent predicted
of FEV1 and BMI after 24 weeks. Because there appeared to be no difference in two doses
studied, the submission to the FDA selected lumacaftor 400 mg BID plus ivacaftor 250 mg BID.
An open label roll-over study is still in progress and expected to continue for another 24 weeks.

Patients receiving just VX-661 monotherapy in the Phase 2 study also did not show any
improvement, further supporting the strategy of combining a corrector and potentiator in
treating patients with F508del mutation. In 2015, Vertex is starting a series of large-scale Phase
3 studies examining the efficacy of the combined therapy with VC-661 and ivacaftor in patients
with one or two copies of the F508del mutation.

5. Conclusions

The capability of molecules to enhance CFTR protein activity offers potential new treatment
options for patients with CF. Long-term follow-up studies on ivacaftor, the first CFTR
modulator to obtain FDA approval, look very promising. However, the drawback with these
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Combination therapy appears to offer the optimal opportunity for many more patients with
CF to benefit from modulating CFTR protein. The preliminary studies on ivacaftor with
lumacaftor for patients with homozygous F508del mutation look promising and may benefit
another 50% of patients. Whether the combination of VC-661 and ivacaftor is more effective
remains to be seen for these patients and those with one F508del and a gating mutation, which
represents another 30% of patients.

Although Vertex has been the first to develop chemicals which correct trafficking of F508del-
CFTR and restoring its activity, other companies such as Norvartis are also actively testing
other molecules, such as picolinamide-based compounds. [21] It is hoped that with increased
competition from other companies, the high cost of these medications can be lessened.

Author details

Terry W. Chin

Address all correspondence to: tchin@memorialcare.org

Miller Children’s Hospital, Long Beach, University of California, Irvine, USA

References

[1] Du M, Liu X, Welch EM, et al. PTC124 is an orally bioavailable compound that pro‐
motes suppression of the human CFTR-G542X nonsense allele in a CF mouse model.
Proc Natl Acad Sci USA. 2008 Feb 12;105(6):2064-9.

[2] Targets genetic disorders caused by nonsense mutations. Nature. 2007 May
3;447(7140):87-91.

[3] Kerem E, Hirawat S, Armoni S, et al. Effectiveness of PTC124 treatment of cystic fib‐
rosis caused by nonsense mutations: aprospective phase II trial. Lancet. 2008 Aug
30;372(9640):719-27. Epub 2008 Aug 20.

[4] Clancy JP, Konstan MW, Rowe SM, et al. A Phase 2 study of PTC124 in cystic fibrosis
patients harboring premature stop mutations. Pediatr Pulmonol 2006;40 (Suppl29):
301 (abst #269).

[5] Sermet-Gaudelus I, De Boeck K, Casimir G, et al. Children with nonsense-mutation
mediated cystic fibrosis respond to investigational treatment with PTC124. Pediatr
Pulmonol. 2008 Oct;43(Suppl S31):313 (abst #316).

[6] Kerem E, YaakovY, Armoni S, et al. PTC124 induces time-dependent improvements
in chloride conductance and clinical parameters in patients with nonsense-mutation-
mediated cystic fibrosis. Pediatr Pulmonol. 2008 Oct;43(Suppl S31):294 (abst #266).

Medications to Enhance CFTR Activity
http://dx.doi.org/10.5772/60768

137



[7] Rowe SM, Sermet-Gaudelus I, Konstan M, et al. Results of the Phase 3 Study of Ata‐
luren in Nonsense Mutation Cystic Fibrosis (nmCF). Pediatr Pulmonol. 2012 Sep;
47(S35): 290 (abst #193).

[8] Van Goor F, Hadida S, Groothuis PD, et al. Rescue of CF airway epithelial cell func‐
tion in vitro by a CFTR potentiator, VX-770. Proc Natl Acad Sci U S A. 2009;106(44):
18825-30.

[9] Please Add Reference

[10] Please Add Reference

[11] Davies JC1, Wainwright CE, Canny GJ, et al. Efficacy and safety of ivacaftor in pa‐
tients aged 6 to 11 years with cystic fibrosis with a G551D mutation. Am J RespirCrit
Care Med. 2013 Jun 1;187(11):1219-25. doi: 10.1164/rccm.201301-0153OC.

[12] De Boeck K, Munck A, Walker S, et al. Efficacy and safety of ivacaftor in patients
with cystic fibrosis and a non-G551D gating mutation. J Cyst Fibros. 2014 Dec;13(6):
674-80. doi: 10.1016/j.jcf.2014.09.005. Epub 2014 Sep 26.

[13] Moss RB, Flume PA, Elborn JS, et al. Ivacaftor treatment in patientswith cystic fibro‐
sis who have an R117H-CFTR mutation, the KONDUCT study. J Cyst Fibros
2014;13(S2):S44 (abst WS23.6).

[14] McKone EF, Borowitz D2, Drevinek P3, et al. Long-term safety and efficacy of ivacaf‐
tor in patients with cystic fibrosis who have the Gly551Asp-CFTR mutation: a phase
3, open-label extension study (PERSIST). Lancet Respir Med. 2014 Nov;2(11):902-10.
doi: 10.1016/S2213-2600(14)70218-8. Epub 2014 Oct 9.

[15] Rowe SM, Heltshe SL, Gonska T, et al. Clinical Mechanism of the Cystic Fibrosis
Transmembrane Conductance Regulator Potentiator Ivacaftor in G551D-mediated
Cystic Fibrosis. Am J RespirCrit Care Med 2014;190(2):175-184. doi: 10.1164/rccm.
201404-0703OC.

[16] Sawicki GS, McKone EF, Pasta DJ, et al.The effect of ivacaftor on weight over three
years in patients with CF and a G551K-CFTR mutation. Pediatr Pulmonol 2014;
49(S38):289 (abst #207).

[17] Davies JC, Robertson S, Green Y, et al. An open-label study of the safety, pharmaco‐
kinetics, and pharmodynamics of ivacaftor in patients aged 2 to 5 years with CF and
a CFTR-gating mutation: the kiwi study. Pediatr Pulmonol 2014; 49(S38):286 (abst
#200).

[18] Van Goor F, Hadida S, Grootenhuis PD, et al. Correction of the F508del-CFTR pro‐
tein processing defect in vitro by the investigational drug VX-809. Proc Natl Acad Sci
U S A. 2011 Nov 15;108(46):18843-8. doi: 10.1073/pnas.1105787108. Epub 2011 Oct 5.

[19] Donaldson S, Pilewski J, M. Griese M, et al. VX-661, an investigational CFTR correc‐
tor, in combination with ivacaftor, a CFTR potentiator, in patients with CF and ho‐

Cystic Fibrosis in the Light of New Research138



[7] Rowe SM, Sermet-Gaudelus I, Konstan M, et al. Results of the Phase 3 Study of Ata‐
luren in Nonsense Mutation Cystic Fibrosis (nmCF). Pediatr Pulmonol. 2012 Sep;
47(S35): 290 (abst #193).

[8] Van Goor F, Hadida S, Groothuis PD, et al. Rescue of CF airway epithelial cell func‐
tion in vitro by a CFTR potentiator, VX-770. Proc Natl Acad Sci U S A. 2009;106(44):
18825-30.

[9] Please Add Reference

[10] Please Add Reference

[11] Davies JC1, Wainwright CE, Canny GJ, et al. Efficacy and safety of ivacaftor in pa‐
tients aged 6 to 11 years with cystic fibrosis with a G551D mutation. Am J RespirCrit
Care Med. 2013 Jun 1;187(11):1219-25. doi: 10.1164/rccm.201301-0153OC.

[12] De Boeck K, Munck A, Walker S, et al. Efficacy and safety of ivacaftor in patients
with cystic fibrosis and a non-G551D gating mutation. J Cyst Fibros. 2014 Dec;13(6):
674-80. doi: 10.1016/j.jcf.2014.09.005. Epub 2014 Sep 26.

[13] Moss RB, Flume PA, Elborn JS, et al. Ivacaftor treatment in patientswith cystic fibro‐
sis who have an R117H-CFTR mutation, the KONDUCT study. J Cyst Fibros
2014;13(S2):S44 (abst WS23.6).

[14] McKone EF, Borowitz D2, Drevinek P3, et al. Long-term safety and efficacy of ivacaf‐
tor in patients with cystic fibrosis who have the Gly551Asp-CFTR mutation: a phase
3, open-label extension study (PERSIST). Lancet Respir Med. 2014 Nov;2(11):902-10.
doi: 10.1016/S2213-2600(14)70218-8. Epub 2014 Oct 9.

[15] Rowe SM, Heltshe SL, Gonska T, et al. Clinical Mechanism of the Cystic Fibrosis
Transmembrane Conductance Regulator Potentiator Ivacaftor in G551D-mediated
Cystic Fibrosis. Am J RespirCrit Care Med 2014;190(2):175-184. doi: 10.1164/rccm.
201404-0703OC.

[16] Sawicki GS, McKone EF, Pasta DJ, et al.The effect of ivacaftor on weight over three
years in patients with CF and a G551K-CFTR mutation. Pediatr Pulmonol 2014;
49(S38):289 (abst #207).

[17] Davies JC, Robertson S, Green Y, et al. An open-label study of the safety, pharmaco‐
kinetics, and pharmodynamics of ivacaftor in patients aged 2 to 5 years with CF and
a CFTR-gating mutation: the kiwi study. Pediatr Pulmonol 2014; 49(S38):286 (abst
#200).

[18] Van Goor F, Hadida S, Grootenhuis PD, et al. Correction of the F508del-CFTR pro‐
tein processing defect in vitro by the investigational drug VX-809. Proc Natl Acad Sci
U S A. 2011 Nov 15;108(46):18843-8. doi: 10.1073/pnas.1105787108. Epub 2011 Oct 5.

[19] Donaldson S, Pilewski J, M. Griese M, et al. VX-661, an investigational CFTR correc‐
tor, in combination with ivacaftor, a CFTR potentiator, in patients with CF and ho‐

Cystic Fibrosis in the Light of New Research138

mozygous for the F508Del-CFTR mutation: Interim analysis. J Cystic Fibrosis 2013
June;12(Suppl 1):S14 (abst WS7.3).

[20] Ramsey B, Boyle MP, Elborn J, et al. Effect of lumacaftor in combination with ivacaf‐
tor in patients with cystic fibrosis who are homozygous for F508del-CFTR: Transport
study. Pediatr Pulmonol 2014;49(S38):305 (abs # 250).

[21] Norman P. Novel picolinamide-based cystic fibrosis transmembrane regulator mod‐
ulators: evaluation of WO2013038373, WO2013038376, WO2013038381,
WO2013038386 and WO2013038390. Expert OpinTher Pat. 2014 Jul;24(7):829-37. doi:
10.1517/13543776.2014.876412. Epub 2014 Jan 7.

Medications to Enhance CFTR Activity
http://dx.doi.org/10.5772/60768

139





Section 3

Microbiology of Cystic Fibrosis





Chapter 7

Respiratory Virus in Cystic Fibrosis — A Review of the
Literature

Dennis Wat

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60905

Abstract

Life expectancy in Cystic Fibrosis (CF) has improved dramatically in the last few
decades; this is very much due to the emergence of disease-modifying treatments,
optimisation of nutritional status and the inception of specialist CF units. However,
progressive obstructive lung disease characterised by chronic inflammation, bacterial
colonisation and recurrent infections of the lung, resulting in irreversible pulmonary
damage, remains the major cause of mortality in individuals with CF. Historically,
bacterial infections are the major pathogens accounting for clinical deterioration in
CF. More recently, there has been emerging evidence to support respiratory viruses
being accountable for the colonisation of bacteria and progression of lung disease in
CF. This chapter sought to provide an overview on the impact of respiratory viruses
in CF lung disease, the interaction between viruses and bacteria, the preventative and
therapeutic measures that are currently available for the management of viral lung
disease in CF.

Keywords: Cystic fibrosis, respiratory virus, bacteria, Pseudomonas aeruginosa

1. Introduction

Cystic Fibrosis (CF) is the most commonly inherited potentially lethal disease amongst the
Caucasian ancestry. The prevalence of CF is reported as 0.737 per 10,000 in 27 European Union
countries [1]. The United States (US) Cystic Fibrosis Patient Registry reports a similar preva‐
lence of 0.797 CF patients per 10,000 people [2]. It is an autosomal recessive disease and is
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caused by mutations in the Cystic Fibrosis Transmembrane Conductance Regulator gene
(CFTR) [3]. The most common mutation is caused by deletion of phenylalanine at position 508
(Delta F508) of the CFTR on chromosome 7, which accounts for approximately 70% of CF cases.
The primary function of CFTR in many tissues is to regulate and participate in the transport
of chloride ions across epithelial cell membranes. To date, more than 1,900 mutations have
been described in this gene.

CF is a multisystem disease as CFTR is expressed in different organs [4]; however, the lungs
are the predominant organs that bear the brunt of the disease [5].  Recurrent pulmonary
infections  may  start  at  very  early  stages  in  the  lives  of  patients  with  CF.  It  has  been
hypothesised that low airway surface liquid volume and impaired mucociliary clearance
are  responsible  for  the  pathogenesis  of  lung  infections.  These  in  turn  lead  to  impaired
bacterial  clearance  from respiratory  epithelial  cells  [6].  Pulmonary infections  remain the
greatest cause of poor life quality, morbidity and mortality in CF that eventually lead to
premature death in this condition [7].

Apart from chronic lung disease with recurrent exacerbations, exocrine pancreatic insuffi‐
ciency is also a feature that leads to malabsorption and subsequently growth retardation and
maturation. Endocrine pancreatic insufficiency is another feature of CF with the manifestation
of diabetes. Obstructive azoospermia in male CF patients leads to male infertility.

The median survival from CF has taken great strides over the past 40 years as a consequence
of the introduction of specialist centre care, nutritional optimisation, prevention and aggres‐
sive management of pulmonary exacerbations [8]. In the United Kingdom (UK) CF population
in 2012, the median survival was reported as 43.5 years, compared to 38.8 years for the
population in 2008 as per the UK CF Registry [9]. It has been postulated that the continuing
improvement in survival of CF patients in successive cohorts means that the previous
prediction of patients with CF living beyond a median age of 50 years is not impossible. The
recent introduction of Ivacaftor to the management of CF patients with G551D CFTR mutations
may further enhance the overall survival [10].

Historically, bacteria have been the predominant cause for respiratory exacerbations. The
presences of some organisms including Staphylococcus aureus, Pseudomonas aeruginosa and
Burkhoderia cepacia in the airways have been shown to lead to clinical deterioration [11-13] and
may subsequently lead to morbidity and mortality. Pulmonary exacerbations are associated
with acquisition of new organisms and increased concentration of airway flora [14]. The new
acquisitions of P. aeruginosa in CF have been demonstrated to occur in the winter months
coinciding with the peak of respiratory viral infections [15, 16]. In the event of a pulmonary
exacerbation the absence of pyrexia, raised inflammatory markers and systemic response,
pathogens other than bacteria can be the potential cause. Respiratory viruses have been
implicated by a number of studies in the last 30 years as potentiators for CF exacerbations
[17-29]. Influenza is a substantial health threat; it is associated with approximately 36,000 deaths
and 220,000 hospitalisations in the USA on an annual basis [30]. The recent emergence of novel
influenza virus (H1N1) further heightened the awareness of influenza-like illness. CF Pulmo‐
nary exacerbation rates have also been shown to be significantly increased during the winter
months and are highly associated with the influenza season [31]. Respiratory viruses that are
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associated with the exacerbations of CF include influenza A and B, respiratory syncytial virus
(RSV), parainfluenza virus (PIV) types 1 to 4, rhinovirus, metapneumovirus, coronavirus and
adenovirus.

In the last 30 years, there have been a number of published studies depicting the impact of
respiratory viruses in CF. A number of studies have also demonstrated the relationship
between respiratory viruses and bacteria in the pathogenesis of CF exacerbations [15, 32]. The
introduction of molecular diagnostic technologies has further enhanced the awareness of
respiratory viral aetiology in CF exacerbations as they have much higher detection rates than
traditional methods. However, further understanding is required to appreciate their relation‐
ship in order to allow the development of potential novel treatment. If indeed respiratory virus
does lead to secondary bacterial infection in CF, viral vaccinations and anti-viral therapies
would be important therapeutic options for CF. On the other hand, the currently commercially
available vaccines and anti-virals for the prevention and treatment of respiratory viral
infections are limited; they are primarily for influenza infection. The potential development
of new vaccines and anti-virals is an exciting field which may offer alternate therapeutic
opportunities for CF exacerbations.

This chapter will focus on the literature regarding respiratory viruses in CF and their clinical
implications, the detection techniques for viruses and their differences in sensitivities, the
interaction between viruses and bacteria, and the management of viral infections.

2. Viral respiratory infections in CF

Early studies looking at respiratory viruses in CF relied on repeated serological testing, either
alone [20] or in combination with viral cultures for viral detection [21-25]. These methods are
relatively insensitive and more recent studies have utilised molecular-based methodologies
[18, 26-28, 33-36]. All these studies produced different results in terms of prevalence of
respiratory viruses in CF. The differences can be due to different methodologies, different
sampling methods; the differences can also be accountable by different populations studied
as the prognosis for CF has improved with each successive birth cohort.

Wang et al. [25] described the relationship between respiratory viral infections and deteriora‐
tion in clinical status in CF almost 30 years ago. In this 2- year prospective study [25], viruses
were identified through serology and nasal lavage in 49 patients with CF (mean age 13.7 years)
on a quarterly basis and at the onset of exacerbations. Although the CF patients had more
respiratory illnesses than sibling controls (3.7 versus 1.7/year), there were no differences in
virus identification rates (1.7/year). The rate of proven virus infection was significantly
correlated with the decline in lung functions, nutritional status, radiology score, and frequency
and duration of hospitalisation.

More recent studies suggest no difference in the frequency of either upper respiratory tract
illness (URTI) episodes [22] or proven respiratory viral infections [24] between children with
CF and healthy controls, but children with CF have significantly more episodes of lower airway
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symptoms than controls [22, 24]. Ramsey et al. [24] prospectively compared the incidence and
effect of viral infections on pulmonary function and clinical scores in 15 school-age patients
with CF aged between 5 and 21 years and their healthy siblings. Over a 2-year period, samples
were taken at regular two monthly intervals and during acute respiratory illnesses (ARI) for
pharyngeal culture and serology for respiratory viruses. There was a total of 68 ARI episodes
that occurred in the patients with CF and in 19 episodes there was an associated virus
identified. A total of 49 infective agents were identified either during ARIs or at routine testing
in the patients with CF; 14 were identified on viral isolation (rhinovirus on 11 occasions), whilst
35 were isolated on seroconversion (PIV on 12, RSV on 9 and M. pneumoniae on 6 occasions).
At the time of an ARI, the virus isolation and seroconversion rates were 8.8% and 19.1%,
respectively, in children with CF compared to 15.0% and 15.0%, respectively, for the healthy
siblings. In contrast, the rates of virus isolation and seroconversion at routine 2 monthly visits
were 5.6% and 16.2%, respectively, for children with CF and 7.7% and 20.2%, respectively, for
the healthy siblings. There was no significant difference in the rate of viral infections between
the patients with CF and their sibling controls, as measured either by culture or serology. The
rate of viral infections was higher in younger children (both CF and controls); however, the
rate of decline in pulmonary function and severity score was both lower in the younger
children with CF and the ones with more viral infections. The authors concluded that there
were no significant adverse effects with viral infections in CF.

Likewise, Hiatt [22] assessed respiratory viral infections over three winters in 22 infants less
than 2 years of age with CF (30 patient seasons), and 27 age-matched controls (28 patient
seasons). The average number of acute respiratory illness per winter was the same in the
control and CF groups (5.0 vs. 5.0). However, only 4 of the 28 control infants had lower
respiratory tract symptoms in association with the respiratory tract illness, compared with 13
out of the 30 infants with CF (Odd ratio – 4.6; 95% confidence interval 1.3 and 16.5; p-value
<0.05); 7 of the infants with CF cultured RSV, of whom 3 required hospitalisation. In contrast,
none of the controls required hospitalisation. Pulmonary function measured by rapid chest
compression technique was significantly reduced in the infants with CF after the winter
months and was associated with two interactions; RSV infection with lower respiratory tract
infection and male sex with lower respiratory tract infection.

From previous reports, two viral agents appear to have the greatest effect on respiratory status
in CF, namely RSV and influenza, possibly because the uses of viral culture and serology have
underestimated the effects of rhinovirus. In younger children, RSV is a major pathogen
resulting in an increased rate of hospitalisation. Abman et al. [37] prospectively followed up
48 children with CF diagnosed through newborn screening and documented the effect of RSV
infection. Eighteen of the infants were admitted into hospital a total of 30 times over a mean
follow-up of 28 months (range 5-59]. In 7 of these infants RSV was isolated, and their clinical
course was severe with 3 requiring mechanical ventilation and 5 necessitating chronic oxygen
therapy. Over the next 2 years, these infants had significantly more frequent respiratory
symptoms and lower Brasfield chest radiograph [38] scores than non-RSV-infected counter‐
parts.
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In older children and adults with CF, influenza seems to have the greatest effect. Pribble et al.
[23] assessed acute pulmonary exacerbation isolates from 54 patients with CF. Over the year
of the study, 80 exacerbations were identified, of which 21 episodes were associated with an
identified viral agent (influenza A – 5 episodes; influenza B – 4 episodes; RSV – 3 episodes) with
most agents identified on serology. Compared to other respiratory viruses, infection with
influenza was associated with a more significant drop in pulmonary function (FEV1 declined
by 26% compared with 6%). There were also a higher proportion of patients with a greater
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5 at the time of a URTI and only 1 was asymptomatic at the time of first isolation. However,
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Punch et al. [42] used a multiplex reverse transcriptase PCR (RT-PCR) assay combined with
an enzyme-linked amplicon hybridization assay (ELAHA) for the identification of seven
common respiratory viruses in the sputum of 38 CF patients; 53 sputum samples were collected
over 2 seasons and 12 (23%) samples from 12 patients were positive for a respiratory virus (4
for influenza B, 3 for parainfluenza type 1, 3 for influenza A and 2 for RSV). There were no statistical
associations between virus status and demographics, clinical variables or isolation rates for P.
aeruginosa, S. aureus or A. fumigatus.
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Olesen and colleagues [28] obtained sputum and laryngeal aspirates from children with CF
over a 12-month period in outpatient clinics. They achieved a viral detection rate of 16%, with
rhinovirus being the most prevalent virus. FEV1 was significantly reduced during viral infection
(-12.5%, p=0.048), with the exception of rhinovirus infection. The authors were not able to
demonstrate a positive correlation between respiratory viruses and bacterial infections in their
studied population as the type or frequency of bacterial infection during or after viral infections
were not altered. They also concluded that clinical viral symptoms had a very poor predictive
value (0.39) for a positive viral test.

Our group in 2004 [36] utilised ‘real-time’ multiplex Nucleic Acid Sequenced Based Amplifi‐
cation to examine the role of respiratory viruses in CF children. Over an 18-month period, a
viral detection rate of 46% was achieved during reported episodes of respiratory illness. The
results compared favourably with previous studies and it may be that earlier studies relied
heavily on repeated serological testing, either alone [20] or in combination with viral isolation
[21-25]. The viral detection rate was 18.3% from routine nasal samples. However, this was
comparable to the seroconversion rate of 12.3% as reported by Wang et al. [25]. Ramsey and
colleagues [24] also achieved a similar seroconversion rate of 16.2% from asymptomatic
samples. These results suggest that a laboratory method with a higher sensitivity for viral
detection does not increase the detection rate in asymptomatic samples, implying that false
positives are not necessarily more common than less sensitive diagnostic methods. Influenza
A and B viruses were the major viruses in causing respiratory exacerbations in CF and both
viruses are more commonly detected during pulmonary exacerbations; 22 of 88 [23%) viruses
found in this study were influenza viruses (A & B). The result is consistent with majority of the
previous studies which showed that influenza virus represented between 12% and 27% of all
viruses detected. However, the findings are in contrast with other studies where rhinovirus is
the major virus in CF exacerbations [26, 28, 43]. The influenza vaccine uptake rate during the
study period was up to 70% [36]. It is possible that the detection rate for influenza virus could
have been higher had the vaccine coverage not been this high.

Asner et al. [44] performed an observational cross-sectional study of CF children from a large
paediatric referral centre investigating the association between respiratory viruses and
pulmonary exacerbations by taking mid-turbinate swabs, sputum and throat swab samples
that were tested by a direct immunofluorescent antibody assay and a multiplex PCR panel.
Forty-three patients were recruited into the study. Pulmonary function tests, quality of life and
severity scores were recorded. Sputum cell counts, bacterial density and cytokines were
measured. Twenty-six (60.5%) subjects were tested positive for at least one respiratory virus
by any diagnostic method applied to any sample type. Of the 26 virus positive subjects, 17
(65.4%) were positive for one virus and the remaining 9 (34.6%) were positive for two or more
viruses. Coxsackie/echovirus was the most commonly identified pathogen (29.4%) amongst the
17 subjects that were positive for one virus. Virus-positive patients were younger (p=0.047)
and more likely to be male (p=0.029). They were also more likely to present with fever (p=0.019),
have higher CF clinical severity (p=0.041) and lower quality of life scores (p=0.022). However,
virus-positive and negative patients had similar IL-8, neutrophil percentage, elastase levels
and 26 additional cytokines levels between both groups. The authors reported a higher rate of
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viral detection with mid-turbinate swabs than with sputum samples. The study was primarily
conducted in the outpatient setting and subjects may have milder form of exacerbations which
may in turn explain the lack of inflammatory response in virus-positive subjects. There was
also a significant median age difference between the virus-positive and negative groups (6.9
vs. 13 years, p=0.047), with respiratory viral infection being more common in younger children
presumably related to the delay maturation of the immune system.

A CF centre in Milan (Italy) led by Esposito and colleagues [43] showed that human rhinovi‐
rus was the most frequently isolated virus from CF patients <25 years of age during respiratory
exacerbations and when subjects were clinically stable over a 1-year period. Molecular
techniques were utilised to isolate viruses from nasopharyngeal samples. The authors
demonstrated that human rhinovirus was more common among patients with pulmonary
exacerbations than among clinically stable patients. The human rhinovirus viral load was
however similar in subjects with or without acute respiratory exacerbations (p=0.46). There
were no correlations between the associated clinical condition and viral load as well as between
bacterial colonisation, colonising bacterial, and viral infections between the 2 groups. This
finding is similar to de Almeida et al. [17] who did not show a difference in viral infection
between the exacerbation and clinically stable groups. Therefore, this raises a possibility that
isolation of rhinovirus from nasopharyngeal swabs does not always indicate that it is a cause
of exacerbation as it may be explained by a coincidental upper airways infection, a carrier state,
or prolonged shedding of a pathogen that caused a previous infection [45].

In 2009, a novel swine pandemic influenza A virus (H1N1) was identified. Nash et al. [46]
showed that the symptoms of CF patients infected with H1N1 tend to be mild. There was no
significant reduction in FEV1 % predicted, FVC % predicted and body mass index regardless
of whether the patients were positive or negative for H1N1. Colombo et al. [47] performed a
multi-centre survey showing that diagnostic testing did not identify clinical characteristics
specifically associated with H1N1 infections. Similarly, they did not show a significant decline
in lung function associated with this infection. To date, the significance of H1N1 infection in
CF remains undefined.

In contrast, the data regarding respiratory viral infection in adults is sparse. An observational
study conducted by Hoek et al. [48] over a 1-year period amongst adult CF patients yielded a
viral isolation rate of 33% [8/24] utilising molecular techniques and conventional methods.
Etherington and colleagues [18] from an adult CF centre published a retrospective case control
study looking at the prevalence of respiratory viruses during exacerbations. Viral throat swabs
were taken from all patients presenting with an acute pulmonary exacerbation requiring
intravenous antibiotic treatment over a 12-month period. Viral isolation was performed by
PCR. There were 432 pulmonary exacerbations in 180 adults. In total, there was a total positive
viral isolation in 42 exacerbations indicating a prevalence of 9.7%. Rhinovirus was the com‐
monest isolated virus and was found on 29 occasions (69%). Influenza A/H1N1 was isolated in
seven patients (16.7%). They demonstrated a measurable impact of viral infections in CF as
exacerbations associated with a positive viral PCR had a greater fall in lung function at
presentation with higher levels of inflammatory markers. These patients also received more
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days of intravenous antibiotics, showed less response to treatment and had a shorter time to
next pulmonary exacerbation compared to matched controls.

Flight et al. [35] followed up 100 adult CF patients prospectively for 12 months. Sputum, nose
swabs and throat swabs were collected every 2 months and at the onset of pulmonary
exacerbation for virus detection. PCR assays for adenovirus, influenza A&B, human metapneu‐
movirus, parainfluenza 1-3, respiratory syncytial virus and human rhinovirus were performed on
each sample. Symptom scores, spirometry and inflammatory markers were measured at each
visit. Overall, virology results were available for 626 of 649 completed study visits. Of these,
191 (30.5%) were positive for a respiratory virus including 9 episodes of dual viral infection.
Human rhinovirus accounted for 72.5% of viruses. Overall incidence of viral respiratory
infection (VRI) was 1.66 (95% CI 1.39 to 1.92) cases/patient-year. VRI was associated with
increased risk of pulmonary exacerbation (OR=2.19; 95% CI 1.56 to 3.08; p<0.001) and pre‐
scription of antibiotics (OR=2.26; 95% CI 1.63 to 3.13; p<0.001). Virus-positive visits were
associated with higher respiratory symptom scores and greater C-reactive protein levels.
Virus-positive exacerbations had a lower acute fall in FEV1 than virus-negative exacerbations
(12.7% vs. 15.6%; p=0.040). The incidence of exacerbations, but not VRI, was associated with
greater lung function decline over 12 months (-1.79% per pulmonary exacerbation/year; 95%
CI -3.4 to -0.23; p=0.025).

Experimental data on the effects of viral infections in CF are limited. Toll-like receptors (TLRs)
have recently been identified as key mediators of the innate response and they recognise
pathogens through detection of conserved microbial structures that are absent from the host.
Kurt-Jones et al. [49] found that RSV persisted longer in the lungs of infected TLR4-deficient
mice compared to normal mice. Haynes et al. [50] also demonstrated that TLR4-deficient mice
when challenged with RSV exhibited impaired natural killer cell trafficking and impaired virus
clearance compared to normal ones. Limited human studies have demonstrated the important
role of TLRs in host response against many major groups of mammalian pathogens [51]. The
relationship between TLR and respiratory virus including RSV in humans will require further
studies before it can be established.

Some studies have suggested a higher viral replication when there is an impairment of the
innate host defence in CF. Influenza titres were significantly increased in a mouse model which
were chronically infected with P. aeruginosa compared to control model [52]. This in turn led
to an increase in susceptibility to fatal streptococcus pneumonia infection. Increased virus
replication was also found after PIV infection of CF human airway epithelial cells, compared
to controls [53]. One of the possible causes of increased virus replication and of virus persis‐
tence might be a reduced production of respiratory nitric oxide (NO), which is a vital part of
innate antiviral defence mechanism [54]. Increased production of NO protects against viral
infections. In CF patients, expression of the NO producing enzyme NO synthase type 2 (NOS2)
is considerably reduced.

Xu et al. [55] showed that CF cells that were infected with influenza A had less IFN-related
antiviral gene induction at 24 h but more significant inflammatory cytokine gene induction at
1 h after infection. Therefore, the lesser antiviral and greater early inflammatory response may
explain the severe respiratory illness of CF patients with viral infections. Sutanto and co-
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workers [56] showed that CF airway epithelial cells had a marked increase in IL-8 production,
a reduction in apoptosis and an increased viral replication compared with airway epithelial
cells from healthy children following exposure to human rhinovirus. This is despite the fact
that CF and healthy airway epithelial cells have similar basal and stimulated expression of IL-8
in response to pro-inflammatory stimuli. The increment of IL-8, together with a reduction of
apoptotic responses by CF cells to human rhinovirus, could contribute to augmented airway
inflammation in the setting of recurrent viral infections early in life.

Azithromycin has previously been shown to offer anti-rhinoviral activity in bronchial epithe‐
lial cells and, during rhinovirus infection by increasing the production of interferon-stimulated
genes [57]. However, the role of anti-viral properties of Azithromycin in CF is not clearly
defined. Schögler et al. [58] showed that primary bronchial epithelial cells from CF children
that were pre-treated with Azithromycin had a seven-fold reduction in rhinovirus replication
without inducing cell death. Azithromycin also increased RV-induced pattern recognition
receptor, IFN and IFN-stimulated gene mRNA levels when measured by real-time quantitative
PCR. Therefore, it is likely that Azithromycin pre-treatment reduces RV replication in CF
bronchial epithelial cells, possibly through the amplification of the antiviral response mediated
by the IFN pathway.

3. Detection of respiratory viruses

The diagnostic accuracy and sensitivity of respiratory viral detection is determined by several
factors:

1. Appropriate respiratory specimen for testing – Nasal swabs, nasopharyngeal aspirates,
nasal swabs and mid-turbinate sampling are reasonable sampling methods in young
children who may not be able to expectorate. However, in older patients, sputum is easy
to obtain, painless and quick. Bronchoalveolar lavage (BAL) is a useful intervention to
obtain specimen in the distal airways but it is more invasive. However, it can provide
useful information regarding the activities of respiratory viruses and bacteria in the distal
airways.

2. Appropriate specimen transport method – There are recognised procedures for trans‐
porting clinical specimens for diagnostic virology testing. These procedures should be
adhered to closely to enhance the chances of isolating the viral organism. For instance,
nasal swabs should be transported in viral transport medium and all specimens should
be refrigerated if there is a delay of more than 2 hours in reaching the laboratory.

3. Detection methods – Molecular techniques have superseded many conventional methods
such as viral culture and serology as they are far more sensitive and specific; in addition,
they have a more rapid turn-around, allowing diagnostic technology to have an imme‐
diate impact on clinical management. The advantages of such technology will allow the
appropriate utilisation of anti-virals, many of which are virus-specific; it may play a role
in complying with hospital infection control policy; finally, it can provide useful infor‐
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mation to public health authorities such that public health policies can be adjusted
accordingly, e.g. the outbreak of SARS and influenza H5N1 virus.

4. Utilisation of real-time multiplex amplification technique allows multiple viruses being
quantified even if the copy number of the viral target is low.

More recently, Virochip has been shown to be a pan-virus microarray platform that is capable
of detection of known as well as novel viruses in a single assay simultaneously [59]. Probes
chosen for Virochip can identify nodes in the viral taxonomy at the family, genus and species
levels. As the Virochip probes are updated regularly, the extent of probes that can be covered
are ever increasing, up to 36,000. It has a diagnostic sensitivity comparable to PCR for detecting
respiratory genomes at levels as low as 100 genome copies. At the present time, Virochip is
very much a research tool, and several issues must be addressed before it can be used as a
routine test for virus detection in the clinical setting, including cost, diagnostic accuracy,
repeatability, and sensitivity/specificity for virus detection. In addition, the clinical implication
of novel viruses in the human respiratory tract is not yet defined. Therefore, the accurate
interpretation of Virochip in the clinical setting remains a formidable task. For example, where
specimens are polymicrobial or viral material are present at low levels, clinical and epidemio‐
logical information might be required to draw clinically meaningful conclusions.

4. Interaction between respiratory viruses and bacteria

In a 25-year retrospective review from the Danish CF clinic, the first isolation of P. aeruginosa
was most likely between October and March [16] coinciding with the peak of the RSV season.
However, there are a number of other possible viral agents that would broadly fit the winter
season, most notably influenza, rhinovirus and metapneumovirus; therefore, these findings must
be interpreted with caution.

An increase in immunoglobulin A (IgA) antibodies to the O-antigen of P. aeruginosa is noted
in 62% of viral infections [60]. This suggests a possible ‘microbial synergism’ between bacterial
infections and infections with respiratory viruses in CF.

The first bacterial isolation of a given organism in CF has also been shown to often follow a
viral infection. In the 17-month prospective study reported by Collinson et al. [26], 5 of the 6
first isolations of P. aeruginosa were made during the symptomatic phase of an upper respira‐
tory tract infection or three weeks thereafter. In contrast, only one of the 6 initial infections
with P. aeruginosa was identified during the asymptomatic period. Similarly, H. influenzae was
recovered for the first time from 3 children within 3 weeks of an upper respiratory tract
infection and the one new S. aureus infection was identified immediately following a viral
infection.

Armstrong and colleagues have reported that 50% of CF respiratory exacerbations requiring
hospitalisation are associated with isolation of a respiratory virus [21]. In their prospective
study of repeated BAL in infants over a 5-year period, a respiratory virus was identified in
52% of infants hospitalised for a respiratory exacerbation, most commonly RSV; 11 of the 31
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hospitalised infants (35%) acquired P. aeruginosa in the subsequent 12-60 month follow-up,
compared to 3 of 49 (6%) non-hospitalised infants (Relative risk 5.8). This indicates that RSV
infection was identified immediately following a viral infection.

Respiratory viruses can disrupt the airway epithelium and precipitate bacterial adherence.
Influenza A infection has been shown to cause epithelial shedding to basement membrane with
submucosal oedema and neutrophil infiltrate [61], while both influenza and adenovirus have
a cytopathic effect on cultured nasal epithelium leading to destruction of the cell monolayer
[62]. This epithelial damage results in an increase in the permeability of the mucosal layer [63,
64] and possibly facilitating bacterial adherence. Bacteria can also utilise viral glycoproteins
and other virus-induced receptors on host cell membrane as bacterial receptors in order to
adhere to virus-infected cells [65, 66].

Kim et al. [67] found that invariant natural killer T cells induce a type of macrophage activation
driving the secretion of interleukin-13 leading to the production of globlet cell metaplasia and
airway hyperactivity following infection with Sendai virus. The term ‘invariant’ stems from
the fact that all invariant natural killer T cells in humans and mice use a unique T cell receptor
that is essential for interaction with CD1d. CD1d molecules present lipid antigens to T
lymphocytes rather than peptide antigens as in the case of major histocompatibility complex
(MHC) class I and II molecules. Historically, MHC class II dependent CD4 and T lymphocytes,
through their response to stimulation by environmental allergens, are keys to the pathogenesis
of human asthma. The findings by the authors lead to the notion of the use of anti-interleu‐
kin-13 therapy as a potential therapy in patients.

Viral infections might predispose to secondary bacterial infections by impairing mucociliary
function and triggering host inflammatory receptors [68, 69]. This phenomenon has been
demonstrated both in vivo and in vitro [70, 71]. Avadhanula et al. [72] showed that different
respiratory viruses use different mechanisms to enhance the adherence of bacteria to respira‐
tory epithelial cells. In particular, RSV and PIV type 3 up-regulate intercellular adhesion
molecule-1 (ICAM-1), carcinoembryonic adhesion molecule 1 (CEACAM1) and platelet
activating factor receptor (PAFr) but not mucin on the surfaces of A549, BEAS-2B and NHBE
but not SAE cell lines. Much of the increased bacterial adhesion following RSV infection could
be blocked by antibodies directed against these receptors. A549 and BEAS-2B are transformed
cell lines derived from type II alveolar and normal bronchial cells, respectively. NHBE and
SAE cells are primary epithelial cells obtained from bronchi and distal bronchial tree and are
likely to include a heterogeneous population of cells.

Mechanisms independent of the expression of conventional receptors for bacteria, such as
binding to viral proteins, could be responsible for enhanced adhesion [73]. Immunofluores‐
cence microscopy demonstrates that bacteria binding to RSV-infected A549 cells adhere not
only to these cells expressing viral antigens but also to uninfected epithelial cells. These data
suggest that the ability to augment bacterial adhesion may result from a factor served by
infected cells that exert a paracrine effect on adjacent epithelium. Cytokines or other inflam‐
matory molecules are potential good candidates for such a mediator.
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Rhinovirus has been shown to potentiate bacterial infections by inhibiting the secretion of TNF
alpha and interleukin-8 by macrophages in vitro following co-infection with gram negative
bacterial products, lipopolysaccharide (LPS), and gram positive bacterial products, lipotei‐
choic acid (LTA) [74]. This rhinovirus-dependent impairment of the macrophage immune
response was not mediated by autocrine production of the anti-inflammatory cytokines
interleukin-10 and PGE2, or by down-regulation of the cell surface receptor for LTA and LPS.
In addition, the authors also show that rhinovirus inhibit the phagocytosis of bacterial products
by macrophages. These findings support the notion that rhinovirus exposure resulted in a
reduced ability to innate and adaptive immune responses against bacterial products, hence
promoting the occurrence of bacterial and viral co-infections.

The lower respiratory tract is protected by local mucociliary mechanisms that involve the
integration of the ciliated epithelium, periciliary fluid and mucus. Mucus acts as a physical
and chemical barrier onto which particles and organisms adhere. Cilia lining the respiratory
tract propel the overlying mucus to the oropharynx where it is either swallowed or expecto‐
rated. Influenza viral infection has been shown to precipitate the loss of cilial beat, and shedding
of the columnar epithelial cells generally within 48 hours of infection [75]. Pittet et al. [76]
showed that a prior influenza infection of tracheal cells in vivo does not increase the initial
number of pneumococci found during the first hour of infection, but it does significantly reduce
mucociliary velocity, and thereby reduces pneumococcal clearance during the first 2 hours after
pneumococcal infection at both 3 and 6 days after an influenza infection. The defects in pneumo‐
coccal clearance were greatest at 6 days after influenza infection. Changes to the tracheal
epithelium induced by influenza virus may increase susceptibility to a secondary S. pneumo‐
niae infection by increasing pneumococcal adherence to the tracheal epithelium and/or decreas‐
ing the clearance of S. pneumoniae via the mucociliary escalator of the trachea, and thus
increasing the risk of secondary bacterial infection.

De Vrankrijker et al. [77] showed that mice that were co-infected with RSV and P. aeruginosa
had a 2,000 times higher colony-forming units (CFU) count of P. aeruginosa in the lung
homogenates compared to mice that were infected with P. aeruginosa alone. Co-infected mice
also had more severe lung function changes. These results suggest that RSV can facilitate the
initiation of acute P. aeruginosa infection.

Another study also showed that H. influenzae and S. pneumoniae bind to both free RSV virions
and epithelial cells transfected with cell-membrane-bound G protein, but not to secreted G
protein. Pre-incubation with specific anti-G antibody significantly reduces bacterial adhesion
to G protein-transfected cells [78].

Stark et al. [79] showed that mice that were exposed to RSV had significantly decreased S.
pneumonia, S. aureus or P. aeruginosa clearance 1 to 7 days after RSV exposure. Mice that were
exposed to both RSV and bacteria had a higher production of neutrophil-induced peroxide but
less production of myeloperoxidase compared to mice that were exposed to S. pneumoniae
alone. This suggests that functional changes in the recruited neutrophils may contribute to the
decreased bacterial clearance.
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More recently, Chattoraj et al. [15] demonstrated that acute infection of primary CF airway
epithelial cells with rhinovirus liberates planktonic bacteria from biofilm. Superinfection with
rhinovirus stimulates robust chemokine responses from CF airway epithelial cells that were
pre-treated with mucoid P. aeruginosa. The authors also showed that these chemokine re‐
sponses lead to a liberation of bacteria from mucoid P. aeruginosa biofilm and transmigration
of planktonic bacteria from the apical to the basolateral surface of mucociliary-differentiated
CF airway epithelial cells. Planktonic bacteria, which are more pro-inflammatory than their
biofilm counterparts, stimulate increased chemokine responses in CF airway epithelial cells
which, in turn, may contribute to the pathogenesis of CF exacerbations and subsequent
prolonged intravenous antibiotic use and hospitalisation.

Contrary to the above reports, Chin et al. [32] performed a prospective study over a 2-year
period on 35 adult CF patients. P. aeruginosa sputum density was analysed during stable,
exacerbation and post-exacerbation assessments. PCR was used to detect respiratory viruses
during exacerbations. The sputum density of P. aeruginosa in patients with or without a viral
infection was compared using quantitative culture or by PCR. Twenty-two patients experi‐
enced 30 exacerbations during the study period; 50% were associated with a viral infection.
There was no change in sputum density of P. aeruginosa from the stable to exacerbation state.
Virus-associated exacerbations did not result in significant increases in P. aeruginosa sputum
density compared to non-viral exacerbations.

Contrary to the above findings, Asner et al. [44] found the mean total bacterial density in
sputum samples in virus-positive patients being two logs lower than that found in virus-
negative patients (p=0.299). However, this could be explained by the fact that the median age
of the virus-positive group was significantly lower than the virus-negative group. Virus-
positive and virus-negative patients had similar IL-8, neutrophil percentage and neutrophil
elastase levels.

Similarly, Kieninger et al. [80] performed a comprehensive investigation of the inflammatory
response of CF airway epithelial cells on virus infection. Strong cytokine production was found
in all cells studied, with the magnitude and type of inflammation differing depending on cell
type and virus used. There was no exaggerated inflammatory response in CF, either during
cytokine production or at the transcriptional level. Instead, there was a trend towards lower
cytokine production in CF airway epithelial cells after virus infection, which was associated
with increased cell death. The lower inflammatory response in CF can also be explained by
additional pathophysiological mechanisms, such as interactions between anti-viral and pro-
inflammatory pathways, which are likely to be involved [81]. It could also be speculated that
because of chronic activation of pro-inflammatory pathways, CF airway epithelial cells are not
able to respond sufficiently to further stimuli, such as virus infections. This might, in turn, lead
to a lack of recruitment of effector immune cells resulting in longer duration and more severe
respiratory symptoms.

TLRs are key mediators of type I interferon (IFN) during viral infections by recognizing various
viral components. TLR7 and TLR9 have become apparent as universally important in inducing
type I IFN during infection with most viruses, particularly by plasmacytoid dendritic cells [82].
New intracellular viral pattern recognition receptors leading to type I IFN production have
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been identified. CFTR mutations have been shown to affect the epithelial induction of type I
IFN expression by airway cells in response to P. aeruginosa infection [83]. This is achieved by
abolishing this signalling pathway, an important component of the innate immune system that
protects mucosal surfaces. Based on available evidence, chronic colonisation of P. aeruginosa
in CF airways can be hypothesised to increase the predisposition of viral infections; however,
more in-depth studies are required to elucidate this hypothesis.

Taken together, these findings suggest conflicting data regarding the inflammatory response
of the CF airway epithelium on virus infection and to some extent the symbiotic relationship
between viruses and bacteria. Nonetheless, respiratory viruses may lead to epithelial disrup‐
tion, increase neutrophil influx, inhibition of macrophage phagocytosis, destruction of
mucociliary escalator, down-regulation of cilia beat, liberation of pro-inflammatory planktonic
P. aeruginosa from biofilm and increased neutrophil-induced peroxide release, indirectly
facilitating bacterial infection of the airway.

5. Prevention and treatment for respiratory viruses

The diversity of viral serotypes in causing infection has made vaccine preparation very
difficult. Frequent mutations of viral proteins of RNA viruses (e.g. genetic drift and shift of
influenza) have further hampered the prevention of the illness.

In the UK, it has been reported that 2,150 deaths during the 2011/12 season was attributable to
influenza [84], though some of the deaths may be attributed to RSV. Influenza vaccines are the
only commercially available vaccines against common respiratory viruses. They have been
used since the mid-1940s and they now have an established role in the prevention of influenza
A and B infections. Inactivated influenza vaccine is effective even in young children including
those younger than 2 years [85]. The waning of vaccine-induced immunity over time requires
annual re-immunisation even if the vaccine antigens are unchanged.

Recent vaccines contain antigens of two influenza A subtypes, strains of the currently circulat‐
ing H3N2 and H1N1 (Swine flu) subtypes, and one influenza B virus. The current recommen‐
dation for influenza vaccination in the UK is to offer it to those over the age of 65, those with
chronic heart, respiratory (including CF) or renal diseases and those who are diabetic or
immunosuppressed.

Our group [34] recently showed that influenza vaccination provides protection against influenza
acquisition in patients with CF, with 1 of 41 patients vaccinated having a positive nasal swab
for influenza compared to 4 of the 22 non-vaccinated patients (p=0.046). Although influenza
vaccination does not appear to have any impact on respiratory exacerbation rates, it does have
a role in preventing live infections. In our study, respiratory exacerbation rates in the preceding
10 months before the study between the vaccinated and non-vaccinated groups were similar,
indicating that these were unlikely to be the reasons influencing the decision on immunisation.
The decision may be secondary to a combination of patient/parent education, social back‐
ground, awareness of vaccination and accessibility of vaccination.
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Due to the lack of randomised controlled studies looking at the efficacy of influenza vaccine
in CF, the Cochrane review recommends clinicians to make their own judgements on the
benefits  and risks  of  this  therapy in  this  cohort  of  patients  [86].  In  addition to  vaccine,
neuraminidase inhibitors have been shown to have a role in preventing influenza A and B
infections [87].

Rhinovirus has more than 100 serotypes; therefore, it will be unlikely that a unifying vaccine
can be developed. VP4, one of the non-enveloped capsids, is highly conserved among all of
the rhinoviruses; anti-VP4 antibodies have recently been generated and been shown to have
the potential for future vaccine development [88].

The development of an RSV vaccine has been hampered by the experience with formalin-
inactivated whole RSV vaccine in the 1960s, as it caused 80% of RSV vaccinees to become
hospitalised compared with 5% of controls, as well as two fatalities [89]. Current major research
work has focused on a prophylaxis using a humanised mouse monoclonal antibody, Palizi‐
vumab. In patients with CF, monthly Palizivumab injection significantly reduced the hospi‐
talisation rate for acute respiratory illness during the RSV season compared to those who were
not immunised (p<0.05). The former group also had fewer hospital days for acute respiratory
illness [90]. However, the Cochrane database systematic reviews were not able to draw any
firm conclusions on the safety and tolerability of RSV prophylaxis with Palivizumab in infants
with cystic fibrosis up to 2 years of age due to a lack of randomised controlled studies [91].
Further studies are required to evaluate the safety and effectiveness of this treatment in CF
patients.

There is currently no licensed PIV vaccine. The formalin-inactivated vaccine generated in the
1960s was not able to prevent PIV infection and was soon abandoned. Recently, recombinant
bovine PIV type 3 and human PIV type 3 attenuated vaccines are being evaluated in animal
models as vectors for the delivery of other viral antigens such as RSV-G and RSV-F proteins.
This bivalent vaccine combination provides high level of resistance to challenges with PIV type
3 and RSV in animal models [92].

The conventional methods of vaccination are via the intramuscular and subcutaneous routes.
Mucosal immunisation has recently been introduced as it represents an attractive manner of
delivering vaccines. It is fast, simple, non-invasive and can be carried out by unskilled
individuals. The use of mucosal vaccination seems logical in that most of respiratory viral
infections initially start at the mucosal sites and therefore induce local immunity. In the
autumn/winter of 2014/15 the annual nasal spray flu vaccine (Fluenz Tetra) became available
for children aged 2, 3 and 4 year as part of the UK NHS childhood vaccination programme.
The nasal spray flu vaccine is also for children aged 2-18 years who are “at risk” from flu, such
as children with long-term health conditions.

Amantadine has been the conventional anti-viral against influenza. However, it is strain-
specific as it is only effective against influenza A and has common side effects such as insomnia,
poor concentration and irritability. It is now largely being replaced by neuraminidase inhibi‐
tors such as Zanamivir and Oseltamivir, which are licensed for the treatment of influenza A and
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B, including avian flu H5N1 and swine flu H1N1. However, Amantadine still has a role in dealing
with Oseltamivir-resistant H1N1 virus. In children and adults, early initiation of neuramini‐
dase inhibitors within 48 hours of the onset of symptoms can reduce the duration of flulike
symptoms by 0.5 to 2.5 days [93]. Early use of these medications can also reduce development
of complications such as pneumonia [94]. The 2009 pandemic H1N1 virus remains susceptible
to neuraminidase inhibitors, and Oseltamivir has been used extensively for treatment related
to this viral infection. Resistance to Oseltamivir has been reported with H1N1 viral infection
but this is mainly restricted to immunocompromised individuals [95]. Zanamivir has a poor
oral bioavailability, and intranasal application has been shown to be effective in treating
experimental influenza infection with the reduction in symptoms caused, virus shedding and
development of otitis media [96]. Intravenous use of Peramivir or Zanamivir could be life-
saving in critically ill patients with influenza infection [97, 98]. However, currently the Cochrane
database of systematic reviews does not recommend the routine use of neuraminidase
inhibitors in influenza infection in CF because of the absence of high level evidence for the
effectiveness of these interventions [99].

Ribavarin, a synthetic guanosine nucleoside that has a broad spectrum of anti-viral activity,
has been used for treatment of infections related to RSV, metapneumovirus, and parainfluen‐
za and influenza viruses [100]. Potential benefits of ribavarin therapy include the inhibition
of  RSV-specific  IgE  production  in  nasal  secretions,  which  has  been  associated  with  the
development  of  hypoxaemia and wheezing [101]  and it  has  improved pulmonary func‐
tions [102]. Controlled studies also show that the use of ribavarin is effective in reducing
the clinical severity score, duration of mechanical ventilation, supplemental oxygen use and
days  of  hospitalisation  [103].  Aerosolised  ribavarin  has  been  used  for  the  treatment  of
RSV-related  bronchiolitis  and  pneumonia.  Intravenous  formulation  could  be  used  for
treatment of severe pneumonia, caused by infection RSV,  metapneumovirus,  or parainfluen‐
za virus,  on the basis of experience in immunocompromised patients [104]. Bonney et al.
have  shown  that  metapneumovirus  can  be  successfully  treated  with  a  combination  of
intravenous ribavarin and immunoglobulin [105].

Although rhinovirus is the major cause of colds, its vast amount of serotypes has made
development of anti-virals against it problematic. A 90% of rhinovirus serotypes gain entry into
epithelial cells using ICAM-1 cellular receptors, and blockade of these receptors in experi‐
mental studies has shown reduced infection severity [106], but further study is required before
this treatment option becomes widely available. Macrolide antibiotics, Bafilomycin A1 and
Erythromycin have been shown to inhibit ICAM-1 epithelial expression and hypotheses about
their potential as anti-inflammatory agents have yet to be definitive, as clinical proof is either
negative or inconclusive [107].

Recently, an anti-rhinoviral agent known as Plecoranil, which acts by inhibiting the uncoating
of Picornaviruses [108], the RV 3C protease inhibitor, Ruprintrivir[109] and soluble ICAM-1,
Tremacamra[106] have shown promising results in early-stage clinical trials, but each of these
medications was derailed by a combination of cost, pharmacokinetics, toxicity, drug interac‐
tions, and limited efficacy [110].
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A previous study suggests that the increased morbidity in CF patients after virus infection is
not due to an exaggerated inflammatory response of the airway epithelium but rather linked
to increased cell death. Thus, they provide a rationale for implementing therapies aimed at
controlling viruses and their replication rather than primarily targeting inflammation. In this
respect, a promising candidate is the macrolide-antibiotic azithromycin, which is increasingly
used in CF patients as a beneficial immunomodulatory agent [111] and has recently been
shown to possess anti-viral properties [57].

6. Conclusion

As we become increasingly knowledgeable about the impact of respiratory virus infections in
the context of CF exacerbations, screening for respiratory viruses should be part of the routine
investigations for any CF patients that present with exacerbation symptoms. Using the
appropriate sampling method in conjunction with sensitive and specific diagnostic technology
will enable us to make appropriate clinical decisions surrounding the use of anti-virals and
antibiotics.

Gaining further understanding in the pathogenesis of virus-induced respiratory exacerbations
in CF may allow the development of new therapeutic techniques. If viral infection does
predispose to bacterial infection, then influencing the interaction between viruses and bacteria
could be a next pathway to diminish respiratory morbidity in patients with CF. The develop‐
ment of novel therapies will be exciting and this may improve their quality of life and prolong
the lifespan of patients with CF.

However, there are still a number of research dilemmas that remain unanswered:

1. What are the standardised definitions of CF pulmonary exacerbation and pulmonary
exacerbation severity score?

2. What is the optimal way for viral sampling?

3. What is the role of Virochip in routine viral identification?

4. How do respiratory viruses influence bacterial activities in chronically infected airways?

5. What influences the rate of respiratory viral clearance in CF respiratory tract?

6. What are the roles of anti-virals in CF?

7. What are the anti-viral properties of Azithromycin in CF?

Further understanding in the pathogenesis of viral infection in CF would be beneficial as this
may provide insight to the above unresolved mysteries. At the moment, influenza vaccination
and the use of neuraminidase inhibitors remain the only evidence based practice, albeit weak
for the management of viral infections in CF.
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Abstract

In this chapter, the authors review a major complication associated with cystic fibrosis
(CF), problematic bacterial infections of the lungs. Infection by organisms such as
Staphylococcus aureus, Burkholderia cepacia complex, and Pseudomonas aeruginosa (a
major player in CF related infections) results in complications due to increased
inflammation and production of virulence factors produced by the bacteria. In
addition to these more canonical organisms associated with CF infection, emerging‐
bacterial species have been found in the CF, including anaerobes that have only within
the past 5-10 years have been reported to exist in the lungs. P. aeruginosa has long been
a cause of devastating infections, and is often seen as the“hallmark”organism
associated with the disease. The authors describe the P. aeruginosa infection, including
its conversion to a mucoid phenotype, as well as its ability to utilize the thicker airway
surface layer associated with CF to grow in “mode two biofilms.” Finally, the authors
discuss treatments for bacterial infections, and some of the new advances that
offerhope for treatment of CF symptoms and infections by multi-drug resistant
organisms. Among these new treatments is the application of acidified nitrite, a non-
antibiotic treatment that has been found to be effective at killing nonmucoid and
mucoid variants of P. aeruginosa.

Keywords: Cystic Fibrosis, Infections, Bacteria, Pseudomonas aeruginosa, Biofilm,
Acidified Nitrite
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1. Introduction

Cystic fibrosis (CF) is the second most common genetic disease in the United States, second
only to sickle cell anemia. A mutation in the associated gene, cystic fibrosis transmembrane
regulator (CFTR), results in the clinical symptoms seen for the disease. While the disease itself
is devastating, it does not usually result in the immediate death of the patient. Rather, the
bodily conditions that the CFTR mutation creates, especially in the lungs, results in the
acquisition of problematic bacterial biofilm infections that remain in the thick, inspissated
mucus layer for the remainder of the patient’s life. This unique niche provides many complex
nutrients that the bacteria utilize and offers an environment that is protected against the host’s
innate immune system. While only a few bacterial species have generally been thought of as
dominating the CF lung, it has recently been revealed that there are many species inhabiting
the lung, and that these species vary from normal flora to even obligate anaerobes [1]. While
the exact role of all these bacterial species in the lung has not yet been determined, the clinical
picture is becoming clearer.

When the genetic cause of CF was first identified in 1989 [2], the average lifespan of a CF patient
was approximately 15 years of age. Since then, it has increased to roughly 40 [3, 4]. This is due
to the tremendous efforts that have been made in determining new and improved means of
treating patients suffering from CF, including addressing physiological parameters and
methods of treating bacterial infections.

This chapter will focus on the bacterial infections that develop during CF and the conditions
of the lung that make it so favorable for bacterial infection. We will discuss some of the major
bacterial species that contribute to the morbidity of the disease, and focus on perhaps the
largest contributor to airway infection, Pseudomonas aeruginosa (PA). In addition, we will define
some of the niches that the bacteria inhabit within the lung, and discuss treatment options for
infected individuals.

2. Overview of CF and the role of CFTR in the lung

2.1. CFTR: Role and function

The function of CFTR in the lungs has been established previously, supporting the fact that its
absence or modification (depending on the mutation) leads to the dangerous symptoms that
are diagnostic hallmarks in CF patients. Although some canonically think of CFTR as only
being influential in the development of the lung problems, CFTR is actually expressed in many
areas of the body, including the liver, intestines, pancreas, skin, and reproductive organs
(Figure 1). In all these cases, a defect in CFTR can cause many problems for the affected organ.
The reason is due to the large role the transporter plays in the maintenance of osmotically
balanced fluids in these tissues. CFTR is an anion channel found in the apical membrane of
epithelial cells, primarily responsible for pumping chloride ions into the fluids surrounding
the epithelial cells, and allowing for the passage of water from the epithelial cells into the fluid
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layers lining the cells (e.g, the pericilliary layer (PCL) of the airways) [5, 6, 7]. This allows the
fluids to maintain their function, which, in the lung, is usually to facilitate clearance of
opportunistic pathogens and cellular debris from the area or to transport the fluid to a different
area (as is the case in the reproductive system). The transporter itself is ATP-driven, and is
activated due to rising cAMP levels in the cells [7].

Figure 1. Organs affected by CF and its effect on airways.

A) An overview of the organs affected by CF, with a brief description of the complications
associated with it. B) A normal airway depicting open passages. C) A CF airway depicting the
buildup of mucus, inflammation, and bacterial infection that will lead to further complications.
(Source: National Heart, Lung, and Blood Institute; National Institutes of Health; U.S. Depart‐
ment of Health and Human Services. [8])

In cases where the CFTR is not active or only partially active, the consequences can be quite
severe. This is due to a myriad of potential mutations in the CFTR gene. These mutations have
been categorized into classes, as previously reviewed by Rowntree and Harris [9] and
summated by the Cystic Fibrosis Foundation. As shown in Table 1, these classes focus on the
means by which the CFTR is rendered dysfunctional, such as mutations affecting protein
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maturation (Class II) or those leading to dysregulation of Cl- conductance (Class IV) [9, 4]. The
most common mutation is a deletion of a phenylalanine residue at position 508 of the protein,
referred to as homozygous recessive ΔF508 [7]. Although the exact reasoning of why this
mutation was clinically deleterious was at first a mystery, it has come to be discovered that
this leads to a misfolding of the channel, causing it to never reach the cell membrane and
instead be destroyed in the Golgi apparatus. Although one could surmise that the loss of CFTR
alone is not enough to cause harm and the body could compensate for this loss by redundant
channels, it is also suspected that CFTR can help mediate the activation and use of other
channels in the membrane. Thus, its loss may be far more reaching than simply its anion
channeling properties. With this loss of function, the surrounding fluid begins to become
osmotically imbalanced and often viscous and impervious to other ions [6]. With no new water
coming into the fluids from the epithelial cells, the fluid layer begins to thicken, eventually
forming mucus plugs in the respective organ. As such, the associated ducts are no longer able
to perform their proper functions.

Table 1. Classifications of CFTR mutations and their impact on the protein.

Although there are numerous mutations that have been associated with CF, they can generally
be broken down into five classes based on the way this mutation affects CFTR. This table briefly
summarizes these classes and provides an example of each mutation [4].

2.2. The CF lung

Within the CF lung, the loss of functional CFTR is quite dramatic, and usually leads to the
canonical respiratory symptoms associated with CF lung disease. A healthy functioning lung
will have a thin, hydrated pericilliary mucus layer lining the airway. This mucus rests above
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the cilia of the epithelial cells in a biphasic layer [7]. The top layer is slightly more viscous than
the bottom layer and serves to trap bacteria and particles that enter the lung. The bottom layer,
referred to as the PCL, is much more fluid, and allows for the cilia to beat within it, pushing
the entire mucus layer up the lung for expectoration [7, 10]. Through this mechanism, the lungs
can clear bacteria and debris that has been inhaled or otherwise entered the airway passages.
The PCL is kept hydrated by the action of the CFTR and other ion channels present in the
epithelial cells lining the airway that also maintain the osmotic balance.

Figure 2. A model of the CFTR in the apical membrane of lung epithelia.

The CFTR, embedded in the apical membrane of epithelial cells, serves to transport anions,
specifically chloride and bicarbonate, into the lumen of the associated organ. The CFTR is
composed of several domains, including two transmembrane domains (red ovals), two
nucleotide binding domains (blue, squares), and a regulatory domain that controls the opening
of the transporter. The nucleotide binding domains use ATP to provide energy for the transport
of the anions into the lumen bordering the cell.

However, in a case such as CF, where the CFTR is functionally absent and proper ion transport
is lacking, the mucus layer begins to thicken. This is believed to be due to the primary transport
of Cl- [11, 6, 7] and the secondary transport of HCO3

- by CFTR (Figure 2). Recent studies have
shown that the ability of CFTR to transport HCO3

- is very important, as it seems to play a large
role in the regulation of the mucin folding [7]. Mucin, the primary protein component of airway
mucus, is a long chain-like, repetitive peptide that is heavily O- and N-glycosylated. At the C-
and N-terminal regions, the protein is rich in cysteine residues, which can lead to intermolec‐
ular disulfide bridges. These disulfide bridges will link the chains together, creating a larger
oligomer. It is suspected that in a more acidic environment, the mucin molecules contract,
causing the overall density of the mucus to increase. This causes impermeability issues [6] that
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can be devastating to the patient. In addition to the effects that decreased HCO3
- levels have

on the density of the mucus, the general inability to transport anions across the apical mem‐
brane also affects the airway mucus layer. The PCL that lines the cilia of the epithelial cells is
very sensitive to changes in water concentration. When the cells are not exporting significant
amounts of ions, the PCL will then lose water as a sequela, resulting in it becoming denser and
reducing the effectiveness of ciliary beating. This leads to an overall larger amount of material
that cannot be cleared from the airway, causing a buildup or mucus plug.

In addition to the buildup of mucus as the disease progresses, the patient will experience
several other symptoms as well. Commonly, the bronchi become inflamed, caused by an
overreactive response from the immune system due to both mucus buildup (containing a
plethora of bacterial components such as virulence factors, DNA, and cell debris from lysed
bacteria or airway epithelial cells) and a potential infection. While the infections will be covered
in more detail later in this chapter, bacteria such as Pseudomonas aeruginosa (PA), H. influen‐
zae, and S. aureus have been found to infect CF patients early in life (roughly 1 year of age) [1],
and even if eradicated once, will often arise from a re-infection later in life. PA is the organism
most commonly associated with a decline in the clinical course of CF patients, as its ability to
form biofilms and convert to a mucoid phenotype often provides a large level of resistance to
antibiotics and other disease treatments.

Interestingly, the CF lung will also develop an oxygen gradient in its luminal mucus [12, 13].
As mentioned earlier, the increased density of the mucus makes it more difficult for oxygen
to diffuse across it freely and into the blood. While this has consequences for the overall health
of the individual, it also has implications for growth of bacteria enmeshed within it. The oxygen
gradient is severe enough that the basal layer of the mucus could be termed microaerobic, or
in more severe cases, anaerobic. This leads to the growth and development of bacteria that
would normally not be found in the lung, and eventually to the growth of the mucoid form of
PA. This will be covered in more depth later in this chapter.

2.3. Pathology of the CF lung

As might be expected, the buildup of thick mucus in the CF lungs often has severe clinical
implications The significant reduction or loss of mucus clearance often results in infection and
leads to inflammation due to the dramatic ~1,500-fold increase in airway neutrophils [14].
Coupling the inflammation and buildup of mucus, it is not surprising that the overall lung
capacity of CF patients decreases dramatically throughout life. This can be tested using a series
of pulmonary function tests (PFTs) [15]. These often involve a spirometry test, which is a
measure of the forced efflux volume in one second (FEV1), or how much air the patient can
forcefully exhale in one second. This is a hallmark test for overall lung volume and strength.
Clinically it has been shown that the FEV1 of a CF patient will be approximately 10% below
the expected for a healthy individual of the same age [16].

In older patients, the prolonged effects of the disease often lead to chronic infections. These
invading organisms can then be cultured and analyzed to determine the best treatment
strategy. While we will be covering the type of infections further in this chapter, it is important
to note that clinically, this also affects the patient in other ways, primarily leading to inflam‐
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mation of the respiratory system and decreased airway capacity [17]. This inflammation is
often brought on by increased neutrophil accumulation in the lungs, which not only serve to
act as a preliminary means of immune defense, but also to recruit macrophages. These
neutrophils and macrophages will phagocytose bacteria and dead immune cells, but also
produce pro-inflammatory cytokines that exacerbate the inflammatory process. These
cytokines not only attract other immune cells, but also serve as a trigger for the release of
proteases and elastases by the immune cells. Normally, these help eradicate the bacteria that
triggered this response, but theior over-production in the CF lung can actually damage
epithelial cells, leading to the fibrotic nature of cells associated with this disease [18].

3. Bacterial infections

While CF airway disease is based on the genetic mutation of the CFTR gene, this is not usually
what leads to the morbidity and mortality associated with the disease. Rather, an infectious
agent that grows under the physiological conditions created by this mutation will lead to
detrimental symptoms and eventual death. In the lungs, the buildup of thick mucus leads to
decreased clearance of bacteria and provides a nutrient rich medium with which they can grow
and even thrive. This mucus becomes colonized relatively easily with potentially several
different species of bacteria at once [19, 16, 20]. Considering that infection is the major source
of morbidity and mortality for CF patients, much research has focused on this aspect of the
disease and different means by which to eradicate it. However, time has shown that this is not
quite as easy as hoped, but the advancements of alternate treatments are helping this issue.

Bacterial colonization of the lungs of CF patients has been known for many decades. However,
our understanding of what bacteria colonize the lungs has evolved dramatically. Early
research identified that there were several species of bacteria that could colonize the lungs
easily, and were often found associated with CF patients. By far, the most common (and most
linked to severe progression of the disease) was PA. This gram-negative bacterium is often
considered an opportunistic pathogen, existing naturally in soil, water, and in some cases, as
part of the flora of human skin. However, in cases where the bacteria come into contact with
immune-deficient or severely compromised tissues, they can grow quite prolifically. A
common example is found with burn wounds, where PA can colonize the exposed flesh and
lead to the need for aggressive antibiotic treatment. This type of infection is often associated
with a distinct “smell of grapes” and the potential for a green-blue color to develop, indicative
of several of the toxins that PA produces such as the blue phenazine antibiotic, pyocyanin.
There are additional phenotypes that are seen with lung colonizing PA, the most dramatic of
which was found in 1964 by Doggett et al. [21]. In that work, the authors noted that the multiple
strains of PA that they could isolate on agar from CF patients all had a similar, mucoid
phenotype. Although, at the time, the significance of this was not known, this mucoid
phenotype is tightly linked to the overall progression of CF lung disease. It is indicative of the
organism’s ability to create a biofilm, a highly resistant matrix of exopolysaccharide and
bacteria that allows survival in harsh environments. We will cover the details of biofilms
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further into this chapter, but it is important to note the significance they play in CF disease
progression.

In addition to PA, three other major strains of bacteria were found associated with the CF lung.
The first of these is Staphylococcus aureus, a gram-positive organism that is part of the normal
skin flora. Often, S. aureus is found colonizing the nares of hosts, where it is hypothesized that
it can travel to the lungs. It is often the first bacterium identified in CF patients, potentially due
to a lack of proper immune defense within the newborns diagnosed with CF [22, 23]. It often
resides in the lungs for a prolonged period, although it can be eradicated with proper antibiotic
treatment. Similar to PA acquiring a mucoid variant, S. aureus can also acquire a different
phenotype. Small colony variants have been seen associated with lung cultures, which have
shown decreased expression of many of the virulence factors associated with S. aureus [24].
This could indicate that the bacteria are attempting to avoid the host immune system, allowing
survival in the lungs for a longer duration. What potentially worsens the overall clinical course
is the acquisition of MRSA in the lungs [23]. Although it is more rare than its antibiotic-sensitive
counterpart, it is possible to acquire this strain nosocomially, or even develop the strain
independently through the constant use of β-lactam antibiotics to treat existing,methicillin-
sensitive S. aureus (MSSA) infections. Interestingly, it has been found that in situations where
a patient is infected with both S. aureus and PA, treatment of one can lead to the prominence
of the other [25]. When patients were given anti-staphylococcal antibiotics, it was found that
PA infection could develop and fill the niche that the eradicated S. aureus no longer occupies.
This is another unfortunate side effect of a S. aureus infection, that not only can its treatment
lead to a potential development of MRSA but it can also cause an exacerbation of any existing
PA infection. This is of great clinical importance to note for younger patients who have not yet
been colonized with PA.

The second major strain historically found in addition to PA is Haemophilus influenzae. This
bacterium is similar to S. aureus in that it is a normal commensal organism of the nasopharynx
region, but can actually be found in normal lungs. As an individual progresses through life,
the chances of being colonized with H. influenzae increases, rising from 20% in infants, to 50%
of children, to more than 75% of adults [26]. This has led some to believe that H. influenzae is
one of the earliest CF pathogens, and that it modifies the lung in a manner that allows for
subsequent PA infection [27]. The forms of H. influenzae that can colonize an individual vary,
depending on the presence or absence of a capsule around the bacterium. When a capsule is
absent, the bacterium is referred to as non-typeable H. influenzae (NTHi), and this form is most
associated with respiratory infections [26]. Within the CF lungs, the bacteria attempt to attach
to the epithelial cells underlying the PCL. Once attached, the cells will trigger innate immune
responses, which can lead to initial inflammation processes [27]. After this, NTHi will try to
evade the immune response, using a series of enzymes to destroy antibodies, and its ability to
create microcolonies, and to invade the epithelial cells [26]. For this reason especially, NTHi is
an important pathogen to be aware of for treatment strategies.

The last of the historically major three bacteria associated with CF, Burkholderia cepacia is often
considered the most dangerous lung pathogen requiring rapid and rigorous medical attention.
Although first identified as an individual bacterial species related to Pseudomonas, it has since
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been reclassified as a complex of genomovars (Burkholderia cepacia Complex, BCC), which have
similar characteristics [28]. BCC is generally considered one of the main causes of pneumonia
in immunocompromised individuals, which includes CF patients. BCC has been found to co-
infect individuals with other CF associated bacteria, such as PA [29]. The complex is also known
to produce virulent factors, such as elastases and gelatinases, which can weaken cell-to-cell
interactions [29]. In addition, BCC fills a unique niche in the CF lung by being able to invade
macrophages that have made it to the lung. These tactics caused the bacterium to be of great
concern when it was first identified in CF patients in 1984, but since then, epidemiological and
clinical studies have greatly advanced treatment [28].

Several other genera of microbes, including Achromobacter, Pandorea, Alcaligenes, Stenotropho‐
monas, and Ralstonia, have also begun to be found in CF sputum in the past 20 years. These
bacteria are quite often associated with more advanced stages of the disease, indicating that
they may need the fertile ground of the CF lung to which they become accustomed before they
can thrive [19, 16]. Alcaligenes and Stenotrophomonas are increasingly found with a PA or BCC
infection [19]. In addition, several fungal pathogens have been associated with CF as well, such
as Aspergillus fumigatus and Candida albicans. While these fungi have not been the primary focus
of CF microbial treatment, recent evidence suggests that they can, in fact, become a problem
for CF patients. They have been associated with an increase in inflammation, as well as a
possibly more severe disease progression. Both host and fungal factors are equally important
in determining if the fungus will become pathogenic [30].

Although each of these pathogens has been studied as a single organism in the CF pathology,
limited efforts have been made into looking at the interaction between the bacteria. Consid‐
ering that more often than not multiple genera of bacteria are found in the CF lung, this is an
important aspect to consider. Research that has been studying this topic has focused generally
on the interaction between PA and another species of bacteria, as this is the most common
pathogen associated with CF. For instance, work has been conducted to elucidate the rela‐
tionship and interactions between PA and BCC. In these cases, initial reports showed that BCC
and PA formed communal biofilms, where both microbes could be detected in a “biofilm-like”
structure. They share similar quorum sensing molecules, and together could be promoting the
growth of one another. However, further investigation began to see that these bacteria did not
necessarily occupy the same biofilm structures [29]. In some cases, it could occur, and could
be recapitulated in vitro. However, in other situations, the bacteria did not cooperate. It seemed
that PA was producing a secreted chemical that prevented the growth of BCC nearby, which
was suspected to be pyocyanin [29]. This suggests that all of the relationships in CF may not
be symbiotic or even mutually beneficial. Perhaps it depends on the timeline of when the
infections are established. However, more work is needed to determine the actual relationship
between these bacteria. The entire web of bacterial networks in the CF lung is not trivial, but
deciphering how it works could potentially allow for more effective treatment of lung
infections.

While this paradigm of “the big three” bacteria for CF persisted for several decades, along with
the recent knowledge that several other species could infect the CF lung, a paradigm shift
occurred around 2008, when it was discovered that there were obligate anaerobes present in
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the lungs of older CF patients [31]. Included in this group of bacteria were the genera Prevotella,
Veillonella, Propionibacterium, and Actinomyces [31]. This indicated that at least part of the lung
must become anaerobic during the disease, which added to the notion that the CF lung has a
vast array of micro-environments within it, each of which can be colonized by different
bacterial species. It also corroborated the evidence of anaerobic niches being produced in the
mucus plugs, which to this point had only been associated with bacteria converting to
anaerobic growth.

With the discovery of the aforementioned anaerobic bacteria, it became clear that there was
most likely a temporal aspect of CF infections as well. Clinical evidence has shown that
depending on the age of the patient, certain bacteria are more likely to be cultured with their
sputum (Figure 3). Early in the patient’s life, from birth until around ten years of age, it is
common for patients to test positive for S. aureus; but later in life this infection seems to become
less likely [25]. PA can also be acquired early in life, however, much effort is often put into
trying to eliminate this infection. As a result, a patient may test positive for PA several times
throughout their life, even if the infections are not chronic. However, often by the patient’s
teenage years, PA has established a persistent infection and may have already converted to its
mucoid form [32], leading to 73% of adult CF patients harboring such an infection [33]. In
contrast to the “major” bacteria of CF, the newly discovered anaerobic bacteria generally do
not infect a patient until later in life. This is associated with the development of more anaerobic
niches in the lung, which is indicative of mucus buildup and thickening. This occurs later in
life as the detrimental effects of a defective CFTR build and the inflammation worsens.
Although treatment would still depend on cultures from the patients, establishing a general
timeline is beneficial for physicians who need to create a treatment plan for their patients, and
could allow for proactive treatment as the patient enters different phases of life.

Figure 3. Prevalence of respiratory microorganisms by age in 2013.
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As a CF patient progresses through life, the likelihood of culturing positive for a particular
microorganism changes. This is due mostly to the changing environment in the CF lungs. This
graph depicts the percentage of patients registered in the Cystic Fibrosis Foundation patient
registry who tested positive for a particular bacterium, separated by age [4].

Given the presence of anaerobic bacteria, this indicates that current antibiotic regimens for CF
patients may have to be revisited. Normal antibiotic treatments include tobramycin, kanamy‐
cin, and several other antibiotics of the aminoglycoside class. Those in this class are generally
ineffective against anaerobic bacteria due to their mechanism of entry. Aminoglycosides rely
on the ability of an organism to respire, using either nitrate or oxygen as the terminal oxygen
acceptor [34]. For fermenting bacteria, such as Actinomyces [35] and Prevotella [36], that means
that this class of antibiotics is ineffective. In the case of PA, the organism exists as a facultative
anaerobe that does use nitrate as a terminal oxygen acceptor. Although that should allow for
these antibiotics to work, reports are mixed on the efficacy of the treatment alone, noting the
ability for the bacteria to resist the action through a phenomenon termed “impermeability”
[37]. It has been observed in multiple studies that CF-related PA gains this ability, characterized
by a lack of uptake [37]. This may be related to the innate ability of PA to produce protective
biofilms in its mucoid state, a mechanism already shown to be protective against antibiotic
treatment. It may also be due to the action of certain genes involved in the biofilm formation,
as one study found that biofilms upregulated tolA, whose gene product can alter LPS structure
in such a way as to make it more resistant to aminoglycoside recognition, and bacteria which
did not produce as much of this protein were far more susceptible to aminoglycosides [38].

4. The major contributor: Pseudomonas aeruginosa

Perhaps the most problematic and dangerous of the bacteria associated with CF is PA. PA is a
gram-negative opportunistic pathogen that can sometimes be found as part of the normal
human skin flora. However, in cases where the immune system is compromised in some way,
the bacteria finds a way to infect a host, which can lead to severe complications. It is also
perhaps the most deadly bacteria to be associated with CF, as a patients life expectancy
decreases by roughly 7 years if the patient cultures positive for PA [37]. The reasoning for this
is that PA produces a large number of virulence factors that stimulate inflammation in the
airway, and often converts to a mucoid phenotype that allows it to escape a number of host
defenses and the use of many antibiotics.

4.1. The role of quorum sensing in PA infections

To control the expression of its virulence factors, PA uses a bacterial “communication” system
known as quorum sensing. This is not unique to PA, and has been shown to exist in a number
of other bacteria, including E. coli, S. pyogenes, and S. aureus (another CF associated bacteria)
[39]. However, much research has been conducted into the complex regulatory pathways
associated with this system in PA, which controls not only the means by which the bacteria
move in relation to each other, but also the expression of virulence factors that can affect the
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patient and the ability to convert into a biofilm [39]. Quorum sensing in PA is accomplished
by at least two regulatory pathways, the las and rhl systems [40]. The las system is hierarchically
first for sensing other molecules. The system is composed of two primary genes, lasR and
lasI, respectively. The transcriptional activator gene lasR, responds to environmental cues to
produce the transcription factor LasR. LasR on its own, however, cannot properly interact with
any genes. It needs a cofactor, specifically the quorum sensing autoinducer 3-oxo-C12-HSL
(PAI-1) produced by the lasI gene product. This molecule can be taken up from other nearby
bacteria that have released it into the supernatant and especially in biofilms [41]. When PAI-1
enters the bacteria, LasR forms a complex that is then able to act as a transcription factor. It
has two major targets in the system, lasI and rhlR. Importantly, by activating lasI, the system
begins an autoinduction loop that will maintain it in the cell and allow for the spread of signal
to other bacteria. The gene encodes an enzyme, LasI, which is able to produce the 3-oxo-C12-
HSL necessary to activate LasR. More active LasR results in the production of more LasI and
PAI-1, amplifying the signaling effect.

However, the system looping and increasing would mean nothing if there was not an output
somewhere. This output happens to be the second major system for quorum sensing, the rhl
system. This system behaves very similarly to the las system. After activation by the LasR-
PAI-1 complex, the RhlR transcription factor is produced. This requires a different signaling
molecule, C4-HSL (PAI-2), with which to form a complex. Once the initial signal is received,
the complex is formed and activates RhlI, which produces more PAI-2, and this, in turn,
perpetuates this signaling process. At the end of this process, the bacteria result in having a
buildup of RhlR-PAI-2 complex, which can help upregulate transcription of a number of
virulence factors, including lasA and lasB (elastase related enzymes necessary for invasion) [42,
40], xcpP and xcpR (components of the type II secretion system), and even the stationary phase
sigma factor gene rpoS, a gene linked to antibiotic resistance in PA [40]. However, one of the
most important secreted factors dependent on the rhl system is the production of rhamnolipids,
for which the system was named. These are important virulence factors that PA produces that
can lead to inflammation and associated immune responses.

Another important output of the las system is the Psedumonas quinolone signal (PQS) regulon.
The PQS regulon is responsible for some of the phenotypic changes seen with PA once it begins
to grow in communities [39, 40]. The regulon itself requires the induction of pqsR, the
regulatory transcription factor for the rest of the genes. Once this is active, the transcription
factor will homodimerize to activate the rest of the pqs genes, as well as the induction of
phenazine genes (phnAB). Together, these will allow for the production of HHQ (2-heptyl-4-
quinolone, a precursor to PQS) and PQS signals that will not only allow for the autoinduction
of the pathway, but also for the eventual production of pyocyanin and pyoverdin, important
siderophores that also lead to the green color that is often seen with PA-laden CF sputum. In
addition, this activates the production of Hydrogen Cyanide (HCN), an important metabolite
for PA as well as a potential toxic agent for the patient and other bacteria.

4.2. Alginate production and the conversion to mucoidy

Although these quorum-sensing pathways are important for the virulence associated with
PA, it is also important to note that this is not the only system involved in its infection of a CF

Cystic Fibrosis in the Light of New Research182



patient and the ability to convert into a biofilm [39]. Quorum sensing in PA is accomplished
by at least two regulatory pathways, the las and rhl systems [40]. The las system is hierarchically
first for sensing other molecules. The system is composed of two primary genes, lasR and
lasI, respectively. The transcriptional activator gene lasR, responds to environmental cues to
produce the transcription factor LasR. LasR on its own, however, cannot properly interact with
any genes. It needs a cofactor, specifically the quorum sensing autoinducer 3-oxo-C12-HSL
(PAI-1) produced by the lasI gene product. This molecule can be taken up from other nearby
bacteria that have released it into the supernatant and especially in biofilms [41]. When PAI-1
enters the bacteria, LasR forms a complex that is then able to act as a transcription factor. It
has two major targets in the system, lasI and rhlR. Importantly, by activating lasI, the system
begins an autoinduction loop that will maintain it in the cell and allow for the spread of signal
to other bacteria. The gene encodes an enzyme, LasI, which is able to produce the 3-oxo-C12-
HSL necessary to activate LasR. More active LasR results in the production of more LasI and
PAI-1, amplifying the signaling effect.

However, the system looping and increasing would mean nothing if there was not an output
somewhere. This output happens to be the second major system for quorum sensing, the rhl
system. This system behaves very similarly to the las system. After activation by the LasR-
PAI-1 complex, the RhlR transcription factor is produced. This requires a different signaling
molecule, C4-HSL (PAI-2), with which to form a complex. Once the initial signal is received,
the complex is formed and activates RhlI, which produces more PAI-2, and this, in turn,
perpetuates this signaling process. At the end of this process, the bacteria result in having a
buildup of RhlR-PAI-2 complex, which can help upregulate transcription of a number of
virulence factors, including lasA and lasB (elastase related enzymes necessary for invasion) [42,
40], xcpP and xcpR (components of the type II secretion system), and even the stationary phase
sigma factor gene rpoS, a gene linked to antibiotic resistance in PA [40]. However, one of the
most important secreted factors dependent on the rhl system is the production of rhamnolipids,
for which the system was named. These are important virulence factors that PA produces that
can lead to inflammation and associated immune responses.

Another important output of the las system is the Psedumonas quinolone signal (PQS) regulon.
The PQS regulon is responsible for some of the phenotypic changes seen with PA once it begins
to grow in communities [39, 40]. The regulon itself requires the induction of pqsR, the
regulatory transcription factor for the rest of the genes. Once this is active, the transcription
factor will homodimerize to activate the rest of the pqs genes, as well as the induction of
phenazine genes (phnAB). Together, these will allow for the production of HHQ (2-heptyl-4-
quinolone, a precursor to PQS) and PQS signals that will not only allow for the autoinduction
of the pathway, but also for the eventual production of pyocyanin and pyoverdin, important
siderophores that also lead to the green color that is often seen with PA-laden CF sputum. In
addition, this activates the production of Hydrogen Cyanide (HCN), an important metabolite
for PA as well as a potential toxic agent for the patient and other bacteria.

4.2. Alginate production and the conversion to mucoidy

Although these quorum-sensing pathways are important for the virulence associated with
PA, it is also important to note that this is not the only system involved in its infection of a CF

Cystic Fibrosis in the Light of New Research182

patient. Perhaps more important for the chronic infection of patients are the genes and
pathways involved in the conversion of PA from its normal phenotype to its mucoid form.
This mucoid phenotype has been known to be associated with CF infection, especially during
chronic infection of patients [43, 31]. It is characterized by the general loss of motility for the
bacteria [44], and the overproduction of the viscous exopolysaccharide called alginate.
Alginate surrounds the bacteria and creates a material that seems quite like mucus, hence the
appropriate coining of the term “mucoid phenotype.” Mucoid PA has also been associated
with the production of biofilms and is involved in general resistance to several types of
antibiotics and environmental stresses, such as dessication and nutrient depletion. However,
this conversion is a complicated procedure that results in a signficantly altered regulatory
network of several genes associated with alginate production.

The most important gene involved in the process of alginate production is algU (algT), a major
component of the 12-gene operon that results in the production of alginate. AlgU is a extra-
cytoplasmic sigma factor that is expressed at a low level in nonmucoid bacteria, and this basal
level of protein is sequestered by the membrane spanning anti-sigma factor, MucA (Figure 4).
This interaction is very important for the eventual conversion to the mucoid state. When MucA
normally sequesters AlgU in its nonmucoid state, the bacteria do not produce any significant
amounts of alginate. However, under conditions of stress (oxidative, osmotic, heat shock), the
bacteria will eliminate MucA through one of two means [45]. The first is the proteolytic
destruction of MucA. In conditions where the bacteria are stressed due to nutrient depletion
(iron, carbon, or phosphorus), dessication, or antibiotics, the bacteria can trigger the produc‐
tion of a protease that targets MucA. Upon the degradation of this protein, the bound AlgU is
released into the cell to act as a sigma factor (σE,22), in combination with several other proteins,
to upregulate the operon responsible for alginate production, including most of the alg genes,
such as algD, algC, and many others. Once this is accomplished, the cell will produce and
secrete alginate, allowing for expression of the mucoid phenotype.

Under normal growth conditions in PA (Panel A), MucA (Blue) interacts with periplasmic
MucB (Green) to allow for cytosolic sequestering of AlgU (Red). This prevents AlgU from
acting as a transcription factor, effectively keeping mucoid genes inactivated. However, in
times of stress, PA can either inactivate MucA through proteolysis (Panel B) or hypermutation
(Panel C). In these cases, MucA is no longer able to interact with the periplasmic MucB, and
the result is the loss of sequestered AlgU, allowing it to now activate genes in the cell, including
AlgD and related mucoidy genes. Adapted from Hassett et al., 2009 [46].

However, in cases where constitutive mucoidy is found, such as in CF patients chronically
infected with PA, the phenotype is most often caused by a mutation within the mucA gene.
This is suspected to still be an outcome of environmental stress (as the CF lung is often lacking
water and may contain innate immune defenses). However, the result is not a temporary
upregulation of alginate related genes, but rather, a hypermutable phenotype that will usually
allow for mutations within the mucA gene to occur [45]. This hypermutability stems from the
mutation of several genes associated with DNA repair, including the DNA mismatch repair
system (MMR) and the deoxyguanine repair system (DO) [45], although errors from the DNA
polymerase IV could also lead to these mutations. The most common mutation found associ‐
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ated with this is in mucA. One such mutation, mucA22 (a deletion of 5 G residues from bases
431–436), is commonly found, although several others have been associated with this pheno‐
type. Because of these base deletions, the protein is truncated to 15.8 kDa, where it has lost its
binding domain for AlgU. As a result, AlgU is constitutively active in the bacteria, resulting
in a constant mucoid phenotype in vivo. A mucoid phenotype has also been associated with
mutations in other muc genes, including mucB, mucC, and mucD, however, these are not as
frequent.

Once the patient acquires mucoid PA, their clinical course usually diminishes dramatically.
This conversion is often a result of chronic PA infection, which may not cause a drastic change
in health immediately, but will cause chronic inflammation and lead to decreased lung
function. Currently, much of the effort for treating CF infections is focused on dealing with
biofilm associated bacteria, which includes the mucoid PA.

Figure 4. MucA interactions with AlgU.
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frequent.

Once the patient acquires mucoid PA, their clinical course usually diminishes dramatically.
This conversion is often a result of chronic PA infection, which may not cause a drastic change
in health immediately, but will cause chronic inflammation and lead to decreased lung
function. Currently, much of the effort for treating CF infections is focused on dealing with
biofilm associated bacteria, which includes the mucoid PA.

Figure 4. MucA interactions with AlgU.
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4.3. PA biofilm formation in CF patients

Herein, we will focus on the biofilm formation of PA on the biotic or abiotic surface, in vitro.
There are five steps for biofilm development on this kind of surface (Figure 5). This process
begins when (Step 1) the planktonic or free-living bacteria (Step 2) attach to the surface as show
in Figure 5. Several genes and factors are required for this initial step of biofilm formation such
as the expression of flagella, type IV pili, Cup fimbria, and the activation of sadB [47]. Next,
(Step 3) cells begin to produce the extracellular matrix components that facilitate the bacteria
joining together and forming microcolonies. The matrix contains polysaccharides, proteins and
eDNA, which plays a role in the up to 1,000-fold increase in antibiotic resistance of the biofilms
compared to planktonic bacteria cells [48, 49]. Then, (Step 4) the microcolonies will progress
and mature into a thicker biofilm (maturation), thus resulting in the development of a gradient
of oxygen in the biofilm. Here, the surface has a higher oxygen concentration than in the deeper
part of the biofilm. In this case, the biofilm is composed of aerobic, micro-aerobic, and anaerobic
environments. The factors that also play an important role in this maturation step are involved
cell motility. For example, the creation of the mushroom cap-like structure (biofilm maturation)
required pilA (a pilus component). This also involves parts of the quorum sensing system as
it has been shown that a lasI mutant will form a flat and thin biofilm while rhlI or pqsA mutant
form microcolonies lacking the mushroom caps [48]. Several genes have been reported to be
involved in the biofilm development such as the response regulator of the GacA/GacS two-
component regulatory system (gacA) that is involved with the extracellular matrix compo‐
nents, a sigma factor (rpoS) that regulates a number of genes in the stationary phase that overlap
with genes regulated by quorum sensing, the alginate biosysthesis regulator (algR) that is
involved in type IV-mediated twitching motility, and a regulator of exopolysaccharide and
Type III secretion (retS) [48, 50, 51, 52]. Finally, (Step 5) biofilm dispersion will occur where
the biofilm components have been broken down or modified to release the surface proteins
resulting in changes of the biofilm structure and also the forming of a new biofilm [47, 53].
Many genes have been studied in regard to biofilm dispersion. One such gene is rhlA, one of
the genes required for rhamnolipid biosysthesis, which has been reported to be required for
the dispersion of the bacteria from the center of the mushroom structure [54]. Another gene
involved is the biofilm dispersion locus (bdlA), which studies have shown may be a link
between sensing environment cues, c-di-GMP levels and detachment of the biofilm [52].

In CF patients, 65%–80% of all microbial infections are biofilm related [48]. The CF lung
provides a suitable environment for PA to infect and form a biofilm. The normal airway
epithelia cells are hydrated by a mucus that contains a mixture of electrolytes, glycoproteins
such as mucins, protein, and lipids. The failure to elucidate free-living PA by the inflammatory
system combined with the bacterial defense mechanisms such as oxidative stress in a CF
patient results in a vicious environment [55, 56]. This environment can be oxygen depleted as
well, causing it to be considered micro-aerobic or anaerobic [5]. Several studies have supported
the ability of PA to form a biofilm in the CF lung, such as one that used a microscopic study
of CF sputum, showing an increased resistance to antibiotics and phogocytosis because of the
higher production of EPS in the biofilm [46]. This is a common reason to initiate biofilm
development, as PA biofilms resist phagocytosis by immune cells and are also more resistant
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to antibiotics than a free-living cell [55]. To form a biofilm in the CF lung, PA must penetrate
the mucus layer and enter into a hypoxic zone, where it can then form a biofilm with a quick
transition from aerobic to anaerobic metabolism by using the alternative electron acceptors in
the mucus such as nitrate (NO3

-), nitrite (NO2
-) or nitrous oxide (N2O) through the respiratory

process known as “denitrification” to support anaerobic growth. The ability of PA to be able
to grow in the anaerobic condition is an important factor for the formation of biofilms in the
CF patient. PA also can use alginate as an energy source for anaerobic growth [48]. Finally,
these macrocolonies of PA are formed during a chronic infection of CF [53]. The summary of
the biofilm formation in CF patients is shown in Figure 6. Some of the important genes that
are involved in the denitrification system are nitrate reductase (nar), nitrite reductase (nir),
nitric oxide reductase (nor) and nitrous oxide reductase (nos). These genes are under tight
regulation in the chromosome. One gene that has been found to regulate this process, oprF, is
particularly important. It has been found that antibodies against this protein are elevated in
CF patients, suggesting that it is upregulated in the bacteria. In addition, an oprF null mutant
formed poor anaerobic biofilms due to no NIR activity [53]. Quorum sensing (QS) also
regulates the genes in the denitrification system. One study showed that rhl was required for
an optimum balance of the denitrification pathway [13].

4.4. Genetic alterations during PA infection

In addition to the changes that are phenotypically eminent such as during mucoid conversion,
it is also important to note that additional genetic regulation is occurring in this environment.
As mentioned earlier, the CF lung is not a hospitable environment for bacteria, due especially
to the dessicated mucus layer, yet it is quite nutrient-rich. If the bacteria can benefit from this,
then they will be able to survive and flourish in the lung. In order to do this, the bacteria must
undergo several layers of genetic regulation in order to activate specific shunt pathways that
will allow them to use the nutrients provided. In the case of PA, this has been studied exten‐
sively, but has required significant efforts to unravel, notably the creation of various synthetic
media that represents CF lung ASL [57] as close as anything else to date.

Figure 5. The five steps of Pseudomonas biofilm formation on a biotic or abiotic surface (in vitro).
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Early gene expression analyses showed several important changes in expression levels, but
suffered from lack of application. Some of the first analyses were of general biofilm gene
expression, which were important as a seminal work. For example, Whiteley et al. performed
a transcriptional profiling analysis in 2001 that examined gene expression by PA biofilms
grown on granite pebbles [38]. They discovered that only a small subset of genes showed any
change in expression (73 genes), roughly splitting 50:50 into up- and downregulated genes.
This was quite interesting, as considering the relatively large change in phenotype between
normal PA and biofilm structure, it would seem that more changes would have had to occur.
In addition, several genes promoting the resistance to certain antibiotics were upregulated,
and when they treated the biofilms with antibiotics, a different gene expression profile was

Figure 6. PA biofilm formation in the CF lung. A shows the normal epithelia cells. B–F depict CF airway epithelia. B–C
show the mucus formation as mentioned previously in the CF lung section of this chapter, resulting in the hypoxic
zones in the CF lung. D–F illustrate the free-living cell bacteria moving into the hypoxic area (D). E shows the bacteria
adjusting themselves from an aerobic to anaerobic condition and forming macrocolony, biofilm, in this environment. F
shows the increasing amount of macrocolonies.
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seen. This all suggested that biofilm bacteria might be able to respond better to antibiotics and
environmental stresses than planktonic cells, as the biofilm is not only more inherently
resistant, but the bacteria interior to the film experience a lower concentration of the stressor,
allowing for genetic regulations and responses [38]. Following this paper, more attempts to
analyze biofilm-related genes ensued. These studies involved mostly environmental biofilms,
and not those associated with human infection. Eventually, as the prevalence of biofilms in
disease became better known, it became important to discover if these changes in biofilm gene
regulation were able to be transitioned over to this situation.

In this regard, several attempts to examine human-associated biofilm infections occurred, but
it had to be verified that the gene expression difference was reliable, and not an artifact of the
harvesting procedure. Some studies did well with this issue, collecting PA from patients and
analyzing both that sample and in vitro grown cells. These differences did seem quite signif‐
icant, showing changes between the two samples that suggested a decrease in the regulatory
machinery for biofilm cells rather than an upregulation of many of the biofilm associated genes
(such as muc, alg, rhl, hcn, and plc) [58]. This was novel, as the biofilm conversion seemed much
more complicated than simply via a dysregulatory pathway.

Other genes that were found to be changed in the CF lung associated samples seemed to
actually be associated with the acquisition of nutrients in the surrounding area. For example,
one such study found that there was an increase in genes associated with arginine metabolism
and the glyoxylate shunt (a process found often with the β-oxidation of lipids to acetyl-CoA)
[59]. This seems to indicate that the CF lung has a higher available amount of arginine and free
lipids for degradation, potentially linked to the death of epithelial cells in the lung. This same
study also found the cells generally change to a sessile state, where many of the genes
associated with motility and chemotaxis are downregulated. This indicates that the cells
initially colonizing the CF lung are able to prosper enough that the organisms can rapidly
adapt to such conditions. This same down-regulation of motility genes is often seen with the
conversion to a biofilm mode of growth. Once the bacteria have shifted to the mucoid state
and are able to survive the thick, dessicated mucus, then they will be able to thrive in the lung.
This can help explain why PA is often such a major problem for the CF patients.

5. Treatment strategies for CF

Considering the relative abundance of CF cases (~70,000 world-wide), it is important that
efforts are put forward into treating the symptoms that arise from the disease [60]. These
symptoms can be very detrimental, especially in the case of serious bacterial infections and
ensuing exacerbations. Initially, the treatments that were available were only focused on chest
physical therapy for the buildup of airway mucus, but those efforts have evolved as current
research has illuminated more on the pathophysiology of CF lung disease. An example of
advanced treatment with continuing research was the initial attempts to provide gene therapy
for CF. With the idea that complementing the mutated CFTR with wild-type CFTR would
allow for functional ion transport, efforts were made to transfect cells with a functional copy
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of the gene using either a liposomal or viral vector. However, this eventually ended in failure,
as the complementation strategy was unsuccessful and in some cases harmful. Specifically,
adenovirus complementation caused a hyper-immune response, and DNA liposome trans‐
fection could not properly deliver the DNA to the nucleus [61]. Recent attempts are examining
whether transfecting cells with mRNA coding for functional CFTR could be beneficial.
However, this still requires much more research. With that in mind, treatment falls primarily
into two main camps; the removal of the dessicated mucus, and the treatment of bacterial
infections.

5.1. Treatment of mucus buildup

Even without the involvement of pathogens in the mucus plugs that develop in the CF lung,
the plugs themselves can cause serious effects on the patients, specifically in their quality of
life. As mentioned previously, these plugs develop from a lack of clearance of mucus associated
with the pericilliary layer, resulting in a continually developing blockage and a decreased
airflow that reaches the respiratory zone of the lungs. With reduced oxygen levels, the patients
begin to suffer and can eventually become cyanotic. However, this is one of the more apparent
symptoms of CF, and has been a focus since the disease was first identified. Here, the primary
mode of treatment has been physical percussion of the patient. This is termed as chest physical
therapy (CPT) and has progressed much since it was initially developed. This treatment
initially involved pounding on the patient’s back in such a manner as to dislodge mucus that
was clinging to the bronchi [62]. After dislodging the mucus, the patient would then cough up
any that was loosened, but this process in general was quite painful and not desired by patients,
even when it was successful. In an effort to make this a more effective procedure, technology
began to be introduced into the process. Initially, a device similar to a back-pack, was created
that performed the percussion automatically, rather than rely on the doctor or medical
professional. Although this is effective in providing the same amount of force each time, the
percussion itself was not eliminated from the process.

Following this, different methods were employed to physically break up the mucus. These
have become more advanced in recent decades. Most are reliant on sound waves or vibrations
to loosen the mucus that allows for its eventual clearance. These methods include masks and
vests that patients don that create vibrations and devices that convert the exhaled air of a
patient into vibrations [62]. In all of these, the pressure and pain of physical percussion is
eliminated, but the positive effects remain. Even some chemical treatments are prescribed to
help loosen the mucus, such as aerosolized sodium bicarbonate that can help return the mucus
layer to its normal pH and allow for better clearance. Physicians also routinely prescribe
bronchodilators and anti-inflammatory medications to patients to both increase the functional
airway passage and to help clear some of the mucus from the airways. In some extreme cases,
where this use of medication is ineffective or does not keep up with the overall progression of
the disease, the patients may have to endure a lung transplant [62]. While this is occasionally
effective, it usually results in the eventual buildup of mucus in the lungs once again, resulting
in further treatment or potentially even another transplant.
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5.2. Treatment of bacterial infections

While the buildup of mucus within the lungs is quite problematic, it is often not what leads to
the overall mortality or morbidity of CF patients. Rather, this is due to secondary infections
that arise from this buildup. As stated earlier, this mucus is a rich, largely immobile niche of
complex nutrients that enmesh the bacteria. In healthy lungs, the cilia are functioning properly
with a thin PCL and clearing most pathogens out of the lungs. However, with the thick mucus,
this is not the case, as the cilia do not have enough physical force to push it upwards. As a
result, bacteria begin to infect the area. However, the precise location in the lungs where the
infection resides is important for the choice of treatment methods. In general, the lungs are
divided into two zones. The first is the conductive zone, which includes many of the prelimi‐
nary branches of the bronchi and does not directly include the alveoli or any of the accompa‐
nying areas. The second is the respiratory zone, which includes many of the later branches of
the airways and the alveoli. These differences are important due to the necessary changes for
treatments. In the conductive zone, the tissue does not have quite as high a vascular exposure,
but is much closer to the mouth. As such, infections in this area are often treated with aero‐
solized medicines. In contrast, the respiratory zone is much deeper into the lungs, but has
much higher vascular exposure due to the presence of the alveoli in this zone. Treatments for
this zone usually include oral or intravenous medications. While the mode of treatment is
known, the actual ability to determine where the infection is occurring is dependent on a series
of initial cultures from the patient, and the species present can change once treatment begins.

Once the type of treatment has been determined, the next step is determining what the effective
antibiotic(s) is for the particular bacteria being targeted. This is dependent on the class of
antibiotic and has to be administered in a patient-specific manner. In general, there are some
that work more efficiently in certain patients than in others. For example, tobramycin, a potent
aminoglycoside, has been approved by the FDA for clinical treatment of PA in CF patients.
However, various reports have shown an impenetrability of tobramycin in biofilms, an effect
that may be due to the lowered levels of oxygen within the biofilms. The ability of an antibiotic
to be active on biofilm bacteria is of the utmost importance when selecting a treatment strategy
[33]. As mentioned previously, biofilms generally develop more resistance to certain antibi‐
otics due to their differential metabolism, as well as penetration issues. Those at the surface of
the biofilm are generally more metabolically active, while those in the middle of the biofilm
projections and those at the base are generally far less active or even inactive. Ciofu et al. [63]
showed that certain antibiotics will be more or less effective in these areas depending on their
mode of action. Tobramycin is highly effective on the more oxygen-rich outer layer of
metabolically active bacteria, but others such as colistin are better suited at dealing with the
metabolically inactive bacteria further into the biofilm. In addition, both basic and clinical
scientists are focusing better on the proper physiology of bacteria for treatment. This is
something that is case-dependent, and cannot necessarily be generalized.

However, the efficiency of the antibiotics for long-term treatment of PA infections has been
worrisome, especially because of the development of multi-drug resistant PA (MRPA) [64].
Because of these issues, it is imperative to unravel new treatments that will work on bacteria
that are growing under non-traditional conditions (e.g., anaerobic or microaerobic). That is
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why certain groups are evaluating the ability of other compounds for bactericidal action. One
of the more notable treatments was discovered by our group in defining the use of acidified
nitrite for the treatment of mucoid PA infections. In 2006, we discovered that the application
of acidified nitrite onto anaerobic PA, both planktonic and biofilm associated, virtually killed
the organisms; however, the same effect was not quite seen aerobically [65]. The treatment also
had to be administered at a slightly acidic pH (6.5) of the CF lung. This combination, however,
was very effective. Further investigation showed that acidified nitrite was unstable and
produced a toxic, bactericidal intermediate nitric oxide (NO). Although PA normally proceeds
through the route of denitrification, this process is overloaded by an excess of NO2

-, and
subsequently NO. The enzymes involved in the detoxification process are not able to com‐
pensate for this overload, and the bacteria ultimately become poisoned. This occurs through
the reaction of NO with sulfur from cysteines in the proteins in the cell, which produces S-
nitrosylated proteins (S-NO) that are targeted for degradation. In addition, NO also reacts with
iron/heme containing proteins leading to the formation of dinitrosyl iron complexes. Consid‐
ering the simplicity and remarkable efficacy of this treatment, this is an example of what to
look for in the future.

6. Future treatments

While advancements in medicine are not written in stone, there are trends that are observable
that can dictate what advancements should be expected. Most of these trends are collected on
the website for the CF Foundation [66], which monitors all forms of data related to CF research.
In this case, they maintain a log of what is in the pipeline for research, as well as commonly
available treatments for patients. In general, the medications available fall into six categories:
CFTR modulators, anti-inflammatory drugs, anti-infective drugs, nutrition, mucus alteration,
and airway surface restoration. Much of the research on medications has been focused on anti-
inflammatory and anti-infective medications. While most of the anti-infective compounds
have been modifications of available antibiotics into inhalable forms (such as aerosolized
amikacin and vancomycin), the developments in anti-inflammatory medications are slightly
more unique. One such example is the development of a drug that is targeting the Type III
Secretion System of PA. This is a humanized monoclonal antibody directed against one of the
protein components of the T3SS. The study states that its goal is to develop an anti-inflamma‐
tory molecule, which this antibody serves to do. By interacting with the T3SS, it will hopefully
reduce any inflammation caused by sensing this molecule, and potentially reduce the amount
of molecules secreted by this system. However, as they note, this is not a means to kill PA [66].
The antibody does not serve that purpose, so it is not able to function as an antibiotic in infected
patients.

Another field that seems to be growing with potential treatments is the area of CFTR modu‐
lators. This field of treatment is focused on finding drugs that change the defective behavior
of mutant CFTR protein. Since one form of mutant CFTR is produced yet does not make it to
the apical membrane of the cells, some thought has gone into making it possible for the protein
to make it to the surface, and hopefully in that process, fold properly to allow for a functioning

An Overview of Infections in Cystic Fibrosis Airways and the Role of Environmental Conditions on…
http://dx.doi.org/10.5772/60897

191



anion channel. All of these are experimental compounds, but have made it to Phase 2 clinical
trials at the time of this publication [66]. The first is a “potentiator”, a compound that suppos‐
edly will be able to open a defective CFTR once it has reached the surface. While this is not
meant for all forms of the disease, it is possible that this will have a great impact. Next is a
“corrector” that is meant to move the folded protein to the correct location in the cell. This can
help with proteins that have misfolded and are sent for degradation or are sent to a different
membrane of the cell (e.g., basolateral). Finally, a synthetic signaling molecule has been
developed that is meant to supplement decreased levels of S-nitrosoglutathione (an NO
generator) in the cells of CF patients. This signaling molecule has been found to be decreased
in these patients, and already evidence from the trial has shown that by supplementing this
signal, there is increased and proper folding of the CFTR and function of the channel once it
is in the membrane.

7. Conclusions

Bacterial infections of CF patients have been a cornerstone of treatment for decades, and that
will not change going forward. Future efforts will be focused on finding alternative treatments
that will be able to affect both planktonic and biofilm associated organisms in the lungs. This
aspect of bacterial growth is most likely the key to effectively remove the organisms from the
CF lung and improve the overall life expectancy for these patients. Already, great advances
have been made in the last thirty years, as evidenced by not only the number of new and
varying treatments, but also by the increased average life span for CF patients (40.7 years) [4].
While some research will still be focused on finding a way to directly treat the CFTR mutation,
short-term research needs to be focused on discovering new and innovative treatment options.
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“corrector” that is meant to move the folded protein to the correct location in the cell. This can
help with proteins that have misfolded and are sent for degradation or are sent to a different
membrane of the cell (e.g., basolateral). Finally, a synthetic signaling molecule has been
developed that is meant to supplement decreased levels of S-nitrosoglutathione (an NO
generator) in the cells of CF patients. This signaling molecule has been found to be decreased
in these patients, and already evidence from the trial has shown that by supplementing this
signal, there is increased and proper folding of the CFTR and function of the channel once it
is in the membrane.

7. Conclusions

Bacterial infections of CF patients have been a cornerstone of treatment for decades, and that
will not change going forward. Future efforts will be focused on finding alternative treatments
that will be able to affect both planktonic and biofilm associated organisms in the lungs. This
aspect of bacterial growth is most likely the key to effectively remove the organisms from the
CF lung and improve the overall life expectancy for these patients. Already, great advances
have been made in the last thirty years, as evidenced by not only the number of new and
varying treatments, but also by the increased average life span for CF patients (40.7 years) [4].
While some research will still be focused on finding a way to directly treat the CFTR mutation,
short-term research needs to be focused on discovering new and innovative treatment options.
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Abstract

Molecular diagnosis of cystic fibrosis is based on the detection of mutation in the CFTR
gene, identified in 1989. During the past 20 years, thanks to evolutions of diagnostic
techniques, our knowledge of mutation spectrum and pathophysiological mecha‐
nisms involved in the disease has significantly improved. Sanger sequencing and
quantitative methods greatly contributed to the identification of the 2,000 sequence
variations reported worldwide in CFTR. We are now entering the new technological
age with the generalisation of Next Generation Sequencing (NGS) technologies in
diagnostics laboratories. These high throughput approaches allow scanning for the
entire CFTR locus, including deep intronic regions, and in parallel other candidate
genes that possibly influence the clinical evolution of patients. However, this powerful
technology poses new challenge in test interpretation. In this chapter, we review the
current and new technologies used in molecular diagnostics of cystic fibrosis,
particularly NGS approaches. We also present current and new bioinformatics tools
available for the interpretation of variants and in vitro/ex vivo and in vivo techniques
that can be used to improve the characterization of the functional impact of CFTR
variations.

Keywords: Next generation sequencing, CFTR, sequence variations, interpretation,
functional characterization
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1. Introduction

The autosomal recessive mode of inheritance of Cystic Fibrosis (CF) was suggested by
Andersen and Hodges in 1945 when they described this disease as a pathological entity.

Since the discovery of the CFTR gene (and the predicted protein cystic fibrosis transmembrane
conductance regulator) in 1989 [1], close to 2, 000 variations have been identified on this locus.
CFTR gene studies represent one of the most frequent genetic analyses routinely performed
worldwide, either to confirm the clinical diagnosis of CF or CFTR-related disorders (CFTR-
RDs), or to offer carrier testing, prenatal or pre-implantation genetic diagnosis.

The most common severe mutation, p.Phe508del, is found in approximately 70% of CF alleles
of European descent (therefore it is present in 49% of homozygous and 42% of compound
heterozygous CF patients), with significant variations depending on ethnicities [2]. There is a
clear decreasing northwest to southwest gradient in p.Phe508del frequency across Europe.
Only four other mutations represent more than 1% of CF cases: p.Gly542*, p.Gly551Asp,
p.Asn1303Lys, and p.Trp1282*. All other mutations are rare and many are private, only
detected within a single family.

Figure 1. Two models for the classification of CFTR variants: (1) Functional: five classes of defective CFTR protein [3, 4,
5]; and (2) Clinical: four classes based on phenotypic expression in patients [6].
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Therefore, a good knowledge of CFTR diseases and their molecular pathology is required
when choosing tools and strategy and when interpreting results. Organization of regional or
national networks of specialist clinical and molecular genetic laboratories is needed. Two
models for the classification of sequence alterations have been proposed (Figure 1): (1)
depending on their molecular impact on the CFTR chloride channel, which requires in
vitro/in vivo functional assays, now less used due to the difficulty in accurately classifying the
new reported variants [3, 4] or (2) by their clinical consequences on patients based on detailed
and prospective clinical evaluation of patients associated with molecular findings [5].

However, even if the most severe mutations were studied in vitro, mild mutations or variants
of unknown (clinical) significance (VUCs or VUS) were barely analysed. Thus, only one third
of CFTR variations are functionally classified. Finally, in CF, as in other genetic diseases, new
molecular diagnosis techniques such as Next Generation Sequencing (NGS) allow the analysis
of the whole CFTR locus (including deep intronic regions) but increase the number of VUCS
reported on patients.

Therefore, geneticists and clinicians have to combine CFTR epidemiological databases,
functional in vitro/in vivo analysis and exhaustive clinical data to perform pertinent genotype/
phenotype correlations in patients in order to provide appropriate genetic counselling to
families.

2. Technical aspects of molecular diagnosis

The CFTR genetic testing strategy depends on the clinical and familial context and is classically
performed step by step, as recommended [7]. As shown in Figure 2, tests are carried out in
various situations, including confirmation of a clinical diagnosis, prenatal diagnosis (familial
context or foetal suspicion of CF) and carrier screening.

A wide range of techniques is still used to identify CFTR gene sequence variations (presented
in Table 1) and there is no gold standard or preferred method for routine testing. However,
laboratories should be aware of the limitations of their chosen method (e.g. some mutations
are not identified). Moreover, assay performance should always be verified before diagnostic
use, even though commercial kits are CE-marked in vitro diagnostic devices (IVDD). In the
perspective of accreditation (expected in France in 2020 for hospital diagnostic laboratories),
all methods used in molecular biology should be validated before diagnostic use, notably by
comparison with a reference method (Sanger sequencing for Single Nucleotide Variations and
quantitative PCR for Copy Number Variations detection). This technical validation should be
undertaken for NGS in the step 1 and 2 diagnosis.

Undetected CFTR mutations may lie within the introns or regulatory regions, which are not
routinely explored but that will be soon analysed by NGS. Comparison between NGS and
reference methods for the identification of CFTR variants on these unexplored regions will be
a challenge.
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Figure 2. CF molecular diagnosis: a step-by-step strategy (modified from [7]). NBS: newborn screening; SNV: Single
Nucleotide Variation; CNV: Copy Number Variation; MLPA: Multiplex Ligation-dependent Probe Amplification.

2.1. Current techniques to detect CFTR variants

2.1.1. Screening techniques (Step 1)

These approaches consist of genotyping a panel of frequent CF mutations using commercial
kits (Table 1) that classically cover more than 80% of CF known mutations in European
populations. Additional search for mutations specific to certain regions or ethnicities (fre‐
quency higher than 1% of CF alleles in the targeted population) completes the analyses.

Data on disease and carrier frequencies or mutation frequencies in various populations are
available in the WHO report [8] and should be accurately known and used by laboratories.

For many patients carrying CF-causing mutations included in commercial panels, CFTR
molecular analysis generally stops at this step. There is no need for additional studies, except
the confirmation of mutations by a second method, as recommended by international guide‐
lines for genetics diagnosis.

2.1.2. Scanning techniques (Step 2)

The high heterogeneity of CFTR mutations in CF and CFTR-RD populations makes the
complete molecular screening of the 27 exons and parts of the regulatory regions (5’UTR,
3’UTR and partial intronic regions) essential.

Therefore, the analysis of the CFTR locus can be performed as follows:
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• To detect SNV: scanning the 27 exons of the CFTR gene, intronic boundaries and four
intronic regions with reported deep intronic mutations [9-12] and a part of the promoter.
As an example, one can use Sanger sequencing with Single Condition Amplification Primers
(SCAP) technique [13].

• To detect CNV (large CFTR rearrangements): scanning of exon by multiplex fluorescent
quantitative PCR (Multiplex Ligation-dependent Probe Amplification or MLPA) or array-
CGH [14].

These robust methods allow the detection of more than 97% of CFTR mutations involved in
CF.

2.1.3. Advantages and limits

Classical screening or scanning methods used to detect mutations (in step 1 and 2) have high
specificity and sensitivity (Table 1). Older techniques such as RFLP (restriction fragment length
polymorphism), DGGE (denaturing gradient gel electrophoresis) or DHPLC (denaturing high
performance liquid chromatography) were widely used in the past 20 years but were difficult
to set up and showed inconstant performance. They have been progressively replaced by easy-
to-use commercial kits, more appropriate for larger sample series. These kits allow PCR
multiplexing and thus enable the detection of the most common CF mutations in one reaction.
Sanger sequencing and quantitative PCR are the most effective to identify unknown mutations.
However, all these classical methods are labour-intensive and time-consuming.

Method name Mutations detected Advantages Limits

Screening (step 1)

Reverse dot blot hybridization Up to 20 mutations per multiplex

Appropriate for large series
High specificity

Cost effective

Partial hybridization if SNP on
probe

ARMS (amplification refractory
mutation system)

Up to 50 mutations
Primer Design difficult

Need of high agarose gel quality

OLA (Oligonucleotide ligation
assay)

32 mutations (Abbott kit)
Partial hybridization if SNP on

probe

NGS 139 to 166 CFTR variants
Need of sufficient coverage
In development (Illumina)

Scanning (Step 2)

HRM (High Resolution Melting
curve analysis)

Heterozygous variants
Appropriate for large series (e.g.

epidemiological studies)

Exon by exon
Need of positive cases

Not adapted for homozygous
variants

Sanger Sequencing All sequenced bases Close to 100% sensitivity
Expensive method

Can not detect CNV

Quantitative fluorescent multiplex
PCR

Deletions, duplications,
insertions

Simple and rapid
False positive if SNP on probe

Performance dependent on DNA
quality

NGS (used for step 3) All sequenced bases
Appropriate for large series

Cost effective
Need of sufficient coverage
In development (Illumina)

Table 1. Overview, advantages and limits of screening and scanning techniques used in molecular genetics diagnosis
(adapted from [7])

New Molecular Diagnosis Approaches — From the Identification of Mutations to Their Characterization
http://dx.doi.org/10.5772/60679

205



2.2. Next Generation Sequencing (NGS)

2.2.1. Principle of NGS technologies

The development of Next Generation Sequencing (NGS) or Massively Parallel Sequencing
(MPS) technologies with an immense capacity (up to 1 Terabase (Tb) of data per run with the
HiSeq2500 system, Illumina) is a major technical progress in the field of human genetics. Since
2004, three principal NGS platforms have been commercially available, including (i) 454 GS
FLX & GS junior from Roche (ii) Genome Analyzer, HiSeq & MiSeq from Illumina and (iii)
SOLiD & Ion Torrent PGM from Life Technologies-Applied Biosystems (AB) [15]. These
technologies differ in terms of sample library preparation workflow, enabling sequencing on
any of the current NGS sequencers (e.g. Illumina, Life technologies, Roche). Since late 2004,
three principal NGS firms developed sequencers commercially available (listed in Table 2).

454 pyrosequencing is a sequencing-by-synthesis method that measures the release of
inorganic pyrophosphate upon incorporation of nucleotides, by converting it into luciferase
chemiluminescent signals using a series of enzymatic reactions. Ion Torrent semiconductor
technology is also based on a sequencing-by-synthesis approach but measures pH changes
(instead of light) induced by the release of hydrogen ions as nucleotides are incorporated.
SOLiD technology is a ligation-based sequencing system. DNA ligase is used to identify the
nucleotide present at a given position in a DNA sequence; each base is read twice, which
increases accuracy, even for homopolymeric regions. Base detection uses a mixture of labelled
oligonucleotides, which queries the input strand with ligase. In Illumina system, clonal
amplification is performed using a process termed ‘bridge amplification’ followed by two basic
steps, initial priming and extending of the single-stranded, single-molecule template and
bridge amplification of the immobilized template with immediately adjacent primers to form
clusters. For sequencing, only dye-labelled terminators are added; then the sequence at that
position is determined for all clusters; next, the dye is cleaved and another round of dye-
labelled terminators is added.

Platform
GAII, HiSeq &

MiSeq
Ion Torrent SOLiD GS FLX & GS Junior

Methodology
Sequencing by synthesis
(Reversible termination)

Sequencing by synthesis Sequencing by Ligation
Sequencing by synthesis

(Pyrosequencing)

Loading

Adaptors on template
DNA bind high density

primers across surface of
slide

Adaptors on template
DNA bind primers on

beads, one molecule per
bead

Adaptors on template DNA
bind primers on beads, one

molecule per bead

Adaptors on template DNA
bind primers on beads, one

molecule per bead

Clonal amplification
Bridge PCR: Surface

array on flow cell
Emulsion PCR: clusters on

beads
Emulsion PCR: clusters on

beads
Emulsion PCR: clusters on

beads

Parallelisation
Random array on flow

cell
Beads loaded on a chip

Beads bonded to high
density glass slide

Beads loaded onto high
density plate

Detection Fluorescence
H+ ions (sensitive pH

meter)
Fluorescence Light (luciferase)

Table 2. Overview of the main NGS technologies
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2.2.1.1. Target enrichment

Targeted re-sequencing isolates genomic regions of interest in a sample library, allowing to
focus efficiently and cost-effectively on a small subset of the genome, such as an exome, a
particular chromosome, a set of genes or a region of interest such as a whole gene. Two main
strategies can be envisioned: capture [16, 17] or amplification relevant genomic DNA [18-20]
as shown in Table 3.

Strategy Capture/hybridisation-based method Amplicon-based method

Methods HaloPlex
SureSelect

(Agilent) /SeqCap
(NimbleGen)

Nextera (Illumina)
Microdoplet
(RainDance

Technologies)

Multiplex PCR
(AmpliSeq, Life
Technology &

TrueSeq,
Illumina)

Long-Range PCR
Qiagen & "home"

design

Main steps

Restriction enzyme
digestion

Sonication/
nebulisation

Tagmentation with
transposon

Sonication
PCR

amplification
PCR amplification

Probe hybridisation
PCR amplification

+ probe
hybridisation

PCR amplification
+ probe

hybridisation

Sonication/
nebulisation

Ligation of
sequencing

adaptors

Table 3. Main strategies proposed for target enrichment

2.2.1.2. Advantages and limits

The main advantages of the technology are related to its capability to process a large number
of samples in parallel. NGS technologies are time saving and lower the costs per patient, of
step 1 and particularly step 2 molecular analyses. But, they also have significant limitations
such as high error rates, enrichment of rare variants and large proportion of missing values,
as well as the fact that most current analytical methods are designed for population-based
association studies. With second generation sequencing, it is necessary to clonally amplify the
isolated targets in order to generate sufficient signal for detection during the sequencing run
generating clusters of many thousands of identical DNA targets. In addition, each NGS
platform generates different read lengths that range from short (e.g. 35 bases) to long reads
(over 500 bases). For a number of applications, including targeted re-sequencing, ChIP-Seq
and RNA-Seq, short reads are highly informative and adequate. Conversely, longer reads are
more suitable for de novo genome assembly, mapping of high homology regions (related gene
family and pseudogenes) and sequencing of repetitive DNA regions, such as introns. This is
an important consideration since short read length can make accurate assembly and alignment
computationally challenging.

For some clinical applications, as NGS produces massive amounts of data, their analysis and
interpretation are time-consuming, not trivial and a real challenge even if specific portions of
a genome is analysed.
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2.2.1.3. Bioinformatics software to analyse NGS data

Then, generated data are analysed by bioinformatics tools. Quality criteria such as confidence
or coverage are guarantees for optimal sensitivity and specificity of a sequencing run. Bioin‐
formatics analyses are frequently performed by using software developed by sequencers’
companies. The three steps include (1) base calling and quality score computation, (2) assembly
and alignment and (3) variant calling and annotation. Laboratories developed their own ‘in-
house’ pipeline mainly to apply filters allowing an easy focus on causing-mutations. Others
use free web resources to realign files including BWA (http://bio-bwa.sourceforge.net) or to
perform a new variant calling such as Samtools and GATK [21-23]. Others serve as Viewer
such as Integrative Genomics Viewer (http://www.broadinstitute.org/igv/). Galaxy website is
an integrative platform offering the possibility to view and process files generated by NGS.
Many databases, useful for variant annotation and sometimes inserted in others programs or
pipelines, are publicly available including the 1000 Genomes Project [24] and the dbSNP
database [25] (further described in part 3.1.1).

Many tracks are currently studied (i.e. improvement of bioinformatics tools, comparison of
NGS approaches between CF laboratories, development of databases including newly
detected NGS variants, publication of guidelines and definition of a diagnosis report model)
to make CF molecular diagnosis by NGS suitable for different clinical and familial cases.

2.2.2. Indications and choice of CFTR analysed regions

In the case of Mendelian diseases caused by mutations in a single gene, like CFTR in Cystic
Fibrosis, NGS sequencing of entire genome or exome is still useless and expensive. Collabo‐
rations between companies specialized in molecular diagnosis and academic laboratories
recently led to the establishment of new molecular diagnosis tools based on NGS. Combination
of (i) the enrichment of regions of interest by hybrid capture, circularization or Polymerase
Chain Reaction (PCR) and (ii) high throughput sequencing now allows time-efficient and
economical way to perform analyses. Use of NGS technology as a first intention is currently
set up in laboratories, which will soon question the CF diagnosis strategy as a tree. As shown
in Figure 2, in our actual CF molecular diagnosis strategy, NGS technology can be used instead
of ‘classical’ techniques for the detection of a panel of common mutations (step 1) or to analyse
the ‘CFTR exome’ (step 2). Technical manipulations are similar for both, but filters can be used
to focus on regions that contain mutations. Multiplicom® and Illumina® propose a locus
specific design to library preparation for molecular analysis of the ‘CFTR exome’. CE-marked
kits for in vitro diagnostic (CE-IVD) and efficient bioinformatics tools are commercialized. The
latter could be performed by in-house pipelines or subcontract on commercial firms (Sophia
Genetics®). SNV and indels are correctly detected (high specificity and sensitivity) and CNV
detection is now available for some amplicon-based methods.

Furthermore, in patients with definite CF clinical diagnosis (positive sweat test, CF clinical
features) and who carry no or only one CF mutation, step 3 analysis could be ultimately
proposed, in combination with the analysis of potential modifiers genes (see next section)

In literature, three studies reported NGS CFTR sequencing (Table 4) on CF patients, CF carriers
or controls samples [18, 26, 27]. Abou Tayoun and colleagues [26] first proposed a proof-of-
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concept for a ‘CFTR exome’ analysis by NGS on 79 samples. Target enrichment was performed
by PCR amplification (AmpliSeq Panel, Life technologies) and Sequencing on Ion Torrent
Platform (PGM®). Their sequencing offered minimal coverage of 100X (depending on the Ion
314 or 318 chip used). Two others studies realized sequencing of the whole CFTR locus (close
to 250 kb) including deep intronic CFTR regions (Figure 2, Step 3). Trujillano et al. [27] reported
the CFTR re-sequencing by hybridization capture on a custom NimbleGen SeqCap EZ Choise
array using HiSeq2000 (Illumina®) in a set of 92 samples. They highlighted the precise
characterization of breakpoints of seven genomic rearrangements in CFTR.

We proposed a complete CFTR gene sequencing of DNA samples from patients with a
confirmed CF clinical diagnosis but with an incomplete genotype [18]. Although large
unexplored intronic regions might contain few mutations (about 1%–3% of CF mutations), we
identified a new pathogenic mutation, which creates a pseudo-exon (Table 4). Moreover, we
compared hybridization capture and Long-Range PCR to target enrichment and used a small-
scale NGS platform for sequencing (GS Junior Sequencer, 454 Life Sciences®). Some promising
variants were then confirmed as deleterious by in vitro/ex vivo functional assays. However, for
most detected intronic variants, classification will be a long and difficult way. This approach
is currently under development for CF diagnosis.

Abou Tayoun et al., 2013 [25] Trujillano et al., 2014 [26] Bonini et al., 2015 [17]

Samples
57 subjects already genotyped
– 22 cell lines: 24 CF, 46 CF
carriers, 9 controls

92 subjects already genotyped: 45
CF, 27 CF carriers, 20 CFTR-RD

18 CF subjects in whom only one mutation had
identified

Study objectif
Proof of concept of CFTR
assay by NGS

Resequencing mutations
Validation technique

Identification of the second mutation
Comparison of two target enrichment
approaches

Sequencing protocol

Regions analyzed
All CFTR exons and 20bp of
all intron/splice sites (10
343bp)

All CFTR locus (208kb →  181kb
after masking repetitive DNA
elements)

All CFTR locus (250kb)

2.1million probes
(60-90pb)

36 overlapping
fragments (7.3-14.5kb)

Target enrichment
Custom AmpliSeq panel (Life
technologies)

Hybrid capture: Custom
NimbleGen SeqCap EZ

Hybrid capture: Custom
NimbleGen SeqCap EZ

Long-Range -PCR
(LR-PCR) enrichment

Initial DNA quantity
per sample

20ng 500ng 750ng

Library preparation

2 separate primer pools (2x36
amplicons), end-repair,
ligation to adaptators,
quantification of Library
pooled bar-coded libraries
Clonal PCR

Sonication (Covaris
End-repair, A-tailing, ligation to
index adaptators (TrueSeq
protocol
CR), PCR amplification,
quantification of Library
(bioanalyzer), in-solution
hybridization

Nebulization; End-
repair, ligation to
adaptators,
quantification of
Library, Clonal
emulsion PCR

Nebulization; LR-
PCREnd-repair,
phosphorylation,
ligation to MID
adaptators,
quantification of
Library,
Clonal emulsion PCR

Sample Multiplexing
and cost

5 to 35 samples 8 to 24 samples No multiplexing 4 samples

NGS technology

200bp single reads
Ion 314TM (10Mb) or Ion 318
(1Gb)
Ion torrent Personal Genome
Machine (PGM)

2x100bp paired-end reads
HiSeq 2000 instrument (Illumina)

Single or Paired-end reads, up to 450 bp
GS Junior Sequencer (454 Life Sciences)
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Abou Tayoun et al., 2013 [25] Trujillano et al., 2014 [26] Bonini et al., 2015 [17]

Mapping Human genome
Human genome (GATK pipeline
and picard-tools)

Human Genome (454
Roche GS Junior data
analysis pipeline)

Chromosome 7
(454 Roche GS Junior
data analysis
pipeline)

Minimal coverage
Mean: 231X
99,7% covered by minimum 5
reads

40X

CFTR Sequencing statistics

Specificity 97% (22 on 23 mutations) 100% ND

Sensitivity 100% (23 on 23 mutations) 100% (122 on 122 variants) ND

Reproducibility
100% (56 on 56 variants in 3
independent runs)

100% (8 on 8 variants) ND

Bioinformatics tools

CNV

Depth-Of-Coverage tool from
the Genome Analysis ToolKit
(GATK)
--> Log2 ratios < -0.7: deletion

Pindel; Conifer; PeSV-Fisher
5 large deletions, 1 duplication and
1 genomic rearrangement

ND

SNV
7 variants per sample on
average

115 SNV + 28 InDels on average
per sample

197 variants on average per sample (118 in
introns)

Variant identification
and calling

Not notified
Variant prediction tools: GATK
Unified Genotyper, samtools
mpileup, SHORE

Reference Mapper
Mutalyzer
SeqNext (JSI medical systems)

Variant filter
Min coverage: 20 reads
Threshold: 25% reads
Both strands

GATK Variant filtration (MQ<30.0;
QUAL<25.0; QD<4.0; DP<5;
DP<2000; GQ<15)
GATK Combine Variant

Threshold 30% of reads
Heterozygous: Read support: 30-65%
Homozygous >70%

Databases

Variant frequency > 1%
dbSNP
Exome Variant Server
CFMDB
CFTR2

1000 Genomes project
dbSNP
Exome Variant Server
CFMDB
CFTR2

1000 Genomes project
dbSNP

In silico analysis
SIFT
Mutation Taster

Annovar
SIFT, PolyPhen2, PhyloP, Mutation
Taster, phastCons
UCSC Genome Browser

Annovar, HSF, MaxEnt, NNSplice, SIFT,
Polyphen2, PhyloP, UCSC Genome Browser,
Ensembl, MutationTaster

Performance

Diagnostic rate ND 98.91% 88.9% (16 / 18)

Particular cases

False positive c.2052del
(2184delA)
Sanger sequencing to
determine the c.
1210-34TG(11-13)T(5-9)
haplotype

In-house script to determine the c.
1210-34TG(11-13)T(5-9) haplotype

False positive c.2052del (2184delA)
Sanger sequencing to determine the c.
1210-34TG(11-13);-12T(5-9) haplotype

Advantages
Robust, specific, limited
number of VUCs

Breakpoints of large genomic
rearrangement accurately
determined

LR-PCR more adapted for complete gene
resequencing
New intronic mutations identified

Limits

SINE/LINE repeats
(amplification and mapping)
Homopolymer stretches
(Sequencing)

GC rich genomic segments (target
enrichment)
Errors in index tags (sequencing)

SINE/LINE repeats (amplification and
mapping)
Homopolymer stretches (Sequencing)
Uncaptured region in intron 3

Table 4. Comparison of three NGS strategies for CFTR sequencing
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2.3. Other loci

With the perspectives of high throughput molecular diagnosis in genetics laboratories, CF,
CFTR-RDs and CF-like diseases could be simultaneously explored in patients using NGS.
Various gene panels could be investigated according to patients’ phenotypes. Therefore, NGS
approaches could contribute to (i) identify and confirm the implication of modifiers genes and
(ii) improve molecular diagnosis of atypical Cystic Fibrosis, CFTR-RDs or CF-like diseases.
Several sequence changes located in the so-called ‘modifier genes’ have been associated with
progression of lung disease in CF patients. A decrease of pulmonary function measured by
FEV1 (the forced expired volume after 1 s of blowing out) was associated with SNVs in EDNRA,
ACER, IFRD1, IL8, MUC5AC and TGF-β1 genes. Haplotype 8.1 and variants in MBL2 gene were
related to Pseudomonas aeruginosa colonization [28, 29]. SNVs in SNAP23, PPP2R4, PPP2R1A and
KRT19 were recently associated with a decrease of lung function. Interactions between CFTR
and these altered proteins may modify CFTR trafficking and membrane stability and there‐
fore modify phenotype of CF patients [30]. Moreover, changes in other modifier genes were
suspected to have an effect on intestinal obstruction (DCTN4, ADIPOR2 and MSRA genes), CF-
associated diabetes (TCF7L2 gene) or liver disease (SERPIN1A1) [31].

CFTR-Related disorders  comprise congenital  bilateral  absence of  vas deferens (CBAVD),
pancreatitis, diffuse bronchiectasis and nasal polyposis. Classically, two CFTR mutations (a
severe and a mild mutation or two mild mutations) are found in well-characterized CBAVD
patients [32]. In addition, Sharma et al. reported 2 SNVs on TGF-β1 and ENDRA genes associat‐
ed with urogenital anomalies [33]. Chronic pancreatitis is caused by CFTR variations in some
cases, and mutations in CTRC, PRSS1, PRSS2 or SPINK1 are also involved and must be analysed.

The implication of CFTR in diffuse bronchiectasis or nasal polyposis is more controversial [34];
variants in other genes were previously reported as possibly causative. However, the identifi‐
cation of mutations in other genes with sufficient significance remains difficult and needs large
patient cohorts. In fact, in airway tract diseases, the influence of environment (pollutants, drugs/
therapy and way of life) complicated the achievement of unbiased studies. Nevertheless, the
hypothesis of oligogenism is supported by a study that reported mutations in ENaC channel
genes (SCNN1A, SCNN1B, SCNN1G) or SERPIN1A1 in CF-like patients (borderline sweat-
test and suggestive CF clinical features without two CFTR mutations) [35].

Finally, a pleiotropic effect of SLC26A9 on meconium ileus, pancreatic damage and lung disease
has been identified [36], as well as SLC9A3 for meconium ileus and lung disease and SLC6A14
for meconium ileus and both lung disease and age at first P. aeruginosa infection [37]. Thus, the
existence of pleiotropic effect of modifier genes on CF evolution may encourage the develop‐
ment of new therapeutic targets with multi-organ benefits.

3. Functional characterization of CFTR sequence variations

To provide appropriate diagnosis and prognosis to CF patients and also appropriate genetic
counselling to families, the impact of variants identified by the techniques detailed above has
to be functionally characterized.
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Some variants such as frequent mutations (found in more than 1% of CF mutated alleles),
nonsense or frameshift mutations are readily classified as pathogenic mutations. However, the
frequent identification of rare sequence alterations of unknown pathogenicity (VUCS, VUS)
substantially complicates test interpretation. Moreover, their number will increase with the
diffusion of NGS technologies. To facilitate classification of these variants, CF laboratories have
to combine several tools like central mutation databases or CFTR locus specific databases, in
silico prediction tools and ex vivo/in vivo functional analyses [38, 39].

3.1. Epidemiological data and locus specific databases dedicated to CFTR

3.1.1. Core or central mutation databases

Their goal is to collect all sequence variations detected in all genes and to describe each
mutation briefly. These databases are used to assess the frequency of a variation (minor allele
frequency (MAF) lower or higher than 1%) in the general population (i.e. unaffected individ‐
uals). Since a MAF higher than 1% reflects a low probability for the variant to be pathogenic,
such data may be highly informative for the interpretation of variants.

3.1.1.1. The National Center for Biotechnology Information (NCBI) short genetic variations database
dbSNP

dbSNP [25] is the most comprehensive directory of single nucleotide variations. It catalogues
short variations in nucleotide sequences from a wide range of organisms. Genetic Variations
may be common, thus representing true polymorphisms, or they may be rare. Some of these
rare human entries have additional information associated with them, including disease
associations, genotype information and allele origin, as some variations are somatic rather than
germ-line events. Genotypes and allele frequencies information for various populations from
different studies, including data form the HapMap project, are also available.

3.1.1.2. Databases specifically collecting data from NGS projects

1000Genomes [24] aimed to find most genetic variants that have frequencies of at least 1% in
samples from five populations: East Asian, South Asian, African, European and American
ancestries. As in dbSNP, genotypes and allele frequencies information are available for a large
number of variants [40].

Exome Variant Server [41] is a database that collects data of the NHLBI GO Exome Sequencing
Project (ESP). This project aimed to discover novel genes and mechanisms contributing to
various disorders by sequencing the protein coding regions of the human genome (i.e. exome)
using NGS technology. As the CFTR gene is widely studied, this tool would not be of added
value compared to dbSNP and 1000 Genomes.

3.1.2. Locus Specific Databases (LSDBs) dedicated to CFTR

LSDBs are now recognized as the best mode of collecting and curating lists of mutations related
to human genetic diseases [42]. They compile in a single bioinformatics tool disease-causing
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and non-disease-causing sequence variations identified by genetics laboratories in families
with a history of a given Mendelian disease. The most sophisticated ones integrate clinical and
biological data, information on the geographic and/or ethnic origin, frequency of variations in
the general population, mutation hot spots and all useful information for diagnosis, prognosis
and the evaluation of genotype/phenotype relationships [43].

Here we choose to detail three LSDB dedicated to CFTR that provide complementary infor‐
mation for the interpretation and the characterization of variants identified in diagnostics
practice.

3.1.2.1. Cystic fibrosis mutation database

The Cystic Fibrosis Mutation Database (CFMDB) [44] also called ‘CFTR1’ is an open access
database dedicated to the collection of sequence variations in the CFTR gene for the interna‐
tional CF genetics research community. It was initiated by the Cystic Fibrosis Genetic Analysis
Consortium (CFGAC) in 1989 and is maintained by the Cystic Fibrosis Centre at the Hospital
for Sick Children in Toronto. CFMDB allows the direct submission of new variants by
laboratories, by filling out an on- line standardized form with the possibility to detail pheno‐
typic data, genotype (i.e. other variants identified in patient) or epidemiological data. The key
point of this database is to collect the largest number of CFTR sequence variations identified
in patients, relatives and partners. On the other side, because the submission procedure applies
only to the initial report of each variant, CFMDB does not provide frequency data, available
with the two other databases described below. Finally, contributors do not always follow
HGVS recommendations and a same variant can be reported by several laboratories under
different names, possibly leading to misinterpretation or misreporting in diagnosis reports.

3.1.2.2. Clinical and functional translation of CFTR database CFTR2

CFTR2 [45] is a website designed to provide information about specific CF mutations to
patients, researchers and the general public. For each mutation included in the database, it
provides information about whether a given mutation causes cystic fibrosis when combined
with another CF-causing mutation and clinical and biological information (sweat chloride,
lung function, pancreatic status and pseudomonas infection rates) in patients carrying the
mutation. A specific section for health practitioners and scientists provides more in-depth and
research-related information.

The goal of the CFTR2 project is to categorize all mutations seen in CF patients as disease-
causing (always resulting in CF when combined with another CF-causing mutation), neutral
or mutation of varying clinical consequences (CF and CFTR-RD). Mutations that have not been
fully analysed are considered of unknown clinical significance.

The major advantages of CFTR2 are (i) the collection of detailed clinical characteristics on large
cohorts of individuals [46] that provide useful information related to a given genotype, and
(ii) results of functional testing that are key arguments for their final interpretation [47].

However, this database only collects clinical and genetic data of CF patients (from national
registers) that can lead to a bias of phenotypic spectrum assessment of several mutations
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considered as CF-causing mutations while they were also reported in CFTR-RD patients in
trans of other CF-causing mutations.

3.1.2.3. The French molecular database CFTR-France

CFTR-France [48] has been developed since 2012 with the aim to collect, store and process any
category of variants identified in the CFTR gene, thanks to the collaboration of nine French
laboratories with high expertise in the molecular analyses of this gene. Its specificity is to
compile and annotate any category of variations (disease-causing, non-disease-causing and
variants of unknown clinical significance) that have been identified by collaborators in patients
affected with CF or CFTR-RD, in foetuses with abnormal ultrasonography (e.g. echogenic
bowel), newborns with pending or inconclusive diagnosis and asymptomatic individuals
carrying at least one sequence variation on each CFTR gene (i.e. carrying two variations in
trans). The database includes the main clinical data of these individuals, genetic information
from familial segregation studies and various variant annotations (frequency in patients and
controls populations, sequence homology, predicted or experimentally assessed functional
impact, etc.), allowing the analysis of genotype/phenotype relationships.

Thus, CFTR-France, by collecting all phenotypes, reflects the phenotypic spectrum of a large
number of mutations. It also reports mutations in complex alleles with association frequencies
(related to all individuals recorded in the database), and gives the up-to-date HGVS nomen‐
clature of mutations.

Data collected in CFTR-France are provided by level 2 (specialised) and reference laboratories,
so that patients analysed only by level 1 laboratories (searching for the most common muta‐
tions) are not included in the database.

Note: Access to CFTR-France is currently restricted to collaborators. A public access program
is in progress for the medical and scientific community and for patients and families.

3.2. In silico prediction analyses

3.2.1. Variants located in exons and exon-intron boundaries

3.2.1.1. Prediction tools for the assessment of the impact on protein

Prediction methods of amino acid substitutions use protein sequence, structure and/or
annotation. Disease-causing mutations that affect protein function tend to occur at evolutio‐
narily conserved sites and/or at key positions in protein structure. Multiple sequence align‐
ment of orthologous sequences reveal what positions have been conserved through evolution,
and these positions are supposed to be important for protein function. Annotation can enhance
prediction for variants located in structurally and functionally important domains, but this
information is often sparse.

The issue of the efficiency of prediction tools in assessing possible pathogenicity of missense
variants in the CFTR gene is of major interest, since they constitute the vast majority of VUS
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identified in patients. Diagnostics laboratories frequently use those tools and particularly in
problematic situations. Unfortunately their performance has not been clearly established and
results (i.e. score of pathogenicity) may be discordant for a given variant.

Predictions of the impact of non-synonymous substitutions in CFTR are mainly based on
multiple sequence alignment of orthologous sequences. Indeed, even if a partial 3D model of
the CFTR protein has been established [49, 50], prediction tools do not take into account these
elements in the final ‘score of pathogenicity’. It is classically recommended to use several
prediction tools to obtain concordant predictions that could be considered for variant inter‐
pretation.

Table 5 summarizes bioinformatics programs classically used by diagnostics laboratories
[51-53] and the new software SuSPect [54].

Method and Web site Algorithm Output

PolyPhen 2 [54]
Sequence conservation, structure to model position of
amino acid substitution, and SWISS-PROT annotation

Score ranges from 0 to a positive
number, where 0 is neutral, and a high

positive number is damaging

SIFT [55]
Sequence homology:

scores are calculated using position-specific scoring
matrices with Dirichlet priors

Score ranges from 0 to 1, where 0 is
damaging and 1 is neutral

Align GVGD [56]
Multiple sequence alignments to characterise the

biochemical properties (composition, polarity and
volume) of the observed amino acids at each position

The prediction classes form a spectrum
(C0, C15, C25, C35, C45, C55, C65) with

C65 most likely to interfere with
function and C0 least likely.

SuSPect [57]

Sequence-, structure*- and systems biology-based
features to predict the phenotypic effects of missense

mutations.
Algorithm trained using VariBench (contains

information for experimentally verified effects)
*Structure-based comparison with other ABC transporters

Table of scores from 0-100, colour-
coded according to predicted
deleteriousness (blue=neutral,

red=disease-causing).
A score of 50 is recommended as a cut-

off between neutral and disease-causing
variants

Alamut© [58]
Commercial software (Interactive

Biosoftware)

Databases: RefSeq, dbSNP, Uniprot, InterPro, UCSC
Genome Browser Database, PubMed, Ensembl.

And
Automated access to on-line prediction tools:

PolyPhen2, SIFT, Align GVGD
Access to splicing prediction tools (detailed in Section

III.2.1.2.)
“Alamut Batch”

High-throughput annotation software for NGS
analysis

Summarized report of the results of
different prediction tools, according to

their output format
Designed for intensive variant

analysis workflows

Table 5. Bioinformatics tools for the prediction of amino acid changes: websites, characteristics and output format
[55-59]

A recent work has emphasised the importance of sequence alignments on the performance of
prediction tools [60]. The authors constructed custom multiple sequence alignments called
phenotype-optimized sequence ensembles (POSEs) that was tested on a training set of CFTR
mutations.
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A previous work already suggested that providing SIFT or PolyPhen-2 with custom align‐
ments increased their performance relative to the default alignments employed by the
algorithms [61]. This could explain that, if Alamut© is a highly interesting tool with its ease of
use, some predictions obtained by using each tool separately with a custom algorithm could
differ from Alamut© results (obtained with default alignments).

3.2.1.2. Prediction tools for the assessment of the impact on pre-mRNA splicing

Splicing mechanisms comprise exon recognition within large pre-mRNA molecules and the
precise removal of flanking introns. Three elements constitute the core splicing signals: the
intronic branch point, the acceptor site (or 3’splice site), including an inconstant upstream
polypyrimidine tract (PPT), and the donor site (or 5’ splice site). These core human splice site
motifs contain only a part of the information that defines exons, whereas the rest corresponds
to less conserved splicing regulatory elements. The latter are located within the exon or
flanking introns, promoting or inhibiting exon recognition through exonic/intronic splicing
enhancers (ESE or ISE) or silencers (ESS or ISS), respectively (Figure 3).

Figure 3. A schematic of key splicing motifs and regulatory elements. Adapted by Le Guédard-Méreuze S. from Wang
and Burge, 2008 [62, 63].

Many bioinformatics tools have been developed to predict which splicing modification is the
most probable for a given sequence variation — exon skipping, cryptic splice sites activation,
use of de novo splice sites — or if the variant may be considered as neutral regarding its impact
on splicing. Most algorithms were developed based on biostatistical and experimental analyses
of information contained in the genomic sequence. They provide a score depending on the
strength of the considered splice site. Indeed, the strength of splicing motifs is a key parameter
to predict the impact of a sequence variation. Performance of these tools has been widely
studied by comparing the results of predictions with experimental assays for various genes
including CFTR [39, 63-66]. In 2012, Houdayer and collaborators performed a large-scale study
of VUCS in BRCA genes in order to assess the performance of six prediction tools [67]. This
work provided guidelines for the proper use of these tools and for the interpretation of
prediction results.

Table 6 summarizes principle and main characteristics of the most ‘popular’ bioinformatics
programs and ASSEDA, a recently developed program [68-73].
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Method and Web site Algorithm Output

MaxEntScan [72]

Based on a Maximum Entropy Model
(MEM):

Modelling the sequences of short sequence
motifs such as those involved in RNA

splicing which simultaneously accounts for
non-adjacent as well as adjacent
dependencies between positions.

Human Splicing Finder (HSF) [73]
Associates weight matrix model

(WMM) and
Maximum Entropy Model (MEM)

Consensus splice sites

HSF (WMM): Quantification of the relative
likelihood of candidate splice site sequence to

show coincidence with consensus sequence

Numerical Score
(0-100)

MaxEnt (MEM): Statistical approach
representing the least biased approximation for

the distribution of sequence motifs, from
available data (real and decoy splice sites).

Incorporates local adjacent and non-adjacent
position dependencies

Numerical Score
(0-10)

cis-regulatory elements

ESEfinder*
RESCUE-ESE*

Predicted PESE AND PESS Octamers from
Zhang & Chasin

*See Prediction tools for cis-regulatory
elements

See Prediction tools for cis-regulatory
elements

NNSplice [74]

Machine learning approach that recognizes
sequence patterns once it is trained with sets
of DNA sequences encompassing authentic

and decoy splice sites.
Based on a hidden Markov Model (HMM):

Incorporates local adjacent position
dependencies

Score between 0 and 1

Automated Splice Site and Exon
Definition Analysis (ASSEDA) [75]
Restricted access: registration required

Analyses splicing mutations according to
changes in total exon information:

information content of a spliced exon from
the cumulative contributions of sequences
recognized by the spliceosomal machinery
and the distribution distances separating

binding sites within the same exon.

∆Ri,total values (differences in probability of
relative inclusion or exclusion of the wild
type and mutated exon in mature mRNA)

Prediction tools for cis-regulatory elements

ESEfinder [76]

Prediction of SR protein specific putative
ESE, based on an in vitro SELEX approach

dependent on addition of individual SR
proteins

ESE motif score

RESCUE-ESE [77]
(Relative enhancer and silencer

classification by unanimous
enrichment)

Statistical approach based upon different
distribution of hexamers in exons and

introns with different properties (e.g. weak
and strong splice sites)

Z-score
(Highlights extremely over- or under-

represented hexamers)

Table 6. Main characteristics of several Splicing prediction tools [74-79]
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It is important to note that consequences on splicing of exonic synonymous and non-synony‐
mous CFTR variants must be assessed, as suggested by recent of experimental studies [39, 80].

3.2.2. Deep intronic variants

The examples of insertion of intronic sequences called pseudo-exons (or cryptic exons) in
mature transcripts of various genes are becoming ever more numerous and their role in human
diseases has been largely demonstrated. We saw in section 2.2 that NGS strategies currently
allow scanning of CFTR deep intronic regions [18], resulting in a growing number of new
identified deep intronic variants.

Bioinformatics tools described above, which assess the impact of variants on splicing, can also
be used to evaluate deep intronic mutations. We tested these algorithms on mutations
identified in CF patients after NGS sequencing of the entire CFTR locus and they showed
satisfactory results [18]. Indeed, prediction tools allowed the selection of possible disease-
causing mutations (i.e. predicted impact on splicing by inclusion of pseudo-exons) and
predictions were confirmed by in vitro functional studies using minigene constructs (see
section 3.3.1.1) and by direct analysis of aberrant transcripts from nasal epithelial cells of
patients (see 3.3.2.1).

3.3. In vitro/ex vivo functional analyses

3.3.1. Cell lines transfection experiments

The type of cells used for transfection depends on the tissue that is studied and the clinical
context. Pulmonary (BEAS-2B, A549, Calu-3) or intestinal/colic (CACO-2, T84) immortalized
cells (by SV40 or carcinoma) contain an appropriate concentration of transcriptional and
splicing factors for CFTR protein synthesis. Cells stably transfected with mutated CFTR can
also be used (CFBe41o-, CFPAC-1). Stable expression is usually obtained by lentivirus
transduction and transient transfection by chemical agent (Polyfect, interferin). In this case,
the endogenous CF molecular and cellular context (inflammation) should also be considered.

3.3.1.1. Splicing assessment

Minigenes are autonomic cyclic entity containing promoter and exons and are produced by
clonal amplification in bacteria [81, 82]. They contain a genomic segment from the gene of
interest (here CFTR) that includes exon and flanking intronic regions (length can range from
ten to thousands of nucleotides, an average of 300 bp) or only intronic regions in the case of
evaluation of potential creation of a pseudo-exon. To determine whether a mutation is
responsible for altered splicing, minigenes can also include cis-regulatory elements if affected
(ESE, ESS, ISE or/and ISS) [83]. These regions of interest are framed by two invariable exons,
which are part of the system. Every assay of transfection in cell lines compares the wild-type
and mutated (through directed mutagenesis) constructs [84]. All CFTR exons are needed to
produce a mature and functional protein. Thus, a modification of transcript in the in vitro
system suggests that the assessed CFTR change has a deleterious effect on exon splicing. An
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Minigenes are autonomic cyclic entity containing promoter and exons and are produced by
clonal amplification in bacteria [81, 82]. They contain a genomic segment from the gene of
interest (here CFTR) that includes exon and flanking intronic regions (length can range from
ten to thousands of nucleotides, an average of 300 bp) or only intronic regions in the case of
evaluation of potential creation of a pseudo-exon. To determine whether a mutation is
responsible for altered splicing, minigenes can also include cis-regulatory elements if affected
(ESE, ESS, ISE or/and ISS) [83]. These regions of interest are framed by two invariable exons,
which are part of the system. Every assay of transfection in cell lines compares the wild-type
and mutated (through directed mutagenesis) constructs [84]. All CFTR exons are needed to
produce a mature and functional protein. Thus, a modification of transcript in the in vitro
system suggests that the assessed CFTR change has a deleterious effect on exon splicing. An
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ever-increasing number of mini-gene studies have been performed to assess the pathogenicity
of CFTR variants [39, 60, 80, 84]. This strategy, despite its limitations, is of high interest in the
overall strategy for the characterization of rare sequence variations.

3.3.1.2. Expression vectors for the quantification of mRNA, protein or CFTR-specific chloride
conductance

Full-length CFTR cDNA is classically inserted in expression vector system (e.g. pcDNA3 or p-
Tracer) upon a promoter that may be drug-activated (G418, tetracycline or doxycycline-
activation). To assess point variants or small indels, directed mutagenesis is carried out
(usually QuikChange Mutagenesis kits®, Agilent Technologies). To assess molecular conse‐
quences of large rearrangements concerning one or more exons, a truncated CFTR cDNA can
be inserted in the expression vector [85-87]. Transient or stable transfection can be performed
in eukaryotic cells (describe in III.3.1. section). 3-HA tag (in the fourth loop of CFTR) can be
introduced to easily visualize protein expression. Then, measurement of mRNA expression
and evaluation of function and localization of the CFTR protein can be performed for each
alternative transcript construct, compared to wild-type.

Automated real-time RT-PCR allows the relative straightforward quantification of mRNA
transcripts with specific primers and appropriate reference genes for normalization. mRNA
level informs about future protein quality and quantity.

Protein assessment consists in the implementation of complementary experiments for protein
quantification, evaluation of its maturation or its cellular localization. Main techniques are
detailed below. The effect of variants on CFTR expression and maturation is assessed based
on the detection of immature (core-glycosylated, B band, ~150-kD) and/or mature (additional
glycosylation in the Golgi, C band ~170-190 kDa) CFTR forms by immunoblotting. Long-term
pulse-chase experiments can provide additional information on the lifetime of CFTR on
cellular compartments [88]. Immunocytochemical assays (Immunofluorescence (IF) based) can
highlight the cellular localization of the CFTR protein. However, most difficulties noted in IF
experiments relate to non-specific antibody staining and the effect of sample processing on
characteristics of cell development. Moreover, confusion between cell surface (where CFTR is
active) and subsurface (where it would not) may occur. Therefore, more sensitive and specific
antibodies as well as co-localization assays with other cell surface markers (such as β-tubulin
or WGA) are needed. Finally, this remains a qualitative or semi-quantitative method.

CFTR function and activity, i.e. CFTR-specific chloride conductance, can be determined by
patch-clamp electrophysiology, halide selective electrode technique, radioisotope efflux
assays and by fluorescence-based halide efflux measurement. The use of a CFTR-activating
appropriate drug (such as forskolin, isobutylmethylxanthine (IBMX), isoproterenol, terbuta‐
line, genistein, adenosine, etc.) or ATP followed by specific CFTR inhibitor CFTRinh-172
permits CFTR-dependant or independent chloride transport, respectively. To date, the easiest
approach developed consists in Iodide efflux based on fluorescence measurement. YFP
fluorescence is dependent on YFP expression levels and iodide concentration. Compared with
conventional plate-bound CFTR functional assays, the flow cytometric approach can be used
to study CFTR function in cell suspension. It may be further adjusted to study CFTR function
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in heterologous cell populations using cell surface markers and selection of cells that display
high CFTR function. Technical limitations include the need to perform this assay in specialized
centres (using expensive imaging equipment).

All these methods offer the possibility to evaluate the functional consequences of molecular
abnormalities on CFTR and finally improve the classification of variants.

3.3.2. Ex vivo CF patients’ cells assays

3.3.2.1. Analyses on primary airway cells and tissues

Characterization of CFTR molecular defect can partially be performed directly after biopsies
of tissues that show sufficient CFTR expression. Nasal or lung airway epitheliums are optimal.
These tissues are accessible by minimally invasive interventions and display an endogenous
expression of CFTR transcripts and protein. Moreover, nasal and bronchial epitheliums show
the same cellular composition (ciliated, goblet, columnar and immune cells) although ratios
differ slightly [89]. Since quantification and detection of aberrant splicing and quantification
or localization of proteins are possible in human tissues, information that they bring is crucial
to assess the effect of variants and to propose a functional classification. However, this
approach has its limitations and requires other functional assays to perform large-scale
genotype–phenotype correlation studies. In addition, especially for nasal tissue, the low
quantity of cells collected (out of 500.000 cells per brushing) only allows ‘one-shot’ tests and
hinders mechanistic assays. Moreover, highly variable CFTR expression in heterogeneous cell
types, in healthy individuals and in p.Phe508del homozygous patients has been described,
varying from 0 to 100% [90]. Other genetic (see below) or environmental parameters could also
modify CFTR expression levels.

3.3.2.2. Ex vivo culture of primary airway cells

Culture of primary cells from CF patients can be performed with brushed nasal or bronchial
cells after biopsies. Wild-type endogenous CFTR protein is expressed at the apical mem‐
brane of  polarized cells.  Therefore,  in vitro  monolayer culture seems no longer adapted.
Obtaining polarized cells is promoted by air–liquid interface culture (ALI), proposed since
the 2000s,  by an ex vivo  system of collagen-coated porous membrane on which cells  are
platted  after  a  phase  of  monolayer  amplification  or  directly  after  nasal  brushing.  Basal
adherent cells differentiate in all airways epithelial cell types, which organize into a pseudo-
stratified epithelium [91].

This model offers the opportunity to perform functional assays described above to determine
CFTR dysfunction. Molecular defect induced by a specific mutation can be qualitatively
determined if the cell donor is homozygous for this mutation.

Technical limitations such as bacterial or fungi contaminations or absence of adherence
complicate culture of cells obtained from CF patients. Moreover, further studies are needed to
determine if extrapolation is possible between observations in primary cells directly after
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brushing and after several weeks in culture media, particularly for quantitative level assess‐
ment.

3.3.2.3. Intestinal current measurement (ICM)

ICM was developed as a research tool to assess CFTR function in the 1990s and has been used
as a diagnostic test since the early 2000s [92, 93]. At least four superficial rectal biopsies per
patient, obtained by suction, are needed and mounted on adequate tissue sliders. ICM consists
in blocking epithelial sodium channels by amiloride and stimulates cAMP-mediated CFTR-
depending chloride transport in a chloride-free solution with forskolin or IBMX. Cholinergic
chloride transport and histaminic reaction were also evaluated and the sum of the response
∆Iscforskolin/IBMX+carbachol+histamine appears to be the best parameter to evaluate CFTR function by ICM,
but reference values and ranges have not been established. This combination of ionic responses
discriminates patients with CF from healthy subjects but not CF patients with pancreatic
insufficiency (PI) or sufficiency (PS). ICM can detect a loss of CFTR function above 80%,
therefore CF carriers and CFTR-RD patients may not be identified by this method. Moreover,
mild mutations could result in a false-negative ICM.

ICM is not altered by secondary damage on tissue and thus better reveals the primary CFTR
dysfunction (compared with nasal potential difference, see below). A new functional CFTR
assay using primary CF intestinal organoïds derived from patients and cultured in vitro may
offer new tools to screen for therapy [94].

Finally, setup and maintenance of dedicated equipment by experienced and trained staff limits
its use.

3.3.3. In vivo biomarkers assays of CFTR function

Sweat chloride Test (ST) and Nasal potential difference (NPD) measurement are used as
diagnostic tests for CF. In atypical clinical context these in vivo tests can give additional
arguments to further explore the CFTR locus (cf. Figure 2 that describes the molecular
diagnostics step-by-step strategy). Furthermore, they provide complementary information for
the interpretation of CFTR variations.

ST higher than 60 mmol/L is the ‘gold standard’ and discriminates between healthy and typical
CF. Sweat electrolytes are higher in the most severely affected and are lower in those with mild
mutation, who have partial rescue of channel function [95-97]. There are two major advantages
for the use of sweat test in the evaluation of the CFTR mutation severity: (i) stability of the
measure throughout life and (ii) non-invasive way of measurement which maintains skin
integrity. Indeed, sweat electrolytes levels reflect the primary defect on the CFTR protein and
do not highlight secondary consequences of its absence or dysfunction on affected organs.
Furthermore, a new means for assessing the secretory function of CFTR has been recently
developed based on β-adrenergic-mediated sweating. This method provides a unique
evaluation of the purely secretory function of CFTR in vivo. It has been shown to be more
sensitive in individuals carrying mutations that commonly exhibit normal or borderline sweat
chloride rates, such as c.3718-2477C>T (legacy name: 3849+10kbC>T) [98].
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The transepithelial NPD measurement estimates the net ion conductance across the nasal
airway epithelium and indirectly measure CFTR activity. Sodium conductance is determined
after amiloride perfusion (Na+). NPD parameters discriminate CF and CFTR-RD phenotypes
and a correlation between NPD and disease severity has been shown [99], although there is
an overlap in subjects with mild phenotype [97]. However, other sources of phenotypic
variability (modifiers genes or environment) and technical limitations (i.e. maintenance of
dedicated equipment and trained personnel) contribute to the inconsistencies of NPD across
genotype-phenotype correlation studies. CFTR expression and NPD response can also be
modified if nasal epithelium is affected by rhinosinusitis, polyposis or exposure to smoking
[100]. However, despite the difficulty of setting up this technique, NPD assessment could be
used as a complementary step to support CFTR dysfunction in inconclusive clinical cases and
then to confirm the deleterious effect of CFTR variants identified in these patients.

4. Conclusion

New issues are emerging from the use of NGS technology in CF molecular diagnosis. On one
hand, NGS approaches offer new possibilities by multiplexing samples and provide a wider
coverage of the CFTR locus including deep intronic regions. NGS assay design can also include
additional modifiers genes [31]. On the other hand, molecular diagnoses in emergency contexts
challenge the possibility of sample multiplexing, and the increased number of VUCS will
require complex functional analyses. However, as tools described above are constantly
improving, the knowledge about CFTR variations is rapidly expanding, allowing geneticists
and clinicians to provide patients with high quality information and adequate genetic
counselling. Finally, the functional characterization of CFTR variations will provide rationale
for a personalised medicine strategy driven by patients’ genotype in the very near future.
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Abstract

As essential components of the regulatory system of gene expression, microRNAs
(miRNAs) have been shown to influence development, severity, prognosis, and/or
progression of a variety of inherited diseases. Differential expression studies have
evidenced an impact of miRNAs on lung disease development in chronic obstructive
pulmonary disease (COPD), asthma, lung inflammation, consequences of smoke
exposure and airway allergy in human and in animal models of the diseases. Recent
clinical and cell-based studies have revealed specific alterations of miRNA expression
in cystic fibrosis (CF). Here we critically review the major findings concerning altered
miRNA expression in CF airway epithelium, in particular with respect to CF
transmembrane conductance regulator (CFTR) expression, innate immunity, and
epithelial differentiation. Finally, we explore strategies to exploit these changes with
the aim of innovative therapeutic benefits.

Keywords: microRNA, cystic fibrosis, CFTR, lung pathophysiology, inflammation, epithelial
differentiation, biomarkers

1. Introduction

Cystic Fibrosis (CF) is due to mutations in the CF transmembrane conductance regulator
(CFTR) gene causing impairment of chloride ions exchanges through the apical membrane of
epithelial cells. CF affects epithelia in a variety of organs, notably lung, intestine, pancreas and
the reproductive system. The most common CFTR mutation, F508del, results in deletion of a
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phenylalanine at position 508 of the protein, and the mutated protein is retained in the
endoplasmic reticulum and rapidly degraded via the endoplasmic reticulum-associated
degradation pathway. Up to now, almost 2000 CFTR mutations have been identified (http://
genet.sickkids.on.ca). A good correlation can generally be observed between CFTR genotype
and the gastrointestinal disease, the pancreatic status, and the reproductive tract abnormali‐
ties, but the lung disease outcome is difficult to predict based solely on CFTR genotype (http://
www.cftr2.org/). For example, it has been shown that siblings and monozygous twins, thus
carrying the same CFTR genotype, even if living in the same environment and receiving the
same medical care, may develop different spatial and temporal patterns in lung disease
progression. The basis for variability in severity of CF lung disease is poorly understood and
depends on concomitant expression of other genetic and environmental factors. Over the
recent years, exploring the role of genetics/genomics (e.g. modifier genes, gene-environment
interactions, epigenetics, etc.) has received growing attention in CF, with the aim of unveiling
basic mechanisms and bringing in better understanding of the pathophysiology of the disease,
helping to predict its progression, and hopefully leading to specially designed novel thera‐
peutic strategies.

Of the whole human genome, only a small fraction, the protein-coding part, has long attracted
attention because of the pervasive role of genes in determining amino acid sequences of
expressed proteins, leading to observable consequences of mutations. Later on, following the
discovery of transduction factors regulating gene translation, the initial view of “junk DNA”,
corresponding to the majority of DNA, had to be revisited. Following the identification of non-
messenger RNA functions, the new concept of a network of non-coding transcriptome that
regulates protein-coding expression emerged.

Non-coding RNAs are presently broadly categorized into three classes. The major class (well
over 90% of total RNA) makes up the so-called housekeeping RNAs; they consist of small
nuclear, small nucleolar, transfer, and ribosomal RNAs, the latter interacting with protein and
transfer RNA to form the functional ribosome complex. The other classes of non-coding RNAs
are long (>200) and short (<200) ribonucleotides. The best characterized and most extensively
studied family of non-coding RNAs is that of microRNAs (miRNAs), short (17--27 nucleotides
in length) single-stranded RNA molecules, which negatively regulate the translation of
messenger RNAs into proteins. Figure 1 summarizes the general mechanism of biogenesis of
miRNAs. Highly phylogenetically conserved, they bind to the 3’UTR (untranslated region) of
target mRNAs, thereby potently repressing the target mRNA translation into protein or
favoring mRNA degradation. To date, more than 1800 mature miRNAs have been identified
in the human genome (http://www.mirbase.org). Bioinformatics studies predict that miRNAs
potentially regulate the expression of about 60% of human genes.

As essential components of the regulatory system of gene expression, miRNAs have been
shown to influence the development, the severity, the prognosis and/or the progression of a
number of inherited diseases [1]. Differential expression studies of miRNAs have evidenced
an impact on lung disease development in chronic obstructive pulmonary disease (COPD),
asthma, lung inflammation, consequences of smoke exposure and airway allergy in human
and in animal models of the diseases [2]. Since marked inflammation is a major feature of CF
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lung disease, miRNAs may be expected to play a role in its pathogenesis. Indeed, recent clinical
and cell-based studies have revealed CF-specific alterations in miRNA expression. This point
will be extensively discussed further below.

In this article, we review and highlight some of the most relevant published data focusing on
miRNAs in CF. The first section deals with regulation of CFTR expression and modulation of
CFTR trafficking. In the second section, key elements of inflammatory and innate immune
responses in with CF airways are reviewed, focusing on the potential role of miRNAs in
molecular pathways involved in lung inflammation. The third section discusses the potential
role of miRNAs in lung development, differentiation and remodeling. The next section
explores strategies to exploit miRNAs as biomarkers and potential therapies of CF disease.
Finally, limitations in translating miRNAs from deeper knowledge of their role in pathogenesis
to development of new therapies are highlighted.

2. Regulation of CFTR expression

The human CFTR gene is located on chromosome 7 and spans 189 kb. Its mRNA transcript is
6.2kb long and includes a 1.5kb 3’UTR containing multiple potential binding sites for miRNAs.

Figure 1. Biogenesis of microRNAs (miRNAs). miRNA genes are transcribed by RNA-polymerase 2 into primary mi-
RNA (pri-miRNA) precursors. The pri-miRNAs are cleaved in the nucleus by a nuclear protein complex including the
class 2 ribonuclease III Drosha to produce pre-miRNAs. Pre-miRNAs are exported to the cytoplasm via the nuclear
export protein Exportin. In the cytoplasm, a pre-miRNA is cleaved by a protein complex including the helicase Dicer
and form a duplex of miRNAs containing the mature miRNA bound to its complementary sequence (miRNA*). Du‐
plexes are unwound and mature miRNAs bind to the 3’UTR of the target mRNA within the RNA-induced silencing
complex to prevent translation by inhibition of ribosomes binding or mRNA degradation.
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According to computational analyses using common bioinformatic programs such as Tar‐
getScan (http://www.targetscan.org), PicTar (http://pictar.mdc-berlin.de), and miRanda
(http://www.microrna.org), CFTR 3’UTR contains almost 500 putative miRNA target sites,
several of which have already been examined.

The main miRNAs involved in cystic fibrosis pathogenesis are summarized in figure 2.

Gillen et al. were the first to experimentally show that miRNAs could regulate CFTR expression
[3]. Among the numerous miRNAs putatively repressing CFTR mRNA, twelve miRNAs
(miR-145, miR-331-3p, miR-376a/b, miR-377, miR-384, miR-494, miR-600, miR-607, miR-939,
miR-1246, miR-1290 and miR-1827) were able to decrease CFTR mRNA levels in the human
Bronchial epithelial (HBE) 16HBE-14o-, colon carcinoma epithelial Caco-2 and the pancreatic
adenocarcinoma PANC-1 cell lines. Direct targeting of the CFTR 3’UTR was evidenced for
miR-145 and miR-494 in Caco-2 cells. The results [3] showed that the pattern of miRNAs effects
on targeted CFTR 3’UTR varies with cell lines, suggesting that miRNA-driven gene expression
could be tissue specific. Another study [4] demonstrated direct repression of CFTR expression
by miR-101 and miR-494 in the HEK (human embryonic kidney) cell line expressing CFTR
3’UTR constructs. miR-101 and miR-494 seem to bind directly to the CFTR 3’UTR at positions
1508–1514 and 1140–1147, respectively. Downregulation of CFTR gene expression by miR-101
as well as by miR-144 and miR-145 was further confirmed in the 16HBE14o- cell line and in
primary human airway cells, which are relevant models of CF lung disease [5, 6].

In a non-CF context, expression of miR-101 and miR-144 was previously shown to be upre‐
gulated in lungs upon exposure to air pollutants (such as cigarette smoke or cadmium) and
correlated with loss of CFTR expression [4]. Hassan et al. [5] demonstrated upregulation of
miR-101 in vivo in mice exposed to cigarette smoke, a condition associated with acquired loss
of CFTR function [7]. miR-101 was also found highly expressed in lungs of COPD smoking
patients in comparison with that of healthy non-smoking subjects. Moreover, miRNA expres‐
sion profile analysis performed in the CF bronchial brushings in comparison to healthy
controls showed high levels of miR-101, thus further reinforcing the potential role of miR-101
in CF [8]. Interestingly, synergistic effects between miR-101 and miR-494 were observed,
although they are targeting different sites in CFTR 3’UTR [4]. Similar synergy was found for
miR-509–3p and miR-494 [9]. Therefore, distinct miRNAs may act cooperatively to regulate
CFTR expression and function in primary airway epithelial cells.

These miRNAs are likely able to modulate F508del-CFTR mRNA expression as well. Interest‐
ingly, increased expression of miR-145, miR-223 and miR-494 in vivo has been shown to
correlate with decreased CFTR expression in bronchial epithelium of individuals bearing the
F508del-CFTR mutation [3] as well as in CFBE41o- cells [10]. Experimental modulation of
miRNA expression confirmed the hypothesis supporting the view that deregulation of miRNA
may affect CFTR biogenesis in CF cells. Another study demonstrated that miRNA can
indirectly influence CFTR biogenesis by modulating expression of other regulatory elements
such as transcription factors [11]. It has been shown that modulating the transcription
regulation factor SIN3A expression with miR-138 mimics increased biogenesis and cell surface
expression of both wild-type and F508del-CFTR proteins. Interestingly, miR-138 indirectly
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prevented proteosomal degradation of F508del-CFTR mutant and favored its trafficking
towards the apical membrane in HBEs from CF patients [11].

Altogether, these data are in favor of a role for several miRNAs in the post-transcriptional
regulation of the CFTR channel synthesis and trafficking. Because several of them are deregu‐
lated in CF, they could play a major role in CF lung pathology.

3. Regulation of key elements of inflammation and innate immune system

miRNAs are crucial regulators of innate and adaptive immune responses and their abnormal
expression or function or both have been linked to multiple human inflammatory disorders
[12]. The link between CFTR mutations and the mechanisms underlying disproportionate
proinflammatory responses remains poorly understood. Aberrant release of proinflammatory
mediators by epithelial and immune cells in CF includes hypersecretion of interleukin-8 (IL-8).
The fact that this can be detected in lungs of children with CF [13] even during fetal life [14,
15] suggests that it is a constitutive process of CF. miRNA-based post-transcriptional regula‐
tions, known to be highly sensitive to a range of homeostasis signals, such as changes in
hypoxia, pH, ion concentration and osmolarity, have recently been considered as potentially
regulating immune responses in CF, and more specifically IL-8 hyperproduction.

The first published contribution of miRNA involvement in CF [8] reported that miR-126 was
found to be abundantly expressed in normal lungs and that it was reduced in lungs of patients
with CF. This process cannot account for the pathophysiological mechanism of changes
observed in patients with CF, based on the observation of high concentrations of IL-8 depend‐
ing on constitutive activation of nuclear factor kappa B (NF-κB) [15-17]. Indeed, Oglesby et al.
[8] found that in patients with CF, miR-126 was strongly downregulated and expression of
TOM1, which is itself a negative regulator of the NF-κB signaling pathway, was upregulated.
On this basis, a decreased expression of IL-8 would be expected, in contradiction to the well-
established increased IL-8 production. These observations indicate that miR-126 alone does
not play a role via the TOM1 cascade and that other factors may also be involved. Other
miRNAs originated from host or part of this microbioma could also be involved. For example,
Rao et al. [18] reported their finding of bacterial miR-146, which binds to a receptor of the TLR
family, in sputum of CF patients infected with Pseudomonas aeruginosa.

As for other miRNAs, it has been suggested that expression of miR-155 might contribute to
the activation of IL-8--dependent inflammation in patients with CF. Clinically, overexpression
of miR-155 has been observed in lung epithelial cells and in neutrophils from patients with CF
[18]. Interestingly, miR-155 expression was also elevated in primary CF bronchial epithelial
cells and in IB-3 and CuFi-1 CF cell lines [16, 19]. Upregulating miR-155 expression in these
cells increased production of IL-8 through activation of the PI3K/Akt signaling pathway [16].
Another study confirmed these results [17] by showing that high levels of miR-155 in sterile
CF cells, reduced after exposure to the anti-inflammatory cytokine IL-10 or following inhibition
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of IL-1β signaling, was accompanied by a reduction of IL-8 production. These observations
suggest a general role of miR-155 as an IL-8 expression regulator and consequently of the NF-
κB pathway [16, 17, 19, 20]. The expression of miR-155 is also increased in patients with asthma,
idiopathic pulmonary disease and acute lung injury [21]. It has been underlined that a tight
control is required for the expression of a molecule such as miR-155 which is overexpressed
in cancers of B-cell origin. It is noteworthy that a signaling molecule as small as miR-155 has
such a dangerous potential when deregulated.

Although so far, few studies have focused on the role of miRNA as regulator of the immune
response specifically in the CF context, it is of prime importance to consider other miRNAs,
the expression of which is deregulated in inflammatory lungs, and which could be non-
specifically modulated in CF. CF cells display a new profile of miRNAs, including high
expression of miR-215 which is a strong modulator of cell cycle through the p53-signaling
pathway [17]. As an example of unspecific modulation, miR-509-3p and miR-494 (which
directly target CFTR expression, as described above) are overexpressed in CF bronchial
epithelial cells [9]. In addition, bacterial infection and tumor necrosis factor-alpha and IL-1β
exposure increase miR-509–3p and miR-494 concentrations in part via the action of the NF-kB
transcriptional activator complex. These findings, together with those showing that miR-494
is upregulated in CF cells [9, 10], support the idea of a role of miRNAs in inflammatory
responses in CF respiratory epithelia, either directly by activation of transcription factors such
as NF-κB, or indirectly by inhibition of CFTR expression.

Another crucial aspect of the immune response in lungs of patients with CF is the dysregulation
of the protease-antiprotease balance which eventually leads to bronchiectasis [22]. Much
attention has been given to serine proteases, in particular elastase secreted by neutrophils
massively recruited during lung inflammation in patients with CF. However, other proteases
secreted by epithelial cells themselves impact airway function. Recently, involvement of
cysteine proteases cathepsin (CTS) B and S, overexpressed in lungs of patients with CF, has
been described [23]. CTSS is constitutively released at high levels by airways of patients with
CF. Weldon et al. showed that the overproduction of CTSS in lungs of patients with CF was
indirectly modulated by miR-31 in HBEs via repression of the transcription factor, interferon
regulatory factor 1 (IRF1), which directly controls the CTSS gene [24]. It could be predicted
that evidence will be brought up, showing that other proteases, such as metalloproteinases,
often detected at high levels in CF patients sputum, are also regulated by miRNA-dependent
mechanisms. Similarly, miRNAs could be involved in the expression of anti-proteases (e.g.,
α-1 antitrypsin, secretory leucocyte protease inhibitor (SLPI), tissue inhibitors of metallopro‐
teinase 1 (TIM-1)), opening new perspectives in development of novel therapies for CF and
other lung diseases.

It is quite likely that a number of miRNAs could find several target points in the network of
cellular and molecular players of the inflammation, imbalanced in CF. In turn, inflammatory
responses themselves drive the expression of several miRNA species that either worsen the
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imbalance by increasing production of proinflammatory mediators or directly repress CFTR
protein expression, forming a vicious circle.

4. Regulation of lung cell development and differentiation

Studies of miRNAs expression patterns have revealed that 27 miRNAs are differentially
expressed during lung embryogenesis [25] following a characteristic pattern. miR-29a is highly
expressed in late stages of lung development and in adult life [26]. In contrast, the miR-17-92
locus is highly expressed in undifferentiated lung epithelial cells and in lung cancer cells [27],
and its expression progressively declines as differentiation progresses. Interestingly, miR-127
and miR-351 are transiently expressed during late phases of lung embryogenesis, first in the
mesenchymal network, and then in epithelial cells. These observations suggest that miRNAs
play distinct roles in the differentiation processes during the mesenchymal-to-epithelial
transition.

The chronic inflammation in CF leads to irreversible airway tissue remodeling characterized
by loss of multiciliated cells, gain in mesenchymal cells, goblet cells hyperplasia, and squamous
metaplasia. Two miRNAs involved in multiciliogenesis have particularly attracted attention.
miR-449a accumulates in bronchial epithelial cells during their transition to full differentiation
[28]. Involvement of this particular miRNA in multiciliogenesis has been previously described
[29]. Expression of miR-449a remains high in differentiated cells, indicating that it also plays
a role in maintaining the multiciliated phenotype [29]. Conversely, expression of miR-455-3p,
which negatively regulates the mucin 1 gene, is lost during the differentiation process of HBEs,
reinforcing the control of epithelial (de)differentiation by miRNAs. Consequently, high
expression of miR-449a and low expression of miR-455-3p can serve as biomarkers for the
differentiation of bronchial epithelia. Further studies would be welcome to determine whether
these miRNAs are deregulated in CF cells.

Airway epithelium dedifferentiation is part of tissue remodeling through induction of
epithelial-mesenchymal transition (EMT). EMT is a process during which epithelial cells lose
their phenotype, including loss of cell polarity and dissolution of cell-cell junctions, and
acquire mesenchymal characteristics. Transforming growth factor (TGF)-β is a key mediator
of EMT and epithelial remodeling. TGF-β signaling was shown to be increased in CF lungs [30]
and several miRNAs are regulated via the TGF-β pathway [31]. Among them, miR-155
expression is reduced in human fibroblast cells upon exposure to TGF-β [32]. Although it may
contribute to reduce inflammation (through its effect of IL-8 secretion in HBEs described
earlier), reduction of miR-155 expression at the airway level might contribute to loss of
epithelial polarity. Moreover, another study utilizing epithelial cells indicated that miR-155
plays an important role in TGF-β-induced EMT as it facilitates tight junction dissolution [33].
Because CFTR expression is important to maintain epithelial differentiation and polarity [34],
in particular in CF cells [35], it could be expected that at least some of the other miRNAs
controlling CFTR expression might be involved in airway remodeling as well. Likewise, other
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miRNAs might non-specifically regulate epithelial differentiation in CF cells and could be
involved in loss of epithelial polarity.

Figure 2. Main miRNAs involved in cystic fibrosis pathogenesis The left part depicts miRNA-dependent regulation of
cystic fibrosis transmembrane conductance regulator (CFTR) biogenesis and trafficking. The right part zooms into the
regulation of interleukin (IL)-8 production by miRNAs. miRNAs which may drive phenotypic changes on multicilio‐
genesis, airway remodeling and disorganization of tight junction are also represented. Red arrows depict changes re‐
ported in CF; up arrows indicate upregulated miRNAs and phenotype; and down arrows indicate miRNA and
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miRNAs might non-specifically regulate epithelial differentiation in CF cells and could be
involved in loss of epithelial polarity.
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Target MicroRNA Expression Consequences References

SHIP1 (Pi3K/
Akt)

miR-155, -125 Overexpressed in CF neutrophils, in
primary CF bronchial epithelial cells
and in CF cell lines (IB-3 and CuFi-1)

IL-8 hyperproduction
NF-κB activation
Proapoptotic p53-signalling
pathway
EMT via TGF-β signalling

16,17,19,20,
32,33

IRF-1 miR-31 Decreased expression in CF
bronchial brushing

Cathepsin S hyperproduction 24

miR-29a Highly expressed in late stages of
lung development and in adult life

Lung embryogenesis 26

miR-127, -351 Transiently expressed during late
phases of lung embryogenesis

Modulation of lung development 25

miR-17-92 Highly expressed in undifferentiated
lung epithelial cells

EMT 27

miR-449a Accumulated in bronchial epithelial
cells

Multiciliogenesis, EMT 28,29

MUC1 miR-455-3p Expressed in human bronchial
epithelial cells

EMT
negative regulation of mucin 1

29

EMT = epithelial mesenchymal transition

Table 1. microRNAs potentially altered and phenotypic consequences in cystic fibrosis (CF)

5. miRNAs as biomarkers and potential therapies

As in other diseases in which miRNAs have been involved, such as asthma, COPD, idiopathic
pulmonary fibrosis, cancer and diabetes, further analyses of miRNA expression-function
relationships will very likely reveal new genetic factors that could be targeted in therapy. There
is also a great hope that miRNAs could be used as diagnostic markers and represent new
prognostic factors that might influence the course of the CF disease.

The pathophysiology of CF is very variable from patient to patient and is only partly explained
by the CFTR genotype. Two recent studies raised the hypothesis that profiling serum miR‐
Nome could identify miRNAs as potential prognostic biomarkers [16, 36]. First, elevated
miR-155 serum levels have been detected in patients with CF, possibly reflecting its high
expression in CF airway cells [16]. Second, a prototype study by Cook et al. has suggested that
serum miRNAs could be used as diagnostic markers in CF liver disease [37]. Profiles of
circulating miRNA levels in patients with CF liver disease were compared to those of CF
patients without liver disease and of non-CF controls. For the first time, changes in circulating
miRNA levels were identified in CF and they were correlated with disease status, suggesting
that serum miRNA analysis may help predict early onset of hepatic fibrosis in CF [36]. It could
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be expected that new biomarkers of the course of the CF lung disease will be identified in the
coming years.

It can also be foreseen that single nucleotide polymorphisms (SNPs) in the 3’UTR of miRNA-
targeted genes, in particular CFTR, may explain phenotype variability. As an illustration, an
SNP (c.*1043A>C) was identified in the 3’UTR of CFTR in a patient with a CFTR-related disease
[38]. CFTR-related diseases are clinical entities associated with CFTR dysfunction but that do
not fulfil diagnostic criteria for classical CF (e.g., Congenital Bilateral Absence of Vas Deferens
(CBAVD), chronic pancreatitis and disseminated bronchiectasis). This SNP was located within
the binding site of two miRNAs including miR-509-3p (shown otherwise to directly target
CFTR mRNA), and experimental data suggested that it might impair the regulation of gene
expression. That could explain the mild phenotype, as this SNP would act as a mild mutation.
Consequently, polymorphisms in the CFTR 3’UTR may play a role in the observed heteroge‐
neous phenotype. Molecular analysis of the 3’UTR of CFTR could therefore be performed as
a differential diagnostic tool in patients presenting with suggestive clinical symptoms of CF
but no mutation in the CFTR gene per se.

Modulating miRNA expression in vivo looks very appealing for developing new CF therapies
[38]. Indeed miRNAs are short and need to be delivered only to the cytoplasm, as opposed to
nucleus delivery required for DNA-based constructs. Moreover, miRNA-based therapies have
several advantages over gene therapy strategies aiming at restoring CFTR expression. First,
miRNA modulators are likely to target multiple genes in the context of a deregulated network.
However, this might also be a major drawback as potential off-target effects may cause adverse
phenotypes. Second, as in all cases of gene therapies, tissue-specific delivery remains a major
issue in miRNA-based therapies. An interesting approach has been used by McKiernan et al.
to successfully deliver miRNA replacement therapy in CFBE41o- cells [39]. They demonstrated
that polyethyleneimine nanoparticles complexed with pre-miR-126 resulted in significant
knock-down of TOM1, previously described as a direct target of miR-126 [8]. This result shows
that polymeric nanoparticles may be used to effectively deliver miRNA replacement therapy
with no adverse effects and may present a strong advantage in comparison to virus-based
delivery strategies. As for any other disease for which miRNA-based therapy is considered as
an attractive new option, factors controlling the stability of the miRNAs, the delivery systems
and the off-target effects of miRNA-based therapies represent strong challenges for the future
of development of such drugs.

6. Limitations in translating miRNAs from deeper knowledge of their role
in pathogenesis to development of new therapies

Altogether, it is crucial to highlight important experimental considerations regarding miRNA
investigations in CF. Expression profiles of miRNAs in human CF bronchial tissue often differ
from study to study. The differences can be explained in part by the selection of tissue material.
Indeed, the presence of inflammatory cytokines or non-resident, migratory cells (neutrophils,
macrophages, etc.) or both infiltrating airway epithelium generate a non-negligible degree of
heterogeneity in biopsy samples. Similar issues can be faced when analyzing miRNA expres‐
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sion in human primary HBEs cultures. miRNA expression is strongly dependent on cell origin
and differentiation state and on culture conditions. Accordingly, the air-liquid interface
condition, which favors differentiation towards the epithelial phenotype, might influence
miRNA expression. Moreover, although cultured, undifferentiated HBEs are quite homoge‐
nous, when switching to air-liquid interface condition, not only ciliated cells but also basal and
goblet cells are found. In summary, any heterogeneity in cell population is likely to bring bias
in miRNA expression profiles.

The large discrepancy among miRNA studies on CF disease may also indicate tissue- or organ-
specific expression patterns of miRNAs [40]. Consequently, miRNA gene targeting may be
variable in different tissues and organs as well. This point is particularly relevant in CF, a
multisystemic disease. Similarly, studies aimed at profiling miRNAs in established CF mouse
models may show differences that could be species specific. Substantial differences in technical
approaches and statistical analyses are also important factors of variability and lack of
reproducibility among studies.

Moving towards translation from bench to bedside, practical limitations including degradation
and inactivation by nucleases, efficacy of intracellular delivery, short plasma elimination rates,
renal and dose-limiting hemodynamic toxicities may hamper development of miRNA-based
therapies. As miRNAs have pleiotropic intracellular effects on multiple signal transduction
pathways, either single or combined therapies targeting CFTR expression, modulation of
inflammation and cell differentiation might eventually be considered. This development could
prove lengthy and full of traps and pitfalls before reaching a stage of translation to the clinical
setting.

7. Conclusion

The study of miRNA in CF is still at an embryonic stage. To date, several studies have
determined profiles of miRNAs in samples from target tissues such as lung and nasal biopsies,
primary bronchial epithelial cell cultures or epithelial tissues from relevant mouse models.
They have generated some indirect data suggesting a significant role of miRNA in controlling
lung development, CFTR expression, as well as inflammation signaling pathways in CF.

The preliminary findings reviewed here form a solid basis for growing interest in miRNAs in
CF. The possibility that they may act as phenotype modifiers and that they could be used as
diagnostic and prognostic biomarkers looks very attractive. With no doubt, further research
on miRNA biogenesis and function in CF will expand widely in the coming years, shedding
new light on disease variability and paving the way to innovative therapies.

Acknowledgements

SN is a research fellow with the Fonds Spéciaux de Recherche (FSR; Université catholique de
Louvain, UCL) and Marie Curie actions of the European Commission. The authors are
indebted to Professor Jean Lebacq for his critical review and editing.

Emerging Roles of microRNAs in Cystic Fibrosis — From Pathogenesis to Development of New Therapies 243



Author details

Sabrina Noel and Teresinha Leal*

*Address all correspondence to: teresinha.leal@uclouvain.be

Louvain Centre for Toxicology and Applied Pharmacology, Université Catholique de
Louvain, Brussels, Belgium

The authors have no financial or personal conflict of interest.

References

[1] Mo YY. MicroRNA regulatory networks and human disease. Cell Mol Life Sci. 2012;
69(21): 3529-3531.

[2] Booton R, Lindsay MA. Emerging role of microRNAs and long noncoding RNAs in
respiratory disease. Chest. 2014; 146(1): 193-204.

[3] Gillen AE, Gosalia N, Leir SH, Harris A. microRNA regulation of expression of the
cystic fibrosis transmembrane conductance regulator gene. Biochem J. 2011; 438(1):
25-32.

[4] Megiorni F, Cialfi S, Dominici C, Quattrucci S, Pizzuti A. Synergistic post-transcrip‐
tional regulation of the cystic fibrosis transmembrane conductance regulator (CFTR)
by miR-101 and miR-494 specific binding. PLoS ONE. 2011; 6(10): e26601.

[5] Hassan F, Nuovo GJ, Crawford M, Boyaka PN, Kirkby S, Nana-Sinkam SP, Cormet-
Boyaka E. miR-101 and miR-144 regulate the expression of the CFTR chloride chan‐
nel in the lung. PLoS ONE. 2012; 7(11): e50837.

[6] Viart V, Bergougnoux A, Bonini J, Varilh J, Chiron R, Tabary O, Molinari N, Claus‐
tres M, Taulan-Cadars M. Transcription factors and miRNAs that regulate fetal to
adult CFTR expression change are new targets for cystic fibrosis. Eur Respir J. 2015;
45(1): 116-128.

[7] Cantin AM, Hanrahan JW, Bilodeau G, Ellis L, Dupuis A, Liao J, Zielenski J, Durie P.
Cystic fibrosis transmembrane conductance regulator function is suppressed in ciga‐
rette smokers. Am J Respir Crit Care Med. 2006; 173(10): 1139-1144.

[8] Oglesby IK, Bray IM, Chotirmall SH, Stallings RL, O'Neill SJ, McElvaney NG, Greene
CM. miR-126 is downregulated in cystic fibrosis airway epithelial cells and regulates
TOM1 expression. J Immunol. 2010; 184(4): 1702-1709.

[9] Ramachandran S, Karp PH, Osterhaus SR, Jiang P, Wohlford-Lenane C, Lennox KA,
Jacobi AM, Praekh K, Rose SD, Behlke MA, Xing Y, Welsh MJ, McCray PB Jr. Post-

Cystic Fibrosis in the Light of New Research244



Author details

Sabrina Noel and Teresinha Leal*

*Address all correspondence to: teresinha.leal@uclouvain.be

Louvain Centre for Toxicology and Applied Pharmacology, Université Catholique de
Louvain, Brussels, Belgium

The authors have no financial or personal conflict of interest.

References

[1] Mo YY. MicroRNA regulatory networks and human disease. Cell Mol Life Sci. 2012;
69(21): 3529-3531.

[2] Booton R, Lindsay MA. Emerging role of microRNAs and long noncoding RNAs in
respiratory disease. Chest. 2014; 146(1): 193-204.

[3] Gillen AE, Gosalia N, Leir SH, Harris A. microRNA regulation of expression of the
cystic fibrosis transmembrane conductance regulator gene. Biochem J. 2011; 438(1):
25-32.

[4] Megiorni F, Cialfi S, Dominici C, Quattrucci S, Pizzuti A. Synergistic post-transcrip‐
tional regulation of the cystic fibrosis transmembrane conductance regulator (CFTR)
by miR-101 and miR-494 specific binding. PLoS ONE. 2011; 6(10): e26601.

[5] Hassan F, Nuovo GJ, Crawford M, Boyaka PN, Kirkby S, Nana-Sinkam SP, Cormet-
Boyaka E. miR-101 and miR-144 regulate the expression of the CFTR chloride chan‐
nel in the lung. PLoS ONE. 2012; 7(11): e50837.

[6] Viart V, Bergougnoux A, Bonini J, Varilh J, Chiron R, Tabary O, Molinari N, Claus‐
tres M, Taulan-Cadars M. Transcription factors and miRNAs that regulate fetal to
adult CFTR expression change are new targets for cystic fibrosis. Eur Respir J. 2015;
45(1): 116-128.

[7] Cantin AM, Hanrahan JW, Bilodeau G, Ellis L, Dupuis A, Liao J, Zielenski J, Durie P.
Cystic fibrosis transmembrane conductance regulator function is suppressed in ciga‐
rette smokers. Am J Respir Crit Care Med. 2006; 173(10): 1139-1144.

[8] Oglesby IK, Bray IM, Chotirmall SH, Stallings RL, O'Neill SJ, McElvaney NG, Greene
CM. miR-126 is downregulated in cystic fibrosis airway epithelial cells and regulates
TOM1 expression. J Immunol. 2010; 184(4): 1702-1709.

[9] Ramachandran S, Karp PH, Osterhaus SR, Jiang P, Wohlford-Lenane C, Lennox KA,
Jacobi AM, Praekh K, Rose SD, Behlke MA, Xing Y, Welsh MJ, McCray PB Jr. Post-

Cystic Fibrosis in the Light of New Research244

transcriptional regulation of cystic fibrosis transmembrane conductance regulator ex‐
pression and function by microRNAs. Am J Respir Cell Mol Biol. 2013; 49(4): 544-551.

[10] Oglesby IK, Chotirmall SH, McElvaney NG, Greene CM. Regulation of cystic fibrosis
transmembrane conductance regulator by microRNA-145, -223, and -494 is altered in
ΔF508 cystic fibrosis airway epithelium. J Immunol. 2013; 190(7): 3354-3362.

[11] Ramachandran S, Karp PH, Jiang P, Ostedgaard LS, Walz AE, Fisher JT, Keshavjee S,
Lennox KA, Jacobi AM, Rose SD, Behlke MA, Welsh MJ, Xing Y, McCray PB Jr. A
microRNA network regulates expression and biosynthesis of wild-type and ΔF508
mutant cystic fibrosis transmembrane conductance regulator. Proc Natl Acad Sci U S
A. 2012; 109(33): 13362-13367.

[12] Raisch J, Darfeuille-Michaud A, Nguyen HT. Role of microRNAs in the immune sys‐
tem, inflammation and cancer. World J Gastroenterol. 2013; 19(20): 2985-2996.

[13] Dean TP, Dai Y, Shute JK, Church MK, Warner JO. Interleukin-8 concentrations are
elevated in bronchoalveolar lavage, sputum, and sera of children with cystic fibrosis.
Pediatr Res. 1993; 34(2): 159-161.

[14] Tirouvanziam R, de Bentzmann S, Hubeau C, Hinnrasky J, Jacquot J, Péault B, Pu‐
chelle E. Inflammation and infection in naive human cystic fibrosis airway grafts. Am
J Respir Cell Mol Biol. 2000; 23(2): 121-127.

[15] Khan TZ, Wagener JS, Bost T, Martinez J, Accurso FJ, Riches DW. Early pulmonary
inflammation in infants with cystic fibrosis. Am J Respir Crit Care Med. 1995; 151(4):
1075-1082.

[16] Bhattacharyya S, Balakathiresan NS, Dalgard C, Gutti U, Armistead D, Jozwik C, Sri‐
vastava M, Pollard HB, Biswas R. Elevated miR-155 promotes inflammation in cystic
fibrosis by driving hyperexpression of interleukin-8. J Biol Chem. 2011; 286(13):
11604-11615.

[17] Tsuchiya M, Kumar P, Bhattacharyya S, Chattoraj S, Srivastava M, Pollard HB, Bis‐
was R. Differential regulation of inflammation by inflammatory mediators in cystic
fibrosis lung epithelial cells. J Interferon Cytokine Res. 2013; 33(3): 121-129.

[18] Rao JR, Nelson D, Moore JE, Millar BC, Goldsmith CE, Rendall J, Elborn JS. Non-cod‐
ing small (micro) RNAs of Pseudomonas aeruginosa isolated from clinical isolates from
adult patients with cystic fibrosis. Br J Biomed Sci. 2010; 67(3): 126-132.

[19] Bhattacharyya S, Kumar P, Tsuchiya M, Bhattacharyya A, Biswas R. Regulation of
miR-155 biogenesis in cystic fibrosis lung epithelial cells: Antagonistic role of two
mRNA-destabilizing proteins, KSRP and TTP. Biochem Biophys Res Commun. 2013;
433(4): 484-488.

[20] Vigorito E, Kohlhaas S, Lu D, Leyland R. miR-155: An ancient regulator of the im‐
mune system. Immunol Rev. 2013; 253(1): 146-157.

Emerging Roles of microRNAs in Cystic Fibrosis — From Pathogenesis to Development of New Therapies 245



[21] Sessa R, Hata A. Role of microRNAs in lung development and pulmonary diseases.
Pulm Circ. 2013; 3(2): 315-328.

[22] Voynow JA, Fischer BM, Zheng S. Proteases and cystic fibrosis. Int J Biochem Cell Biol.
2008; 40(6–7): 1238-1245.

[23] Martin SL, Moffitt KL, McDowell A, Greenan C, Bright-Thomas RJ, Jones AM, Webb
AK, Elborn JS. Association of airway cathepsin B and S with inflammation in cystic
fibrosis. Pediatr Pulmonol. 2010; 45(9): 860-868.

[24] Weldon S, Mc Nally P, McAuley DF, Oglesby IK, Wohlford-Lenana CL, Bartlett JA,
Scott CJ, McElvaney NG, Greene CM, McCray PB Jr, Taggart CC. miR-31 dysregula‐
tion in cystic fibrosis airways contributes to increased pulmonary cathepsin S pro‐
duction. Am J Respir Crit Care Med. 2014; 190(2): 165-174.

[25] Bhaskaran M(1), Wang Y, Zhang H, Weng T, Baviskar P, Guo Y, Gou D, Liu L. Mi‐
croRNA-127 modulates fetal lung development. Physiol Genomics. 2009; 37(3):
268-278.

[26] Fabbri M, Garzon R, Cimmino A, Liu Z, Zanesi N, Callegari E, Liu S, Alder H, Costi‐
nean S, Fernandez-Cymering C, Volinia S, Guler G, Morrison CD, Chan KK, Marcuc‐
ci G, Calin GA, Huebner K, Croce CM. MicroRNA-29 family reverts aberrant
methylation in lung cancer by targeting DNA methyltransferases 3A and 3B. Proc
Natl Acad Sci U S A. 2007; 104(40): 15805-15810.

[27] Hayashita Y, Osada H, Tatematsu Y, Yamada H, Yanagisawa K, Tomida S, Yatabe Y,
Kawahara K, Sekido Y, Takahashi T. A polycistronic microRNA cluster, miR-17-92, is
overexpressed in human lung cancers and enhances cell proliferation. Cancer Res.
2005; 65(21): 9628-9632.

[28] Martinez-Anton A, Sokolowska M, Hern S, Davis AS, Alsaaty S, Taubenberger JK,
Sun J, Cai R, Danner RL, Eberlein M, Logun C, Shelhamer JH. Changes in microRNA
and mRNA expression with differentiation of human bronchial epithelial cells. Am J
Respir Cell Mol Biol. 2013; 49(3): 384-395.

[29] Marcet B, Chevalier B, Luxardi G, Coraux C, Zagarosi LE, Cibois M, Robbe-Serme‐
sant K, Jolly T, Cardinaud B, Moreilhon C, Giovanni-Chami L, Nawrocki-Raby B, Bi‐
rembaut P, Waldmann R, Kodjabachian L, Barbry L. Control of vertebrate
multiciliogenesis by miR-449 through direct repression of the Delta/Notch pathway.
Nat Cell Biol. 2011; 13(6): 693-699.

[30] Huaux F, Noel S, Dhooghe B, Panin N, Lo Re S, Lison D, Wallemacq P, Marbaix E,
Scholte BJ, Lebecque P, Leal T. Dysregulated proinflammatory and fibrogenic pheno‐
type of fibroblasts in cystic fibrosis. PLoS ONE. 2013; 8(5): e64341.

[31] Bowen T, Jenkins RH, Fraser DJ. MicroRNAs, transforming growth factor beta-1, and
tissue fibrosis. J Pathol. 2013; 229(2): 274-285.

[32] Pottier N, Maurin T, Chevalier B, Puisséqur MP, Lebrigand K, Robbe-Sermesant K,
Bertero T, Lino Cardenas CL, Courcot E, Rios G, Fourre S, Lo-Guidice JM, Marcet B,

Cystic Fibrosis in the Light of New Research246



[21] Sessa R, Hata A. Role of microRNAs in lung development and pulmonary diseases.
Pulm Circ. 2013; 3(2): 315-328.

[22] Voynow JA, Fischer BM, Zheng S. Proteases and cystic fibrosis. Int J Biochem Cell Biol.
2008; 40(6–7): 1238-1245.

[23] Martin SL, Moffitt KL, McDowell A, Greenan C, Bright-Thomas RJ, Jones AM, Webb
AK, Elborn JS. Association of airway cathepsin B and S with inflammation in cystic
fibrosis. Pediatr Pulmonol. 2010; 45(9): 860-868.

[24] Weldon S, Mc Nally P, McAuley DF, Oglesby IK, Wohlford-Lenana CL, Bartlett JA,
Scott CJ, McElvaney NG, Greene CM, McCray PB Jr, Taggart CC. miR-31 dysregula‐
tion in cystic fibrosis airways contributes to increased pulmonary cathepsin S pro‐
duction. Am J Respir Crit Care Med. 2014; 190(2): 165-174.

[25] Bhaskaran M(1), Wang Y, Zhang H, Weng T, Baviskar P, Guo Y, Gou D, Liu L. Mi‐
croRNA-127 modulates fetal lung development. Physiol Genomics. 2009; 37(3):
268-278.

[26] Fabbri M, Garzon R, Cimmino A, Liu Z, Zanesi N, Callegari E, Liu S, Alder H, Costi‐
nean S, Fernandez-Cymering C, Volinia S, Guler G, Morrison CD, Chan KK, Marcuc‐
ci G, Calin GA, Huebner K, Croce CM. MicroRNA-29 family reverts aberrant
methylation in lung cancer by targeting DNA methyltransferases 3A and 3B. Proc
Natl Acad Sci U S A. 2007; 104(40): 15805-15810.

[27] Hayashita Y, Osada H, Tatematsu Y, Yamada H, Yanagisawa K, Tomida S, Yatabe Y,
Kawahara K, Sekido Y, Takahashi T. A polycistronic microRNA cluster, miR-17-92, is
overexpressed in human lung cancers and enhances cell proliferation. Cancer Res.
2005; 65(21): 9628-9632.

[28] Martinez-Anton A, Sokolowska M, Hern S, Davis AS, Alsaaty S, Taubenberger JK,
Sun J, Cai R, Danner RL, Eberlein M, Logun C, Shelhamer JH. Changes in microRNA
and mRNA expression with differentiation of human bronchial epithelial cells. Am J
Respir Cell Mol Biol. 2013; 49(3): 384-395.

[29] Marcet B, Chevalier B, Luxardi G, Coraux C, Zagarosi LE, Cibois M, Robbe-Serme‐
sant K, Jolly T, Cardinaud B, Moreilhon C, Giovanni-Chami L, Nawrocki-Raby B, Bi‐
rembaut P, Waldmann R, Kodjabachian L, Barbry L. Control of vertebrate
multiciliogenesis by miR-449 through direct repression of the Delta/Notch pathway.
Nat Cell Biol. 2011; 13(6): 693-699.

[30] Huaux F, Noel S, Dhooghe B, Panin N, Lo Re S, Lison D, Wallemacq P, Marbaix E,
Scholte BJ, Lebecque P, Leal T. Dysregulated proinflammatory and fibrogenic pheno‐
type of fibroblasts in cystic fibrosis. PLoS ONE. 2013; 8(5): e64341.

[31] Bowen T, Jenkins RH, Fraser DJ. MicroRNAs, transforming growth factor beta-1, and
tissue fibrosis. J Pathol. 2013; 229(2): 274-285.

[32] Pottier N, Maurin T, Chevalier B, Puisséqur MP, Lebrigand K, Robbe-Sermesant K,
Bertero T, Lino Cardenas CL, Courcot E, Rios G, Fourre S, Lo-Guidice JM, Marcet B,

Cystic Fibrosis in the Light of New Research246

Cardinaud B, Barbry P, Mari B. Identification of keratinocyte growth factor as a tar‐
get of microRNA-155 in lung fibroblasts: implication in epithelial-mesenchymal in‐
teractions. PLoS ONE. 2009; 4(8): e6718.

[33] Kong W, Yang H, He L, Zhao LL, Coppola D, Dalton WS, Cheng JQ. MicroRNA-155
is regulated by the transforming growth factor β/Smad pathway and contributes to
epithelial cell plasticity by targeting RhoA. Mol Cell Biol. 2008; 28(22): 6773-6784.

[34] Zhang JT, Jiang XH, Xie C, Cheng H, Da Dong J, Wang Y, Fok KL, Zhang XH, Sun
TT, Tsang LL, Chen H, Sun XJ, Chung YW, Cai ZM, Jiang WG, Chan HC. Downregu‐
lation of CFTR promotes epithelial-to-mesenchymal transition and is associated with
poor prognosis of breast cancer. Biochem Biophys Acta. 2013; 1833(12): 2961-2969.

[35] Snodgrass SM, Cihil KM, Cornuet PK, Myerburg MM, Swiatecka-Urban A. Tgf-β1 in‐
hibits Cftr biogenesis and prevents functional rescue of ΔF508-Cftr in primary differ‐
entiated human bronchial epithelial cells. PLoS ONE. 2013; 8(5): e63167.

[36] Cook NL, Pereira TN, Lewindon PJ, Sheperd RW, Ramm GA. Circulating micro‐
RNAs as noninvasive diagnostic biomarkers of liver disease in children with cystic
fibrosis. J Pediatr Gastroenterol Nutr. 2015; 60(2): 247-254.

[37] Amato F, Seia M, Giordano S, Elce A, Zarrilli F, Castaldo G, Tomaiuolo R. Gene mu‐
tation in microRNA target sites of CFTR gene: a novel pathogenetic mechanism in
cystic fibrosis? PLoS ONE. 2013; 8(3): e60448.

[38] Hassan T, McKiernan PJ, McElvaney NG, Cryan SA, Greene CM. Therapeutic modu‐
lation of miRNA for the treatment of proinflammatory lung disease. Expert Rev Anti
Infect Ther. 2012; 10(3): 359-368.

[39] McKiernan PJ, Cunningham O, Greene CM, Cryan SA. Targeting miRNA-based
medicines to cystic fibrosis airway epithelial cells using nanotechnology. Int J Nano‐
medicine. 2013; 8: 3907-3915.

[40] Bazett M, Paun A, Haston CK. MicroRNA profiling of cystic fibrosis intestinal dis‐
ease in mice. Mol Genet and Metab. 2011; 103(1): 38-43.

Emerging Roles of microRNAs in Cystic Fibrosis — From Pathogenesis to Development of New Therapies 247





Chapter 11

New Research on the Importance of Cystic Fibrosis
Transmembrane Conductance Regulator Function for
Optimal Neutrophil Activity

Michelle M.  White, Fatma  Gargoum, Niall  Browne,
Killian  Hurley, Noel G.  McElvaney and
Emer P.  Reeves

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60645

Abstract

Despite tremendous recent advances in our understanding of the molecular and cel‐
lular basis of cystic fibrosis (CF), there remains a paradox of why recruited neutro‐
phils fail to eradicate bacterial infections in the airways of individuals with CF. The
focus of this chapter is on new research authenticating the CF neutrophil as a key
player in disease pathogenesis. Studies specifying intrinsic abnormalities due to a
lack of cystic fibrosis transmembrane conductance regulator (CFTR) function, along
with reports indicating reprogrammed cell activity secondary to chronic bacterial
infection and inflammation, will be discussed.

Keywords: cystic fibrosis, cystic fibrosis transmembrane conductance regulator,
neutrophil function

1. Introduction

Cystic fibrosis (CF) is a multi-system disease resulting from mutations in the gene encoding
the cystic fibrosis transmembrane conductance regulator (CFTR). In excess of 1900 CF
mutations have been identified thus far [1], leading to misfolding of the CFTR protein and
defective chloride (Cl-) transport across cell membranes. CF affects various organs including
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the pancreas, liver, and intestinal tract, but the most severe complications often occur in the
lung. CF related symptoms, although variable among patients, are typically present early in
life and increase in severity with age despite aggressive therapeutic intervention. CFTR
absence or malfunction causes defective ion transport across the epithelium, reduction in
pericillary liquid volume, and persistent mucus hypersecretion. As a consequence, mucus
accumulates on the airway surface and leads to chronic bacterial infection, exacerbated airway
inflammation, and lung injury. Pulmonary inflammation in the CF setting has been observed
as early as infancy and there is evidence of structural lung disease present in children with CF
as young as 10 weeks old, with 50%–70% of children presenting with bronchiectasis by 3–5
years [2-6]. Additional studies have shown neutrophil-dominated airway inflammation in
children with CF [7, 8], and with increasing age elevated levels of proinflammatory mediators
including interleukin (IL)-8 [9], tumour necrosis factor-alpha (TNF-alpha) [10], and leukotriene
B4 (LTB4) [11] serve to escalate the chronic neutrophil presence in the pulmonary circulation.
Indeed, key studies have demonstrated that neutrophil-released granule proteins, particularly
neutrophil elastase (NE), play a crucial pathological role (Figure 1) [12, 13]. In the healthy lung,
neutrophils represent approximately 1% of the inflammatory cells; however, they account for
60–70% of the total cell count in CF bronchial lavage fluid [14, 15] and ~25% of CF children
were positive for free NE activity in airway samples at 3 months old [16].

Figure 1. The potential effects of active NE in CF. Neutrophil elastase (NE) has the potential to cleave structural mole‐
cules and antiproteases causing an anti-protease imbalance and also activate enzymes and receptors that play a crucial
pathological role in CF. Abbreviations used: NE, neutrophil elastase; SLPI, secretory leukocyte protease inhibitor;
TIMPs, tissue inhibitors of metalloproteinases; MMP, metalloproteinase; TACE, tumour necrosis factor-alpha-convert‐
ing enzyme; TLRs, toll-like receptors; EGFR, epidermal growth factor receptor; PAR, protease activated receptors.
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Despite advances in our understanding of the molecular and cellular basis of CF, there persists
an enigma as to why recruited neutrophils fail to eradicate bacterial infections in the lung.
Support for the hypothesis that a genetic defect gives rise to dysregulated neutrophil responses
in CF is shown by a study demonstrating upregulation of genes coding for both chemokines
and proteins involved in signal transduction in CF [17]. A recent study has demonstrated that
CXC chemokine receptors 1/2 (CXCR1/CXCR2) haplotypes in CF modulate antibacterial
neutrophil functions against P. aeruginosa [18]. In addition, CF circulating neutrophils display
an altered toll-like receptor (TLR) expression when compared to blood neutrophils from
healthy subjects, including reduced expression of TLR2 [19, 20]. A recently published study
identified IFRD1 (interferon-related developmental regulator 1), a histone-deacetylase-
dependent transcriptional co-regulator expressed during terminal neutrophil differentiation,
as a genetic modifier of CF disease severity. Neutrophils isolated from IFRD1 deficient mice
exhibited impaired oxidative burst, bacterial clearance, and cytokine production leading to
excessive bacterial burden and chronic infection of the lung [21]. Furthermore, levels of IFRD
in bronchial epithelial cells with the ∆F508 mutation were significantly reduced but could be
rescued by treatment with glutathione suggesting down-regulation of IFRD1 expression in
response to oxidative stress [22].

The focus of this chapter is on new research authenticating the CF neutrophil as a key player
in disease pathogenesis. Studies published in the previous 10 years specifying intrinsic
abnormalities due to a lack of CFTR function, along with reports indicating reprogrammed
cell activity secondary to chronic bacterial infection and inflammation will be discussed. Our
review of the literature was carried out using the MEDLINE database (from 2005 to the year
2015), Google Scholar, and The Cochrane Library databases using several appropriate generic
terms.

2. The debate on CFTR expression by neutrophils

The year 2015 marks the 26th anniversary of the identification and isolation of the CFTR gene
from epithelial cells [23]. This initial discovery was vital in the development of CFTR-targeted
pharmacotherapy and resulted in an explosion of research aimed at identifying the expression
of CFTR mRNA transcripts and protein levels in epithelial cells and non-epithelial cells alike.
Although CF is a pleiotropic disease that affects multiple organs, disease progression is most
pronounced in the airways and therefore researchers initially studied the expression of CFTR
in epithelial cells found within the lungs. In this regard, Yoshimura and colleagues (1991)
demonstrated the expression of CFTR mRNA transcripts in human bronchial epithelial cells
[24], and Trapnall et al. demonstrated equal expression of CFTR mRNA transcripts from
isolated respiratory tract epithelial cells from healthy controls and homozygous and hetero‐
zygous ∆F508 patients with CF [25]. The level of research at this stage indicated that the
expression of the CFTR was epithelial cell specific, yet the conclusions drawn from a further
study by Yoshimura suggested that the CFTR-gene had characteristics of a house-keeping
gene, suggesting that it may be present in other cell types [26]. This latter manuscript prompted
researchers to examine CFTR mRNA transcripts in other cell types and in late 1991, Yoshimura
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demonstrated the expression of low levels of CFTR mRNA transcripts in non-epithelial cells,
including T-lymphocytes, neutrophils, monocytes, and alveolar macrophages, all of human
origin [26]. This was the first record of CFTR gene expression in a multitude of immune cell
types, and the authors suggested an important role for CFTR Cl- transport. In agreement, it
was later demonstrated that alveolar macrophages from CFTR deficient mice retained the
ability to phagocytose and generate an oxidative burst, but exhibited defective killing of
internalized bacteria due to impaired acidification of the phagosome. Of interest, in this later
study CFTR protein was not detected in either murine or human neutrophils [27] and further
studies have shown CFTR independent phagosomal acidification in macrophages [28, 29].
Nevertheless, the expression of CFTR mRNA transcripts in human macrophages was con‐
firmed by Del Porto, who published that the bactericidal capabilities of macrophages was
CFTR dependent, indicating an important functional role for the CFTR protein in these
immune cells [30].

Up to this point, no connection between abnormal neutrophil function and the expression of
CFTR protein in human neutrophils had been made, and whether or not neutrophils express
functional CFTR was still the topic of great debate among leading scientists and clinicians [5,
8, 13, 14], with relevance for the development of CFTR-targeting pharmacotherapy. This is
emanating from worldwide laboratories equally committed to the pursuit of knowledge on
the cause for impaired neutrophil activity in CF and also the potential consequence of the loss
of functional CFTR Cl- channels. Indeed, there is still great controversy as to the true nature of
dysregulated neutrophil activity in CF and, for example, in 2010, McKeon and colleagues could
only detect low levels of CFTR mRNA transcripts in human neutrophils by either reverse
transcriptase polymerase chain reaction (RT-PCR) or real time PCR methods of amplification
[31]. The authors could not detect CFTR protein expression in membrane or cytosolic fractions,
or cell lysates from human neutrophils by Western blot analysis, suggesting that human
neutrophils do not express CFTR protein and that the dysregulated neutrophil function in CF
was due to the inflammatory status of the individual [31]. Similarly, a study by Morris et al.,
(2005) who investigated altered phagocytosis of neutrophils in CF due to cell priming, did not
detect CFTR protein in human neutrophils by Western blot analysis [32].

Over the years, a number of reasons for not detecting CFTR protein in neutrophil cell fractions
by Western blot analysis have been put forward and include the susceptibility of CFTR protein
to degradation, a lack of reliable anti-CFTR antibodies, and also boiling of cell fractions prior
to electrophoresis. As these issues were addressed researchers have detected CFTR protein in
human neutrophils and have established functional roles for membrane associated CFTR. In
line with this concept, in 2006, Painter and colleagues demonstrated the presence of CFTR
protein in human neutrophil membrane phagolysosomes by confocal microscopy, and also
verified the expression of CFTR at a mRNA level, and at a protein level by Western blot analysis
[33]. Interestingly, in this same study results demonstrated the expression of CFTR protein by
Western blot analysis in a human myeloid cell line (HL-60 cells) differentiated into neutrophil-
like cells [33]. This is in contrast to the study by Yoshimura et al., who could not detect CFTR
mRNA transcripts in HL-60 cells [24]. Further studies have identified CFTR mRNA transcripts
in differentiated HL-60 cells and demonstrated CFTR protein localisation to the phagocytic
vacuole, strengthening the similarities between HL-60 cells and human neutrophils [34].

Cystic Fibrosis in the Light of New Research252



demonstrated the expression of low levels of CFTR mRNA transcripts in non-epithelial cells,
including T-lymphocytes, neutrophils, monocytes, and alveolar macrophages, all of human
origin [26]. This was the first record of CFTR gene expression in a multitude of immune cell
types, and the authors suggested an important role for CFTR Cl- transport. In agreement, it
was later demonstrated that alveolar macrophages from CFTR deficient mice retained the
ability to phagocytose and generate an oxidative burst, but exhibited defective killing of
internalized bacteria due to impaired acidification of the phagosome. Of interest, in this later
study CFTR protein was not detected in either murine or human neutrophils [27] and further
studies have shown CFTR independent phagosomal acidification in macrophages [28, 29].
Nevertheless, the expression of CFTR mRNA transcripts in human macrophages was con‐
firmed by Del Porto, who published that the bactericidal capabilities of macrophages was
CFTR dependent, indicating an important functional role for the CFTR protein in these
immune cells [30].

Up to this point, no connection between abnormal neutrophil function and the expression of
CFTR protein in human neutrophils had been made, and whether or not neutrophils express
functional CFTR was still the topic of great debate among leading scientists and clinicians [5,
8, 13, 14], with relevance for the development of CFTR-targeting pharmacotherapy. This is
emanating from worldwide laboratories equally committed to the pursuit of knowledge on
the cause for impaired neutrophil activity in CF and also the potential consequence of the loss
of functional CFTR Cl- channels. Indeed, there is still great controversy as to the true nature of
dysregulated neutrophil activity in CF and, for example, in 2010, McKeon and colleagues could
only detect low levels of CFTR mRNA transcripts in human neutrophils by either reverse
transcriptase polymerase chain reaction (RT-PCR) or real time PCR methods of amplification
[31]. The authors could not detect CFTR protein expression in membrane or cytosolic fractions,
or cell lysates from human neutrophils by Western blot analysis, suggesting that human
neutrophils do not express CFTR protein and that the dysregulated neutrophil function in CF
was due to the inflammatory status of the individual [31]. Similarly, a study by Morris et al.,
(2005) who investigated altered phagocytosis of neutrophils in CF due to cell priming, did not
detect CFTR protein in human neutrophils by Western blot analysis [32].

Over the years, a number of reasons for not detecting CFTR protein in neutrophil cell fractions
by Western blot analysis have been put forward and include the susceptibility of CFTR protein
to degradation, a lack of reliable anti-CFTR antibodies, and also boiling of cell fractions prior
to electrophoresis. As these issues were addressed researchers have detected CFTR protein in
human neutrophils and have established functional roles for membrane associated CFTR. In
line with this concept, in 2006, Painter and colleagues demonstrated the presence of CFTR
protein in human neutrophil membrane phagolysosomes by confocal microscopy, and also
verified the expression of CFTR at a mRNA level, and at a protein level by Western blot analysis
[33]. Interestingly, in this same study results demonstrated the expression of CFTR protein by
Western blot analysis in a human myeloid cell line (HL-60 cells) differentiated into neutrophil-
like cells [33]. This is in contrast to the study by Yoshimura et al., who could not detect CFTR
mRNA transcripts in HL-60 cells [24]. Further studies have identified CFTR mRNA transcripts
in differentiated HL-60 cells and demonstrated CFTR protein localisation to the phagocytic
vacuole, strengthening the similarities between HL-60 cells and human neutrophils [34].

Cystic Fibrosis in the Light of New Research252

Furthermore, expression of CFTR protein was confirmed by Pohl et al. (2014) in healthy control
neutrophils and levels were severely impaired in neutrophils isolated from people with CF
carrying the ∆F508 or G551D mutation. By flow cytometry, this latter study also demonstrated
that the percentage of CFTR positive cells significantly increased post phorbol ester stimulation
[35], indicating upregulation of CFTR to the plasma membrane post activation. Interestingly,
bacterial lipopolysaccharide (LPS)-stimulated murine neutrophils also demonstrated in‐
creased CFTR protein expression when compared to unstimulated cells, suggesting a role for
CFTR in bacterial mediated neutrophil cell activation [36].

3. The role of CFTR in neutrophils: oxygen dependent and independent
mechanisms of microbial killing

3.1. Oxygen dependent killing

The focus of this chapter will now turn to studies that have reported impaired neutrophil
activity due to a lack of CFTR function. Of major relevance to bacterial killing in CF, reported
defective killing of microbes due to conditions that prevail within the vacuole of phagocytosing
neutrophils will be discussed. The process of neutrophil mediated bacterial clearance can be
divided into two main processes: those that are oxygen independent and those that are oxygen
dependent. With regards to oxidative mechanisms of microbial killing, the first indications
that oxygen plays a role in the functionality of neutrophils was first discovered by Baldridge
and Gerard [37]. By exposing canine neutrophils to bacteria they observed a significant increase
in oxygen consumption [37], and later it was revealed that this increase in oxygen consumption
was independent of mitochondrial respiration [38]. Following discovery of the respiratory
burst, it was discovered that neutrophils from patients with chronic granulomatous disease
(CGD) failed to mount a respiratory burst during phagocytosis and these individuals are
characterised by an abnormality of neutrophil function and recurrent life-threatening infec‐
tions [39, 40]. CGD provides the most definitive evidence for the physiological and clinical
importance of the respiratory burst, or alternatively referred to as the NADPH oxidase
(nicotinamide adenine dinucleotide phosphate oxidase). Indeed, patients with CGD have
played a vital role in understanding the structure and mechanism of the NADPH oxidase
(Figure 2). The burst of oxygen consumption upon phagocytosis and the absence of this process
in CGD leading to impaired bacterial killing was understood to indicate that the oxygen
consumed was converted to antimicrobial oxidants. By exposing neutrophils to opsonised
bacteria, Cohen and colleagues demonstrated that 99% of oxygen consumed was converted to
superoxide (O2

-) [41] and the requirement of O2
- as a precursor to hydrogen peroxide (H2O2)

was confirmed [42]. It is not known what concentration of H2O2 is attained within the vacuole,
with measurement from 0.01μM [42] to 100mM estimated, depending on the amount of
phagocytosis and the intracellular pH [43]. These oxidants produced by neutrophils may also
contribute to lung tissue damage and the shield against oxidant-modulated injury is the
extracellular anti-oxidant glutathione; but this is significantly decreased in CF epithelial lining
fluid [44-47]. Of major relevance is that CFTR has been linked to extracellular glutathione
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transport [48] and in paediatric reports of extremely high levels of protein oxidation have been
detected in airway samples [49].

The neutrophil respiratory burst, or NADPH oxidase, generates superoxide (O2
-) as the initial oxygen-derived reactive

species in response to bacteria or a variety of soluble stimuli (fMLP). A) The enzyme complex is latent in quiescent
unstimulated neutrophils and approximately 20% flavocytochrome b558 is found in the plasma membrane pool, and
80% in the specific granules. The active site of this enzyme is located in an integral membrane cytochrome, b558, which
consists of the two subunits gp91phox and p21phox (α and β subunits, respectively). B) Stimulation of the neutrophil by
fMLP induces activation and phosphorylation (P) of a number of kinases including Akt. C) p21rac is converted into the
active guanosine triphosphate GTP-bound form and the phosphorylation of the cytosolic components (p67phox, p47phox,
and p40phox) occurs. D) These subunits then translocate to the plasma membrane where they interact with cytochrome
b558 to initiate reactive oxygen species production.

Figure 2. Schematic illustration of the NADPH oxidase of resting and fMLP activated cells.

H2O2 generated during the oxidative burst has limited bactericidal properties and the best-
defined function of H2O2 in the antimicrobial activities of neutrophils comes from the function
of H2O2 as a substrate for myeloperoxidase (MPO) in the presence of halides (chloride (Cl-)).
Neutrophil MPO was initially called verdoperoxidase, and later its name subsequently
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changed to MPO. It is present in exceptionally high concentrations in neutrophils, with levels
estimated to be no less than 5% of the dry weight of the cell. MPO is synthesized and packaged
into azurophilic, also referred to as primary granules of neutrophils, during the promyelocyte
stage of granulocyte development and is present in mature resting granulocytes.

Mature MPO is a 150 kDa tetramer composed of two glycosylated 59–64 kDa heavy subunits
and two unglycosylated 14 kDa light subunits as a pair of protomers linked together by a
disulphide bond. When the phagosome containing microorganisms fuses with cytoplasmic
granules, MPO, along with the other components of the granules, is released into the vacuole.
A role for MPO as a component of the antimicrobial armoury of neutrophils was proposed
with the finding that MPO was strongly microbial when combined with H2O2 and a halide [50,
51]. MPO and H2O2 form an enzyme-substrate complex, which oxidises ions to the toxic agent
hypohalous acid. Any of the halide ions (I-, Br-, Cl-) can be oxidised with iodide and bromide
being more effective than Cl- on a molar basis [51]. It is more likely however that the neutrophil
uses Cl- because it is present in high concentration in biological fluids, resulting in the
formation of hypochlorous acid (HOCl). There are three proposed means of Cl- transport to
the phagosome: extracellular Cl- intake during phagocytosis of a pathogen, stored Cl- within
granules released into the phagosome upon vesicle fusion, and passive or active transport of
Cl- from the cytosol to the phagosome [52]. Only active or passive transport has been suggested
to provide a constant supply of Cl- (Figure 3) [53] and two Cl- ion channels (ClCs), ClC-3and
CFTR have been implicated in the transport of Cl- within the neutrophil and the phagosome
[33, 54]. The influx of protons to the phagosomal lumen by V-ATPase has been demonstrated
to facilitate the transport of Cl- ions into the phagosome by ClCs including the CFTR [55]
(Figure 3).

It is generally believed that HOCl is the most bactericidal oxidant known to be produced by
the neutrophil. Levels of HOCl produced are based on calculations made after phorbol ester
stimulation, which results in the secretion of O2

- across the membrane to the surrounding
supernatant and levels achieved are estimated at 80μM.

Levels produced in the phagocytic vacuole have been estimated using chlorinated fluorescein
as a specific marker for HOCl production and by use of this technique it was calculated that
11% of oxygen consumed was converted to HOCl, resulting in 28μM within the phagosome
[56]. HOCl is an extremely strong non-radical oxidant and bacterial targets include adenosine
triphosphate (ATP)-generating systems [57], disruption of basement membranes or cell
membranes, and fragmentation of proteins [58]. Chloramines are generated indirectly through
the reaction of HOCl with amines, but are less reactive than HOCl but much more stable, and
are therefore called “long lived oxidants.” Because of the high intracellular concentration of
the β-amino acid taurine, N-chlorotaurine is the major compound of low molecular weight
long lived oxidants produced by neutrophils [59, 60]. Of major relevance to bacterial killing in
CF it was reported that CF neutrophils had impaired chlorination of internalised bacteria
within the phagosome when compared to healthy control neutrophils [33]. The authors
highlighted the role of CFTR in facilitating Cl- flux into the phagosome of neutrophils which
was impaired in CF cells. This CFTR dysfunction resulted in limited availability of phagosomal
Cl- required for the generation of HOCl, resulting in reduced intravacuolar killing of Pseudo‐
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monas aeruginosa, the archetype infecting organism in CF [33, 34, 53, 61]. Moreover, new data
has shown that mutant CFTR fails to target to the neutrophil vacuole resulting in impaired
intraphagosomal HOCl production and neutrophil microbial killing [62].

Having described the importance of MPO mediated halogenation for adequate microbial
killing, there is also a need to mention that MPO deficiency occurs with a high prevalence and
patients are not clinically afflicted by serious bacterial infections [63], with infections by
Candida species being the main difficulty. Although more slowly than healthy cells, neutrophils
deficient in MPO can kill bacteria in vitro [64], a result incompatible with the concept that HOCl
is the major mediator of neutrophil bactericidal function in man. MPO deficient cells illustrate
a prolonged respiratory burst resulting in increased levels of H2O2 and this coupled with non-
oxidative methods of bacterial killing has been proposed to compensate for MPO deficiency.
Furthermore, despite the fact that neutrophils of CGD patients do not produce O2

- and H2O2,
studies have shown that neutrophils from CGD patients are capable of killing significant
numbers of phagocytosed bacteria and yeast [65, 66] and the presence of oxygen-independent
microbial mechanisms in neutrophils is demonstrated by the ability of these cells to kill bacteria
in the absence of oxygen [67].

Upon activation of the NADPH oxidase, the cytochrome takes electrons from NADPH and passes them, via FAD and
haem, to O2 in the following reaction: NADPH + 2O2 →  NADP+ + H+ + 2O2

-. NADPH oxidase generates an electron
current which is compensated through voltage gated ion influx of protons (Voltage G-H+) and potassium (Voltage G-K
+). Cl- transport is facilitated by CFTR and also other channels including ClC-3. The influx of H+ to the phagosomal
lumen by V-ATPase facilitates Cl- transport into the phagosome by ClCs including the CFTR. O2

- is a mild oxidant and
reductant with restricted biological activity. H2O2 is a slow acting oxidising agent and HOCl is a strong non-radical
oxidant.

Figure 3. Suggested mechanism of Cl- and ion transport within the neutrophil phagosome.
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3.2. Oxygen independent microbial killing

The presence of an oxygen independent microbial mechanism in neutrophils is demonstrated
by the ability of these cells to kill bacteria under anaerobic conditions. Hirsch and colleagues
reported that neutrophil lysates killed bacteria and that this effect was due to a substance they
called phagocytin [68]. The component responsible for bacterial killing was localized to the
cytoplasmic granules which are released into the phagocytic vacuole [69]. Neutrophil-derived
microbial molecules are packaged within four distinct subgroups of granules (Figure 4) and
are released either into the phagocytic vacuole or to the outside of the cell upon activation.
Granule biogenesis follows the granulocyte differentiation pathway. The azurophilic (also
referred to as primary) granules first emerge at the stage of the promyelocytes [70] and contain
MPO, the serine proteases neutrophil elastase (NE), cathepsin G and proteinase 3, defensins
and bacterial permeability-increasing protein [71], and are considered as the true microbial
compartment mobilized upon phagocytosis. Later in differentiation, at the metamyelocyte
stage, specific granules containing lactoferrin [72], 18 kDa human cathelicidin antimicrobial
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GTPases of the Ras superfamily are known key regulators of cellular events including vesicle
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with different Rab27a effectors Slp1 and Munc13-4 reported necessary for primary and tertiary
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Although the neutrophil possesses an armoury of anti-microbial proteins and peptides,
individual components have been shown to exert microbial effects. For example, NE has long
been regarded as the major antibacterial protein and mice made homozygous for a disrupted
NE gene have demonstrated impaired resistance to Klebsiella pneumonia and Escherichia coli
sepsis [85]. A target for NE is the bacterial outer-membrane protein OmpA [86]. NE degrada‐
tion of OmpA results in cell death as a result of loss of bacterial integrity by localized weakening
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variety of bacteria. Purified cathepsin G has been shown to inhibit the growth of several
organisms including Staphylococcus aureus, E. coli, P. aeruginosa, and Neisseria gonorrhoea [87,
88]. Moreover, Tkalcevic and colleagues performed in vivo studies of mice deficient in cathe‐
psin G, NE, or both and demonstrated the importance of cathepsin G in the successful clearance
of Aspergillus fumigatus. Wild type mice almost completely cleared the fungal pathogen, while
the single mutants showed an intermediate phenotype between the wild type and double
mutants, thus establishing a critical role for both elastase and cathepsin G in the control of
fungal infection in vivo [89].

Examples of proteins stored in specific (secondary) and gelatinase (tertiary) granules include
human lactoferrin and MMPs. Lactoferrin is a major component of the specific granules and
is active against a variety of pathogens [90]. This protein binds to bacteria through its highly
positively charged N-terminus and displays antimicrobial properties against Gram-positive
and Gram-negative bacteria by limiting the availability of environmental iron. However, since
iron-saturated lactoferrin is also capable of killing certain bacteria, mechanisms other than iron
depletion are involved. Further studies have indicated that peptides obtained after enzymatic
hydrolysis of lactoferrin are much more effective in killing bacteria than is the intact protein.
It is likely that the N-terminal cationic domain of human lactoferrin plays an essential role in
the bactericidal activity and has been shown to be highly effective against infections with
antibiotic-resistant S. aureus [91]. MMP-9 is stored in an inactive preform that requires
activation by a serine protease such as NE. Its main function is the degradation of type V
collagen in the extracellular matrix to aid migration to the site of infection [92]. The importance
of MMP-9 in host defence was illustrated by a higher frequency of peritoneal sepsis in MMP-9
knockout mice due to impaired migration of neutrophils to the site of infection [93].

In spite of their original role in host defence, NE and proteinase 3 have been strongly implicated
in the pulmonary pathology of CF. Indeed it has been shown that NE is the main mediator of
proteolysis (Figure 1) but can also cause up-regulation of expression of other proteases
including MMPs and cathepsins and as a result it has been proposed that neutralisation of NE
activity is central to reducing the overall protease burden [94]. In line with this thought, NE

Figure 4. Granule and vesicle contents of the neutrophil. The most abundant organelles within the cytoplasm are the
granules, which are membrane-bound organelles containing an array of antimicrobial proteins. Three major types have
been identified, azurophilic, specific, and gelatinase-containing granules. A forth type of granule, called the secretory
vesicles, are endocytic in nature and act as an internal reservoir of membrane/cytokine receptors.
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has the ability to degrade structural proteins in the lung including elastin, collagen, and
fibronectin and to promote IL-8 production by bronchial epithelial cells [95], to degrade
antimicrobial peptides [96], and to degrade antiproteases including alpha-1 antitrypsin, SLPI
[97], and elafin [98] leading to a protease/antiprotease imbalance [99]. Moreover, it has been
shown that the process of primary granule release by CF neutrophils appears altered, as greater
levels of NE [100] and MPO [101] were recorded in the extracellular fluids post stimulation
with either CF airway samples, TNF-alpha and IL-8, or serum-opsonised particles. Of impor‐
tance, altered cytosolic pH regulation in CF neutrophils has been demonstrated [102, 103],
which could in turn influence the process of degranulation. In further support of increased
primary granule release by CF neutrophils, MPO and NE levels have been reported to be
present at significantly increased levels in airway samples from patients with CF compared to
controls [49, 104]. Moreover, levels of NE degranulation were not significantly altered
following intravenous antibiotic treatment of patients with CF, indicating continued dysre‐
gulation of neutrophil activity even with clinical improvement [105]. While the mechanism for
excessive primary granule release by CF neutrophils has not been fully investigated [104,
106], new research on the cause of reduced secondary and tertiary granule release has recently
been revealed [35]. Contrary to increased release of secondary and tertiary granules by
neutrophils of individuals with airway disease linked to alpha-1 antitrypsin deficiency
(AATD) [107], evidence was presented indicating that abnormal CFTR function contributes to
impaired neutrophil killing in CF due to inadequate Rab27a activation, which regulates the
release of antimicrobial proteins from secondary and tertiary granules. In this study reduced
degranulation of lactoferrin of secondary granules and MMP-9 of tertiary granules from
patients with CF compared to healthy control cells was observed, an effect mirrored in healthy
control cells post CFTR inhibition. Collectively results revealed that CFTR inhibition or
dysfunction reduces cytosolic Mg2+ levels resulting in impaired Rab27a activity, ultimately
reducing the CF neutrophils ability to kill bacterial pathogens [35].

4. The involvement of CFTR in neutrophil adherence leading to migration

Before describing the process leading to neutrophil adhesion, it is important to stress the
complexity of studying neutrophil adhesion and migration. Blood neutrophils isolated from
patients with CF are chronically exposed to pro-inflammatory cytokines, including LTB4 and
IL-8, and pathogenic particles including fMLP (formyl-methionyl-leucyl-phenylalanine) and
LPS, resulting in these cells being in a constant primed state. Therefore, independent of the
expression of CFTR protein, neutrophils in CF may illustrate enhanced cell adherence and
migration. To circumvent this dilemma and to eliminate the potential for bias towards
inflammatory versus altered neutrophil adhesion due to a lack of CFTR function, an approach
taken by researchers is to include neutrophils isolated from inflammatory control patients. For
example, in 1998, Russell and colleagues demonstrated that L-selectin shedding is altered in
patients with CF resulting in increased neutrophil adhesion in response to IL-8 and fMLP [108].
This paper reported that non-CF bronchiectasis patients did not possess alterations in L-
selectin shedding, suggesting that the defect in L-selectin shedding is CF specific and could be
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a result of defective CFTR rather than the inflammatory status of the individual [108]. Indeed,
CFTR expression in human neutrophils has provoked the idea that altered neutrophil migra‐
tion and adhesion in CF could be caused by an intrinsic defect. Counteracting this concept
however, Pohl et al. (2014) did not demonstrate impaired neutrophil migration in healthy
control cells exposed to the CFTR inhibitor, CFTR(inh)-172, suggesting that altered neutrophil
migration in CF is not inherent.

Circulating neutrophils generally adhere and migrate in response to pro-inflammatory
mediators including TNF-alpha and pathogenic components including N-formyl peptides
produced by bacteria. Lipid mediators involved in neutrophil adhesion and chemotaxis
include LTB4 [109, 110], with significantly increased levels quantified in sputum of patients
with CF [111]. The chemokine IL-8 is the main neutrophil chemo-attractant involved in CF
lung neutrophil infiltration [112], and increased levels of IL-8 have been detected in bronchial
lavage fluid and sputum of patients with CF [113]. IL-8 is produced by a number of cells,
including fibroblasts [114], epithelial cells [115], and by neutrophils themselves [116]. Inter‐
estingly, neutrophils isolated from children with CF demonstrate increased migration to IL-8
[117], and also release significantly increased levels of the chemokine when compared to the
blood neutrophils of the same donor, suggesting that the environment that the cell is found
triggers disproportionate release of IL-8 [116].

Neutrophils migrate in a multistep process consisting of rolling, tight binding, diapedesis, and
migration. Initially, E-selectin and P-selectin are upregulated on the epithelium cell surface,
and reversibly bind to L-selectin found on the neutrophil cell surface. In turn, L-selectin is shed
from the neutrophil membrane resulting in up-regulation of integrins LFA-1 (CD11a/CD18)
and MAC-1 (CD11b/CD18) which can both bind to ICAM-1 on the epithelium. Research studies
have demonstrated that activation of integrins is in part mediated by IL-8 [118], and this is
particularly relevant in CF as studies involving infants and children have demonstrated
increased expression of IL-8 and ICAM-1, possibly indicating intrinsic inflammatory changes
at a very early stage in disease progression supporting cell adhesion [119, 120]. This latter study
is reinforced by data indicating that CF neutrophils show higher migratory responsiveness to
IL-8 [117] supporting elevated numbers of neutrophils migrating to the airways. Moreover,
neutrophil activation results in increased cytosolic Ca2+ levels triggering activation of calpain,
a calcium dependent protease. Calpain has been demonstrated to liberate adhesion molecules
CD11b and CD18, facilitating cell adhesion through the tight binding of integrins to epithelium
cell surfaces [121]. Of major importance, studies have shown that CF neutrophils possess
increased calpain activity, affecting cleavage of the cholesterol transporter caveolin-1, thereby
modulating cholesterol trafficking to the plasma membrane [122]. Interestingly, and of major
relevance to CF, Solomkin et al. (2007) demonstrated that cholesterol depletion in human
neutrophils results in increased cell adhesion [123].

5. The involvement of CFTR in neutrophil apoptosis

Timely and effective neutrophil programmed cell death is essential for the resolution of
inflammation [124, 125] and abnormal neutrophil apoptosis is associated with decreased
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antimicrobial defences [126], incomplete microbial clearance, and sustained inflammation
[127, 128]. Three different pathways are involved in the regulation of apoptosis and particular
attention will be given to signalling pathways that are relevant to the neutrophil as it has been
recognised that neutrophils have unique mechanisms of cell death due to their short half-life
and phagocytic activity (Figure 5). Essential to the regulation and execution of apoptosis are
the caspases, a family of cytosolic proteases or cysteine-dependent aspartate-directed proteas‐
es, involved in all three pathways. The first pathway described is the mitochondrial or intrinsic
pathway. This pathway responds to physical and chemical stress signals, including growth
factor withdrawal, DNA damage, and endoplasmic stress, and is transduced by members of
the Bcl-2 family, which ultimately trigger the mitochondrial outer membrane permeabilisation
(MOMP). As a result, several pro-apoptotic mitochondrial proteins, the most important being
cytochrome C, are released into the cytosol. Subsequently cytochrome C, apoptotic protease
activating factor-1 (Apaf-1) and caspase-9 form the apoptosome [129-131], this results in the
activation of caspase-9 which thereafter activates caspase-3 and initiates the execution of
apoptosis. In addition, caspase-8 can cleave Bid into truncated Bid (TBid), which ultimately
triggers MOMP, thus providing a link from the intrinsic pathway to the extrinsic pathway.

The second pathway, the extrinsic or external death receptor pathway, is activated in response
to extracellular signals such as FasL and TNF-alpha and is mediated by the binding of these
members of the tumour necrosis factor family to death receptors on the cell surface (e.g., Fas,
TNFR). The binding of the FasL and TNF-alpha to its cognate receptor results in the multi‐
merisation of the death receptor and the formation of the death inducing signal complex
(DISC), containing multiple adaptor molecules such as the Fas associated death domain
(FADD) or TNF-R1-associated death domain (FADD) or TNF-R1-associtaed death domain
(TRADD). The respective adaptor death domain then interacts with caspase-8 [132, 133], which
in turn leads to the autolytic activation from pro-caspase-8 to caspase-8. After activation and
release of its active subunit (p18), caspase-8 then activates caspase-3, which finally executes
apoptosis by releasing caspase-activated DNase (CAD) from its inhibitor (ICAD) with DNA
fragmentation as a consequence [134]. The third pathway is the ER stress pathway. This
pathway is thought to involve the activation of caspases, increase in cytosolic calcium and pro-
apoptotic transcription factors in response to stress signals such as hypoxia, accumulation of
unfolded protein, and alteration in calcium homeostasis within the ER [135, 136].

In the neutrophil the enzymatic activity of active caspase-3, -7, and -9 can be selectively
inhibited by X-linked inhibitor of apoptosis (XIAP), a member of the conserved inhibitor of
apoptosis (IAP) family of proteins [137]. Moreover, there are a number of key distinguishing
features of neutrophil apoptosis. Firstly, the prominent role of the Bcl-2 homologue, Mcl-1, as
a survival protein is central to the neutrophil’s ability to undergo rapid apoptosis and may
therefore limit the neutrophil’s lifespan [138].

Mcl-1 is an unusual bcl-2 protein and can be rapidly turned over in the proteasome giving it
a short half-life (2h) in the cell and is in contrast to the essential pro-apoptotic bcl-2 homologues,
which are known to persist in the cell beyond 12 h. A critical excess of pro- over anti-apoptotic
homologues decides the fate of the neutrophil and this eventually leads to loss of mitochondrial
membrane potential and the progression of apoptosis [139]. Secondly, the involvement of
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reactive oxygen species (ROS) is very specific to neutrophil apoptosis. The observation that
neutrophils isolated from CGD patients which are known to be NADPH oxidase defective
display a significant delayed spontaneous cell death relative to that of neutrophils from healthy
donors is important [140]. This suggests that activation of the NADPH oxidase, with conse‐
quent production of ROS, is involved in spontaneous apoptosis and in regulating the pro‐
grammed cell death of neutrophils during phagocytosis.

Figure 5. Summary schematic of apoptosis pathways in the neutrophil. [1] Intrinsic mitochondrial pathway (red): mito‐
chondria release cytochrome c (Cyt C) in response to cellular stress. Together with apoptotic protease activating factor-1
(Apaf-1) and procaspase-9, Cyt C will form the apoptosome complex. This results in the proteolytic activation of the pro‐
caspase. Mature caspase-9 can then proteolytically activate caspase-3. [2] Extrinsic/ligand death-receptor pathway (black):
death factors such as tumour necrosis factor alpha (TNF-alpha) and Fas ligand (FasL) trigger apoptosis by binding on
death receptors such as tumour necrosis factor receptor 1 (TNFR1) and Fas. The death receptors recruit procaspase-8 by
means of an adaptor protein, TNF-R1-associated death domain (TRADD), or Fas associated death domain protein (FADD).
After cleavage the mature caspase-8 can then directly activate caspase-3. [3] Endoplasmic reticulum (ER) stress pathway
(yellow bolt): the ER can also induce apoptosis as a reaction to ER stress by releasing intracytosolic calcium (Ca2+) there‐
by activating effector caspases or through the expression of pro-apoptotic transcription factors such as CHOP. These dif‐
ferent initiation pathways converge further downstream into activation of caspase-3. The effector caspase-3 cleaves ICAD
(inhibitor of CAD) and releases it from CAD (caspase-activated DNase). CAD translocates from the cytoplasm to the nu‐
cleus and can now act as active endonuclease and fragment DNA. Inhibitors of apoptosis such as myeloid leukaemia cell
differentiation protein (Mcl-1) and X-linked inhibitor of apoptosis (XIAP) act upstream against pro-apoptotic Bcl-2 fami‐
ly members at the mitochondria and downstream, directly inhibit caspases, respectively.
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In contrast to the reported accelerated apoptosis in neutrophils from patients with airways
disease associated with AATD [141], prolonged neutrophil survival has been reported in
people with CF independent of infectious state and mutation type [142]. In support of this
concept, Moriceau et al. (2010) illustrated that neutrophils isolated from heterozygous asymp‐
tomatic parents of people with CF exhibited delayed apoptosis [143, 144]. Moreover, the
expression of the apoptosis-inducing membrane receptor Fas and its ligand have been reported
reduced on CF neutrophils [145] while in addition, NE can degrade the phosphatidylserine
receptor on macrophages, further delaying the removal of apoptotic neutrophils in CF [146].

6. The effect of CFTR mutation targeted therapy on neutrophil function

There can be no doubt that our grasp and understanding of the complex physiology of CFTR
protein function has progressed majorly and permitted the development of exciting new
treatments designed to target the basic defects of CF. Along with this, continuing improve‐
ments in clinical care have allowed improved outcomes for patients with CF including reduced
morbidity and preserved lung function. As CFTR has been shown to be an integral membrane
channel on neutrophils, the influence of new CFTR therapeutics on neutrophil function is an
area of intense interest.

Class I mutations are thought to affect 5% of the CF population in Western society and in this
class of CFTR mutations, there is complete absence of stable CFTR protein (due to non-sense
mutations from premature stop codons) and thus replacement of the defective CFTR gene or
changes in how the protein is made is required. However, the focus relating to the research
surrounding gene addition therapy is its potential use in all class mutations in CF, with the
ultimate aim of functional gene insertion and normalized CFTR expression. Studies on gene
addition therapy have been developed to replace the mutant CFTR gene, and in this respect a
phase II trial with non-viral lipid vector for DNA instillation has commenced. The study
investigators have recommended monthly inhaled therapy for one-year duration (NCT
01621867). Further developments involve a lentiviral vector for gene therapy in this patient
population [147] and the collective results of gene therapy on neutrophil function will be an
exciting area of research in the future.

A second area of immense interest is the therapeutic use of aminoglycosides (e.g., gentamycin)
and ataluren to cause read through of premature stop codons thereby allowing translation to
continue to the end of transcription [148, 149]. Ataluren (PTC 124) is under investigation for
its use and role in targeting premature stop codons. This compound has the potential to allow
processing of premature stop codons, resulting in the production of normal length and
functional CFTR, with insertion at the cell surface. Its beneficial effects have been proven with
analysis of nasal chloride transport. The phase III trial in 238 patients with CF failed to achieve
its primary end point (improvement in FEV1) at 48 weeks, except in a small subgroup of
patients not on concomitant nebulised aminoglycoside treatment [150].

Class II (e.g., ∆F508) and III CFTR mutations (e.g., G551D) have seen the advent of CFTR
corrector and potentiator therapies. Corrector agents facilitate appropriate protein folding and
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targeting to the cell membrane. The correctors lumacaftor (VX 809) or VX 661 are designed to
promote increased quantities of ΔF508 CFTR at the cell membrane surface. VX 809 has shown
good results in vitro but it is likely that adequate correction of ΔF508 CFTR will need multi-
compound drug therapy [147, 151]. The potentiator ivacaftor (VX 770) was originally devel‐
oped to augment the activity and efficiency of the abnormal CFTR protein (Figure 6).

Figure 6. CFTR function in human epithelia. Panel (A) illustrates defective CFTR Cl- transport due to the G551D muta‐
tion. Image (B) illustrates corrected function post VX-770 (ivacaftor) treatment.

Use of this therapy involved a well-designed randomized, double blind, placebo-controlled
trial. The study subjects had at least one G551D CFTR mutation and were randomly assigned
to ivacaftor 150 mg twice daily or placebo for 48 weeks. The treatment group showed a
sustained improvement from baseline in FEV1 by 10% compared with the placebo group. They
were also 55% less likely to suffer a pulmonary exacerbation compared with their placebo
counter parts, had higher health scores, gained weight and normalization of their sweat
chloride levels. These benefits were sustained for the duration of the trial and the frequency
of adverse events in the two groups was equivocal [152]. A shortcoming of the use of ivacaftor
is that only 2–3% of individuals with CF have the G551D mutation and research is currently
underway to ascertain whether ivacaftor may be employed for other mutations. A multi-
centre, phase II trial on the use of the CFTR corrector lumacaftor together with the CFTR
potentiator ivacaftor for the treatment of patients with CF with the ΔF508 CFTR mutation was
performed. The primary outcome was change in sweat chloride concentration with combina‐
tion therapy in the ∆F508 subjects, however a minimal effect on sweat chloride level was
observed [153]. It is postulated that the reason behind this was that the potentiator rendered
the CFTR protein less stable and increased its removal from the cell membrane. However,
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the CFTR protein less stable and increased its removal from the cell membrane. However,
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currently there is a very motivated area of research into double or triple combination treatment
for synergistic ΔF508 CFTR correction [154].

Of relevance to the circulating neutrophil and as CFTR mRNA transcripts have been reported
in neutrophils at an expression level similar to those found in monocytes and alveolar
macrophages [24, 33], the effect of CFTR corrector and potentiator therapies on neutrophil
function is an anticipated area of research. In a study by Pohl et al. (2014), the mechanism
leading to impaired degranulation by CF neutrophils was shown to involve altered ion
homeostasis caused by defective CFTR function and significantly decreased levels of GTP-
bound Rab27a. Of major importance, treatment of G551D patients with ivacaftor, normalized
neutrophil cytosolic ion levels, and activation of Rab27a thereby leading to increased degra‐
nulation and pseudomonal killing. These results confirm that intrinsic alterations of circulating
neutrophils from patients with CF are corrected by ivacaftor thus illustrating additional clinical
benefits for CFTR modulator therapy. In line with this concept, neutrophils of ivacaftor-treated
subjects demonstrated decreased cell surface CD63, a marker of primary granule release [155].

7. Conclusion

A plethora of studies on neutrophil function in CF have been performed and demonstrate
alterations in cellular activities including impaired microbial uptake [156, 157], defective
intracellular kinase activation [116], cellular inactivation [158], and increased oxidant forma‐
tion [106, 159]. Furthermore, an additional area of intense research has focused on persistent
mammalian target of rapamycin (mTOR) and cyclic AMP response element binding protein
(CREB) pathway activation in CF airway neutrophils [160], with more recent data suggesting
that neutrophils express augmented cell surface nutrient transporter expression and glucose
uptake, consistent with metabolic adaptation [161]. As the CF neutrophil may shape the
inflammatory response and influence patient outcome, further research investigating the CF
neutrophil is required. In addition, a promising development in the treatment of airway
inflammation involves the correction of CFTR dysfunction. If CFTR dysfunction is corrected
at a very early age, it is possible that neutrophil induced inflammation involving impaired
trafficking, delayed apoptosis, impaired degranulation, and bacterial killing may be signifi‐
cantly curtailed.

Acknowledgements

We would like to thank the U.S. Cystic Fibrosis Foundation and Science Foundation Ireland
under the Research Frontiers Programme (11/RFP/BMT/3094) and the Program for Research
in Third Level Institutes administered by the Higher Education Authority in Ireland for
support.

New Research on the Importance of Cystic Fibrosis Transmembrane Conductance Regulator Function…
http://dx.doi.org/10.5772/60645

265



Author details

Michelle M.  White, Fatma  Gargoum, Niall  Browne, Killian  Hurley, Noel G.  McElvaney and
Emer P.  Reeves*

*Address all correspondence to: emerreeves@rcsi.ie

Respiratory Research Division, Department of Medicine, Royal College of Surgeons in Ireland,
Education and Research Centre, Beaumont Hospital, Dublin, Ireland

References

[1] De Boeck K, Zolin A, Cuppens H, Olesen HV, Viviani L. The relative frequency of
CFTR mutation classes in European patients with cystic fibrosis. J Cyst Fibros.
2014;13(4):403-9.

[2] Mott LS, Park J, Murray CP, Gangell CL, De Klerk NH, Robinson PJ, et al. Progres‐
sion of early structural lung disease in young children with cystic fibrosis assessed
using CT. Thorax. 2012;67(6):509-16.

[3] Sly PD, Brennan S, Gangell C, De Klerk N, Murray C, Mott L, et al. Lung disease at
diagnosis in infants with cystic fibrosis detected by newborn screening. American
Journal of Respiratory and Critical Care Medicine. 2009;180(2):146-52.

[4] Davis SD, Fordham LA, Brody AS, Noah TL, Retsch-Bogart GZ, Qaqish BF, et al.
Computed tomography reflects lower airway inflammation and tracks changes in
early cystic fibrosis. American Journal of Respiratory and Critical Care Medicine.
2007;175(9):943-50.

[5] Wainwright CE, Vidmar S, Armstrong DS, Byrnes CA, Carlin JB, Cheney J, et al. Ef‐
fect of bronchoalveolar lavage-directed therapy on Pseudomonas aeruginosa infec‐
tion and structural lung injury in children with cystic fibrosis: a randomized trial.
JAMA : The Journal of the American Medical Association. 2011;306(2):163-71.

[6] Stick SM, Brennan S, Murray C, Douglas T, Von Ungern-Sternberg BS, Garratt LW, et
al. Bronchiectasis in infants and preschool children diagnosed with cystic fibrosis af‐
ter newborn screening. The Journal of Pediatrics. 2009;155(5):623-8 e1.

[7] Armstrong DS, Hook SM, Jamsen KM, Nixon GM, Carzino R, Carlin JB, et al. Lower
airway inflammation in infants with cystic fibrosis detected by newborn screening.
Pediatr Pulmonol. 2005;40(6):500-10.

[8] Rosenfeld M, Gibson RL, McNamara S, Emerson J, Burns JL, Castile R, et al. Early
pulmonary infection, inflammation, and clinical outcomes in infants with cystic fib‐
rosis. Pediatr Pulmonol. 2001;32(5):356-66.

Cystic Fibrosis in the Light of New Research266



Author details

Michelle M.  White, Fatma  Gargoum, Niall  Browne, Killian  Hurley, Noel G.  McElvaney and
Emer P.  Reeves*

*Address all correspondence to: emerreeves@rcsi.ie

Respiratory Research Division, Department of Medicine, Royal College of Surgeons in Ireland,
Education and Research Centre, Beaumont Hospital, Dublin, Ireland

References

[1] De Boeck K, Zolin A, Cuppens H, Olesen HV, Viviani L. The relative frequency of
CFTR mutation classes in European patients with cystic fibrosis. J Cyst Fibros.
2014;13(4):403-9.

[2] Mott LS, Park J, Murray CP, Gangell CL, De Klerk NH, Robinson PJ, et al. Progres‐
sion of early structural lung disease in young children with cystic fibrosis assessed
using CT. Thorax. 2012;67(6):509-16.

[3] Sly PD, Brennan S, Gangell C, De Klerk N, Murray C, Mott L, et al. Lung disease at
diagnosis in infants with cystic fibrosis detected by newborn screening. American
Journal of Respiratory and Critical Care Medicine. 2009;180(2):146-52.

[4] Davis SD, Fordham LA, Brody AS, Noah TL, Retsch-Bogart GZ, Qaqish BF, et al.
Computed tomography reflects lower airway inflammation and tracks changes in
early cystic fibrosis. American Journal of Respiratory and Critical Care Medicine.
2007;175(9):943-50.

[5] Wainwright CE, Vidmar S, Armstrong DS, Byrnes CA, Carlin JB, Cheney J, et al. Ef‐
fect of bronchoalveolar lavage-directed therapy on Pseudomonas aeruginosa infec‐
tion and structural lung injury in children with cystic fibrosis: a randomized trial.
JAMA : The Journal of the American Medical Association. 2011;306(2):163-71.

[6] Stick SM, Brennan S, Murray C, Douglas T, Von Ungern-Sternberg BS, Garratt LW, et
al. Bronchiectasis in infants and preschool children diagnosed with cystic fibrosis af‐
ter newborn screening. The Journal of Pediatrics. 2009;155(5):623-8 e1.

[7] Armstrong DS, Hook SM, Jamsen KM, Nixon GM, Carzino R, Carlin JB, et al. Lower
airway inflammation in infants with cystic fibrosis detected by newborn screening.
Pediatr Pulmonol. 2005;40(6):500-10.

[8] Rosenfeld M, Gibson RL, McNamara S, Emerson J, Burns JL, Castile R, et al. Early
pulmonary infection, inflammation, and clinical outcomes in infants with cystic fib‐
rosis. Pediatr Pulmonol. 2001;32(5):356-66.

Cystic Fibrosis in the Light of New Research266

[9] Reeves EP, Williamson M, Byrne B, Bergin DA, Smith SG, Greally P, et al. IL-8 dic‐
tates glycosaminoglycan binding and stability of IL-18 in cystic fibrosis. J Immunol.
2010;184(3):1642-52.

[10] Mitola S, Sorbello V, Ponte E, Copreni E, Mascia C, Bardessono M, et al. Tumor ne‐
crosis factor-alpha in airway secretions from cystic fibrosis patients upregulate endo‐
thelial adhesion molecules and induce airway epithelial cell apoptosis: implications
for cystic fibrosis lung disease. International Journal of Immunopathology and Phar‐
macology. 2008;21(4):851-65.

[11] Colombo C, Faelli N, Tirelli AS, Fortunato F, Biffi A, Claut L, et al. Analysis of in‐
flammatory and immune response biomarkers in sputum and exhaled breath con‐
densate by a multi-parametric biochip array in cystic fibrosis. International Journal of
Immunopathology and Pharmacology. 2011;24(2):423-32.

[12] Birrer P, McElvaney NG, Rudeberg A, Sommer CW, Liechti-Gallati S, Kraemer R, et
al. Protease-antiprotease imbalance in the lungs of children with cystic fibrosis. Am J
Respir Crit Care Med. 1994;150(1):207-13.

[13] McElvaney NG, Nakamura H, Birrer P, Hebert CA, Wong WL, Alphonso M, et al.
Modulation of airway inflammation in cystic fibrosis. In vivo suppression of interleu‐
kin-8 levels on the respiratory epithelial surface by aerosolization of recombinant se‐
cretory leukoprotease inhibitor. J Clin Invest. 1992;90(4):1296-301.

[14] Hartl D, Griese M, Kappler M, Zissel G, Reinhardt D, Rebhan C, et al. Pulmonary
T(H)2 response in Pseudomonas aeruginosa-infected patients with cystic fibrosis. J
Allergy Clin Immunol. 2006;117(1):204-11.

[15] Reinhardt N, Chen CI, Loppow D, Schink T, Kleinau I, Jorres RA, et al. Cellular pro‐
files of induced sputum in children with stable cystic fibrosis: comparison with BAL.
Eur Respir J. 2003;22(3):497-502.

[16] Sly PD, Gangell CL, Chen L, Ware RS, Ranganathan S, Mott LS, et al. Risk factors for
bronchiectasis in children with cystic fibrosis. N Engl J Med. 2013;368(21):1963-70.

[17] Adib-Conquy M, Pedron T, Petit-Bertron AF, Tabary O, Corvol H, Jacquot J, et al.
Neutrophils in cystic fibrosis display a distinct gene expression pattern. Mol Med.
2008;14(1-2):36-44.

[18] Kormann MS, Hector A, Marcos V, Mays LE, Kappler M, Illig T, et al. CXCR1 and
CXCR2 haplotypes synergistically modulate cystic fibrosis lung disease. Eur Respir J.
2012;39(6):1385-90.

[19] Jann NJ, Schmaler M, Ferracin F, Landmann R. TLR2 enhances NADPH oxidase ac‐
tivity and killing of Staphylococcus aureus by PMN. Immunol Lett. 2010;135(1-2):
17-23.

New Research on the Importance of Cystic Fibrosis Transmembrane Conductance Regulator Function…
http://dx.doi.org/10.5772/60645

267



[20] Petit-Bertron AF, Tabary O, Corvol H, Jacquot J, Clement A, Cavaillon JM, et al. Cir‐
culating and airway neutrophils in cystic fibrosis display different TLR expression
and responsiveness to interleukin-10. Cytokine. 2008;41(1):54-60.

[21] Gu Y, Harley IT, Henderson LB, Aronow BJ, Vietor I, Huber LA, et al. Identification
of IFRD1 as a modifier gene for cystic fibrosis lung disease. Nature. 2009;458(7241):
1039-42.

[22] Blanchard E, Marie S, Riffault L, Bonora M, Tabary O, Clement A, et al. Reduced ex‐
pression of Tis7/IFRD1 protein in murine and human cystic fibrosis airway epithelial
cell models homozygous for the F508del-CFTR mutation. Biochem Biophys Res Com‐
mun. 2011;411(3):471-6.

[23] Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, Grzelczak Z, et al. Identifi‐
cation of the cystic fibrosis gene: cloning and characterization of complementary
DNA. Science. 1989;245(4922):1066-73.

[24] Yoshimura K, Nakamura H, Trapnell BC, Chu CS, Dalemans W, Pavirani A, et al. Ex‐
pression of the cystic fibrosis transmembrane conductance regulator gene in cells of
non-epithelial origin. Nucleic Acids Res. 1991;19(19):5417-23.

[25] Trapnell BC, Chu CS, Paakko PK, Banks TC, Yoshimura K, Ferrans VJ, et al. Expres‐
sion of the cystic fibrosis transmembrane conductance regulator gene in the respira‐
tory tract of normal individuals and individuals with cystic fibrosis. Proc Natl Acad
Sci USA. 1991;88(15):6565-9.

[26] Yoshimura K, Nakamura H, Trapnell BC, Dalemans W, Pavirani A, Lecocq JP, et al.
The cystic fibrosis gene has a "housekeeping"-type promoter and is expressed at low
levels in cells of epithelial origin. J Biol Chem. 1991;266(14):9140-4.

[27] Di A, Brown ME, Deriy LV, Li C, Szeto FL, Chen Y, et al. CFTR regulates phagosome
acidification in macrophages and alters bactericidal activity. Nat Cell Biol. 2006;8(9):
933-44.

[28] Haggie PM, Verkman AS. Cystic fibrosis transmembrane conductance regulator-in‐
dependent phagosomal acidification in macrophages. J Biol Chem. 2007;282(43):
31422-8.

[29] Steinberg BE, Huynh KK, Brodovitch A, Jabs S, Stauber T, Jentsch TJ, et al. A cation
counterflux supports lysosomal acidification. J Cell Biol. 2010;189(7):1171-86.

[30] Del Porto P, Cifani N, Guarnieri S, Di Domenico EG, Mariggio MA, Spadaro F, et al.
Dysfunctional CFTR alters the bactericidal activity of human macrophages against
Pseudomonas aeruginosa. PLoS One. 2011;6(5):e19970.

[31] McKeon DJ, Cadwallader KA, Idris S, Cowburn AS, Pasteur MC, Barker H, et al.
Cystic fibrosis neutrophils have normal intrinsic reactive oxygen species generation.
Eur Respir J. 2010;35(6):1264-72.

Cystic Fibrosis in the Light of New Research268



[20] Petit-Bertron AF, Tabary O, Corvol H, Jacquot J, Clement A, Cavaillon JM, et al. Cir‐
culating and airway neutrophils in cystic fibrosis display different TLR expression
and responsiveness to interleukin-10. Cytokine. 2008;41(1):54-60.

[21] Gu Y, Harley IT, Henderson LB, Aronow BJ, Vietor I, Huber LA, et al. Identification
of IFRD1 as a modifier gene for cystic fibrosis lung disease. Nature. 2009;458(7241):
1039-42.

[22] Blanchard E, Marie S, Riffault L, Bonora M, Tabary O, Clement A, et al. Reduced ex‐
pression of Tis7/IFRD1 protein in murine and human cystic fibrosis airway epithelial
cell models homozygous for the F508del-CFTR mutation. Biochem Biophys Res Com‐
mun. 2011;411(3):471-6.

[23] Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, Grzelczak Z, et al. Identifi‐
cation of the cystic fibrosis gene: cloning and characterization of complementary
DNA. Science. 1989;245(4922):1066-73.

[24] Yoshimura K, Nakamura H, Trapnell BC, Chu CS, Dalemans W, Pavirani A, et al. Ex‐
pression of the cystic fibrosis transmembrane conductance regulator gene in cells of
non-epithelial origin. Nucleic Acids Res. 1991;19(19):5417-23.

[25] Trapnell BC, Chu CS, Paakko PK, Banks TC, Yoshimura K, Ferrans VJ, et al. Expres‐
sion of the cystic fibrosis transmembrane conductance regulator gene in the respira‐
tory tract of normal individuals and individuals with cystic fibrosis. Proc Natl Acad
Sci USA. 1991;88(15):6565-9.

[26] Yoshimura K, Nakamura H, Trapnell BC, Dalemans W, Pavirani A, Lecocq JP, et al.
The cystic fibrosis gene has a "housekeeping"-type promoter and is expressed at low
levels in cells of epithelial origin. J Biol Chem. 1991;266(14):9140-4.

[27] Di A, Brown ME, Deriy LV, Li C, Szeto FL, Chen Y, et al. CFTR regulates phagosome
acidification in macrophages and alters bactericidal activity. Nat Cell Biol. 2006;8(9):
933-44.

[28] Haggie PM, Verkman AS. Cystic fibrosis transmembrane conductance regulator-in‐
dependent phagosomal acidification in macrophages. J Biol Chem. 2007;282(43):
31422-8.

[29] Steinberg BE, Huynh KK, Brodovitch A, Jabs S, Stauber T, Jentsch TJ, et al. A cation
counterflux supports lysosomal acidification. J Cell Biol. 2010;189(7):1171-86.

[30] Del Porto P, Cifani N, Guarnieri S, Di Domenico EG, Mariggio MA, Spadaro F, et al.
Dysfunctional CFTR alters the bactericidal activity of human macrophages against
Pseudomonas aeruginosa. PLoS One. 2011;6(5):e19970.

[31] McKeon DJ, Cadwallader KA, Idris S, Cowburn AS, Pasteur MC, Barker H, et al.
Cystic fibrosis neutrophils have normal intrinsic reactive oxygen species generation.
Eur Respir J. 2010;35(6):1264-72.

Cystic Fibrosis in the Light of New Research268

[32] Morris MR, Doull IJ, Dewitt S, Hallett MB. Reduced iC3b-mediated phagocytotic ca‐
pacity of pulmonary neutrophils in cystic fibrosis. Clin Exp Immunol. 2005;142(1):
68-75.

[33] Painter RG, Valentine VG, Lanson NA, Jr., Leidal K, Zhang Q, Lombard G, et al.
CFTR Expression in human neutrophils and the phagolysosomal chlorination defect
in cystic fibrosis. Biochemistry. 2006;45(34):10260-9.

[34] Painter RG, Marrero L, Lombard GA, Valentine VG, Nauseef WM, Wang G. CFTR-
mediated halide transport in phagosomes of human neutrophils. J Leukoc Biol.
2010;87(5):933-42.

[35] Pohl K, Hayes E, Keenan J, Henry M, Meleady P, Molloy K, et al. A neutrophil intrin‐
sic impairment affecting Rab27a and degranulation in cystic fibrosis is corrected by
CFTR potentiator therapy. Blood. 2014;124(7):999-1009.

[36] Su X, Looney MR, Su HE, Lee JW, Song Y, Matthay MA. Role of CFTR expressed by
neutrophils in modulating acute lung inflammation and injury in mice. Inflamm Res.
2011;60(7):619-32.

[37] Baldridge C, Gerard, RW. The extra respiratory burst of phagocytosis. Am J Phsiol.
1933;103:235-6.

[38] Sbarra AJ, Karnovsky ML. The biochemical basis of phagocytosis. I. Metabolic
changes during the ingestion of particles by polymorphonuclear leukocytes. J Biol
Chem. 1959;234(6):1355-62.

[39] Good RA, Quie PG, Windhorst DB, Page AR, Rodey GE, White J, et al. Fatal (chronic)
granulomatous disease of childhood: a hereditary defect of leukocyte function. Sem‐
in Hematol. 1968;5(3):215-54.

[40] Holmes B, Page AR, Good RA. Studies of the metabolic activity of leukocytes from
patients with a genetic abnormality of phagocytic function. J Clin Invest. 1967;46(9):
1422-32.

[41] Cohen MS, Metcalf JA, Root RK. Regulation of oxygen metabolism in human granu‐
locytes: relationship between stimulus binding and oxidative response using plant
lectins as probes. Blood. 1980;55(6):1003-10.

[42] Root RK, Metcalf JA. H2O2 release from human granulocytes during phagocytosis.
Relationship to superoxide anion formation and cellular catabolism of H2O2: studies
with normal and cytochalasin B-treated cells. J Clin Invest. 1977;60(6):1266-79.

[43] Iyer GYN IM, Quastel JH. Biochemical Aspects of Phagocytosis. Nature.
1961;192:535-41

[44] Galli F, Battistoni A, Gambari R, Pompella A, Bragonzi A, Pilolli F, et al. Oxidative
stress and antioxidant therapy in cystic fibrosis. Biochim Biophys Acta. 2012;1822(5):
690-713.

New Research on the Importance of Cystic Fibrosis Transmembrane Conductance Regulator Function…
http://dx.doi.org/10.5772/60645

269



[45] Griese M, Ramakers J, Krasselt A, Starosta V, Van Koningsbruggen S, Fischer R, et al.
Improvement of alveolar glutathione and lung function but not oxidative state in
cystic fibrosis. Am J Respir Crit Care Med. 2004;169(7):822-8.

[46] Roum JH, Borok Z, McElvaney NG, Grimes GJ, Bokser AD, Buhl R, et al. Glutathione
aerosol suppresses lung epithelial surface inflammatory cell-derived oxidants in cyst‐
ic fibrosis. J Appl Physiol (1985). 1999;87(1):438-43.

[47] Roum JH, Buhl R, McElvaney NG, Borok Z, Crystal RG. Systemic deficiency of gluta‐
thione in cystic fibrosis. J Appl Physiol (1985). 1993;75(6):2419-24.

[48] Linsdell P, Hanrahan JW. Glutathione permeability of CFTR. Am J Physiol.
1998;275(1 Pt 1):C323-6.

[49] Kettle AJ, Chan T, Osberg I, Senthilmohan R, Chapman AL, Mocatta TJ, et al. Myelo‐
peroxidase and protein oxidation in the airways of young children with cystic fibro‐
sis. Am J Respir Crit Care Med. 2004;170(12):1317-23.

[50] Klebanoff SJ. Iodination of bacteria: a bactericidal mechanism. J Exp Med.
1967;126(6):1063-78.

[51] Klebanoff SJ. Myeloperoxidase-halide-hydrogen peroxide antibacterial system. J Bac‐
teriol. 1968;95(6):2131-8.

[52] Winterbourn CC, Hampton MB, Livesey JH, Kettle AJ. Modeling the reactions of su‐
peroxide and myeloperoxidase in the neutrophil phagosome: implications for micro‐
bial killing. J Biol Chem. 2006;281(52):39860-9.

[53] Bonvillain RW, Painter RG, Adams DE, Viswanathan A, Lanson NA, Jr., Wang G.
RNA interference against CFTR affects HL60-derived neutrophil microbicidal func‐
tion. Free Radic Biol Med. 2010;49(12):1872-80.

[54] Moreland JG, Davis AP, Bailey G, Nauseef WM, Lamb FS. Anion channels, including
ClC-3, are required for normal neutrophil oxidative function, phagocytosis, and
transendothelial migration. J Biol Chem. 2006;281(18):12277-88.

[55] Aiken ML, Painter RG, Zhou Y, Wang G. Chloride transport in functionally active
phagosomes isolated from Human neutrophils. Free Radic Biol Med. 2012;53(12):
2308-17.

[56] Jiang Q, Griffin DA, Barofsky DF, Hurst JK. Intraphagosomal chlorination dynamics
and yields determined using unique fluorescent bacterial mimics. Chemical Research
in toxicology. 1997;10(10):1080-9.

[57] Barrette WC, Jr., Hannum DM, Wheeler WD, Hurst JK. General mechanism for the
bacterial toxicity of hypochlorous acid: abolition of ATP production. Biochemistry.
1989;28(23):9172-8.

Cystic Fibrosis in the Light of New Research270



[45] Griese M, Ramakers J, Krasselt A, Starosta V, Van Koningsbruggen S, Fischer R, et al.
Improvement of alveolar glutathione and lung function but not oxidative state in
cystic fibrosis. Am J Respir Crit Care Med. 2004;169(7):822-8.

[46] Roum JH, Borok Z, McElvaney NG, Grimes GJ, Bokser AD, Buhl R, et al. Glutathione
aerosol suppresses lung epithelial surface inflammatory cell-derived oxidants in cyst‐
ic fibrosis. J Appl Physiol (1985). 1999;87(1):438-43.

[47] Roum JH, Buhl R, McElvaney NG, Borok Z, Crystal RG. Systemic deficiency of gluta‐
thione in cystic fibrosis. J Appl Physiol (1985). 1993;75(6):2419-24.

[48] Linsdell P, Hanrahan JW. Glutathione permeability of CFTR. Am J Physiol.
1998;275(1 Pt 1):C323-6.

[49] Kettle AJ, Chan T, Osberg I, Senthilmohan R, Chapman AL, Mocatta TJ, et al. Myelo‐
peroxidase and protein oxidation in the airways of young children with cystic fibro‐
sis. Am J Respir Crit Care Med. 2004;170(12):1317-23.

[50] Klebanoff SJ. Iodination of bacteria: a bactericidal mechanism. J Exp Med.
1967;126(6):1063-78.

[51] Klebanoff SJ. Myeloperoxidase-halide-hydrogen peroxide antibacterial system. J Bac‐
teriol. 1968;95(6):2131-8.

[52] Winterbourn CC, Hampton MB, Livesey JH, Kettle AJ. Modeling the reactions of su‐
peroxide and myeloperoxidase in the neutrophil phagosome: implications for micro‐
bial killing. J Biol Chem. 2006;281(52):39860-9.

[53] Bonvillain RW, Painter RG, Adams DE, Viswanathan A, Lanson NA, Jr., Wang G.
RNA interference against CFTR affects HL60-derived neutrophil microbicidal func‐
tion. Free Radic Biol Med. 2010;49(12):1872-80.

[54] Moreland JG, Davis AP, Bailey G, Nauseef WM, Lamb FS. Anion channels, including
ClC-3, are required for normal neutrophil oxidative function, phagocytosis, and
transendothelial migration. J Biol Chem. 2006;281(18):12277-88.

[55] Aiken ML, Painter RG, Zhou Y, Wang G. Chloride transport in functionally active
phagosomes isolated from Human neutrophils. Free Radic Biol Med. 2012;53(12):
2308-17.

[56] Jiang Q, Griffin DA, Barofsky DF, Hurst JK. Intraphagosomal chlorination dynamics
and yields determined using unique fluorescent bacterial mimics. Chemical Research
in toxicology. 1997;10(10):1080-9.

[57] Barrette WC, Jr., Hannum DM, Wheeler WD, Hurst JK. General mechanism for the
bacterial toxicity of hypochlorous acid: abolition of ATP production. Biochemistry.
1989;28(23):9172-8.

Cystic Fibrosis in the Light of New Research270

[58] Albrich JM, Gilbaugh JH, 3rd, Callahan KB, Hurst JK. Effects of the putative neutro‐
phil-generated toxin, hypochlorous acid, on membrane permeability and transport
systems of Escherichia coli. J Clin Invest. 1986;78(1):177-84.

[59] Gottardi W, Nagl M. Chlorine covers on living bacteria: the initial step in antimicro‐
bial action of active chlorine compounds. J Antimicrob Chemother. 2005;55(4):475-82.

[60] Gottardi W, Nagl M. N-chlorotaurine, a natural antiseptic with outstanding tolerabil‐
ity. J Antimicrob Chemother. 2010;65(3):399-409.

[61] Painter RG, Bonvillain RW, Valentine VG, Lombard GA, LaPlace SG, Nauseef WM,
et al. The role of chloride anion and CFTR in killing of Pseudomonas aeruginosa by
normal and CF neutrophils. J Leukoc Biol. 2008;83(6):1345-53.

[62] Ng HP, Zhou Y, Song K, Hodges CA, Drumm ML, Wang G. Neutrophil-mediated
phagocytic host defense defect in myeloid Cftr-inactivated mice. PLoS One.
2014;9(9):e106813.

[63] Parry MF, Root RK, Metcalf JA, Delaney KK, Kaplow LS, Richar WJ. Myeloperoxi‐
dase deficiency: prevalence and clinical significance. Annals of Internal Medicine.
1981;95(3):293-301.

[64] Lehrer RI, Hanifin J, Cline MJ. Defective bactericidal activity in myeloperoxidase-de‐
ficient human neutrophils. Nature. 1969;223(5201):78-9.

[65] Reeves EP, Lu H, Jacobs HL, Messina CG, Bolsover S, Gabella G, et al. Killing activity
of neutrophils is mediated through activation of proteases by K+ flux. Nature.
2002;416(6878):291-7.

[66] Segal AW, Geisow M, Garcia R, Harper A, Miller R. The respiratory burst of phago‐
cytic cells is associated with a rise in vacuolar pH. Nature. 1981;290(5805):406-9.

[67] Mandell GL. Bactericidal activity of aerobic and anaerobic polymorphonuclear neu‐
trophils. Infect Immun. 1974;9(2):337-41.

[68] Hirsch JG. Phagocytin: a bactericidal substance from polymorphonuclear leucocytes.
J Exp Med. 1956;103(5):589-611.

[69] Zucker-Franklin D, Hirsch JG. Electron microscope studies on the degranulation of
rabbit peritoneal leukocytes during phagocytosis. J Exp Med. 1964;120:569-76.

[70] Fouret P, Du Bois RM, Bernaudin JF, Takahashi H, Ferrans VJ, Crystal RG. Expres‐
sion of the neutrophil elastase gene during human bone marrow cell differentiation. J
Exp Med. 1989;169(3):833-45.

[71] Lacy P. Mechanisms of degranulation in neutrophils. Allergy, asthma, and clinical
immunology. Official Journal of the Canadian Society of Allergy and Clinical Immu‐
nology. 2006;2(3):98-108.

New Research on the Importance of Cystic Fibrosis Transmembrane Conductance Regulator Function…
http://dx.doi.org/10.5772/60645

271



[72] Esaguy N, Aguas AP, Silva MT. High-resolution localization of lactoferrin in human
neutrophils: labeling of secondary granules and cell heterogeneity. J Leukoc Biol.
1989;46(1):51-62.

[73] Wang YB. Antibacterial mechanisms of lysozyme on Streptococcus mutans. Zhong‐
hua ya yi xue hui za zhi Chinese Dental Journal / Dental Association, Republic of
China. 1990;9(3):87-97.

[74] Gaggar A, Li Y, Weathington N, Winkler M, Kong M, Jackson P, et al. Matrix metal‐
loprotease-9 dysregulation in lower airway secretions of cystic fibrosis patients. Am J
Physiol Lung Cell Mol Physiol. 2007;293(1):L96-L104.

[75] Nie J, Pei D. Direct activation of pro-matrix metalloproteinase-2 by leukolysin/
membrane-type 6 matrix metalloproteinase/matrix metalloproteinase 25 at the
asn(109)-Tyr bond. Cancer Res. 2003;63(20):6758-62.

[76] Robineaux J, Frederic J. [Contribution to the study of neutrophil granulations of the
polynuclears by phase contrast microcinematography]. Comptes rendus des seances
de la Societe de biologie et de ses filiales. 1955;149(5-6):486-9.

[77] Hirsch JG. Cinemicrophotographic observations on granule lysis in polymorphonu‐
clear leucocytes during phagocytosis. J Exp Med. 1962;116:827-34.

[78] Neeft M, Wieffer M, De Jong AS, Negroiu G, Metz CH, Van Loon A, et al. Munc13-4
is an effector of rab27a and controls secretion of lysosomes in hematopoietic cells.
Mol Biol Cell. 2005;16(2):731-41.

[79] Borregaard N, Sorensen OE, Theilgaard-Monch K. Neutrophil granules: a library of
innate immunity proteins. Trends Immunol. 2007;28(8):340-5.

[80] Mollinedo F, Martin-Martin B, Calafat J, Nabokina SM, Lazo PA. Role of vesicle-asso‐
ciated membrane protein-2, through Q-soluble N-ethylmaleimide-sensitive factor at‐
tachment protein receptor/R-soluble N-ethylmaleimide-sensitive factor attachment
protein receptor interaction, in the exocytosis of specific and tertiary granules of hu‐
man neutrophils. J Immunol. 2003;170(2):1034-42.

[81] Stow JL, Manderson AP, Murray RZ. SNAREing immunity: the role of SNAREs in
the immune system. Nat Rev Immunol. 2006;6(12):919-29.

[82] Abdel-Latif D, Steward M, Macdonald DL, Francis GA, Dinauer MC, Lacy P. Rac2 is
critical for neutrophil primary granule exocytosis. Blood. 2004;104(3):832-9.

[83] Munafo DB, Johnson JL, Ellis BA, Rutschmann S, Beutler B, Catz SD. Rab27a is a key
component of the secretory machinery of azurophilic granules in granulocytes. Bio‐
chem J. 2007;402(2):229-39.

[84] Brzezinska AA, Johnson JL, Munafo DB, Crozat K, Beutler B, Kiosses WB, et al. The
Rab27a effectors JFC1/Slp1 and Munc13-4 regulate exocytosis of neutrophil granules.
Traffic. 2008;9(12):2151-64.

Cystic Fibrosis in the Light of New Research272



[72] Esaguy N, Aguas AP, Silva MT. High-resolution localization of lactoferrin in human
neutrophils: labeling of secondary granules and cell heterogeneity. J Leukoc Biol.
1989;46(1):51-62.

[73] Wang YB. Antibacterial mechanisms of lysozyme on Streptococcus mutans. Zhong‐
hua ya yi xue hui za zhi Chinese Dental Journal / Dental Association, Republic of
China. 1990;9(3):87-97.

[74] Gaggar A, Li Y, Weathington N, Winkler M, Kong M, Jackson P, et al. Matrix metal‐
loprotease-9 dysregulation in lower airway secretions of cystic fibrosis patients. Am J
Physiol Lung Cell Mol Physiol. 2007;293(1):L96-L104.

[75] Nie J, Pei D. Direct activation of pro-matrix metalloproteinase-2 by leukolysin/
membrane-type 6 matrix metalloproteinase/matrix metalloproteinase 25 at the
asn(109)-Tyr bond. Cancer Res. 2003;63(20):6758-62.

[76] Robineaux J, Frederic J. [Contribution to the study of neutrophil granulations of the
polynuclears by phase contrast microcinematography]. Comptes rendus des seances
de la Societe de biologie et de ses filiales. 1955;149(5-6):486-9.

[77] Hirsch JG. Cinemicrophotographic observations on granule lysis in polymorphonu‐
clear leucocytes during phagocytosis. J Exp Med. 1962;116:827-34.

[78] Neeft M, Wieffer M, De Jong AS, Negroiu G, Metz CH, Van Loon A, et al. Munc13-4
is an effector of rab27a and controls secretion of lysosomes in hematopoietic cells.
Mol Biol Cell. 2005;16(2):731-41.

[79] Borregaard N, Sorensen OE, Theilgaard-Monch K. Neutrophil granules: a library of
innate immunity proteins. Trends Immunol. 2007;28(8):340-5.

[80] Mollinedo F, Martin-Martin B, Calafat J, Nabokina SM, Lazo PA. Role of vesicle-asso‐
ciated membrane protein-2, through Q-soluble N-ethylmaleimide-sensitive factor at‐
tachment protein receptor/R-soluble N-ethylmaleimide-sensitive factor attachment
protein receptor interaction, in the exocytosis of specific and tertiary granules of hu‐
man neutrophils. J Immunol. 2003;170(2):1034-42.

[81] Stow JL, Manderson AP, Murray RZ. SNAREing immunity: the role of SNAREs in
the immune system. Nat Rev Immunol. 2006;6(12):919-29.

[82] Abdel-Latif D, Steward M, Macdonald DL, Francis GA, Dinauer MC, Lacy P. Rac2 is
critical for neutrophil primary granule exocytosis. Blood. 2004;104(3):832-9.

[83] Munafo DB, Johnson JL, Ellis BA, Rutschmann S, Beutler B, Catz SD. Rab27a is a key
component of the secretory machinery of azurophilic granules in granulocytes. Bio‐
chem J. 2007;402(2):229-39.

[84] Brzezinska AA, Johnson JL, Munafo DB, Crozat K, Beutler B, Kiosses WB, et al. The
Rab27a effectors JFC1/Slp1 and Munc13-4 regulate exocytosis of neutrophil granules.
Traffic. 2008;9(12):2151-64.

Cystic Fibrosis in the Light of New Research272

[85] Belaaouaj A, McCarthy R, Baumann M, Gao Z, Ley TJ, Abraham SN, et al. Mice lack‐
ing neutrophil elastase reveal impaired host defense against gram negative bacterial
sepsis. Nat Med. 1998;4(5):615-8.

[86] Belaaouaj A, Kim KS, Shapiro SD. Degradation of outer membrane protein A in Es‐
cherichia coli killing by neutrophil elastase. Science. 2000;289(5482):1185-8.

[87] Odeberg H, Olsson I. Antibacterial activity of cationic proteins from human granulo‐
cytes. J Clin Invest. 1975;56(5):1118-24.

[88] Shafer WM, Onunka VC, Martin LE. Antigonococcal activity of human neutrophil
cathepsin G. Infect Immun. 1986;54(1):184-8.

[89] Tkalcevic J, Novelli M, Phylactides M, Iredale JP, Segal AW, Roes J. Impaired im‐
munity and enhanced resistance to endotoxin in the absence of neutrophil elastase
and cathepsin G. Immunity. 2000;12(2):201-10.

[90] Arnold RR, Brewer M, Gauthier JJ. Bactericidal activity of human lactoferrin: sensi‐
tivity of a variety of microorganisms. Infect Immun. 1980;28(3):893-8.

[91] Nibbering PH, Ravensbergen E, Welling MM, Van Berkel LA, Van Berkel PH, Pau‐
wels EK, et al. Human lactoferrin and peptides derived from its N terminus are high‐
ly effective against infections with antibiotic-resistant bacteria. Infect Immun.
2001;69(3):1469-76.

[92] Delclaux C, Delacourt C, D'Ortho MP, Boyer V, Lafuma C, Harf A. Role of gelatinase
B and elastase in human polymorphonuclear neutrophil migration across basement
membrane. Am J Respir Cell Mol Biol. 1996;14(3):288-95.

[93] Renckens R, Roelofs JJ, Florquin S, De Vos AF, Lijnen HR, Van't Veer C, et al. Matrix
metalloproteinase-9 deficiency impairs host defense against abdominal sepsis. J Im‐
munol. 2006;176(6):3735-41.

[94] Geraghty P, Greene CM, O'Mahony M, O'Neill SJ, Taggart CC, McElvaney NG. Se‐
cretory leucocyte protease inhibitor inhibits interferon-gamma-induced cathepsin S
expression. J Biol Chem. 2007;282(46):33389-95.

[95] Walsh DE, Greene CM, Carroll TP, Taggart CC, Gallagher PM, O'Neill SJ, et al. Inter‐
leukin-8 up-regulation by neutrophil elastase is mediated by MyD88/IRAK/TRAF-6
in human bronchial epithelium. J Biol Chem. 2001;276(38):35494-9.

[96] Bergsson G, Reeves EP, McNally P, Chotirmall SH, Greene CM, Greally P, et al.
LL-37 complexation with glycosaminoglycans in cystic fibrosis lungs inhibits antimi‐
crobial activity, which can be restored by hypertonic saline. J Immunol. 2009;183(1):
543-51.

[97] Weldon S, McNally P, McElvaney NG, Elborn JS, McAuley DF, Wartelle J, et al. De‐
creased levels of secretory leucoprotease inhibitor in the Pseudomonas-infected cyst‐

New Research on the Importance of Cystic Fibrosis Transmembrane Conductance Regulator Function…
http://dx.doi.org/10.5772/60645

273



ic fibrosis lung are due to neutrophil elastase degradation. J Immunol. 2009;183(12):
8148-56.

[98] Guyot N, Butler MW, McNally P, Weldon S, Greene CM, Levine RL, et al. Elafin, an
elastase-specific inhibitor, is cleaved by its cognate enzyme neutrophil elastase in
sputum from individuals with cystic fibrosis. J Biol Chem. 2008;283(47):32377-85.

[99] Birrer P, McElvaney NG, Rudeberg A, Sommer CW, Liechti-Gallati S, Kraemer R, et
al. Protease-antiprotease imbalance in the lungs of children with cystic fibrosis. Am J
Respir Crit Care Med. 1994;150(1):207-13.

[100] Taggart C, Coakley RJ, Greally P, Canny G, O'Neill SJ, McElvaney NG. Increased
elastase release by CF neutrophils is mediated by tumor necrosis factor-alpha and in‐
terleukin-8. Am J Physiol Lung Cell Mol Physiol. 2000;278(1): L33-41.

[101] Koller DY, Urbanek R, Gotz M. Increased degranulation of eosinophil and neutrophil
granulocytes in cystic fibrosis. Am J Respir Crit Care Med. 1995;152(2):629-33.

[102] Coakley RJ, Taggart C, Canny G, Greally P, O'Neill SJ, McElvaney NG. Altered intra‐
cellular pH regulation in neutrophils from patients with cystic fibrosis. Am J Physiol
Lung Cell Mol Physiol. 2000;279(1):L66-74.

[103] Coakley RJ, Taggart C, McElvaney NG, O'Neill SJ. Cytosolic pH and the inflammato‐
ry microenvironment modulate cell death in human neutrophils after phagocytosis.
Blood. 2002;100(9):3383-91.

[104] Taggart C, Coakley RJ, Greally P, Canny G, O'Neill SJ, McElvaney NG. Increased
elastase release by CF neutrophils is mediated by tumor necrosis factor-alpha and in‐
terleukin-8. Am J Physiol Lung Cell Mol Physiol. 2000;278(1):L33-41.

[105] Brockbank S, Downey D, Elborn JS, Ennis M. Effect of cystic fibrosis exacerbations on
neutrophil function. Int Immunopharmacol. 2005;5(3):601-8.

[106] Witko-Sarsat V, Allen RC, Paulais M, Nguyen AT, Bessou G, Lenoir G, et al. Distur‐
bed myeloperoxidase-dependent activity of neutrophils in cystic fibrosis homozy‐
gotes and heterozygotes, and its correction by amiloride. J Immunol. 1996;157(6):
2728-35.

[107] Bergin DA, Reeves EP, Hurley K, Wolfe R, Jameel R, Fitzgerald S, et al. The circulat‐
ing proteinase inhibitor alpha-1 antitrypsin regulates neutrophil degranulation and
autoimmunity. Sci Transl Med. 2014;6(217):217ra1.

[108] Russell KJ, McRedmond J, Mukherji N, Costello C, Keatings V, Linnane S, et al. Neu‐
trophil adhesion molecule surface expression and responsiveness in cystic fibrosis.
Am J Respir Crit Care Med. 1998;157(3 Pt 1):756-61.

[109] Hoover RL, Karnovsky MJ, Austen KF, Corey EJ, Lewis RA. Leukotriene B4 action on
endothelium mediates augmented neutrophil/endothelial adhesion. Proc Natl Acad
Sci USA. 1984;81(7):2191-3.

Cystic Fibrosis in the Light of New Research274



ic fibrosis lung are due to neutrophil elastase degradation. J Immunol. 2009;183(12):
8148-56.

[98] Guyot N, Butler MW, McNally P, Weldon S, Greene CM, Levine RL, et al. Elafin, an
elastase-specific inhibitor, is cleaved by its cognate enzyme neutrophil elastase in
sputum from individuals with cystic fibrosis. J Biol Chem. 2008;283(47):32377-85.

[99] Birrer P, McElvaney NG, Rudeberg A, Sommer CW, Liechti-Gallati S, Kraemer R, et
al. Protease-antiprotease imbalance in the lungs of children with cystic fibrosis. Am J
Respir Crit Care Med. 1994;150(1):207-13.

[100] Taggart C, Coakley RJ, Greally P, Canny G, O'Neill SJ, McElvaney NG. Increased
elastase release by CF neutrophils is mediated by tumor necrosis factor-alpha and in‐
terleukin-8. Am J Physiol Lung Cell Mol Physiol. 2000;278(1): L33-41.

[101] Koller DY, Urbanek R, Gotz M. Increased degranulation of eosinophil and neutrophil
granulocytes in cystic fibrosis. Am J Respir Crit Care Med. 1995;152(2):629-33.

[102] Coakley RJ, Taggart C, Canny G, Greally P, O'Neill SJ, McElvaney NG. Altered intra‐
cellular pH regulation in neutrophils from patients with cystic fibrosis. Am J Physiol
Lung Cell Mol Physiol. 2000;279(1):L66-74.

[103] Coakley RJ, Taggart C, McElvaney NG, O'Neill SJ. Cytosolic pH and the inflammato‐
ry microenvironment modulate cell death in human neutrophils after phagocytosis.
Blood. 2002;100(9):3383-91.

[104] Taggart C, Coakley RJ, Greally P, Canny G, O'Neill SJ, McElvaney NG. Increased
elastase release by CF neutrophils is mediated by tumor necrosis factor-alpha and in‐
terleukin-8. Am J Physiol Lung Cell Mol Physiol. 2000;278(1):L33-41.

[105] Brockbank S, Downey D, Elborn JS, Ennis M. Effect of cystic fibrosis exacerbations on
neutrophil function. Int Immunopharmacol. 2005;5(3):601-8.

[106] Witko-Sarsat V, Allen RC, Paulais M, Nguyen AT, Bessou G, Lenoir G, et al. Distur‐
bed myeloperoxidase-dependent activity of neutrophils in cystic fibrosis homozy‐
gotes and heterozygotes, and its correction by amiloride. J Immunol. 1996;157(6):
2728-35.

[107] Bergin DA, Reeves EP, Hurley K, Wolfe R, Jameel R, Fitzgerald S, et al. The circulat‐
ing proteinase inhibitor alpha-1 antitrypsin regulates neutrophil degranulation and
autoimmunity. Sci Transl Med. 2014;6(217):217ra1.

[108] Russell KJ, McRedmond J, Mukherji N, Costello C, Keatings V, Linnane S, et al. Neu‐
trophil adhesion molecule surface expression and responsiveness in cystic fibrosis.
Am J Respir Crit Care Med. 1998;157(3 Pt 1):756-61.

[109] Hoover RL, Karnovsky MJ, Austen KF, Corey EJ, Lewis RA. Leukotriene B4 action on
endothelium mediates augmented neutrophil/endothelial adhesion. Proc Natl Acad
Sci USA. 1984;81(7):2191-3.

Cystic Fibrosis in the Light of New Research274

[110] Palmblad J, Malmsten CL, Uden AM, Radmark O, Engstedt L, Samuelsson B. Leuko‐
triene B4 is a potent and stereospecific stimulator of neutrophil chemotaxis and ad‐
herence. Blood. 1981;58(3):658-61.

[111] O'Driscoll BR, Cromwell O, Kay AB. Sputum leukotrienes in obstructive airways dis‐
eases. Clin Exp Immunol. 1984;55(2):397-404.

[112] Dai Y, Dean TP, Church MK, Warner JO, Shute JK. Desensitisation of neutrophil re‐
sponses by systemic interleukin 8 in cystic fibrosis. Thorax. 1994;49(9):867-71.

[113] Dean TP, Dai Y, Shute JK, Church MK, Warner JO. Interleukin-8 concentrations are
elevated in bronchoalveolar lavage, sputum, and sera of children with cystic fibrosis.
Pediatr Res. 1993;34(2):159-61.

[114] Smith RS, Fedyk ER, Springer TA, Mukaida N, Iglewski BH, Phipps RP. IL-8 produc‐
tion in human lung fibroblasts and epithelial cells activated by the Pseudomonas au‐
toinducer N-3-oxododecanoyl homoserine lactone is transcriptionally regulated by
NF-kappa B and activator protein-2. J Immunol. 2001;167(1):366-74.

[115] DiMango E, Zar HJ, Bryan R, Prince A. Diverse Pseudomonas aeruginosa gene prod‐
ucts stimulate respiratory epithelial cells to produce interleukin-8. J Clin Invest.
1995;96(5):2204-10.

[116] Corvol H, Fitting C, Chadelat K, Jacquot J, Tabary O, Boule M, et al. Distinct cytokine
production by lung and blood neutrophils from children with cystic fibrosis. Am J
Physiol Lung Cell Mol Physiol. 2003;284(6):L997-1003.

[117] Brennan S, Cooper D, Sly PD. Directed neutrophil migration to IL-8 is increased in
cystic fibrosis: a study of the effect of erythromycin. Thorax. 2001;56(1):62-4.

[118] Takami M, Terry V, Petruzzelli L. Signaling pathways involved in IL-8-dependent
activation of adhesion through Mac-1. J Immunol. 2002;168(9):4559-66.

[119] Khan TZ, Wagener JS, Bost T, Martinez J, Accurso FJ, Riches DW. Early pulmonary
inflammation in infants with cystic fibrosis. Am J Respir Crit Care Med. 1995;151(4):
1075-82.

[120] Verhaeghe C, Delbecque K, De Leval L, Oury C, Bours V. Early inflammation in the
airways of a cystic fibrosis foetus. J Cyst Fibros. 2007;6(4):304-8.

[121] Dewitt S, Hallett MB. Cytosolic free Ca(2+) changes and calpain activation are re‐
quired for beta integrin-accelerated phagocytosis by human neutrophils. J Cell Biol.
2002;159(1):181-9.

[122] White M AB, Cox S, McElvaney NG, Reeves EP. A neutrophil inflammatory impair‐
ment affects cell structure in cystic fibrosis and is indirectly corrected by CFTR po‐
tentiator therapy. The 28th Annual North American Cystic Fibrosis Conference;
September 2014; Georgia World Congress Center, Atlanta, Georgia, USA Ped Pulmo‐
nol; 2014. p. ISSN 8755-6863.

New Research on the Importance of Cystic Fibrosis Transmembrane Conductance Regulator Function…
http://dx.doi.org/10.5772/60645

275



[123] Solomkin JS, Robinson CT, Cave CM, Ehmer B, Lentsch AB. Alterations in membrane
cholesterol cause mobilization of lipid rafts from specific granules and prime human
neutrophils for enhanced adherence-dependent oxidant production. Shock.
2007;28(3):334-8.

[124] Witko-Sarsat V, Pederzoli-Ribeil M, Hirsch E, Sozzani S, Cassatella MA. Regulating
neutrophil apoptosis: new players enter the game. Trends Immunol. 2011;32(3):
117-24.

[125] El Kebir D, Filep JG. Modulation of neutrophil apoptosis and the resolution of in‐
flammation through beta2 Integrins. Front Immunol. 2013;4:60.

[126] Kennedy AD, DeLeo FR. Neutrophil apoptosis and the resolution of infection. Immu‐
nolog Res. 2009;43(1-3):25-61.

[127] Savill JS, Wyllie AH, Henson JE, Walport MJ, Henson PM, Haslett C. Macrophage
phagocytosis of aging neutrophils in inflammation. Programmed cell death in the
neutrophil leads to its recognition by macrophages. J Clin Invest. 1989;83(3):865-75.

[128] Nathan C. Neutrophils and immunity: challenges and opportunities. Nature Rev Im‐
munology. 2006;6(3):173-82.

[129] Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri ES, et al. Cyto‐
chrome c and dATP-dependent formation of Apaf-1/caspase-9 complex initiates an
apoptotic protease cascade. Cell. 1997;91(4):479-89.

[130] Liu X, Kim CN, Yang J, Jemmerson R, Wang X. Induction of apoptotic program in
cell-free extracts: requirement for dATP and cytochrome c. Cell. 1996;86(1):147-57.

[131] Zou H, Henzel WJ, Liu X, Lutschg A, Wang X. Apaf-1, a human protein homologous
to C. elegans CED-4, participates in cytochrome c-dependent activation of caspase-3.
Cell. 1997;90(3):405-13.

[132] Kuwana T, Smith JJ, Muzio M, Dixit V, Newmeyer DD, Kornbluth S. Apoptosis in‐
duction by caspase-8 is amplified through the mitochondrial release of cytochrome c.
J Biol Chem. 1998;273(26):16589-94.

[133] Muzio M, Chinnaiyan AM, Kischkel FC, O'Rourke K, Shevchenko A, Ni J, et al.
FLICE, a novel FADD-homologous ICE/CED-3-like protease, is recruited to the CD95
(Fas/APO-1) death--inducing signaling complex. Cell. 1996;85(6):817-27.

[134] Tang D, Kidd VJ. Cleavage of DFF-45/ICAD by multiple caspases is essential for its
function during apoptosis. J Biol Chem. 1998;273(44):28549-52.

[135] Han J, Murthy R, Wood B, Song B, Wang S, Sun B, et al. ER stress signalling through
eIF2alpha and CHOP, but not IRE1alpha, attenuates adipogenesis in mice. Diabetolo‐
gia. 2013;56(4):911-24.

Cystic Fibrosis in the Light of New Research276



[123] Solomkin JS, Robinson CT, Cave CM, Ehmer B, Lentsch AB. Alterations in membrane
cholesterol cause mobilization of lipid rafts from specific granules and prime human
neutrophils for enhanced adherence-dependent oxidant production. Shock.
2007;28(3):334-8.

[124] Witko-Sarsat V, Pederzoli-Ribeil M, Hirsch E, Sozzani S, Cassatella MA. Regulating
neutrophil apoptosis: new players enter the game. Trends Immunol. 2011;32(3):
117-24.

[125] El Kebir D, Filep JG. Modulation of neutrophil apoptosis and the resolution of in‐
flammation through beta2 Integrins. Front Immunol. 2013;4:60.

[126] Kennedy AD, DeLeo FR. Neutrophil apoptosis and the resolution of infection. Immu‐
nolog Res. 2009;43(1-3):25-61.

[127] Savill JS, Wyllie AH, Henson JE, Walport MJ, Henson PM, Haslett C. Macrophage
phagocytosis of aging neutrophils in inflammation. Programmed cell death in the
neutrophil leads to its recognition by macrophages. J Clin Invest. 1989;83(3):865-75.

[128] Nathan C. Neutrophils and immunity: challenges and opportunities. Nature Rev Im‐
munology. 2006;6(3):173-82.

[129] Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri ES, et al. Cyto‐
chrome c and dATP-dependent formation of Apaf-1/caspase-9 complex initiates an
apoptotic protease cascade. Cell. 1997;91(4):479-89.

[130] Liu X, Kim CN, Yang J, Jemmerson R, Wang X. Induction of apoptotic program in
cell-free extracts: requirement for dATP and cytochrome c. Cell. 1996;86(1):147-57.

[131] Zou H, Henzel WJ, Liu X, Lutschg A, Wang X. Apaf-1, a human protein homologous
to C. elegans CED-4, participates in cytochrome c-dependent activation of caspase-3.
Cell. 1997;90(3):405-13.

[132] Kuwana T, Smith JJ, Muzio M, Dixit V, Newmeyer DD, Kornbluth S. Apoptosis in‐
duction by caspase-8 is amplified through the mitochondrial release of cytochrome c.
J Biol Chem. 1998;273(26):16589-94.

[133] Muzio M, Chinnaiyan AM, Kischkel FC, O'Rourke K, Shevchenko A, Ni J, et al.
FLICE, a novel FADD-homologous ICE/CED-3-like protease, is recruited to the CD95
(Fas/APO-1) death--inducing signaling complex. Cell. 1996;85(6):817-27.

[134] Tang D, Kidd VJ. Cleavage of DFF-45/ICAD by multiple caspases is essential for its
function during apoptosis. J Biol Chem. 1998;273(44):28549-52.

[135] Han J, Murthy R, Wood B, Song B, Wang S, Sun B, et al. ER stress signalling through
eIF2alpha and CHOP, but not IRE1alpha, attenuates adipogenesis in mice. Diabetolo‐
gia. 2013;56(4):911-24.

Cystic Fibrosis in the Light of New Research276

[136] Rao RV, Hermel E, Castro-Obregon S, Del Rio G, Ellerby LM, Ellerby HM, et al. Cou‐
pling endoplasmic reticulum stress to the cell death program. Mechanism of caspase
activation. J Biol Chem. 2001;276(36):33869-74.

[137] Altieri DC. Survivin and IAP proteins in cell-death mechanisms. Biochem J.
2010;430(2):199-205.

[138] Edwards SW, Derouet M, Howse M, Moots RJ. Regulation of neutrophil apoptosis by
Mcl-1. Biochem Soc Trans. 2004;32(Pt3):489-92.

[139] Kroemer G, Galluzzi L, Brenner C. Mitochondrial membrane permeabilization in cell
death. Physiol Rev. 2007;87(1):99-163.

[140] Kasahara Y, Iwai K, Yachie A, Ohta K, Konno A, Seki H, et al. Involvement of reac‐
tive oxygen intermediates in spontaneous and CD95 (Fas/APO-1)-mediated apopto‐
sis of neutrophils. Blood. 1997;89(5):1748-53.

[141] Hurley K, Lacey N, O'Dwyer CA, Bergin DA, McElvaney OJ, O'Brien ME, et al. Al‐
pha-1 antitrypsin augmentation therapy corrects accelerated neutrophil apoptosis in
deficient individuals. J Immunol. 2014;193(8):3978-91.

[142] McKeon DJ, Condliffe AM, Cowburn AS, Cadwallader KC, Farahi N, Bilton D, et al.
Prolonged survival of neutrophils from patients with Delta F508 CFTR mutations.
Thorax. 2008;63(7):660-1.

[143] Moriceau S, Kantari C, Mocek J, Davezac N, Gabillet J, Guerrera IC, et al. Coronin-1
is associated with neutrophil survival and is cleaved during apoptosis: potential im‐
plication in neutrophils from cystic fibrosis patients. J Immunol. 2009;182(11):
7254-63.

[144] Moriceau S, Lenoir G, Witko-Sarsat V. In cystic fibrosis homozygotes and heterozy‐
gotes, neutrophil apoptosis is delayed and modulated by diamide or roscovitine: evi‐
dence for an innate neutrophil disturbance. J Innate Immun. 2010;2(3):260-6.

[145] Downey DG, Brockbank S, Martin SL, Ennis M, Elborn JS. The effect of treatment of
cystic fibrosis pulmonary exacerbations on airways and systemic inflammation. Pe‐
diatr Pulmonol. 2007;42(8):729-35.

[146] Vandivier RW, Fadok VA, Hoffmann PR, Bratton DL, Penvari C, Brown KK, et al.
Elastase-mediated phosphatidylserine receptor cleavage impairs apoptotic cell clear‐
ance in cystic fibrosis and bronchiectasis. J Clin Invest. 2002;109(5):661-70.

[147] Boyle MP, De Boeck K. A new era in the treatment of cystic fibrosis: correction of the
underlying CFTR defect. Lancet Respir Med. 2013;1(2):158-63.

[148] Kerem E, Hirawat S, Armoni S, Yaakov Y, Shoseyov D, Cohen M, et al. Effectiveness
of PTC124 treatment of cystic fibrosis caused by nonsense mutations: a prospective
phase II trial. Lancet. 2008;372(9640):719-27.

[149] Wilschanski M, Famini C, Blau H, Rivlin J, Augarten A, Avital A, et al. A pilot study
of the effect of gentamicin on nasal potential difference measurements in cystic fibro‐

New Research on the Importance of Cystic Fibrosis Transmembrane Conductance Regulator Function…
http://dx.doi.org/10.5772/60645

277



sis patients carrying stop mutations. Am J Respir Crit Care Med. 2000;161(3 Pt 1):
860-5.

[150] Kerem E, Konstan MW, De Boeck K, Accurso FJ, Sermet-Gaudelus I, Wilschanski M,
et al. Ataluren for the treatment of nonsense-mutation cystic fibrosis: a randomised,
double-blind, placebo-controlled phase 3 trial. Lancet Respir Med. 2014;2(7):539-47.

[151] Amaral MD, Farinha CM. Rescuing mutant CFTR: a multi-task approach to a better
outcome in treating cystic fibrosis. Curr Pharmaceut Design. 2013;19(19):3497-508.

[152] Ramsey BW, Davies J, McElvaney NG, Tullis E, Bell SC, Drevinek P, et al. A CFTR
potentiator in patients with cystic fibrosis and the G551D mutation. N Engl J Med.
2011;365(18):1663-72.

[153] Boyle MP, Bell SC, Konstan MW, McColley SA, Rowe SM, Rietschel E, et al. A CFTR
corrector (lumacaftor) and a CFTR potentiator (ivacaftor) for treatment of patients
with cystic fibrosis who have a phe508del CFTR mutation: a phase 2 randomised
controlled trial. Lancet Respir Med. 2014;2(7):527-38.

[154] Bell SC, De Boeck K, Amaral MD. New pharmacological approaches for cystic fibro‐
sis: promises, progress, pitfalls. Pharmacol Therapeut. 2015;145:19-34.

[155] Bratcher PE, Rowe SM, Reeves G, Roberts T, Szul T, Harris WT, Tirouvanziam R,
Gaggar A. Alterations in blood leukocytes of G551D-bearing cystic fibrosis patients
undergoing treatment with ivacaftor. J Cyst Fibros. 2015 Mar 11. pii:
S1569-1993(15)00050-8.

[156] Hartl D, Latzin P, Hordijk P, Marcos V, Rudolph C, Woischnik M, et al. Cleavage of
CXCR1 on neutrophils disables bacterial killing in cystic fibrosis lung disease. Nat
Med. 2007;13(12):1423-30.

[157] Alexis NE, Muhlebach MS, Peden DB, Noah TL. Attenuation of host defense function
of lung phagocytes in young cystic fibrosis patients. J Cyst Fibros. 2006;5(1):17-25.

[158] Tirouvanziam R, Gernez Y, Conrad CK, Moss RB, Schrijver I, Dunn CE, et al. Pro‐
found functional and signaling changes in viable inflammatory neutrophils homing
to cystic fibrosis airways. Proc Natl Acad Sci USA. 2008;105(11):4335-9.

[159] Witko-Sarsat V, Delacourt C, Rabier D, Bardet J, Nguyen AT, Descamps-Latscha B.
Neutrophil-derived long-lived oxidants in cystic fibrosis sputum. Am J Respir Crit
Care Med. 1995;152(6 Pt 1):1910-6.

[160] Makam M, Diaz D, Laval J, Gernez Y, Conrad CK, Dunn CE, et al. Activation of criti‐
cal, host-induced, metabolic and stress pathways marks neutrophil entry into cystic
fibrosis lungs. Proc Natl Acad Sci USA. 2009;106(14):5779-83.

[161] Laval J, Touhami J, Herzenberg LA, Conrad C, Taylor N, Battini JL, et al. Metabolic
adaptation of neutrophils in cystic fibrosis airways involves distinct shifts in nutrient
transporter expression. J Immunol. 2013;190(12):6043-50.

Cystic Fibrosis in the Light of New Research278



sis patients carrying stop mutations. Am J Respir Crit Care Med. 2000;161(3 Pt 1):
860-5.

[150] Kerem E, Konstan MW, De Boeck K, Accurso FJ, Sermet-Gaudelus I, Wilschanski M,
et al. Ataluren for the treatment of nonsense-mutation cystic fibrosis: a randomised,
double-blind, placebo-controlled phase 3 trial. Lancet Respir Med. 2014;2(7):539-47.

[151] Amaral MD, Farinha CM. Rescuing mutant CFTR: a multi-task approach to a better
outcome in treating cystic fibrosis. Curr Pharmaceut Design. 2013;19(19):3497-508.

[152] Ramsey BW, Davies J, McElvaney NG, Tullis E, Bell SC, Drevinek P, et al. A CFTR
potentiator in patients with cystic fibrosis and the G551D mutation. N Engl J Med.
2011;365(18):1663-72.

[153] Boyle MP, Bell SC, Konstan MW, McColley SA, Rowe SM, Rietschel E, et al. A CFTR
corrector (lumacaftor) and a CFTR potentiator (ivacaftor) for treatment of patients
with cystic fibrosis who have a phe508del CFTR mutation: a phase 2 randomised
controlled trial. Lancet Respir Med. 2014;2(7):527-38.

[154] Bell SC, De Boeck K, Amaral MD. New pharmacological approaches for cystic fibro‐
sis: promises, progress, pitfalls. Pharmacol Therapeut. 2015;145:19-34.

[155] Bratcher PE, Rowe SM, Reeves G, Roberts T, Szul T, Harris WT, Tirouvanziam R,
Gaggar A. Alterations in blood leukocytes of G551D-bearing cystic fibrosis patients
undergoing treatment with ivacaftor. J Cyst Fibros. 2015 Mar 11. pii:
S1569-1993(15)00050-8.

[156] Hartl D, Latzin P, Hordijk P, Marcos V, Rudolph C, Woischnik M, et al. Cleavage of
CXCR1 on neutrophils disables bacterial killing in cystic fibrosis lung disease. Nat
Med. 2007;13(12):1423-30.

[157] Alexis NE, Muhlebach MS, Peden DB, Noah TL. Attenuation of host defense function
of lung phagocytes in young cystic fibrosis patients. J Cyst Fibros. 2006;5(1):17-25.

[158] Tirouvanziam R, Gernez Y, Conrad CK, Moss RB, Schrijver I, Dunn CE, et al. Pro‐
found functional and signaling changes in viable inflammatory neutrophils homing
to cystic fibrosis airways. Proc Natl Acad Sci USA. 2008;105(11):4335-9.

[159] Witko-Sarsat V, Delacourt C, Rabier D, Bardet J, Nguyen AT, Descamps-Latscha B.
Neutrophil-derived long-lived oxidants in cystic fibrosis sputum. Am J Respir Crit
Care Med. 1995;152(6 Pt 1):1910-6.

[160] Makam M, Diaz D, Laval J, Gernez Y, Conrad CK, Dunn CE, et al. Activation of criti‐
cal, host-induced, metabolic and stress pathways marks neutrophil entry into cystic
fibrosis lungs. Proc Natl Acad Sci USA. 2009;106(14):5779-83.

[161] Laval J, Touhami J, Herzenberg LA, Conrad C, Taylor N, Battini JL, et al. Metabolic
adaptation of neutrophils in cystic fibrosis airways involves distinct shifts in nutrient
transporter expression. J Immunol. 2013;190(12):6043-50.

Cystic Fibrosis in the Light of New Research278

Chapter 12

Role of Non-coding RNAs in Cystic Fibrosis

Jessica Varilh, Jennifer Bonini and
Magali Taulan-Cadars

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60449

Abstract

Cystic Fibrosis (CF) is a common autosomal recessive disorder, caused by mutations
in the Cystic Fibrosis Transmembrane conductance Regulator (CFTR) gene. CFTR
gene expression is tightly controlled by transcriptional and post-transcriptional
regulatory factors, resulting in complex spatial and temporal expression patterns.
Here, we describe an overview of the findings about the contribution of ncRNAs,
especially miRNAs, in physiological CFTR gene expression and in CF. Determination
of mechanisms governing its expression is essential for developing new CF therapies.
ncRNAs, including lncRNAs and miRNAs, could also contribute to CF progression
and severity and their dysregulation in CF opens new perspectives for patient follow-
up and treatment.

Keywords: CFTR gene expression, Cystic Fibrosis, non-coding RNA, lncRNA, miR‐
NA

1. Introduction

Cystic Fibrosis (CF) is a common autosomal recessive disorder. Although in its classical form
CF affects several organs, including the pancreas and the gastrointestinal and reproductive
tracts, its morbidity is mainly due to pulmonary damages. This disorder is caused by mutations
in the Cystic Fibrosis Transmembrane conductance Regulator (CFTR) gene. This gene displays
great mutational heterogeneity, depending on the ethnic and phenotypic background, with
almost 2,000 referenced CFTR alterations (genet.sickkids.on.ca/). The most common mutation

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



is the p.Phe508del, whereas other mutations, located both in coding and non-coding regions,
are rare or private. The p.Phe508del mutation induces aberrant protein folding, leading to
endoplasmic reticulum (ER)-associated degradation, atypical intracellular trafficking and
reduced stability of the CFTR protein at the apical membrane. Dysfunction or lack of the CFTR
protein causes an obstructive lung disease characterized by impaired ion transport in the
airway epithelium, accumulation of sticky mucus in the air space and chronic airway inflam‐
mation. Physiological CFTR expression is tightly controlled by transcriptional, post-transcrip‐
tional, translational and post-translational regulatory mechanisms, resulting in complex
spatial and temporal expression patterns. Notwithstanding the importance of CFTR transcrip‐
tional regulation [1-3], CFTR expression can be modulated through other mechanisms. Indeed,
epigenetic changes, such as DNA methylation or histone acetylation, also influence CFTR gene
expression in different tissues [4-7]. Post-transcriptional controls also regulate its expression,
for instance via the usage of upstream open reading frames (uORFs) encoded within the CFTR
5’UTR [8] and the 3’UTR that controls CFTR mRNA stability through ARE sequences (AU-rich
elements) [9]. An emerging area of research is focusing on the role played by non-coding RNAs
(ncRNAs), such as microRNAs (miRNAs), in CFTR gene expression. Starting from 2011, a few
studies have shown the involvement of miRNAs in the physiological control of the complex
spatio-temporal expression pattern of CFTR mRNA [10,11], including a recent work by our
group [3]. Moreover, the implication of long non-coding RNAs (lncRNAs) and miRNAs in
human diseases is well documented [12], including in inherited disorders [13] and lung
diseases [14-17]. However, only few studies, described below, have hitherto been carried out
on the role of ncRNAs in CF. This chapter is an overview of the findings about the role of
ncRNAs in physiological CFTR gene expression and in CF.

2. What are non-coding RNAs?

Large expanses of the genome are transcribed into RNAs, but only a small portion of these
RNAs encode proteins [18,19]. Many fundamental cellular processes rely on conserved
ncRNAs, particularly on ribosomal RNAs (rRNAs), the ribosome RNA components that allow
mRNA translation into proteins (Figure 1). Other roles are the transport of amino acids via
transfer RNAs (tRNAs) and mRNA splicing through the implication of small nucleolar RNAs
(snoRNAs). miRNAs and their crucial role as key modulators of post-transcriptional gene
regulation were discovered more than 20 years ago [20]. In the last few years, lncRNAs have
been identified as new modulators of key biological processes [21-23, 18]. Currently, ncRNAs
are divided in two classes, based on their length; long ncRNAs (lncRNAs, > 200 nt) and short
ncRNAs (<200 nt), such as miRNAs, small nucleolar RNAs (snoRNAs) and PIWI-interacting
RNAs (piRNAs) [24].

Ribosomal RNA (rRNA) and transfer RNA (tRNA) are the most represented ncRNAs in
humans. Long non-coding RNAs (lnc or long ncRNA) are longer than 200 nt and are subdi‐
vided in five categories based on their genomic localization: pRNA (promoter-associated
RNA), eRNA (enhancer-associated RNA), gsRNA (gene body-associated RNA), lincRNA
(intergenic RNA) and NAT (Natural Antisense Transcript). Short non-coding RNAs (short
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ncRNAs) are smaller than 200 nt and are subdivided in four classes based on their size and
function: siRNA (small interfering RNA), miRNA (microRNA), piRNA (PIWI-interacting
RNA), snoRNA (small nucleolar RNA) and derived snoRNA (sdRNA).

2.1. Long non-coding RNAs

lncRNAs include all ncRNAs longer than 200 nt (except rRNA and tRNA). They constitute the
bulk of the non-coding transcriptome [25].

2.1.1. lncRNA biogenesis

It is thought that most lncRNAs originate within a 2-kb region surrounding the Transcription
Start Site (TSS) of protein-coding genes (65% of lncRNAs overlap with a promoter and are
called pRNAs), or map to enhancer regions (19%; named eRNAs), or derive from antisense
transcripts that overlap with annotated gene bodies (5%, called NATs), or are associated with
the bodies of protein-coding genes (gsRNA, gene body-associated lncRNAs) [26, 27]. The
remaining lncRNAs originate from more distal (>2kb) unannotated regions (11%) and are
commonly referred to as long intervening or intergenic ncRNAs (lincRNAs) [28, 29] (Figure 2).

a-Promoter-associated RNAs (pRNA), b-Enhancer-associated RNAs (eRNA), c-Intronic and
gene body-associated (sense) RNAs (gsRNA), d-Natural Antisense Transcripts (NAT), e-Long
Intergenic RNAs (lincRNA). In the lower part of the figure are described the main lncRNA
functions.

Figure 1. Non-coding RNAs.
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The finding that a large number of lncRNAs arise from loci close to protein-coding genes is
consistent with previous genome-wide analyses of lncRNAs [30]. Although all studies agree
that the 5′end of lncRNAs, like for mRNAs, is capped by methylguanosine, their splicing status
and their 3′-end processing have not been fully defined [26]. It is likely that splice site recog‐
nition occurs at low frequency at most lncRNA loci and that lncRNAs may be predominantly
mono-exonic and non-polyadenylated [26]. Most lncRNAs are not translated [28] and their
localization is predominantly nuclear [25].

2.1.2. lncRNA functions

lncRNAs have regulatory functions in different biological processes (Figure 2). Many of their
functions are related to their capacity to bind to RNA, DNA and proteins. The founding
member of the lncRNA family is Xist (~17 kb). Xist originates from the silent X chromosome
in female cells and coats this chromosome during the early stages of development to establish
epigenetic X inactivation [31]. lncRNAs can be used as indicators of the transcriptional activity
of a locus or a gene [19]. Their roles as scaffolds for nuclear processes, guides for ribonucleo‐
protein complexes or decoys have been described in the literature. Similarly to miRNAs, they
can act as activators or repressors of protein expression.

Figure 2. lncRNAs, from biogenesis to functions.
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lncRNAs are considered to be more species, tissue and developmental stage-specific than
mRNAs [32]. A growing number of studies show that lncRNA deregulation has a role in
various diseases [33,34; for reviews: 35,36], including pulmonary disorders. Several reviews
have discussed the role of lncRNAs and miRNAs in respiratory diseases [16,17,37] and a recent
work reported lncRNA involvement in CF (detailed in section 4.2.1).

2.2. MicroRNAs

2.2.1. miRNA localization and biogenesis

Animal miRNAs derive from the nuclear genome. In humans, the majority of canonical
miRNAs are encoded by introns of non-coding or coding transcripts, but some miRNAs are
encoded by exonic regions (Figure 3). Often, several miRNA loci are in close proximity, thus
constituting a polycistronic transcription unit [38]. Most miRNAs use their host gene tran‐
scripts as carriers, but separate transcription from internal promoters remains possible.
Generally, miRNAs in the same cluster are co-transcribed. Most miRNA genes located in
introns of protein-coding genes share the promoter of the host gene [39]. miRNA genes often
have multiple transcription start sites [40]. miRNA loci in intergenic regions apparently have
their own transcriptional regulatory elements, thus constituting independent transcription
units.

 

 

 

Figure 3: Genomic locations of miRNAs. miRNA genes, isolated or in clusters, are located in intergenic (ex: miR-494) or 

intragenic genome regions, including exons of non-coding (e.g. miR-155) or coding (e.g. miR-985) genes and introns of 

non-coding (e.g. the miR-15a ~16-1 cluster) or coding (e.g. miR-126) genes.  
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Figure 3. Genomic locations of miRNAs. miRNA genes, isolated or in clusters, are located in intergenic (ex: miR-494) or
intragenic genome regions, including exons of non-coding (e.g. miR-155) or coding (e.g. miR-985) genes and introns of
non-coding (e.g. the miR-15a ~16-1 cluster) or coding (e.g. miR-126) genes.
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miRNA biogenesis includes several steps. First, the gene coding for a given miRNA is
transcribed by RNA polymerase II into a long primary transcript (pri-miRNA, ranging from
100 nt to several kilobases). Some miRNA genes, especially those located in Alu elements, are
transcribed by RNA polymerase III [41]. When several miRNAs are in a cluster, pri-miRNAs
can contain multiple miRNAs. Transcription factors, such as p53, MYC, C/EBP, FOXA
positively or negatively regulate miRNA transcription [3,42,43]. Epigenetic control, such as
DNA methylation and histone modifications also contribute to miRNA gene regulation [44].

Then, several maturation steps are necessary for miRNA processing. Indeed, the long pri-
miRNAs (typically over 1kb) contain stem–loop structures in which mature miRNA sequences
are embedded. The nuclear RNase III Drosha acts by cropping the stem–loop to release small
hairpin-shaped RNAs of 65 nt in length (pre-miRNA) from the pri-miRNAs. To do this, Drosha,
together with its cofactor DiGeorge Syndrome Critical Region 8 (DGCR8), forms the Micro‐
processor complex. As Drosha cleavage defines one end of the mature miRNA and thereby
determines its specificity, it is important that the Microprocessor complex precisely recognizes
and cleaves each pri-miRNA. Importantly, Drosha-mediated processing of intronic miRNAs
does not affect splicing of the host pre-miRNA [45]. Multiple auxiliary factors could contribute
to pri-miRNA maturation [46]. For example, three primary sequence determinants (the basal
UG, CNNC and the apical GUG motifs) contribute to efficient processing of human pri-
miRNAs. At least one of these three motifs is present in almost 80% of human miRNAs [46].
The splicing factor SRp20 (also called SRSF3) and the RNA helicase DDX17 bind to the CNNC
motif and increase processing of human pri-miRNAs by Drosha. Moreover, the terminal loops
of miRNA precursors are enriched in cis-elements that recruit regulatory proteins. For
example, the splicing factors HNRPA1 and KSRP bind to the conserved terminal loops of some
pri-miRNAs and facilitate Drosha-mediated processing [47-49].

Following Drosha processing, pre-miRNAs are exported in the cytoplasm where they are
cleaved by Dicer near the terminal loop, liberating a small RNA duplex. Dicer, like Drosha,
belongs to a family of RNase III-type endonucleases that act specifically on double-stranded
RNA.

RNA duplexes include two mature miRNAs: one derived from the 5' strand and the other one
from the 3' strand of the precursor (e.g. miR-27a-5p and miR-27a-3p). One is also called the
‘guide’ (miRNA) and is usually more biologically active than the other one (the ‘passenger’,
often referred to as miRNA*). The passenger is normally degraded, but, in some cases, it can
be functional [50]. The mature miRNA strand is subsequently incorporated in the RNA-
induced silencing complex (RISC, or miRISC for miRNA-containing RISC, or miRNP for
microribonucleoprotein), where it directly binds to a member of the Argonaute (AGO) protein
family (four AGO members, AGO1 are the most frequently used).

To date, about 1,900 miRNAs (1,881 precursors and 2,588 mature miRNAs; GRCh38 human
genome assembly) have been reported in the miRbase database (http://www.mirbase.org/). A
substantial number of these miRNAs have dubious annotations and for nearly one-third of
miRNA loci, there is no convincing evidence concerning the production of authentic miRNAs
(miRbase).
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‘guide’ (miRNA) and is usually more biologically active than the other one (the ‘passenger’,
often referred to as miRNA*). The passenger is normally degraded, but, in some cases, it can
be functional [50]. The mature miRNA strand is subsequently incorporated in the RNA-
induced silencing complex (RISC, or miRISC for miRNA-containing RISC, or miRNP for
microribonucleoprotein), where it directly binds to a member of the Argonaute (AGO) protein
family (four AGO members, AGO1 are the most frequently used).

To date, about 1,900 miRNAs (1,881 precursors and 2,588 mature miRNAs; GRCh38 human
genome assembly) have been reported in the miRbase database (http://www.mirbase.org/). A
substantial number of these miRNAs have dubious annotations and for nearly one-third of
miRNA loci, there is no convincing evidence concerning the production of authentic miRNAs
(miRbase).
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2.2.2. miRNA roles

miRNAs are small ncRNAs that can act in the nucleus and in the cytoplasm [51] through
binding to RNA, DNA and proteins. They play an important role in the negative regulation of
gene expression by base-pairing to partially complementary sites on the target mRNAs,
usually in the 3’ UTR part. Binding of an miRNA to its target mRNA, within the RISC complex,
typically leads to translational repression and exonucleolytic mRNA decay. However, highly
complementary targets can be cleaved endonucleolytically.

Figure 4. Main miRNA roles. a. Translation block by inhibiting cap and poly(A)-binding protein recognition. b. Elon‐
gation inhibition by slowing down elongation or ribosome ‘drop-off’. c. Degradation by deadenylation and decapping.
d. Proteolysis. Degradation of a nascent peptide. e. mRNA storage in P-bodies that contain exonucleases, RNA helicas‐
es, decapping enzymes, DCP1/2, exosomes, deadenylases.

Several miRNAs have a role in lung diseases, such as asthma, chronic obstructive pulmonary
disease (COPD) and idiopathic pulmonary fibrosis (see Table 1). The studies reporting the
involvement of miRNAs in CF are detailed in section 3.2.2.
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Disease MicroRNAs Targets References

Asthma

miR-106a IL-10 [81]

miR-21 IL-12 [82]

miR-133a RhoA [83]

miR-26a Glycogen synthase kinase 3ß [84]

let-7 IL-13 [85]

COPD

miR-181d Interferon γ, collagen XVI αI [86]

miR-30c Proto-cadherin [86]

miR-146a Prostaglandin E2 [87]

Idiopathic pulmonary fibrosis

miR-21 SMAD7 [88]

miR-155 KGF [89]

miR-let7d HMGA2 [90]

COPD, chronic obstructive pulmonary disease.

Table 1. Examples of pulmonary diseases in which miRNAs have a role

3. Role of non-coding RNAs in the physiological regulation of CFTR gene
expression

As the function of lncRNAs has not been studied yet, we only present findings on the miRNA
roles in the regulation of CFTR gene expression.

3.1. miRNAs and CFTR gene expression

CFTR gene expression is spatially and temporally regulated. Several studies have demon‐
strated the differential use of transcription start sites, depending on the tissue type or the
developmental stage [52-55]. In the lung, CFTR transcripts can be detected early during embryo
development (12th week of pregnancy) and their level progressively increases up to the 24th
week of pregnancy. Thereafter, CFTR expression in the airways decreases and is repressed
until after birth and remains very low during adult life [56,60]. The changes in CFTR protein
expression in human foetuses are consistent with CFTR mRNA temporal pattern of expression
[60]. In a recent study, we showed that miRNAs (miR-101, miR-145, miR-384) regulate the
switch from strong foetal to very low CFTR expression after birth. Specifically, miR-101 and
miR-145 negatively regulate the level of CFTR transcripts in adult lung cells, while they have
no effect in foetal lung cells. miR-101 directly acts on its cognate site in the 3’UTR-CFTR in
combination with an overlapping AU-rich element. Other studies showed that CFTR expres‐
sion is also post-transcriptionally regulated by miRNAs, such as miR-145 and miR-494 [10,11].
Gillen et al. demonstrated that miR-145 is expressed in primary adult human airway epithelial
cells, where CFTR expression is low, and directly acts on CFTR stability [10]. In addition to its
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specific role in mature lung cells, miR-101 decreases luciferase activity in an embryonic kidney
cell line [11], whereas it does not affect CFTR mRNA stability in pancreatic cell lines [10],
suggesting a potential role as a tissue-specific factor.

3.2. Methods to investigate miRNA role in the regulation of CFTR gene expression

Different approaches can be employed to investigate miRNA role in the regulation of CFTR
gene expression, as depicted in Figure 5A.

Figure 5. Approaches for miRNA study. A. Strategies used to study the involvement of miRNAs in the regulation of
CFTR gene expression. B. Strategies to identify miRNAs that are deregulated in CF samples compared to non-CF sam‐
ples. Chips for global miRNA profiling are commercialized by Agilent, Affimetrix and Exiqon. miR-seq (miRNA se‐
quencing) is usually performed by Illumina platforms. Luc, luciferase; TLDA, TaqMan Array Micro Fluidic Cards
(Applied Biosystems); WT, wild type.

3.2.1. Predictive tools are freely available

Predictive tools are necessary to assess the putative presence of miRNA binding motifs. A non-
exhaustive list, including information about each program, is proposed in Table 2. Databases
collecting all information on miRNAs are listed in Table 3. Although miRBase (http://
www.mirbase.org/) is the most used database and collects links for several predictive pro‐
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grams, others exist. These tools have been developed to predict miRNA targets or the miRNAs

that putatively bind to a selected gene. Some of them propose the possibility to input several

miRNAs and/or several genes to identify integrated networks.

Name Website Characteristics References

TargetScan http://www.targetscan.org/
Target site prediction for mammals. Secondary
structure taken into account.

[91]

miRanda http://microrna.org/

Target site prediction for human, mouse, rat, fruitfly
and nematode.
Thermodynamic stability of RNA duplexes taken
into account.

[92]

PicTar http://www.pictar.org/
Algorithm for target-site prediction based on the
alignment of 3’UTR with predicted sites. Several
databases are used for vertebrates, flies, nematodes.

[93]

RNAhybrid
http://bibiserv.techfak.uni-

bielefeld.de/rnahybrid/

Tool for finding the minimum free energy
hybridization for long and mainly short RNAs, such
as microRNAs to one or more given targets.

[94]

PITA
http://

genie.weizmann.ac.il/pubs/
mir07/mir07_data.html

Target-site prediction for human and other species
that evaluates the microRNA targets accessibility as
a component analysis.

[95]

miRDB http://mirdb.org/miRDB/
Tool for miRNA target-site prediction and functional
annotation based on the mirTarget algorithm for all
known human, dog, rat, and chicken transcripts.

[96]

DIANA-microT
http://

diana.cslab.ece.ntua.gr/
microT/

Target-site prediction program taking intro account
both conserved and non-conserved miRNA
regulatory elements (MREs) and providing scores as
an indication of the expected fold change in protein
production.

[97]

miRBase Target http://www.mirbase.org/

Prediction of target sites based on alignment and
conservation.
Provides links to other mains programs for miRNA
target prediction (e.g., TargetScan, PicTar).

[98]

miRTar
http://

mirtar.mbc.nctu.edu.tw/
human/

Web-based system based on the analysis of
conserved sequences (seed or 3’ miRNAs) using
external prediction tools (TargetScan, miRanda,
PITA, RNAhybrid).
Analyzes miRNA biological functions using the
KEGG pathway to draw a miRNA target interaction
network.

[99]

miRNAMap
http://

mirnamap.mbc.nctu.edu.t
w/index.php

Uses the computational tools, miRanda, RNAhybrid,
and TargetScan to identify miRNA targets in the
3’UTR of target genes.

[100]
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Name Website Characteristics References

MiRonTop
http://www.microarray.fr:

8080/miRonTop/index

Identification of miRNAs from DNA microarrays
and high-throughput sequencing data.
Uses several existing miRNA target prediction
approaches.

[101]

MIR@nt@n
http://maia.uni.lu/

mironton.php

Integrative approach for searching miRNAs target
sites, to build networks including motifs as
feedbacks and feedforward loops from lists of
molecular actors.

[102]

ProMiR http://bi.snu.ac.kr/ProMiR/

Prediction of potential conserved and non-
conserved microRNAs in a query sequence from 60
to 150 nucleotides and clusters near known or
unknown miRNAs in various species.

[103]

Table 2. Free bioinformatics tools for miRNAs

Name Website Characteristics References

miRBase http://www.mirbase.org/

Collection of annotation, literature, genomic
coordinates for human miRNAs and from several
other species.
From deep sequencing datasets, uses the pattern of
mapped reads to assess the confidence in each
miRNA annotation.

[98]

miRGen
http://

diana.cslab.ece.ntua.gr/
mirgen/

Integrated database collecting relationships between
animal miRNAs, genomic annotation sets and
miRNA targets to a combination of used target
prediction programs.

[104]

miRNAMap
http://

miRNAMap.mbc.nctu.edu.
tw/

Resource for collecting experimentally verified
microRNAs and verified miRNA target genes in
human and other metazoan genomes reducing the
false positive prediction rate of miRNA target sites.
Expression profiles by RT-qPCR of 224 human
miRNAs in 18 normal tissues.

[100]

CoGemiR http://cogemir.tigem.it/
Database offering an overview of the genomic
organization and conservation of microRNAs in
different metazoan species during evolution.

[105]

miRanda http://microrna.org/
Atlas of miRNA expression in human, mouse and
rat tissues based on small RNA library sequencing.

Table 3. Free databases for miRNAs
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3.2.2. Functional approaches

To evaluate in vitro the impact of miRNAs on CFTR gene regulation, several approaches can
be used (Figure 5 A). a) First of all, in silico analysis by using bioinformatics tools can be
performed (see 3.2.1). b) The role of specific miRNAs could be assessed in vitro by using airway
cell lines and luciferase gene reporter assays, in which the luciferase coding sequence is under
the control of the 3’ UTR of CFTR, as previously described [11,3]. c) By transfecting mimics or
precursors, miRNAs can be overexpressed and the relative level of luciferase expression
reflects the effect of a given miRNA on the 3’UTR-CFTR. Inhibitors may also be used to confirm
the specific effect of the miRNA under study. d) To validate the direct effect of the identified
miRNAs (for instance, miRNA-494 and miRNA-101), the cis element for miRNAs binding in
the 3’UTR-CFTR can be mutated by site-directed mutagenesis (created mutation). Target-site
blockers may also be used to inhibit binding to the tested motif [3]. e) To validate these effects,
the endogenous level of CFTR mRNA following miRNA overexpression or down-regulation
can be assessed using different techniques.

4. Role of non-coding RNAs in CF

4.1. What is the impact of mutations in microRNA target sites on the CFTR gene?

4.1.1. Mutations in the 3’UTR of the CFTR gene

Assessing the putative impact of single nucleotide polymorphisms (SNPs) in the 3’UTR of
CFTR is essential to define the pathological importance of these cis-regulatory motifs in non-
coding regions, especially after the development of Next-Generation Sequencing (NGS)
technologies. Recent work identified the SNP c.*1043A>C on the 3’UTR of the CFTR gene in
one patient with a CFTR-related disorder and congenital bilateral absence of vas deferens [61].
This SNP is located in a region predicted to interact with miR-433 and miR-509-3p. Expression
analysis demonstrated that the c.*1043A>C mutation increases the affinity for miR-509-3p and
slightly decreases that for miR-433. In vitro, these two miRNAs reduces CFTR protein expres‐
sion. The authors suggested that the very low expression of miR-509-3p in normal human
bronchial epithelial (NHBE) cells could explain the mild phenotype caused by this mutation.
Thus, the c.*1043A>C mutation, by acting as a mild CFTR mutation that enhances the affinity
for an inhibitory miRNA, could represent a novel pathogenic mechanism in CF.

4.1.2. Methods to investigate the impact of CFTR gene mutations

Bioinformatics tools, such as miRNA binding site prediction programs (listed in Table 2), could
be used to predict whether at a mutated position there is a cis-regulatory motif and whether
it corresponds to an miRNA binding site. Moreover, tools like RNAhybrid could allow
predicting the binding energy of the mutated motif. In vitro luciferase reporter gene assays
together with mutagenesis approaches to create degenerate 3’UTR-CFTR sequences can be
used to study the different variants (Figure 5Ad).

Cystic Fibrosis in the Light of New Research290



3.2.2. Functional approaches

To evaluate in vitro the impact of miRNAs on CFTR gene regulation, several approaches can
be used (Figure 5 A). a) First of all, in silico analysis by using bioinformatics tools can be
performed (see 3.2.1). b) The role of specific miRNAs could be assessed in vitro by using airway
cell lines and luciferase gene reporter assays, in which the luciferase coding sequence is under
the control of the 3’ UTR of CFTR, as previously described [11,3]. c) By transfecting mimics or
precursors, miRNAs can be overexpressed and the relative level of luciferase expression
reflects the effect of a given miRNA on the 3’UTR-CFTR. Inhibitors may also be used to confirm
the specific effect of the miRNA under study. d) To validate the direct effect of the identified
miRNAs (for instance, miRNA-494 and miRNA-101), the cis element for miRNAs binding in
the 3’UTR-CFTR can be mutated by site-directed mutagenesis (created mutation). Target-site
blockers may also be used to inhibit binding to the tested motif [3]. e) To validate these effects,
the endogenous level of CFTR mRNA following miRNA overexpression or down-regulation
can be assessed using different techniques.

4. Role of non-coding RNAs in CF

4.1. What is the impact of mutations in microRNA target sites on the CFTR gene?

4.1.1. Mutations in the 3’UTR of the CFTR gene

Assessing the putative impact of single nucleotide polymorphisms (SNPs) in the 3’UTR of
CFTR is essential to define the pathological importance of these cis-regulatory motifs in non-
coding regions, especially after the development of Next-Generation Sequencing (NGS)
technologies. Recent work identified the SNP c.*1043A>C on the 3’UTR of the CFTR gene in
one patient with a CFTR-related disorder and congenital bilateral absence of vas deferens [61].
This SNP is located in a region predicted to interact with miR-433 and miR-509-3p. Expression
analysis demonstrated that the c.*1043A>C mutation increases the affinity for miR-509-3p and
slightly decreases that for miR-433. In vitro, these two miRNAs reduces CFTR protein expres‐
sion. The authors suggested that the very low expression of miR-509-3p in normal human
bronchial epithelial (NHBE) cells could explain the mild phenotype caused by this mutation.
Thus, the c.*1043A>C mutation, by acting as a mild CFTR mutation that enhances the affinity
for an inhibitory miRNA, could represent a novel pathogenic mechanism in CF.

4.1.2. Methods to investigate the impact of CFTR gene mutations

Bioinformatics tools, such as miRNA binding site prediction programs (listed in Table 2), could
be used to predict whether at a mutated position there is a cis-regulatory motif and whether
it corresponds to an miRNA binding site. Moreover, tools like RNAhybrid could allow
predicting the binding energy of the mutated motif. In vitro luciferase reporter gene assays
together with mutagenesis approaches to create degenerate 3’UTR-CFTR sequences can be
used to study the different variants (Figure 5Ad).

Cystic Fibrosis in the Light of New Research290

4.2. Deregulation of non-coding RNAs in CF

Clinical manifestations of CF are various including chronic pulmonary inflammation and
infection that strongly contribute to the morbidity and mortality of these patients [62]. Over-
inflammation precedes chronic infection that is then amplified by pathogens. Notably, the
protease–antiprotease balance, which is responsible for lung remodelling, is disrupted in CF
airways early in life and then this imbalance is chronically maintained [63]. Pulmonary tissues
in patients with CF are usually infected by antibiotic-resistant Pseudomonas aeruginosa.
Interleukin-8 (IL-8), IL-6 and Tumor Necrosis Factor alpha (TNF-alpha) are pro-inflammatory
cytokines that are highly expressed in CF lung epithelial cells and allow the recruitment of
neutrophils [62]. Lipopolysaccharide (LPS) and IL-1beta, which bind to Toll-like receptor 4
(TLR4) and IL-1R, respectively, are also involved. The identification of the molecular events
involved in lung epithelium injury and repair is essential for understanding CF physiopathol‐
ogy. Expression levels of miRNAs physiologically vary greatly among tissues. Recent advan‐
ces explored their effects on influencing signaling pathways in CF. Identification of
deregulated miRNAs may offer possible future directions for clinical applications.

4.2.1. Deregulated lncRNAs in CF

To date, only one publication has reported aberrant expression of specific lncRNAs in CF
bronchial epithelium in vivo [64]. To establish the lncRNA profiles of CF and non-CF bronchial
epithelium, 10 CF and 12 non-CF (controls) bronchial brushing samples were analyzed using
a human lncRNA Array v3.0 (ArrayStar). In this way, more than 30586 lncRNAs and 26109
protein coding transcripts were evaluated. Overall, 1063 lncRNAs, most of which were
intergenic, were differentially expressed in non-CF and CF bronchial brushing samples. RT-
qPCR analysis of the differential expression of well-known ncRNAs (XIST, MALAT1, HO‐
TAIR, and TLR8 antisense) did not confirm the down-regulation of MALAT1 and HOTAIR in
CF samples compared to controls. Interestingly, MALAT1 (lnc-SCYL1-1*) and HOTAIR (lnc-
SMUG1-7*) have been described as oncogenic lncRNAs in lung cancer (*asterisks meaning the
existence of several isoforms).

4.2.2. Deregulated miRNAs in CF

miRNA profiling studies identified various miRNAs with altered expression in CF (summar‐
ized in Figure 6). For instance, in vivo the expression of miR-145, miR-223 and miR-494 is
increased in CF bronchial brushing samples (individuals with at least one p.Phe508del CFTR
allele) compared to non-CF controls and correlates with decreased p.Phe508del CFTR
expression. Moreover, these three miRNAs inhibit CFTR mRNA expression [65]. These authors
also highlighted a relationship between their regulation and CFTR chloride channel activity.
Specifically, they showed that treatment with inh-172, a specific inhibitor of the CFTR chloride
channel, significantly increases the level of miR-145, miR-223 and miR-494 in 16 HBE14o-
respiratory epithelial cells. These data are in agreement with the hypothesis by Wenming Xu
et al. [66] that CFTR chloride channel alteration affects the miRNA profile. Another study
reported that miR-509-3p and miR-494 are increased in well-differentiated primary cultures
of human CF but not of non-CF airway epithelia, [67]. Other miRNAs have been found to be
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deregulated in CF, such as miR-155, miR-126 and miR-31 [68]. miR-155 is overexpressed in
IB3-1 CF cells compared to IB3-1 control cells and in ex vivo CF cells (bronchial brushing
samples versus normal human bronchial epithelial cells and CF neutrophils CD66+ versus
control cells). Moreover, in IB3 cells, miR-155 up-regulation is related to defective CFTR
chloride channel activity (following exposure to inh-172). This leads to repression of SHIP1, a
well-known effector in the regulation of inflammation, and consequently to activation of the
PI3K/AKT pathway that stabilizes IL-8 mRNA through MAPK. Thus, miR-155 up-regulation
contributes to the maintenance of a pro-inflammatory phenotype. Furthermore, miR-155-
antagomir leads to IL-8 down-regulation in IB3-1CF cells and could represent a candidate
treatment for CF. The biogenesis of miR-155 has been in part elucidated and involves the
inflammatory RNA binding proteins KSRP and TTP [69]. KSRP promotes miR-155 production,
while TTP down-regulates, via miR-1, miR-155 mature expression in CF lung epithelial cells.

misfolded p.Phe508del CFTR proteins. A complete analysis of the pathways triggered in CF cells seems essential to 

identify/develop novel treatments for CF. 
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Interface.

Conversely, miR-126 down-regulation has an anti-inflammatory role to compensate the
immunity response. Oglesby et al. [70] reported that miR-126 is consistently decreased in CF
compared to non-CF airway epithelial cells and this reduction correlates with up-regulation
of TOM1, a negative regulator of TLR2, TLR4, IL-1, IL-1β and TNF-alpha [71,72]. TOM1, which
also negatively regulates NF-κB, may play an anti-inflammatory role in CF lung. The authors
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Conversely, miR-126 down-regulation has an anti-inflammatory role to compensate the
immunity response. Oglesby et al. [70] reported that miR-126 is consistently decreased in CF
compared to non-CF airway epithelial cells and this reduction correlates with up-regulation
of TOM1, a negative regulator of TLR2, TLR4, IL-1, IL-1β and TNF-alpha [71,72]. TOM1, which
also negatively regulates NF-κB, may play an anti-inflammatory role in CF lung. The authors
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hypothesized that the observed reduction in miR-126 expression in CF cells may be due to ER
stress induced by accumulation of misfolded p.Phe508del CFTR proteins. A complete analysis
of the pathways triggered in CF cells seems essential to identify/develop novel treatments for
CF.

Another study assessed the miRNA profile, by using Agilent microarray, of CF IB3-1 cells
infected or not with Pseudomonas aeruginosa, a model mimicking the inflammatory response
observed in pulmonary tissues of CF patients [73]. Two miRNAs (miR-93 and miR-494) were
found to be strongly deregulated in infected cells. These two miRNAs are predicted to interact
with the 3’UTR of IL-8 mRNA. Down-regulation of miR-93 was confirmed in two other
bronchial epithelial cell lines (CF CuFi-1 and non-CF Nuli-1 cells). In non-infected CF cells,
miR-93 is strongly expressed and is involved in IL-8 down-regulation combined with low NF-
κB recruitment to the IL-8 promoter. In CF cells infected with Pseudomonas aeruginosa, the
combined effects of high NF-κB recruitment to the IL-8 gene promoter and miR-93 down-
regulation lead to high IL-8 expression [73].

Finally, miR-31 is down-regulated in CF bronchial brushing cells compared to non-CF cells
[74]. In CF epithelial cells, miR-31 negatively modulates the expression of IRF1, a transcription
factor that regulates the level of cathepsin S (CTSS). CTSS is overexpressed in CF airways cell
lines, such as bronchial (CFBE), tracheal (CFTE) and CF primary bronchial epithelial cells (CF-
PBECs) and has been detected in CF lung secretions. CTSS activates the epithelial sodium
channel and cleaves and inactivates antimicrobial proteins such as surfactant A, lactoferrin
and members of the β-defensin family, thus contributing to lung inflammation in patients with
CF [63-66]. Moreover, in a cohort of paediatric patients with CF, it was found that CTSS level
correlates with the decline of lung function. Thus, miR-31 is a potential regulator of CTSS
expression via IRF1 in CF epithelial cells [74].

4.2.3. Methods to study deregulated non-coding RNA

Methods to quantify miRNAs in CF and non-CF samples are depicted in Figure 5B. Approaches
to identify dysregulated lncRNAs in CF samples are detailed in Figure 7 and databases for
lncRNAs are listed in Table 4.

Name Website Characteristics References

LNCipedia http://www.lncipedia.org/

Integrated database of human lnc transcripts.
Specific annotation of lncRNAs. Algorithms to
assess the protein-coding potential of transcripts.
LncRNA gene conservation between human, mouse
and zebrafish.

[106,107]

lncRNA2Target
http://

www.lncrna2target.org/

Curated database with human lncRNA-to-target
gene. Target genes based on overexpression and
knockdown studies.

[108]
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Name Website Characteristics References

lncRNAWiki
http://lncrna.big.ac.cn/
index.php/Main_Page

Component of ScienceWiki for community curation
of human lncRNAs.

[109]

lncRNAdb http://www.lncrnadb.org/

Database for functional eukaryotic lncRNAs. Allow
blast search of putative lncRNAs.
Gene expression data, evolutionary conservation,
structural information, genomic context, subcellular
localization, functional evidence.

[110,111]

NONCODE http://www.noncode.org/

Integrated knowledge database dedicated to
ncRNAs. NONCODE specific ID for each ncRNA
with a conversion tool to RefSeq and Ensembl.
Includes all ncRNAs, except transfer RNAs and
ribosomal RNAs, ncRNA sequences and relative
information (expression, cellular location,
chromosomal information...). More than 80% of
entries are based on literature data.

[112,113]

NRED : ncRNA
expression
database

http://
nred.matticklab.com/cgi-

bin/ncrnadb.pl

Gene expression repository for human and mouse
lncRNAs.
Includes both microarrays and in situ hybridization
data.
Includes evolutionary conservation, secondary
structure, genomic context.

[114]

GENCODE
http://

www.gencodegenes.org/

Human lncRNAs catalog from manually annotated
genes
Data available via the UCSC Genome Browser

[119]

Human Body
Map lincRNAs

http://
www.broadinstitute.org/

genome_bio/
human_lincrnas/

Human reference catalog for lincRNAs
Expression data from RNAseq accross 24 tissues
and cell types.
lincRNA features (sequence, structure,
transcriptional and orthology features).

[115]

fRNAdb
http://www.ncrna.org/

frnadb

Database containing a large collection on non-
coding transcripts including annotated and non-
annotated sequences from the H-inv database,
NONCODE and RNAdb databases.

[116]

NPInter
http://www.bioinfo.org/

NPInter/index.php

Database integrating the diverse body of
experimental knowledge on functional interactions
between ncRNAs (except tRNAs and rRNAs) and
protein-related biomacromolecules such as proteins,
mRNA of genomic RNAs.
Functional interactions (both physical interactions
and other forms of interactions) eliciting a cellular
reaction.

[117]
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Name Website Characteristics References

lnCeDB
http://gyanxet-beta.com/

lncedb/

Database of lncRNAs acting as competing
endogenous RNAs. Putative interactions between
lncRNAs and mRNA targets using algorithms and
in silico tools such as StarBase.

[118]

lncRbase
http://

bicresources.jcbose.ac.in/
zhumur/lncrbase/

Comprehensive database of human and mouse
lncRNAs.
Contains genomic location, overlapping small
ncRNAs, associated repeat elements and imprinted
genes and lncRNA promoter information.

[119]

Table 4. Free databases for lncRNAs

Figure 7. Strategies to study lncRNAs in CF and non-CF samples. Few techniques allow the quantitative analysis of
lncRNAs in biological samples. RNAseq: global sequence screening is currently an easy option thanks to NGS and
small RNA sequencing. This method allows detecting and quantitating in a biological sample all non-coding tran‐
scripts. However, as lncRNAs are very weakly expressed, this strategy might not be fully appropriate. To obtain a sig‐
nificant profile of ncRNAs, more than 180 million reads are required, whereas for protein-coding transcripts, less than
30 million are needed. Therefore, microarray analysis remains a powerful tool for global profiling of lncRNAs. In total,
more than 30,586 lncRNAs have been analyzed based on the last lncRNA databases. AONs: antisense oligonucleotides.
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4.3. Impact of mutations in lncRNA or miRNA genes

To date, no ncRNA mutation has been described in CF. However, alterations in RNA sequence
and/or structure can affect the synthesis, maturation and turnover of ncRNAs. Changes in
RNA molecules can be introduced in different ways. For instance, SNPs may affect miRNA
biogenesis. miRNA tailing can modify pre-miRNAs and mature miRNAs. RNA editing can
modify nucleotide sequences of RNA transcripts. NGS technologies, including exome se‐
quencing and complete re-sequencing of the CFTR gene, could reveal mutations in lncRNA
sequences that may affect CF severity and outcome.

5. Targeting miRNA as new putative therapeutic tool

5.1. Could miRNAs help in improving CF treatment?

A recent work demonstrated that miR-138 mimics might restore CFTR-Phe508del expression
and functional chloride transport. However, the authors stressed that miR-138 mimics may
also have undesired effects, because miR-138 targets SIN3A, a highly conserved transcriptional
repressor that regulates many genes [67]. Another anti-miRNA agent has been exploited as
inhibitor of miR-509-3p, which is involved in the regulation of the CFTR gene. Recently, we
reported that miRNA function can be blocked by targeting the CFTR gene with blockers. We
designed blockers to prevent the binding of several miRNAs specifically to the 3’UTR-CFTR
and tested them in well-differentiated primary human nasal epithelial cells from healthy
individuals and patients with CF carrying the p.Phe508del CFTR mutation. These molecules
rescued CFTR chloride channel activity by increasing CFTR mRNA and protein levels. This is
in agreement with previous studies showing that complementation of just 6–10% of CFTR
transcripts leads to the production of enough CFTR to maintain normal chloride transport in
epithelia [75]. These data are supported by findings that the presence of a naturally occurring
sequence variation in the CFTR promoter, in cis of a severe mutation, increases transcription.
This allows the production of enough CFTR protein to reach the apical membrane cells and
partially restore CFTR channel function, thus leading to a moderate CF phenotype despite the
presence of a severe disease-causing mutation [76]. Similarly, stabilization of p.Phe508del
CFTR protein has been associated with increased p.Phe508del CFTR channel activity [77].

5.2. Assays and molecules

As depicted in Figure 5Ad, inhibitors or target-site blocker oligonucleotides have been
previously used to restore CFTR expression. Tests have been performed by incorporating
inhibitors that induce degradation of the targeted endogenous miRNA or with oligonucleoti‐
des that block miRNA binding to the 3’UTR of CFTR in cell lines, primary cultures and
reconstituted epithelium
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6. Conclusion and remarks

The identification of cis- and trans-regulators and pathways involved in CFTR gene expression
is essential for developing new CF targeted therapies. Over the past four decades, therapies
for CF have focused entirely on symptoms to improve patients’ quality of life. The first
treatment (VX-770) targeted the basic defect in p.Gly551Asp-CFTR (1.6% of patients with CF
worldwide) [78]. The new molecule VX-809 has been evaluated in patients carrying the
p.Phe508del CFTR mutation; however, on its own it does not have clear effects [79] and clinical
trials testing the combination of different molecules are in progress. The mechanisms respon‐
sible for the phenotype severity are not well understood yet. Mutational heterogeneity and
complex alleles influence CF severity. Moreover, the role of few modifier genes has been
established [80]. ncRNAs could also contribute to CF progression and severity and their
dysregulation in CF opens new perspectives for patient follow-up and treatment.
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Abstract

Nonsense mutations cover about 10% of cystic fibrosis (CF) patients and generate
premature termination codons (PTCs) leading to premature translational termination
and causing the synthesis of truncated non-functional or partially functional CFTR
(cystic fibrosis transmembrane conductance regulator) protein. The read-through
approach is the suppression of translation terminations at PTCs and it has been
developed as a therapeutic strategy to restore full-length protein using aminoglyco‐
side antibiotics or PTC124. Phenotypic consequences of PTCs can be exacerbated by
the nonsense-mediated mRNA decay (NMD) pathway, which detects and degrades
mRNA containing PTC. Therefore, modulation of NMD is also of interest as a potential
target for suppression therapy. Not all PTCs are susceptible to the read-through
treatment alone, especially where the nonsense mutations are combined with other
CFTR mutations. For example, many CF patients present the highly frequent F508del
CF mutation, causing an alteration of the cell membrane positioning of the CFTR
channel. Pharmacological correctors that rescue the trafficking of F508del CFTR may
overcome this defect. A combined administration of correctors/potentiators, read-
through molecules, and/or NMD inhibitors, depending on the genotype of the CF
patients, could be the basis for the design of a personalized therapeutic approach.

Keywords: Cystic fibrosis, PTCs, read-through, NMD inhibitors, correctors, poten‐
tiators
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1. Introduction

1.1. Classes of mutation in cystic fibrosis

The CFTR protein is a cAMP-regulated chloride channel that resides in the apical membrane
of epithelial cells of different organs such as the intestines, lung, pancreas, and sweat glands.
However, the main pathologic symptom of cystic fibrosis (CF) is respiratory disease with
recurring infections, inflammation, and obstructions that induce progressive lung damage and
possible respiratory difficulties [1].

More than 1,900 different CFTR mutations have been reported so far and can be generally
categorized into five classes (Table 1). Approximately 40% of CFTR mutations belong to class
I. Nonsense mutations cover 10% of CF patients, but in some populations specific nonsense
mutations can occur in up to 50% of CF subjects. For example, G542X mutation, the most
common CFTR nonsense mutation, has been found in 2% of Caucasian CF patients. The most
frequent mutation of class II is the F508del mutation (a deletion of the phenylalanine residue
at position 508) found in 75% of CF patients. While for class III, the G551D mutation has been
found in approximately 4% of CF patients. Class I-III mutations determine an important defect
in CFTR function and cause a severe CF phenotype, while mutations belonging to Classes IV-
V permit a residual CFTR protein function and induce a milder CF phenotype. There is general
consensus on the fact that in order to ameliorate the CF phenotype, the restoration of at least
5–35% of normal CFTR function is necessary [1-4].

Class I II III IV V

Types of
mutations

Nonsense; Frame
shift

Missense Missense Missense Missense

Defect on CFTR No expression No correct
localization to cell
membrane

No chloride
channel function

Reduced chloride
channel
conductance

Reduced
expression

Examples G542, W1282X F508del G551D R117H; R334W A445E

Possible
pharmacological
therapy

Read-through Correctors Potentiators Potentiators Potentiators

Table 1. Principal classes of CF mutations and therapeutic intervention.

1.2. PTCs and NMD mechanism

Premature termination codons (PTCs) lead to premature translational termination resulting
in absent functional proteins. Different inherited and acquired diseases can be attributable to
PTCs, such as cystic fibrosis, Duchenne muscular dystrophy (DMD), mucopolysaccharidosis,
spinal muscular atrophy (SMA) type I and type II, X-linked nephrogenic diabetes insipidus,
rhinitis pigmentosa X-linked, nephropathic cystinosis, and β-thalassemia [5].
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PTCs are responsible for about 10% of CF cases worldwide, but are particularly common in
Ashkenazi Jews (40% of Israeli CF patients) [6]. The translation of PCT-containing mRNAs
leads to the formation of truncated CFTR, in most cases lacking in its function [7].

During molecular evolution, a mechanism to eliminate these aberrant mRNAs containing
PTCs has been developed, known as nonsense-mediated mRNA decay (NMD). This process
of quality control is observed in all eukaryotic organisms and has an important role in the
regulation of many cellular functions. Its physiological substrates act in a wide range of
processes such as transcription, DNA repair, cell growth, intracellular transport, and NMD
itself. Through this process, the mRNA levels containing PTCs are reduced but not completely
eliminated, inducing a reduced level of proteins, which are synthesized in a truncated form [5].

In mammals the NMD process operates by the recognition of a premature stop codon. It is
observed that the ability of PTCs in inducing NMD depends on its location with respect to the
sequence downstream and associated proteins [8]. The NMD process often occurs in mam‐
malian cells after the splicing of pre-mRNA and, in most cases, is controlled by the exon
junction complex (EJC). This complex consists of at least 10 proteins binding to regions
consisting of 20–24 nucleotides upstream of the exon-exon junction and including UPF2 and
UPF3 proteins.

According to the currently proposed models of the NMD mechanism, for the majority of
mRNAs, the stop codons that are localized more than 50–55 nucleotides upstream of an exon-
exon junction are recognized as premature, since the EJC is found downstream to the stop
codon. The EJC is recognized by UPF2 and UPF3 and ribosomes start to translate the mRNA
until reaching the PTC. The termination of the translation is triggered by the recognition of
PTCs by eRF1 and eRF3, release factors recruited by ribosomes. These proteins then recruit the
NMD key factor UPF1, which in turn binds to the SMG1 kinase. These four proteins (eRF1,
eRF3, UPF1, SMG1) constitute the SURF complex, responsible for ribosome blocking. When
the PTC is upstream of this EJC, UPF1 at the termination site may interact with UPF2 (associ‐
ated with EJC) causing the phosphorylation of UPF1 by SMG1 and the dissociation of release
factors (eRF1 and eRF3). The phosphorylated UPF1 recruits additional factors (SMG5, SMG6,
and SMG7) triggering NMD. Once the NMD is stimulated, target transcripts are degraded by
5’ and 3’ exonucleases [5].

2. PTCs and NMD mechanism as targets for CF therapy

2.1. The read-through approach in CF

With the aim of overcoming the effects of the presence of PTCs in CF, several drugs were
studied, such as aminoglycoside antibiotics and PTC124 (PTC Therapeutics), and found to be
able to incorporate a random amino acid at the PTC position of mRNAs. This induces a
ribosomal read-through of the premature, but not of the natural termination codons, restoring
CFTR function in CF patients [9-10]. These treatments may provide a means of restoring
clinically relevant levels of protein function in patients carrying PTCs in the mutated gene,
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and introduce new hope for the development of a pharmacologic approach for the cure of
several important genetic diseases, including CF [9-10].

2.1.1. Aminoglycosides

Aminoglycoside antibiotics selectively bind to ribosomes (at decoding aminoacyl site, A-site)
and cause the insertion of a near cognate amino-acyl tRNA into this ribosomal A site, allowing
ribosome read-through at PTC and production of a full-length protein [11].

Previous studies have shown that a variety of aminoglycosides are able to suppress CFTR
nonsense mutations and restore functional CFTR protein levels not only in mouse models, but
also in human clinical trials [1,12-16].

Gentamicin and amikacin are able to suppress the common G542X nonsense mutation in a
transgenic CF mouse model, restoring approximately 20–30% of full-length CFTR protein,
suggesting these compounds as read-through molecules to treat CF patients carrying PTCs [1].
In particular, the CFTR nonsense transgenic mouse model carrying a human CFTR cDNA with
G542X nonsense mutation was used to screen the read-through activity of different amino‐
glycosides [1,12]. Five to thirty-four mg/kg of gentamicin was administered by daily subcu‐
taneous injections for 14 days and found to induce a 22% increase of the wild-type CFTR
function. Similar results were observed with amikacin, used at 15–170 mg/kg, while tobramy‐
cin was much less efficient than these two aminoglycosides in rescuing CFTR function [1,12,13].

In humans, Wilschanski et al. [1,14] reported a study where 0.9 mgs of gentamicin were
administered daily via nasal drops for 14 days in nine CF patients. The data obtained demon‐
strated a significant improvement in chloride conductance by nasal potential difference (PD)
measurements. Full-length CFTR protein was also detected in the nasal epithelia of treated CF
patients. On the contrary, patients homozygous for the F508del mutation, used as a control
group, did not show improvements in the CFTR function or restoration of CFTR protein [14].

Clancy et al. [15] reported a study where 2.5 mg/kg of gentamicin was administered intrave‐
nously every 8 hours for one week to 10 CF patients. They reported a three-fold increased
incidence of nasal PD readings in the direction of chloride secretion in treated PTC subjects
relative to CF controls. Airway chloride secretion was also stronger, with a high level of
chloride secretion not detected in the control subjects, while sweat chloride measurements
were not increased. In recent studies [1, 16], two different groups (11 CF patients with nonsense
mutations and 18 CF patients without nonsense mutations) were treated with 3.6 mg of
gentamicin or tobramycin daily by a nasal spray device for 28 days. The results indicated no
improvement in chloride ion transport or CFTR localization using these two aminoglycosides.
The authors underlined that nasally administered aminoglycosides did not produce detectable
improvement in CFTR function because the CF subjects were heterozygous for different CFTR
mutations [16]. This suggests that not all premature stop mutations are susceptible to the read-
through treatment alone in order to ameliorate the phenotype of CF patients carrying nonsense
mutations. When the read-through approach is combined with the use of potentiators/
correctors of CFTR, however, the clinical outcome may be much more positive and this strategy
could delineate a personalized therapeutic approach based on the CF genotype of patients [16].
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A recent study using tobramycin was performed in yeast models with modulated NMD by
UPF1 deletion [17]. Yeast strains were transformed with the Renilla/Firefly dual-luciferase
reporter plasmids carrying either nonsense (UAG, UGA, UAA) or sense (CAG, CGA, CAA)
codon between the luciferase genes. Tobramycin, a aminoglycoside antibiotic normally used
to treat Pseudomonas aeruginosa pulmonary infection in CF patients, exhibited read-through
ability on PTCs preferentially in the absence of NMD mechanism. These findings could be an
explanation of the lower activity of tobramycin in restoring CFTR synthesis observed in mouse
models and human clinical trials, while the data indicate possible combined treatment of
tobramycin in the presence of NMD inhibitors.

Most of the novel aminoglycoside molecules have been synthetized with the major aim of
optimizing their antibacterial activity, and not with the objective of obtaining the highest
possible read-through action on PTCs. Current clinical studies investigating this class of
molecules were performed using only commercially available aminoglycosides, such as
gentamicin, amikacin, and tobramycin [14-18]. The general conclusion of these studies is that
tobramycin presented a low efficiency as PTC suppressors, while gentamicin was efficient but
toxic [14-18]. Alternative options to gentamicin could be amikacin [13] or paromomycin [19],
two aminoglycosides with lower cellular toxicity, but not yet studied in human clinical trials
as read-through molecules.

A future goal should be the design and synthesis of new aminoglycosides with high read-
through activity and low toxicity. Baasov et al. [18] reported the synthesis of a series of new
derivatives of paromomycin proposed as read-through molecules in vitro. In particular NB30,
a pseudo-trisaccharide derivative, had higher read-through activity compared to paromomy‐
cin and gentamicin and reduced toxicity [20, 21]. Another derivate, NB124, presented a more
efficient read-through activity than gentamycin. It restored full-length CFTR expression and
chloride transport in Fischer rat thyroid cells stably transduced with a CFTR-G542XcDNA
transgene and 7% of wild-type CFTR function in primary human bronchial epithelial CF cells
with G542X/delF508 genotype [22].

These studies suggest that the reduction of the efficiency of translation termination, such as in
the case of induction of ribosomal read-through, is a potential strategy for developing
treatments of genetic diseases caused by PTCs. It is known that aminoglycosides cause toxic
side effects that do not seem directly associated with their ability to suppress PTC. Monitoring
the read-through efficiency of aminoglycosides with low toxic side effects is required and the
synthesis of novel aminoglycoside derivatives exhibiting better parameters of administration
to the patient, as well as availability and lower toxicity in vivo, is of interest to the research
community.

2.1.2. PTC124

PTC124 (3-(5-(2-fluorophenyl)-1,2,4-oxadiazol-3-yl)-benzoic acid), also known as Ataluren, is
a small non-aminoglycoside molecule that has been suggested to allow PTC read-through even
though its target has yet to be identified [23]. It is an orally available and non-toxic small
molecule, identified by HTS and is the first drug in its class. PTC124 appears to allow cellular
machinery to read-through premature stop codons in mRNA, enabling the translation process
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to produce full-length, functional proteins [24]. In a transgenic mouse model carrying CFTR
with nonsense mutations, 0.9 mg/ml of PTC124 was administered orally for 14–21 days. The
results reported a partial CFTR expression at the apical surface of intestinal tissues and a
restoration of normal CFTR function up to 24% with dose given in a liquid diet or 29% with
at dose of 15–60 mg/kg daily by subcutaneous injections [1,25].

PTC124 was studied in two different Phase II human clinical trials with modest results in terms
of efficacy [26-27]. In one study [26], PTC124 was orally administered to 23 CF patients carrying
nonsense mutations. They were treated with 16 mg/kg daily of PTC124 for 14 days, then after
14 days without treatment, with a dose of 40 mg/kg daily for further 14 days. An improvement
of chloride conductance was observed by nasal potential difference measurements after the
two treatments, where approximately half of the patients showed measurements within the
normal range [1,26]. Another Phase II trial was conducted with a similar treatment schedule
for 12 weeks in 19 CF patients carrying nonsense mutations [27]. An increased nasal chloride
transport in approximately 60% of treated patients was reported. CFTR function was restored
more efficiently with increased time of treatment [1, 27]. PTC124 has also been examined in 30
pediatric CF patients with nonsense mutations [1, 28]. PTC124 was administered in two 14-
day cycles as described earlier. Approximately 50% of the treated patients partially restored
CFTR-mediated nasal epithelial chloride transport and full-length CFTR protein at the apical
membrane of nasal epithelial cells, with only mild or no adverse effects.

Despite these successes in Phase II trials [11,27,28], PTC124 did not significantly improve the
primary end-point in large Phase III clinical trials. A study [29], enrolling patients from 36 sites
in 11 countries in North America and Europe, showed no improvement in the primary
endpoint (forced expiratory volume in the first second, FEV1%) as predicted. It did however
demonstrate conservation of lung function compared to placebo in a predefined subset of
subjects who were not treated with the inhaled antibiotic tobramycin, known to influence the
efficacy of PTC124 [29,30].

The development of novel small molecules having efficient read-through activity on PTCs and
restoring CFTR function with low toxicity should be considered as a major issue in CF research.
The CF read-through therapy clinical trials indicate that both gentamicin and PTC124 are able
to restore CFTR protein in a fraction of CF patients with PTCs. Longer-term studies will be
required to determine whether the therapeutic effects found in patients upon short-term
treatment can be realized, and if sufficient CFTR can be rescued to reduce pathological
respiratory aspects of CF [1]. The NMD inhibitors studied may lead to the discovery of
biomolecules to be employed in combination with read-through correctors, in order to achieve
clinically relevant results.

2.2. NMD inhibitors in CF

PTCs located >50–55 nucleotides upstream of an exon-exon junction can be minimized by
NMD in order to detect and degrade mRNA containing PTC and minimize the negative
consequences of nonsense mutations [5]. This should be carefully considered in the context of
the development of read-through approach for restoring CFTR function. NMD is a cellular
mechanism, aimed to detect and degrade PTC containing mRNA [31-34] and as part of an

Cystic Fibrosis in the Light of New Research314



to produce full-length, functional proteins [24]. In a transgenic mouse model carrying CFTR
with nonsense mutations, 0.9 mg/ml of PTC124 was administered orally for 14–21 days. The
results reported a partial CFTR expression at the apical surface of intestinal tissues and a
restoration of normal CFTR function up to 24% with dose given in a liquid diet or 29% with
at dose of 15–60 mg/kg daily by subcutaneous injections [1,25].

PTC124 was studied in two different Phase II human clinical trials with modest results in terms
of efficacy [26-27]. In one study [26], PTC124 was orally administered to 23 CF patients carrying
nonsense mutations. They were treated with 16 mg/kg daily of PTC124 for 14 days, then after
14 days without treatment, with a dose of 40 mg/kg daily for further 14 days. An improvement
of chloride conductance was observed by nasal potential difference measurements after the
two treatments, where approximately half of the patients showed measurements within the
normal range [1,26]. Another Phase II trial was conducted with a similar treatment schedule
for 12 weeks in 19 CF patients carrying nonsense mutations [27]. An increased nasal chloride
transport in approximately 60% of treated patients was reported. CFTR function was restored
more efficiently with increased time of treatment [1, 27]. PTC124 has also been examined in 30
pediatric CF patients with nonsense mutations [1, 28]. PTC124 was administered in two 14-
day cycles as described earlier. Approximately 50% of the treated patients partially restored
CFTR-mediated nasal epithelial chloride transport and full-length CFTR protein at the apical
membrane of nasal epithelial cells, with only mild or no adverse effects.

Despite these successes in Phase II trials [11,27,28], PTC124 did not significantly improve the
primary end-point in large Phase III clinical trials. A study [29], enrolling patients from 36 sites
in 11 countries in North America and Europe, showed no improvement in the primary
endpoint (forced expiratory volume in the first second, FEV1%) as predicted. It did however
demonstrate conservation of lung function compared to placebo in a predefined subset of
subjects who were not treated with the inhaled antibiotic tobramycin, known to influence the
efficacy of PTC124 [29,30].

The development of novel small molecules having efficient read-through activity on PTCs and
restoring CFTR function with low toxicity should be considered as a major issue in CF research.
The CF read-through therapy clinical trials indicate that both gentamicin and PTC124 are able
to restore CFTR protein in a fraction of CF patients with PTCs. Longer-term studies will be
required to determine whether the therapeutic effects found in patients upon short-term
treatment can be realized, and if sufficient CFTR can be rescued to reduce pathological
respiratory aspects of CF [1]. The NMD inhibitors studied may lead to the discovery of
biomolecules to be employed in combination with read-through correctors, in order to achieve
clinically relevant results.

2.2. NMD inhibitors in CF

PTCs located >50–55 nucleotides upstream of an exon-exon junction can be minimized by
NMD in order to detect and degrade mRNA containing PTC and minimize the negative
consequences of nonsense mutations [5]. This should be carefully considered in the context of
the development of read-through approach for restoring CFTR function. NMD is a cellular
mechanism, aimed to detect and degrade PTC containing mRNA [31-34] and as part of an

Cystic Fibrosis in the Light of New Research314

mRNA surveillance system, it has a crucial role in preventing accumulation of aberrant
transcripts and their translation [32,34]. Down-modulation of NMD is an important therapeu‐
tic goal, in order to (a) maintain mRNA levels suitable for read-through correction and (b)
restore sufficient full-length protein expression levels. The major molecular consequences of
nonsense mutations are the promotion of premature translational termination and NMD.
These two features are strictly associated.

The efficiency of restoration of correct translation using read-through molecules, with respect
to modulation of NMD is still an unresolved problem. Differences in NMD efficiency of CFTR
transcripts carrying the W1282X mutation among different epithelial cell lines have been
reported [35], and in some CF cells the NMD of all transcripts was efficient and in others NMD
was less efficient. Down regulation of NMD in cells carrying the W1282X mutation was
reported to increase the level of CFTR nonsense transcripts and enhanced the CFTR chloride
channel activity in response to gentamicin [9].

Data published to date indicate that the efficiency of PTC read-through is low [10], probably
due to degradation of PTC-mRNA by NMD mechanism, depleting substrates available for
read-through correction. Modulation of NMD, aimed to increase CFTR mRNA available to
PTC read-through, could be another important therapeutic goal [9]. A possible strategy to
modulate NMD mechanism may be based on novel molecules acting as NMD inhibitors. These
molecules should not affect physiological substrates of NMD mechanism.

Recently Wang et al. [36] have demonstrated that a modest depletion (80% of the activity of
untreated cells) of UPF1 or UPF2 through shRNA could suppress NMD activity without
affecting the proliferation or survival of cells. This suggests that pharmacologic NMD inhibi‐
tion could be proposed as a therapeutic approach with limited toxicity or side effects. In
particular, the same group identified NMD inhibitors (called NMDIs) acting against targeting
SMG7-UPF1 complex obtained from a virtual library screening, with various chemical
backbones and acting at nanomolar concentration [37]. It was demonstrated that the combi‐
nation of a read-through drug and NMDIs increased protein expression and relative biological
functions of a PTC-mutated p53. These novel data are promising, as previous pharmacologic
inhibitors, useful in investigating the NMD mechanism, have been found to be toxic, did not
synergize with read-through molecules and had an unknown mechanism of action [38,39].

Amlexanox, a drug used for over 30 years orally or topically to treat asthma and aphthous
ulcers [40,41], has also been identified [42] as a potent NMD inhibitor. Amlexanox is not
citotoxic, does not inhibit general translation, and does not affect natural NMD substrate
expression. This drug presents a dual activity of interest in CF research, that is, induction of
an increased level of PTC mRNA, and induction of efficient expression of full-length and
functional CFTR protein. The novelty of amlexanox is the ability to both inhibit NMD and
facilitate PTC read-through, in contrast to other read-through molecules that present only read-
through activity strongly influenced by the identity of the PTC and its nucleotide environment
[43]. Amlexanox in combination with PTC124 induces an increase of CFTR channel activity in
cells with heterozygous genotype for nonsense mutations [43].
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The clinical use of these molecules may be possible after further studies relative to the short-
and long-term effects of potent NMD inhibition as the combination of a read-through approach
with pharmacologic NMD inhibition is an appealing therapeutic strategy for CF patients
carrying nonsense mutations.

2.3. Treatment of CF heterozygous patients for nonsense mutations

Clancy’s group [16] nasally administered aminoglycosides did not produce detectable changes
in CFTR function in subjects heterozygous for a variety of stop codon mutations within CFTR,
suggesting the need to perform a combined therapy based on the most potent suppressors of
nonsense mutations co-delivered with CFTR potentiators and/or correctors [16]. Many CF
patients heterozygous for premature stop mutations carry a genotype with F508del. Initial
results of a Phase II trial of VX-809, a lead F508del CFTR corrector developed by Vertex
Pharmaceuticals (Cambridge, Massachusetts, USA), established that systemic administration
of the compound for 4 weeks modestly improved sweat chloride at the highest dose tested
compared with placebo [44]. VX-809 is reported to normalize the gating of corrected F508del-
CFTR but has no direct potentiating action suggesting that one straightforward approach could
be the co-administration with a potentiator of CFTR channel gating [11,44,45]. If CF patients
have nonsense mutations together with F508del, a cocktail of potentiators of CFTR channel
gating, CFTR correctors, and read-through molecules could be proposed as a therapeutic
strategy.

Xue X et al. [22] reported a novel synthetic aminoglycoside based on NB124 that efficiently
restored CFTR function in primary human bronchial epithelial (HBE) CF cells carrying PTC
(G542X/delF508). The efficacy of NB124 was further enhanced by addition of the oral CFTR
potentiator Ivacaftor (VX-770) to airway cells expressing CFTR PTCs [22]. Ivacaftor exhibited
excellent activity and pharmacokinetic properties, providing the opportunity to treat the
underlying cause of CF in combination with CFTR correctors and read-through molecules,
depending on the CFTR mutations [46].

Many new compounds are expected to be proposed in the future for the potentiation and
correction of CFTR. One example is 4,6,4’-trimethylangelicin (TMA), a psoralen-related
compound, which obtained the orphan drug designation from the EMA and is already in
clinical use for psoriasis. Tamanini et al. [47] demonstrated that TMA, at nanomolar concen‐
trations, inhibited the expression of the IL-8 gene in bronchial epithelial cells in which the
inflammatory response has been challenged with P. aeruginosa. The acute addition (15 minutes
treatment) of 250 nM TMA potentiated FSK-stimulated chloride secretion in airway cell
monolayers expressing wild type CFTR or in CF cells in which F508del CFTR was already
rescued to the apical membrane by overexpressing the interacting protein NHERF1. More
recently, the same group [48] found that long pre-incubation with nanomolar concentrations
of TMA was able to effectively restore both F508del CFTR-dependent chloride secretion and
F508del CFTR cell surface expression in both primary or secondary airway cell monolayers
homozygous for F508del mutation. These results indicate that TMA, besides its anti-inflam‐
matory and potentiator activities, also displays corrector properties, suggesting that this
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compound (or more effective analogues) could be a potential candidate for combination
therapies with read-through molecules.

Other CFTR potentiator and/or corrector molecules with different mechanisms of action have
been recently reported in literature [11]. These include the cyanoquinoline CoPo-22 [49], the
inhibitor Hsp90 co-chaperone Aha1 [50], phosphodiesterase type V (PDE5) inhibitors [51-53],
the isoflavones genistein, and curcumin [54]. Additional studies concerning their mechanism
of action and toxicity are required before clinical testing, and combination with read-through
molecules can be considered.

3. Conclusions

More than 1,900 different CFTR mutations have been reported in CF patients, 10% being
nonsense mutations and 75% represented by the most frequent CF F508del mutation [1,11]. In
order to ameliorate the CF phenotype, restoration of at least 5–35% of normal CFTR function
is required [2-4]. Several CFTR modulator therapies have been investigated in vitro and in late
phase clinical trials, including CFTR potentiators, correctors, and PTC read-through molecules
[1,2-5,9-16,21-30,37-39,42,45]. To achieve substantial clinical benefit in CF, a combined admin‐
istration of two correctors with synergistic action [55,56] or a corrector with a potentiator that
counteracts distinct conformational defects in trafficking and activation of F508del CFTR [57,
58] are required.

Current open clinical trials, excluding studies with unknown status, are being conducted on
Ivacaftor and PTC124 (Table 2).

Ivacaftor alone is not sufficient to efficiently alter CFTR activity in patients with CF homozy‐
gous for F508del [59]. The difficulty in achieving higher levels of correction is due to the fact
that the F508del mutation induces multiple conformational defects in the mutant protein.

In current clinical trials (Table 2) Ivacaftor is being tested in combination with CFTR correctors
such as Lumacaftor (VX-809, Vertex Pharmaceuticals, Cambridge, Massachusetts, USA) and
VX-661 (Vertex Pharmaceuticals) in order to correct the protein misfolding and increase the
CFTR localization to the cell surface.

VX-809 is selective for F508del CFTR and enhances chloride secretion to 15% of that found in
non-CF human bronchial cells [45,48,55]. Preclinical research [45,60] and known effects of the
F508 deletion on gating in addition to cellular processing [56-58] support the combination
strategy of VX-809 (or VX-661, an alternate CFTR corrector to VX-809) with Ivacaftor in current
human clinical trials (Table 2).

Alternatively, dual-acting molecules (such as TMA [47,48], aminoarylthiazole [61], and
cyanoquinoline [49,62] derivatives) that both correct F508del CFTR and potentiate the F508del
CFTR-dependent chloride permeability has been proposed, avoiding multiple combined
administration.
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Molecule Title of Study ClinicalTrials.gov Identifier

Ivacaftor(VX770; Kalydeco)

Ivacaftor (Kalydeco) and Insulin in Cystic
Fibrosis (CF)

NCT02039986

Short Term Effects of Ivacaftor in Non-G551D
Cystic Fibrosis Patients

NCT01784419

Ivacaftor in French Patients with Cystic
Fibrosis and a G551D Mutation
(IVACAFTOR1)

NCT02194881

A Phase 3 Study to Evaluate the Efficacy and
Safety of Ivacaftor and VX-661 in
Combination with Ivacaftor in Subjects Aged
12 Years and Older with Cystic Fibrosis,
Heterozygous for the F508del-CFTR Mutation

NCT02392234

A Phase 3 Study of VX-661 in Combination
with Ivacaftor in Subjects Aged 12 Years and
Older with Cystic Fibrosis, Who Have One
F508del-CFTR Mutation and a Second
Mutation that Has Been Demonstrated to Be
Clinically Responsive to Ivacaftor

NCT02412111

Study to Evaluate Lumacaftor and Ivacaftor
Combination Therapy in Subjects 12 Years
and Older with Advanced Lung Disease
(Phase III)

NCT02390219

Airway Infection, Inflammatory Markers and
Exercise Capacity in Patients with Cystic
Fibrosis and at Least One G551D Mutation
Taking VX-770 (Ivacaftor) (Phase IV)

NCT01937325

A Randomized, Double-Blind, Placebo-
Controlled, Parallel-Group Study to Evaluate
the Efficacy and Safety of VX-661 in
Combination with Ivacaftor (Phase III)

NCT02347657

(Study: Vertex IIS) Does Ivacaftor Alter Wild
Type CFTR-Open Probability in the Sweat
Gland Secretory Coil?

NCT02310789

Ataluren(PTC124)
Study of Ataluren in Nonsense Mutation
Cystic Fibrosis (ACT CF), Phase III

NCT02139306

N91115
Study of N91115 in Patients with Cystic
Fibrosis Homozygous F508del-CFTR
Mutation (SNO4) (Phase I)

NCT02275936

Glycerol Phenylbutyrate
Glycerol Phenylbutyrate Corrector Therapy
For CF (GPBA)

NCT02323100

FDL169
FTIH – Single and Repeat Oral Doses of
FDL169 in Healthy Volunteers (Phase I)

NCT02359357

Table 2. Current open clinical trials on CFTR modulators (source ClinicalTrials.gov).
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Other ongoing human clinical trials are investigating novel CFTR modulators on F508del such
as N91115, glycerol phenylbutyrate, FDL169 (Table 2). N91115 is currently in Phase I. In next
Phase II this molecule will be studied in addition to Lumacaftor/Ivacaftor.

The combination of CFTR potentiators and correctors could result in effective therapies in a
large proportion of patients with CF (Table 2).

Other CFTR modulator classes include molecules with read-through activity, such as PTC124
currently in Phase III clinical study. Based on efficacy in vitro and in animal models [10,25,63],
PTC124 was studied in a series of conflicting Phase II trials [26-28,63]. A long-term study has
demonstrated no improvement in FEV1 % predicted, the primary endpoint. Conversely a small
effect on lung function was demonstrated in a predefined subset of individuals untreated with
inhaled antibiotics that can modify the efficiency of PTC124 [29,63]. So further clinical studies
for this compound should be necessary to demonstrate its activity in CF as read-through
therapeutic approach also in combination with NMD inhibitors or potentiators/correctors as
reported in studies in vitro [22,43].

Results to date suggest, in the case of nonsense mutations, efficient and therapeutic restoration
of a functional CFTR channel may be possible drugs administered in combination.

In conclusion, it is essential to stratify CF patients with the aim of creating a personalized
therapy based on the use of a combination of drugs targeted at specific classes of mutations.
This approach represents an appealing therapeutic strategy and should be the subject of further
investigation.
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Abstract

An important goal for cystic fibrosis (CF) gene therapy is to achieve long-term
functional correction. While many vector options have been evaluated, integrating
vectors have the greatest potential to maintain stable expression over time without a
requirement for repeated administration. In this chapter, we discuss the importance
of correcting the appropriate cell types, options for integrating vectors, animal models
for CF gene therapy, and clinically relevant endpoint measurements. Lentiviral
vectors are a promising option for CF gene therapy, as they integrate into the host
genome and persistently express a transgene of interest. Airway cell tropism can be
conferred by pseudotyping. Nonviral vectors such as DNA transposons can also
integrate into the genome. Recent advances in hybrid viral/transposon vector
technology improve the ability to deliver transposons to the airways in vivo. Integrat‐
ing vector technology and new animal models have allowed considerable progress
toward the goal of using gene therapy to correct life-long genetic diseases such as CF.

Keywords: lentivirus, transposons, animal models, progenitor cells, genotoxicity

1. Introduction

Cystic fibrosis (CF) is caused by mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene, a cAMP-regulated anion channel. While our knowledge of CFTR
function has advanced greatly since the discovery of the gene in 1989, CF remains fatal [1, 2].
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While CF is a multi-organ system disease, most people with CF die of progressive lung disease
that begins early in childhood and is characterized by chronic bacterial infection and inflam‐
mation [2]. Nearly 90% of CF patients have at least one copy of the ΔF508 mutation, but there
are >2,000 disease causing mutations that result in a range of disease severities [2]. These
mutations can be divided into six classes based on the type and consequence of the mutation
(Table 1): class I, no synthesis; class II, defective processing; class III, defective regulation; class
IV, altered conductance; class V, reduced synthesis; and class VI, accelerated turnover [3].
However, new mutations continue to be identified and one mutation may fit into more than
one category by disrupting CFTR transcription, protein trafficking, or protein regulation in
more than one way. Pharmacologic approaches aimed at activating alternative ion transport
pathways [4-7], reducing inflammation [8, 9], and inhibiting or eliminating bacterial infection
[10, 11] are active areas of therapeutic development. There is also intense interest in identifying
interventions that might restore function to the mutant protein [5, 6, 12, 13]. The promise of
restoring function to mutant protein was recently validated in a clinical trial for the CFTR
conductance mutation G551D present in 2%–3% of CF patients [6]. However, unlike small
molecule potentiators or correctors, a CFTR gene replacement approach would be efficacious
regardless of the disease causing mutation and is potentially a single dose, life-long curative
therapeutic strategy for a devastating disease.

Class ~Frequency Mutation Type Common Representative CFTR Protein Outcome

I 10% Nonsense, splice G542X No CFTR

II 70% Missense ∆F508 Defective Processing

III 2%–3% Missense G511D Defective Regulation

IV <2% Missense R117H Altered Conductance

V <1% Missense, splice 3349+10KB Reduced Synthesis

VI <1% Missense N287Y Accelerated Turnover

Table 1. Six classes of mutations in CFTR that result in CF disease [3, 14, 15].

There are a great number of vector options for CFTR gene delivery. Non-integrating viral
vectors (i.e., adenovirus or adeno-associated virus) and non-integrating nonviral vectors (i.e.,
plasmid DNA or in vitro transcribed RNA) each have important attributes and have resulted
in significant advances in the CF gene therapy field (reviewed in [16-18]). However, potential
limitations to these episomal expression systems may include gradual decreases in transgene
expression over time and limiting host immune responses following vector readministration.
These pitfalls could be avoided if a therapeutic transgene is stably integrated into the genome
of a progenitor cell population. Thus, in this chapter, we focus on the use of integrating vectors
for gene delivery, although some of the topics covered will be relevant to multiple vector
systems.

This chapter discusses the common and emerging options for integrating vectors and efforts
to deliver integrating vectors to CF animal models. Defining “curing CF with gene therapy”
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is not nearly as simple as it appears at first glance. As such, we explore a variety of relevant
outcome measures. In addition, there are challenges that need to be taken into consideration
for pre-clinical and clinical in vivo studies, such as: delivery, efficiency, persistence, the
potential for insertional mutagenesis, and cell types to transduce.

2. Correcting the appropriate cells

Because pulmonary disease is generally the most life-limiting complication of CF, gene therapy
strategies focus on lung delivery of CFTR. Regardless of the gene delivery tool, an important
consideration for CF gene therapy is the target cell. In the proximal airways, CFTR is normally
most abundant in surface epithelial cells including ciliated cells, surface columnar cells, and
submucosal gland epithelia (SMGs) [19]; in distal airways only superficial epithelia express
CFTR. With this information in mind, we face two important questions. 1) What cell types need
to be transduced to attain lasting expression? 2) What percentage of cells needs to be trans‐
duced to correct CF lung disease? A goal of gene transfer to the pulmonary epithelium with
integrating vectors is to correct the CFTR defect in a population of cells that could pass the
corrected gene to their progeny, thus eliminating the need for vector readministration. There
appear to be several epithelial cell types in the lung that provide these functions, which has
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HCO3
- transport through CFTR might be more relevant to early disease pathogenesis than

Cl- secretion [46-49]. The relationships between HCO3
- secretion, airway surface liquid pH,

bacterial killing, mucociliary clearance, and mucus viscosity may be as important as Cl-

secretion as metrics for disease correction. The short answer to the question posed above is
“we do not know”; however, given current animal models and improved vector technologies,
the experiments necessary to address the question are feasible. Indeed, as we discuss below,
existing vector technologies are being optimized for lung gene transfer and novel integrating
vectors are being engineered.

3. Options for integrating gene delivery

3.1. Lentivirus

Lentiviruses comprise a genus of the virus family Retroviridae. All retroviruses are defined by
the ability to reverse transcribe their RNA genome and integrate proviral DNA into the genome
of the host cell [50]. Several features of lentiviral vectors (LVs) make them attractive vehicles
for delivering therapeutic genes, including their large coding capacity, efficient gene transfer,
persistent expression, directed tropism via pseudotyping, and lack of virus-encoded proteins
that could elicit undesirable immune responses [51-53]. Unlike gamma-retroviral vectors such
as murine Moloney leukemia virus (MMLV)-based vectors, the pre-integration complex of
lentiviruses can transverse the nuclear envelope and integrate its cargo into the genomes of
non-dividing cells [54]. The first recombinant lentiviral vectors were based on human immu‐
nodeficiency virus type-1 (HIV-1) and remain the most widely used lentiviral vector for gene
transfer applications [55]. The earliest recombinant HIV-1 viruses were created in the late 1980s
and were used to study HIV-1 biology [56].

Beginning in the 1990s and continuing to this day, there have been significant strides in
improving the safety and utility of HIV-based gene transfer vectors (reviewed in [50]). To
reduce  pathogenicity  and  render  the  vector  replication  incompetent,  most  modern  HIV
production systems are divided into four expression plasmids (Figure 1A):  1)  a plasmid
containing the transgene of interest flanked by the HIV long terminal repeats (LTRs); 2) a
packaging plasmid expressing the necessary structural and enzymatic proteins; 3) a separate
plasmid expressing HIV rev; and 4) an envelope glycoprotein expression plasmid. Multi‐
ple viral proteins, such as nef, vif, vpu, env, and vpr, have been deleted as well as much
of the U3 region of the 3’LTR. This latter deletion removes promoter and enhancer activity
from  the  LTR  and  has  been  termed  a  self-inactivating  (SIN)  modified  vector  [57].  The
woodchuck  hepatitis  virus  posttranscriptional  regulatory  element  (wPRE)  is  a  common
addition to LV vectors and functions to increase RNA stability, resulting in higher levels
of transgene expression [58, 59].
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Figure 1. Schematics of integrating transgene delivery systems. A) HIV-based lentiviral vectors are produced by four
plasmid transfection. The gag/pol plasmid supplies structural and enzymatic proteins; the env plasmid supplies the
envelope glycoprotein (typically VSV-G); rev is delivered in trans via its own plasmid. The “gene of interest” (goi) is
flanked by the long terminal repeats (LTRs) and driven by a heterologous promoter. Only the genetic material flanked
by the LTRs is packaged and integrated into the host genome. B) Recombinant DNA transposons are typically deliv‐
ered as a two-part plasmid system. Transposase catalyzes the transposition of the genetic material flanked by the ap‐
propriate terminal repeats (TRs) from the plasmid and into the host genome. C) DNA transposons can also be
delivered by viral vectors to improve delivery efficiency. One viral vector carries the DNA transposon and the other
carries the transposase. The goi is flanked by the transposon TRs, which in turn are flanked by the viral vector inverted
terminal repeats (ITRs). Once inside the cell, transposition functions as described in B.
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HIV-based LV delivery of CFTR is a promising option for CF gene therapy. In proof of principle
experiments using reporter genes, HIV conferred gene transfer to both ciliated and basal cells
of the mouse, sheep, marmoset, and ferret airways [60]. Xenografts transduced with HIV
expressing CFTR achieved functional correction as assessed by the measurement of transepi‐
thelial potential difference [61]. In a CF mouse model, delivery of CFTR by HIV resulted in
sustainable transgene expression for 18 months in ciliated, non-ciliated, and basal cells [53]
and partially recovered the anion channel defect [62]. These findings support HIV as a vector
candidate for CF gene therapy. Further studies in a large animal CF model to restore anion
channel defect to rescue pH and bacterial killing are important next steps in validating this
vector for CF gene therapy.

For LVs, the native envelope glycoprotein is deleted and a heterologous envelope is supplied.
This strategy, termed pseudotyping, modifies vector tropism. Glycoproteins from a wide
variety of enveloped viruses can be used to package LVs and, as will be discussed, multiple
groups have identified envelopes that confer lung gene transfer. The envelope glycoprotein
from vesicular stomatitis virus (VSV-G) efficiently pseudotypes LVs, confers wide tropism,
and is the most commonly used envelope glycoprotein. However, in well-differentiated
airway epithelial cells, VSV-G pseudotyped LV (VSVG-LV) preferentially transduces the
basolateral surface [63, 64]. By using pretreatments or vehicles that transiently disrupt
epithelial tight junctions, VSVG-LV accesses the basolateral surface of airway cells following
luminal delivery [65]. This strategy has also been shown to greatly improve VSVG-LV in
vivo gene transfer efficiency in the lungs of mice [62].

Feline immunodeficiency virus (FIV) is a non-primate LV with a less complex genome than
HIV. Unlike HIV, wild-type FIV naturally lacks tat, vpr, vpu, and nef. In addition, FIV-based
vector has vif deleted. Additional modifications to the FIV vector, such as deleting the major
splice donor, lead to a higher transduction efficiency and transgene expression [58]. Reporter
gene studies demonstrate that FIV transduces cells in the conducting airways, bronchioles,
and alveoli [66]. FIV-mediated delivery of CFTR corrects the anion channel defect in airway
epithelia [65]. FIV pseudotyped with the baculovirus envelope glycoprotein (GP64) preferen‐
tially transduces polarized airway epithelia at the apical surface [63], results in persistent gene
expression in mice [63], and supports gene transfer to airways of pigs [66]. Additionally, FIV
vectors can be readministered to mouse airways without blocking immune responses [67]. To
prolong virus exposure to the airways immediately following delivery, formulating vector
with a viscoelastic gel increases transduction efficiency in vivo [68, 69].

Simian immunodeficiency virus (SIV)-based LV also successfully transduces airway epithelia.
SIV carries little pathogenicity for its own host; therefore, modified strains of SIV could
potentially be a safer alternative to HIV-based LVs [70]. In studies using Sendai virus envelope
proteins (F and HN) pseudotyped SIV (F/HN-SIV), a single dose persisted for the lifetime in
the nasal epithelia of a mouse and achieved a dose-dependent increase in reporter gene
expression upon vector readministration [71]. In vitro, F/HN-SIV carrying CFTR can generate
functional chloride channels [72]. Additionally, SIV transduction results in persistent trans‐
gene expression in both differentiated human airway cells and freshly excised human lung
tissue [71].
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Equine Infectious Anemia Virus (EIAV) is another non-primate lentivirus that has been
investigated as a gene transfer vector. It has been studied extensively for neurological disease
applications, such as Parkinson’s disease [73]. EIAV pseudotyped with the influenza HA
envelope can transduce neonatal mouse airways, most notably, the nasal and lung epithelium.
Readministration of HA-EIAV resulted in decreased gene transfer efficiency [74].

3.2. DNA transposons

Recombinant DNA transposons are integrating nonviral vectors that confer efficient and stable
transgene expression in a variety of cell types. The DNA transposon Sleeping Beauty (SB) was
resurrected from defective copies of a Tc1-like fish element. SB transposes its genetic cargo
into host genomic loci using its catalytic transposase activity [75]. Recombinant DNA trans‐
posons used for gene transfer applications are comprised of a two-part system; one encodes
terminal repeats (TRs) flanking a transgene of interest (transposon), and the other a catalytic
protein responsible for transposition (transposase) (Figure 1B). Since the discovery of SB, other
transposons such as piggyBac and Tol2 have also been used in gene transfer applications
(reviewed in [76, 77]). DNA transposons are attractive tools for gene therapy because they have
a large carrying capacity and integrate into the genome.

Generally, transposon-based vectors are delivered as plasmids. This poses limitations for
delivery to some somatic cell types. To improve delivery, several formulations have been
investigated. Belur and colleagues described a protocol for complexing SB with polyethyle‐
neimine (PEI) for delivery to the airways of mice [78]. The efficiency of gene transfer was
approximated to be 1%–3% 2 months post delivery. The use of liposomes has also been
investigated as an alternative transposon delivery strategy. Somatic delivery of liposome–
protamine formulated SB resulted in a higher transduction efficiency than Lipofectamine 2000
while maintaining low toxicity and biocompatibility [79]. This non-viral vector approach
overcomes biological barriers and allows for chromosomal integration; however, to date, this
strategy has not been applied to delivering CFTR to the in vivo airways.

3.3. Hybrid DNA transposon/viral vectors

Delivery of plasmid-based transposon vectors to somatic cells in vivo is inefficient. To overcome
this limitation, multiple groups have used viral vectors to deliver transposon components
(Figure 1C). Recombinant DNA transposons delivered by non-integrating viral vectors,
termed hybrid vectors, are intended to combine the advantage of efficient transduction of the
viral vector with persistent expression of the transposon, creating an integrating vector.
Adenovirus (Ad) [80, 81], adeno-associated virus (AAV) [82], and integrase-deficient lentivirus
(ID-LV) [83, 84] have all been investigated as delivery tools for DNA transposons. An inte‐
gration analysis of SB delivered by ID-HIV suggests a similar, near random, pattern as is
observed for plasmid-delivered SB [83].

Yant et al. showed that SB delivered by a helper-dependent Ad vector can integrate into the
host chromosome in a transposase-dependent mechanism [75, 80]. Interestingly, in this system,
the initial transposition of SB out of the Ad genome required the use of Flp-recombinase to
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successfully deliver the transposon transgene [80]. More recently, the generation of a hybrid
piggyBac/Ad and piggyBac/AAV facilitated delivery of a nonviral transposon. However, unlike
SB, neither piggyBac/Ad nor piggyBac/AAV required an extra recombinase step for transposi‐
tion to occur [81]. In contrast to the hybrid SB, piggyBac has not exhibited overexpression
inhibition or limitations on size of the genetic cargo [85]. PiggyBac/Ad hybrid vector success‐
fully delivered a CFTR expression cassette to primary airway epithelial cultures in vitro that
corrected the anion transport defect up to 4 months in culture. In reporter gene studies,
transgene expression persisted for the 1-year duration of the experiment in mice [81].

4. Animal models of cystic fibrosis

Animal models serve an important testing ground for somatic cell gene transfer applications.
Mice with null mutations [86-89], specific disease associated CFTR mutations [90-92], and
conditional CFTR null alleles [93] have contributed to the understanding of molecular
mechanisms of CF. However, mice do not recapitulate several aspects of CF lung disease
pathogenesis. As discussed above, many studies evaluating integrating gene transfer vector
delivery to the lungs of mice have been conducted. For these reasons, we now discuss efforts
to deliver integrating vector to new animal models CF.

4.1. CF rat

Tuggle and colleagues used zinc finger nucleases to disrupt CFTR exon 3 in rats [94]. CFTR-/-

rats recapitulate many aspects of human disease including intestinal obstruction, obstruction
of the vas deferens, and abnormalities in nasal mucus production. It is currently not clear if
CFTR null rats develop lung disease. To date, no gene correction studies have been reported
in this novel model.

4.2. CF ferret

CFTR null ferrets were developed using AAV-mediated gene targeting in somatic cells, nuclear
transfer, and cloning [95]. Unlike CF mice, CF ferrets develop early and reproducible lung
infections that make it a promising platform for testing lung-directed CF therapies [95]. There
are several potential reasons for these species differences. First, Ca++-activated Cl- channels in
the mouse airway may compensate for cAMP-mediated CFTR Cl- transport [96, 97], a pathway
that appears to be less active in humans or ferrets [95, 98-100]. Second, in humans and ferrets,
goblet cells are the predominant secretory cell type of the cartilaginous airways [101-104],
whereas in mice the analogous secretory cell type is the club cell [105, 106]. Third, SMGs are
virtually absent in murine cartilaginous airways, with only a handful in the most proximal
regions of the trachea [106, 107]. SMGs are important for airway innate immunity in the ferret
[108] and humans [109, 110], and a potentially valuable site for CFTR expression [111-114].

Lentiviral gene transfer to the wild-type neonatal ferrets using EIAV- and FIV-based vectors
expressing fluorescent reporter genes was recently reported [115]. The EIAV was pseudotyped
with hemagglutinin (HA) from avian influenza A virus [74] and the FIV vector was pseudo‐
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typed with GP64 [63]. A liquid bolus of the vector was delivered to newborn ferrets via a
tracheal incision. Significant transgene infection was noted in respiratory epithelia of all lobes
in both the conducting and small airways with both vectors. Cmielewski and colleagues
delivered VSVG-HIV expressing the LacZ reporter to the lungs of 7—8-week-old ferrets [116].
Considerably less gene transfer was observed as compared to the HA or GP64 pseudotyped
LV gene transfer in the neonatal ferrets. Currently, it is unclear if these differences are due to
the vector pseudotype, age of the ferrets, or delivery protocol; however, these data suggest
that ferrets may be useful pre-clinical models for lentiviral vector development.

4.3. CF pig

Pigs are an important model for many studies of human cardiovascular diseases, injury and
repair, surfactants, inflammation, and pulmonary diseases (reviewed in [101]). Compared to
rodents, the pig lung is anatomically and physiologically more similar to humans [117, 118]
and has been studied extensively in xenotransplantation. The prenatal maturation of the pig
lung is similar to humans and includes extensive alveolarization [119]. Pig airway branching
and cell composition is much more akin to human airways than to those of mice. The cell types
comprising the conducting airway epithelium in pigs and humans are similar, and notably
lack the high percentage of club cells typical of mice. The pig bronchial epithelium is pseu‐
dostratified and contains ciliated, basal, and goblet cells, and abundant SMGs (reviewed in
[101]). Importantly, the distribution of SMGs in the conducting airways and the CFTR-
dependent and -independent secretion of liquid and macromolecules is similar to humans
[112, 120-122].

Pigs with CFTR null and ∆F508 knock-in alleles were generated by AAV-mediated homolo‐
gous recombination and somatic cell nuclear transfer [99]. Breeding heterozygous male and
females generated homozygous CFTR-/- pigs, and their striking neonatal phenotype was
described [99, 123]. Newborn CF pigs exhibit severe disease similar to humans including
pancreatic insufficiency, meconium ileus with intestinal obstruction, absence of the vas
deferens, and evidence of liver and gall bladder disease [123]. Importantly, CFTR null and
∆F508 pigs spontaneously develop lung disease with many features similar to humans with
CF including bacterial infection, inflammation, abnormal mucociliary clearance, bronchiecta‐
sis, and remodeling.

In a recent study, we compared HIV- and FIV-based lentiviral vectors in well-differentiat‐
ed human and pig airway epithelia [66]. FIV transduced pig airway epithelia with greater
efficacy than HIV, but both FIV and HIV transduced human airway epithelia with equal
efficacy [66]. We further screened a number of envelope glycoproteins and identified GP64
as one of the most efficient pseudotypes for transduction and persistent expression in both
pig and human epithelial cells [66]. A mCherry marker virus was delivered to wild-type
pigs 4 weeks of age. A bolus dose of GP64-FIV vector was delivered to the ethmoid sinuses
or to the tracheal lobe through a catheter threaded through the suction channel of a pediatric
bronchoscope. We estimated the range of transduction efficiencies in the pig airways to be
from <1 to 7%. In future studies,  we will  deliver CFTR expressing vector to CF pigs to
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determine the preferred gene transfer targets and the level of CFTR correction required to
prevent or slow disease progression

5. Outcome measures

In pre-clinical studies of CF gene therapy, it is vital to define metrics of correction before the
studies are initiated. It would be naïve to simply deliver vector to the airways and “look and
see” if the airway disease is cured. CF is a complex disease with many phenotypic features and
clearly defining the disease progression in an untreated CF animal model is vital. As experience
is gained with new animal models, additional assays for correction will be established and
refined. Importantly, these metrics may apply to multiple gene correction but may not be
feasible in all animal models.

5.1. Quantitative real-time PCR and CFTR protein expression

Quantitative real-time RT-PCR is a sensitive assay for measuring vector expressed CFTR
mRNA [123]. At progressive time-points post vector delivery, whole tissue or brushings of
nasal or tracheobronchial epithelia can be obtained. Silent mutations can be engineered into
the vector expressed CFTR cDNA so that transgene expression can be differentiated from
endogenous CFTR. Using a similar strategy, vector genome copy number can be estimated.
Genomic DNA from a portion of the same tissue or epithelial brushings can be purified and
copy number estimated by normalizing to endogenous DNA and a standard curve. Appro‐
priate controls would include wild type and untreated affected littermates. To identify cells
expressing the CFTR protein, immunohistochemistry and immunofluorescence protocols have
been reported [123]. Using these approaches, the percentage of cells expressing CFTR and the
cell types expressing CFTR can be determined [124].

5.2. Functional correction

Nasal potential difference (NPD) is an established assay for demonstrating in vivo correction
of CFTR-dependent Cl- transport [125-127]. For many of these studies, vector was delivered
nasally and the NPD was used as evidence of CFTR complementation. Ideally, for integrating
vectors, predelivery, early post-delivery, and late post-delivery timepoints in the intrapulmo‐
nary airways should be measured. As early as 1 week after gene transfer, the nasal voltage and
its response to amiloride, low Cl-, and cAMP agonists can be measured [90, 123, 128]. Animals
could be followed with serial monthly nasal voltage measurements over a 12-month or longer
period to document persistence of expression. Importantly, CFTR is an anion channel that
conducts both Cl- and HCO3

-. As mentioned above, correcting ~10% of cells is often cited as a
benchmark for restoring Cl- transport and correcting the clinical phenotype. However, other
studies also suggest that defective HCO3

- transport might be relevant to disease. Multiple
studies of CF mouse cervical mucus [46, 47], CF mouse small intestinal mucus [48], and human
CF nasal SMGs [49] support the importance of CFTR-dependent HCO3

- transport in CF
pathogenesis. Loss of CFTR-dependent HCO3

- transport acidifies liquid produced by surface
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mRNA [123]. At progressive time-points post vector delivery, whole tissue or brushings of
nasal or tracheobronchial epithelia can be obtained. Silent mutations can be engineered into
the vector expressed CFTR cDNA so that transgene expression can be differentiated from
endogenous CFTR. Using a similar strategy, vector genome copy number can be estimated.
Genomic DNA from a portion of the same tissue or epithelial brushings can be purified and
copy number estimated by normalizing to endogenous DNA and a standard curve. Appro‐
priate controls would include wild type and untreated affected littermates. To identify cells
expressing the CFTR protein, immunohistochemistry and immunofluorescence protocols have
been reported [123]. Using these approaches, the percentage of cells expressing CFTR and the
cell types expressing CFTR can be determined [124].

5.2. Functional correction

Nasal potential difference (NPD) is an established assay for demonstrating in vivo correction
of CFTR-dependent Cl- transport [125-127]. For many of these studies, vector was delivered
nasally and the NPD was used as evidence of CFTR complementation. Ideally, for integrating
vectors, predelivery, early post-delivery, and late post-delivery timepoints in the intrapulmo‐
nary airways should be measured. As early as 1 week after gene transfer, the nasal voltage and
its response to amiloride, low Cl-, and cAMP agonists can be measured [90, 123, 128]. Animals
could be followed with serial monthly nasal voltage measurements over a 12-month or longer
period to document persistence of expression. Importantly, CFTR is an anion channel that
conducts both Cl- and HCO3

-. As mentioned above, correcting ~10% of cells is often cited as a
benchmark for restoring Cl- transport and correcting the clinical phenotype. However, other
studies also suggest that defective HCO3

- transport might be relevant to disease. Multiple
studies of CF mouse cervical mucus [46, 47], CF mouse small intestinal mucus [48], and human
CF nasal SMGs [49] support the importance of CFTR-dependent HCO3

- transport in CF
pathogenesis. Loss of CFTR-dependent HCO3

- transport acidifies liquid produced by surface

Cystic Fibrosis in the Light of New Research336

epithelia [129, 130] and secretions from SMGs [49]. Thus, measurements of HCO3
- transport

may also be an important metric of functional correction.

As a result of abnormal CFTR-dependent HCO3
- secretion, airway surface liquid pH is

acidified. The ASL of primary cultures of CF pig airway epithelia [130], newborn CF pig
airways [130], and the nasal pH of newborn babies with CF [131] is acidic. In CF pigs, the
acidity has been shown to impair bacterial killing [130]. In addition, there are new techniques
to measure mucus viscosity, mucociliary clearance (MCT), and lung function in large animal
models [101]. Importantly, defects in airway MCT and SMG mucus detachment recently were
identified in CF [132]. The bacterial killing defect is a quantifiable characteristic of CF airways.
Bacterial killing is impaired as a result of reduced bicarbonate anion secretion and increasing
ASL pH rescues bacterial killing [130].

5.3. Reduced infection and inflammation

A goal of gene therapy for CF is to prevent the onset or reduce the progression of lung disease.
Signs of reduced infection and inflammation in treated animals can be visually inspected in
the airways. Bronchoscopy can be used to detect signs of inflammation, such as mucosal
inflammation and excessive purulent secretions. Total cell counts, cell differentials, and
cytokine levels are obtained from bronchoalveolar lavage (BAL) as standard assay for infection
and inflammation. In addition, standard quantitative microbiologic techniques are used to
identify and quantify BAL bacteria [133]. Biopsies can also be obtained from larger animal
models such as the CF pig. These samples can also be used for sequencing-based analyses. As
we learn more about the disease progression in new animal models of CF, improved metrics
of functional correction are being developed. High-resolution computerized tomography
(HRCT) facilitates detailed structural analysis of the airways [101]. HRCT scans can discern
anatomic changes in the airways over time in control and treated animals [134].

6. Challenges to pulmonary gene transfer with integrating vectors

6.1. Delivery

The lung is an attractive target for gene therapy because, unlike most other tissues, the vector
can be topically delivered. Vector delivery to the airways of mice, rats, and newborn ferrets is
most easily accomplished by nasal or intratracheal bolus delivery of vector resuspended in a
liquid vehicle such as buffered saline [135], LPC [60, 62], or a viscoelastic gel [68, 69]. In small
animals, bolus delivery using a relatively small volume of vector (25-50 μl) can achieve
widespread gene expression throughout the airways. However, in large animal models such
as pigs or sheep (and ultimately humans), aerosolization will likely be required to achieve a
widespread pulmonary distribution. In general, devices for generating airborne vector fall into
three categories: aerosolizing catheters, nebulizers, and atomizers. All of these devices convert
liquids into particles small enough to be respired.
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Aerosolizing catheters convert liquids into particles at the point of expulsion. Typically, an
aerosolizing catheter is first passed into the trachea and then the vector is instilled. The
Microsprayer® (PennCentury) and the AeroProbe® catheter (Trudell Medical International)
are examples of delivery systems for this application. According to the manufacturer, it is
possible to generate particles with aerodynamic diameters of 4–8 μm. The Trudell AeroProbe
was previously used to aerosolize helper-dependent adenovirus vectors to rabbit airways [136,
137] and to deliver Sendai virus vectors to sheep [138]. Since Sendai virus and lentiviruses are
both enveloped, it is likely that this approach is feasible with lentiviral vectors. In addition,
aerosolized VSVG-LVs have been successfully delivered to the airways of mice [139].

Successful vector aerosolization has been reported in mice [140], rabbits,[136, 137], pig [141]
and sheep airways [142, 143]. By 2–3 weeks of age, wild type pigs are large enough to be sedated
and have a pediatric bronchoscope passed into the trachea. The AeroProbe® catheter can be
passed to the carina via the bronchoscope suction channel with the animal breathing sponta‐
neously. In this way, an integrating vector can be aerosolized and targeted to specific bronchial
segments.

In the case of nebulizers, the liquid is first converted into mist and then passively inhaled.
Using this strategy, a plasmid-based vector was delivered to the airways of CF patients in a
phase IIB gene therapy trial [144]. This approach could potentially be used to deliver DNA
transposon or hybrid vectors. However, this strategy may not be feasible with enveloped viral
vectors because this class of vectors may not be stable enough to withstand nebulization. In
addition, nebulization requires a large volume of concentrated material; therefore, would be
the least economic delivery strategy for LVs.

Atomizers are a subclass of aerosolizing catheters that deliver larger sized particles. An
atomizer, such as the MADgicTM (LMA) atomizer, delivers large droplets (~30–90 μm in
diameter), which may vary in size depending on the force applied to the syringe plunger. This
type of device is often used to topically deliver medications to the airways [145]. Our group
has observed that this type of atomizer is an effective delivery device for multiple viral vectors
including FIV, particularly when formulated with a viscoelastic material such as methylcel‐
lulose.

6.2. Insertional mutagenesis

Since persistent gene expression from lentiviral vectors requires genomic integration, they
show promise for treating life-long genetic diseases; however, there is inherent risk when
introducing a transgene with integrating vectors. Insertional mutagenesis may disrupt normal
cell functions by inactivating an essential host gene or inappropriately causing expression of
an undesirable gene. The risk will vary depending on the vector used, the transgene cassette,
and the cell type targeted. In many cases, enhancer effects pose the greatest danger. So far,
malignant cell transformation after vector-mediated insertional mutagenesis has only been
observed in three clinical entities (X-linked severe combined immunodeficiency (SCID-X1),
chronic granulomatous disease (CGD), and Wiskott–Aldrich syndrome (WAS)), all of which
occurred in conjunction with the use of first-generation gamma-retroviral vectors harboring
LTRs with strong enhancer/promoter sequences [146-150]. These studies were conducted in
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immunocompromised patients where gene transfer conferred a selective advantage to
corrected cells. The vector and disease settings likely influenced the risks for insertional
mutagenesis and subsequent clonal expansion. Modern LVs are engineered to lack enhancer/
promoter sequences within the LTRs and delivering CFTR to somatic cells has no known
selective advantage. Considerable effort has been put toward mapping integration patterns
and determining the functional consequences of LVs and retroviral vectors (reviewed in [151,
152]). LV integration analyses conducted on adrenoleukodystrophy clinical trial patients
demonstrate that the genomic distribution maintain a polyclonal pattern [153]. Montini and
colleagues demonstrated that LV integrations, even at high vector titer loads, did not accelerate
tumorigenesis in tumor prone mice. In contrast, gamma-retroviral vector transduction
triggered a dose-dependent acceleration of tumor onset [154].

The burden of proof has fallen on LV researchers to demonstrate that LVs do not cause
cancer via insertional mutagenesis. It is unlikely that this can ever be demonstrated with
absolute certainty; however, the evidence to date suggests that current LVs are considera‐
bly safer than the gamma-retroviral vectors that were first brought to clinical trials. In fact,
results  from human clinical  trials  using LVs are encouraging and the feasibility of  gene
therapy  for  monogenetic  diseases  is  now  firmly  established  [155].  Recent  promising
examples  include  Wiskott–Aldrich  Syndrome  [156,  157],  metachromatic  leukodystrophy
[158,  159],  acute  lymphoid  leukemia  [160],  lymphoma [161,  162],  and  multiple  primary
immuno-deficiencies [163].

7. Conclusions

Within  a  year  of  the  discovery  of  CFTR,  investigators  validated  the  concept  that  gene
replacement could reverse the ion transport defect in vitro,  suggesting that gene therapy
may  be  possible  [164,  165].  We  and  others  have  demonstrated  that  CFTR  delivery  by
integrating vectors can correct the CF anion defect in vitro and in vivo, and although further
pre-clinical trials are warranted, there is great potential for translating this strategy to the
clinic. As discussed, estimates of the percent of CF epithelia requiring correction vary and
there  is  debate  about  which  cell  types  must  be  corrected to  achieve  phenotypic  correc‐
tion; however, interest in CF gene therapy remains strong as barriers to gene transfer are
identified,  outcome  measures  are  established,  CF  animal  models  with  lung  disease  are
developed, and better delivery systems are engineered. Demonstration of corrective gene
transfer to pristine newborn lungs in CF animal models is a vital first step before looking
ahead to correcting more diseased lungs. Newborn screening for CF is now established in
all 50 states, allowing early disease detection. This offers an opportunity to introduce an
integrating therapeutic gene transfer vector to the airway epithelium prior to the onset of
chronic infection and inflammation. This strategy is a potentially life-long curative therapy
regardless of the disease-causing mutation.
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Abstract

The cystic fibrosis transmembrane conductance regulator (CFTR) gene was cloned
over two decades ago and a vast number of pre-clinical and clinical studies have been
performed since that time. Despite this progress, a true "cure" for the disease has not
been achieved, partly because the lung is a major barrier for intruders, making it
exceedingly difficult for new pharmaceutical formulations to penetrate target cells.
Safety-engineered viral vectors, such as adeno-associated viral vectors (AAVs) or
integrase-defective lentiviruses, have been used with moderate success in temporarily
supplementing the expression of critical proteins. However, stability and safety
concerns often dampen the effects of these approaches. With emerging technologies,
such as modified messenger (mRNA) and new genome editing strategies, scientists
are now exploring the possibility of not only supplementing defective proteins, but
instead, correcting the genetic defects at their source. This chapter will highlight the
theoretical possibilities and primary data in pre-clinical models supporting the efforts
toward in vivo gene correction of cystic fibrosis (CF).

Keywords: Cystic fibrosis (CF), gene correction, messenger RNA (mRNA), zinc fin‐
ger nuclease (ZFN), transcription activator-like effector nuclease (TALEN), clus‐
tered regularly interspaced short palindromic repeats (CRISPR), CRISPR/Cas9,
dimeric CRISPR RNA-guided FokI

1. Introduction

Cystic fibrosis (CF) is the most prevalent life-shortening autosomal recessive disorder in
Caucasian populations [1]. Occurring in 1 out of every 3,500 newborns in the United States,
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and 1 out of every 2,000–3,000 in the European Union, CF affects more than 70,000 individuals
worldwide [2]. Chronic lung disease is the major factor contributing to morbidity and mortality
among CF patients, as abnormal airway secretions and chronic endobronchial infection lead
to progressive airway obstruction. In addition to the respiratory tract, the disease may also
affect the pancreas, liver, kidneys, intestine, and reproductive system [3].

Disease severity varies greatly among those with CF, depending largely upon the degree to
which the lungs are affected. However, eventual deterioration of the lungs leading to airway
obstruction and death is inevitable, and for many years the average CF patient was not
expected to reach adulthood [2]. Over the course of the past three decades, advancements in
modern medicine have allowed physicians to postpone debilitating changes to the lungs,
slowing the progression of disease and allowing many individuals with CF to live well into
their 50s or 60s. Despite these advances in current therapy, the median age of survival remains
only 33.4 years [2], emphasizing the need for novel therapeutic approaches to further improve
patient outcomes in CF.

2. The pathophysiology of cystic fibrosis

Cystic fibrosis is the direct result of a mutation in both alleles of CFTR. This gene is responsible
for encoding the CFTR protein, a chloride ion channel anchored in the plasma membrane of
lung cells, pancreatic cells, sweat and other exocrine glands. Functionally, CFTR is important
for the production and movement of sweat, digestive fluids, and mucus across the membrane,
where mutations in the encoding gene may result in impaired anion secretion and hyper-
absorption of sodium across epithelia [4–6].

Over 1500 different mutations have been described in the CFTR gene, each leading to different
defects in the CFTR protein itself [7]. In the most common mutation, the deletion of phenyla‐
lanine (F) from position 508 (∆F508), improper protein folding results in the degradation of
CFTR by the cell, which limits the amount of CFTR that reaches the epithelial cell surface.
∆F508-CFTR accounts for approximately 70% of CF cases worldwide and 90% of those
occurring in the United States [7].

Alternative mutations in CFTR may result in truncation of the protein via premature stop
codons, prevention of proper processing, folding, or trafficking to the plasma membrane, or
interference with the chloride channel’s ion transport ability, leading to poor gating or
conductance [8]. A patient’s specific CFTR gene mutation often dictates the severity of his or
her disease, as well as the availability of drugs designed to target their particular protein defect.

In addition to mutations within CFTR itself, polymorphisms in other genes may also modify
disease  severity  in  patients  with  CF  [9,10].  For  instance,  genetic  variation  in  the  gene
encoding transforming growth factor  β1  (TGFβ1)  has  been  associated with  more  severe
pulmonary phenotypes predictive of poorer long-term outcomes [9]. Polymorphisms in the
histone-deacetylase-dependent transcriptional co-regulator,  IFRD1,  have also been shown
to  modulate  the  pathogenesis  of  CF  lung  disease  through  the  regulation  of  neutrophil
effector function [10,11].
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Traditional management strategies for CF typically involve the use of antibiotics to treat
infection as well as agents or mechanical devices to improve mucus clearance and prevent
damage to the lungs. Non-CFTR ion channel agents, for instance, are small molecules designed
to normalize the transport of sodium and chloride by targeting non-CFTR ion channels
expressed by epithelial cells. Osmotic agents, or inhaled hypertonic solutions, have also been
employed to restore airway surface liquid by drawing liquid out of the airway epithelium and
into the mucus [12].

In more recent years, the characterization of CFTR mutations and genetic modifiers have
provided numerous targets for the development of novel therapies aimed at treating the
underlying cause, rather than symptoms, of the disease. These agents are designed to directly
compensate for CFTR mutations in one of three main ways:

• Overcoming the specific functional defect in the patient’s CFTR protein (Figure 1),

• Supplementing the cell with a functional copy of the CFTR protein (Figure 2), or

• Repairing the CFTR gene mutation at its source (Figure 3).

3. Targeting functional defects in CFTR Protein: Small molecule CFTR
modulators

A number of small molecules have been designed to overcome the functional defects in CFTR
protein caused by upstream gene mutations (Figure 1). These CFTR modulators can be
classified into three families according to the specific functional defect that they target:
premature stop codon suppressors, correctors, and potentiators [13].

Premature stop codon suppressors, otherwise known as production correctors or read-
through agents, encourage the cell to overlook any premature stop codons transcribed within
the CFTR mRNA (Figure 1A). They instruct cellular ribosomes to read-through these prema‐
ture termination codons as the mRNA is being translated into protein. This encourages the
production of full-length CFTR. Several CFTR mutations interfere with proper protein
processing, resulting in misfolded CFTR that is degraded by the cell. Correctors focus on
improving the processing and transport of CFTR protein to the cell surface (Figure 1B). By
ensuring that CFTR is processed and folded correctly, the protein can be trafficked to the
plasma membrane where it functions. Additional CFTR mutations allow this chloride ion
channel to arrive at the plasma membrane, but cause defects in its gating or conductance ability.
Potentiators work on these defects, to enhance opening of the channel or increasing the flow
of chloride ions (Figure 1C) [13].

Lumacaftor (VX-809, Vertex Pharmaceuticals), for instance, is a CFTR corrector that increases
trafficking of ∆F508-CFTR to the epithelial cell surface [14]. Lumacaftor has also been used in
combination with ivacaftor (VX-770, Vertex Pharmaceuticals, trade name Kalydeco), a CFTR
potentiator that improves the transport of chloride through CFTR channels rendered dys‐
functional by G551D or R560T missense mutations. By binding to the channels and inducing
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a non-conventional mode of gating, ivacaftor increases the probability that the chloride
channel is open [14]. Another small molecule CFTR modulator, ataluren (PTC124, PTC
Therapeutics, trade name Translarna in the EU), is a production corrector that makes ribo‐
somes less sensitive to G542X or W1282X nonsense mutations [15]. Overcoming these prema‐
ture stop codons allows the synthesis of full-length, functional CFTR. Together, these small
molecule modulators focus on addressing the functional defects in a patient’s own CFTR
protein.

Gene therapy: Gene supplementation and transcript supplementation
therapy

Instead of addressing the functional deficit in a patient’s endogenous CFTR, another approach
involves supplementing the cell with an exogenous, functional copy of the protein (Figure 2).
This can occur in one of several ways: through gene, transcript, or protein replacement therapy.
By delivering a functional copy of the CFTR, subsequent mRNA transcript, or protein itself,
the cell may regain enough CFTR function to halt the progression of disease. Protein replace‐
ment strategies have met limited success, as the therapeutic protein is often metabolized before
it can enter the target tissue. Gene and transcript therapy approaches, however, continue to

Figure 1. Small molecule CFTR modulators target functional defects within the CFTR protein. Three types of CFTR
modulators have been developed: premature stop codon suppressors (A), correctors (B), and potentiators (C). These
small molecules act by targeting the transcription, translation, protein processing, membrane trafficking, and ion trans‐
port functionality of the CFTR protein, respectively.
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be investigated. Unlike CFTR modulators, these approaches have the potential to be used for
all CF patients, regardless of the type of mutation they carry.

Figure 2. Gene, transcript, and protein replacement therapy supplement cells with a functional copy of the CFTR
protein. Supplementing the cell with functional CFTR cDNA (A), mRNA transcripts (B), or CFTR protein (C) is anoth‐
er method of overcoming the genetic defects underlying Cystic Fibrosis.

4.1. Gene supplementation therapy

The two main forms of gene supplementation therapy are defined by the vehicle used to deliver
functional cDNA to the cell: this consists of either viral or non-viral vectors (Figure 2A).

Non-viral vectors are typically comprised of plasmid DNA (pDNA) complexed with carrier
molecules, such as cationic lipids or polymers. By binding to the negatively charged pDNA,
these molecules either condense or encapsulate the DNA, forming lipoplexes or polyplexes
that are then thought to be endocytosed by the cell [16]. In the absence of non-human, viral
protein components, it is believed that non-viral vectors may incite minimal immune activation
and increase the opportunity for repeat administration. However, even pDNA expression is
often limited by CpG motifs that induce strong immune responses through innate immune
receptors, such as Toll-like receptor 9 (TLR9) [17]. In addition, non-viral vectors are typically
much less efficient than viral vectors at transfecting slowly dividing mammalian cells. This is
due to the fact that viruses have evolved efficient strategies for improving cell entry, endosomal
escape, cytoplasmic trafficking, and nuclear uptake, all of which make them naturally skilled
vehicles for delivering therapeutic cDNA to the cell nucleus [16].
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Viral vectors have been designed to harness these evolutionary advantages, while removing
components of the viral genome that may cause harm. The ideal viral vector should be
replication defective, non-immunogenic, and avoid integrating into actively transcribed genes.
Random integration events into an oncogene or tumor suppressor may cause insertional
mutagenesis leading to cell death or cancer.

Adenoviral vectors (Ad) engineered to be devoid of the viral genome were the first to be
utilized for CF gene supplementation therapy. These vectors have the advantage of being non-
integrating, with a natural tropism for the lung. In clinical trials using Ad-CFTR, low levels of
gene transfer and partial correction of chloride transport in nasal epithelium were observed
in some patients [16]. However, issues such as dose-dependent lung inflammation and
humoral and cellular immune responses preventing repeat administration remained limiting
factors.

Adeno-associated viral vectors (AAV) also remain largely episomal inside the nucleus,
minimizing the threat of insertional mutagenesis. Over 130 serotypes of AAV have been
identified, with each viral capsid demonstrating its own unique transduction profile [18].
Capsids from AAV1, 5, 6, 8, and 9 may be the most efficient for transducing cells of the airway
epithelium [19]. In addition, the creation of hybrid AAV capsids, such as AAV6.2, may allow
the customization of vectors optimized for transducing the desired target cell. Early phase I
trials with AAV2.CFTR showed limited efficacy, due in part to the use of a non-lung-tropic
AAV2 serotype, limited packaging space for an optimal promoter (CFTR cDNA uses 4.7kb of
the vector’s ~5kb packaging capacity), as well as AAV capsid-specific immune responses
limiting repeat administration [16]. Strategies aimed at minimizing adaptive immunity to AAV
vectors or reducing the need for repeat administration continue within the field. Removing
CpG motifs from AAV vectors or designing hybrid AAV capsids has been shown to reduce
innate and adaptive immune responses following intramuscular delivery [20,21]. Targeting
AAV delivery to progenitor cells in mouse lung also shows promise as a means of avoiding
lung cell turnover and circumventing the need for redelivery [22].

Lentiviral vectors based on recombinant human (HIV), simian (SIV), feline (FIV), and equine
(EIV) immunodeficiency viruses have also been investigated for gene replacement therapy
[16]. Lentiviral vectors are pseudotyped with the envelope proteins from various viruses to
increase tissue tropism. The vesicular stomatitis virus G (VSV-G) envelope glycoprotein has
most commonly been incorporated, although the F and HN proteins from murine parain‐
fluenza virus type 1, or Sendai virus (SeV), may improve airway transduction. Studies with
SeV-pseudotyped lentiviral vectors have accommodated repeat administration to murine
airways in pre-clinical studies [23]. Should repeat administration also be feasible in human
subjects, the two major remaining limitations to lentiviral use include safety concerns over
genomic integration and scale-up of vector production. The concern over vector integration
came to the forefront in 2003, when the integration of a retroviral vector used to treat X-linked
severe combined immunodeficiency (X-SCID) triggered unexpected activation of a proto-
oncogene leading to leukemia in nearly half of the trial’s participants [24,25].
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4.2. Transcript supplementation therapy

In recent years, transcript supplementation therapy has been introduced as an alternative to
gene replacement therapy (Figure 2B). As mRNA transcripts are not capable of integrating into
the chromosome, the threat of insertional mutagenesis is completely void. Following uptake
via receptor-mediated endocytosis and lysosomal trafficking, mRNA also completely avoids
the rate-limiting step of nuclear entry, being translated rapidly and efficiently directly in the
cytoplasm [26]. With its naturally short half-life, mRNA transcripts are particularly useful for
applications where short bursts of protein expression are desired. However, the addition of
chemical modifications mimicking endogenous mRNA modification schemes has increased
expression and stability, while decreasing immune responses. One major benefit to the use of
chemically modified mRNA is the ability to readminister the vector as necessary.

The use of mRNA itself has long been appealing as an alternative to gene-based delivery
vehicles. Unfortunately, for many years researchers were unable to use in vitro transcribed
mRNAs to upregulate protein expression in vivo, as these transcripts were immediately
recognized and destroyed by the immune system following injection [27]. Recent work has
shown that by completely substituting uridine with pseudouridine during mRNA synthesis,
the binding affinity of mRNA to innate immune receptors can be reduced, making systemic
in vivo application possible [28,29]. More recent work has shown that partial substitution of
combinations of various nucleotide modifications, more closely mimicking those observed in
endogenous transcripts, can yield mRNA transcripts with further increased stability, specifi‐
cally in murine lung [30,31]. This emphasizes that the design of mRNA may have substantially
different effects in specific organs in vivo compared with in vitro use.

In one recent study, transcript therapy with chemically modified surfactant protein B (SP-B)
mRNA exhibited success in achieving therapeutic levels of protein expression in a murine
model of SP-B deficiency [30]. Repeated intratracheal administration of modified Foxp3 mRNA
to murine lung was also shown to alleviate asthma symptoms in two different models of
experimental asthma [31]. Both of these models demonstrate the efficacy of nucleotide
modified mRNA in achieving therapeutic levels of protein expression in the lung following
repeated, in vivo delivery. As a vehicle for delivery, modified mRNA may present a safer
alternative to viral and non-viral DNA-based approaches, as immune activation can be
efficiently prevented and the possibility of genomic integration is eliminated. Importantly,
however, due to the short half-life of mRNA, the benefits of modified mRNA transcripts may
be better utilized outside of direct transcript supplementation.

5. Repairing the CFTR mutation: Gene correction with genome-editing
nucleases

With residual limitations in optimizing gene and transcript supplementation therapies for CF
lung disease, a new field has begun to emerge: aiming to correct, rather than supplement, the
defective gene. Compared to gene or transcript replacement approaches, “gene correction”
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aims to replace the defective portion of the CFTR gene with a normal allele at its natural
chromosomal location (Figure 3). The repair of a mutant gene directly at its original locus has
two major advantages. Most importantly, the corrected gene remains under control of its
endogenous promoter, hence assuring life-long expression and native regulation in the cell.
Moreover, depending on the delivery vehicle(s) used, gene correction has the potential to avoid
the involvement of foreign DNA, thus reducing the risk of insertional mutagenesis.

Figure 3. Gene correction approaches aim to repair the CFTR gene mutation directly at the endogenous chromoso‐
mal locus. The use of mRNA-encoded site-specific nucleases (SSE) can introduce double-strand breaks (DSB) near the
genetic defect(s). If a donor vector with corrected sequence is also delivered to the cell, it can be utilized as a template
for homologous repair (HR) as the cell works to repair the DSB (A). Successful homology-directed repair (HDR) will
result in a corrected chromosomal locus, even after the SSE and donor template delivery vehicles are no longer ex‐
pressed (B).

Several lines of investigation into viable gene correction approaches have been pursued. These
involve the use of genome-editing nucleases, such as ZFNs, TALENs, or CRISPR-based
systems, to take advantage of the cell’s natural damage repair pathways. In this strategy,
delivery of a site-specific-endonuclease (SSE) or SSE pair elicits a double-strand break (DSB)
in the defective gene near the site of an unwanted mutation or sequence, initiating cellular
repair mechanisms including homologous recombination (HR) and non-homologous end-
joining (NHEJ).

NHEJ, an error-prone process, can be utilized to initiate mutations that essentially disrupt or
knock out an undesirable gene. As NHEJ repairs the DSB by ligating the broken strands
together, this process commonly results in small insertions or deletions of base pairs, known
as indels. The generation of indels at the repair site can cause frame-shift mutations that
prevent the protein from being properly transcribed and translated. This concept was dem‐
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onstrated in 2008, when investigators utilized ZFNs and NHEJ to disrupt the HIV co-receptor,
CCR5, rendering human CD4+ T cells more difficult for the HIV virus to transfect [32]. Through
this mechanism, multiple nuclease pairs can also be utilized to create two DSBs, where NHEJ
may completely cut out large segments of unwanted genomic sequence [33,34].

Alternatively, a donor template can be delivered to the cell in addition to the nuclease(s), and
used as a guide for directing HR, in a process referred to as homology-directed repair (HDR).
In HDR, an extra-chromosomal donor fragment or “repair template” contains regions of
significant homology up- and downstream of the DSB site. In between the homology arms,
the repair template houses the desired, corrected sequence. Once the nuclease has cleaved, the
regions of homology will be used as a template for rebuilding the site. As a result, the mutation-
free sequence housed between homology arms is incorporated into the chromosome (Figure 3).

In cases where the patient is homozygous for the target allele, the uncleaved copy of the allele
may be favored as a template for HR, decreasing efficiency. As such, it is important to pro‐
vide the repair template in excess, to ensure that the target cell favors the repair template over
the sister chromatid. It is also important to note that even when a repair template is provided
in excess for HR, SSE binding and cleavage can also occur at off-target sites, which may initiate
NHEJ. In the case of an off-target cutting event, NHEJ can cause unexpected mutations that may
be harmful to the cell. As a result, potential off-target binding sites of the SSE should be predicted
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◦ High binding specificity

◦ Transient nuclease expression

• High cleavage efficiency

• Delivery to the cell using vectors that minimize insertional mutagenesis risk
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Zinc fingers are a common DNA-binding protein that can be found in nearly half of all
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engineered to recognize and bind specific target sequences. ZFN technology takes advantage
of this by attaching a DNA-cleaving nuclease to the zinc finger-binding domain. The result is
a site-specific binding protein that can cleave a strand of DNA at a precise location.
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ZFNs utilize the non-specific DNA cleavage domain from the FokI restriction endonuclease to
confer their cleavage activity [39]. Their design traditionally incorporates the wild-type FokI
cleavage domain; however, more recent studies have utilized variants with improved cleavage
activity or specificity [40–42]. Functioning as a dimer, the FokI domain requires two ZFN
constructs, working together as a pair: one ZFN binds to a sequence immediately upstream of
the intended cut site, while the other targets sequence immediately downstream of the cut site
on the complementary strand (Figure 4A). This alignment places the C-terminal nucleases at
a desired distance apart across the cut site, where they dimerize and create a DSB. Proper
spacing of binding and cleavage domains is critical for optimal DSB induction.

Figure 4. Genome-editing nucleases: Mechanisms of action. An overview of the mechanisms of DNA binding and
cleavage used by ZFNs (A), TALENs (B), CRISPR/Cas9 (C), the dimeric CRISPR RNA-guided FokI system (D), and
meganucleases (E). PAM, protospacer adjacent motif; sgRNA, single guide RNA; RuvC, nuclease domain in Cas9 that
cleaves the non-target strand of DNA; HNH, nuclease domain in Cas9 that cleaves the target strand of DNA.

Numerous evidence has supported the use of ZFNs for targeted gene editing in multiple
species, including mice, rats, rabbits, pigs, plants, and zebrafish [38]. The use of this platform
has also extended to the manipulation of stem cell populations ex vivo. In one seminal study,
ZFNs facilitated targeted disruption of CCR5, a co-receptor involved in HIV entry [32]. By
introducing the CCR5-∆32 mutation into ex vivo expanded CD4+ T cells, followed by engraft‐
ment into HIV-1 infected mice, these target cells no longer expressed functional CCR5 entry
receptors, making them more resistant to infection. Further studies utilized a dual strategy to
target both of the HIV entry co-receptors, CCR5 and CXCR4 [43]. The use of ZFNs was also
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successfully demonstrated in vivo in murine liver, to correct a model of hemophilia B, or factor
IX (FIX) deficiency [36].

Despite this, ZFNs are not without their limitations. First, they are relatively difficult to
engineer and expensive to purchase commercially, leaving them inaccessible to the majority
of investigators. Secondly, not all sequences can be targeted by ZFNs, restricting their use in
certain applications. And lastly, the specificity of ZFN pairs is not 100%, resulting in the
potential for off-target cleavage events and related damage to occur. In the event of low
specificity, off-target DSB induction may overwhelm cellular repair machinery leading to
chromosomal rearrangements and/or cell death. These instances may also support random
integration of donor DNA into undesirable locations, which has the potential to interfere with
tumor suppressors, proto-oncogenes, or other actively transcribed genes [24,25].

5.2. Transcription activator-like effector nucleases

Transcription activator-like effector (TAL effector, or TALE) proteins are secreted by Xantho‐
monas bacteria upon infecting various species of plant. They function by binding to promoter
sequences in the host to upregulate plant genes that are beneficial to bacterial infection. Similar
to the concept of ZFNs, TALENs are built by fusing the DNA binding domain of a TAL effector
to a DNA cleavage domain with nuclease activity [44–47]. The DNA binding domain consists
of multiple repeats of a 33-34 amino acid sequence, where all but the 12th and 13th amino acids
are highly conserved. By selecting a combination of repeat segments with the appropriate
variable regions (Repeat Variable Diresidues, or RVDs), specific DNA binding domains can
be engineered.

TALENs utilize the same non-specific DNA cleavage domain from the FokI endonuclease to
confer cleavage activity. As a result, this strategy also requires two TALENs to work together
as a pair, binding non-palindromic sequences on complementary strands of DNA. Proper
positioning of the DNA binding and cleavage domains around the cute site allows the FokI
endonuclease domains to dimerize and produce a site-specific DSB (Figure 4B) [48,49].

Compared with ZFNs, TALENs can cleave a broader, more comprehensive range of DNA
sequences. In addition, they tend to be more accurate, reducing the potential for off-target
cleavage events. Furthermore, as a result of the fast ligation-based automatable solid-phase
high-throughput (FLASH) system reported in 2012, large-scale assembly of TALENs has also
become a more efficient and cost-effective alternative [50].

5.3. CRISPR/Cas9

In 2012, the use of a novel genome-editing tool was described in human cell culture [51]. In
bacteria and archaea, clustered regularly interspaced short palindromic repeats (CRISPR)
work together with Cas genes to form a prokaryotic adaptive immune system that protects
against foreign genetic elements such as plasmids or phages. Upon detecting viral DNA, for
instance, this system converts segments of the foreign DNA into CRISPR RNAs (crRNA); the
crRNA then combines with a trans-activating crRNA (tracrRNA). The crRNA–tracrRNA
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combination then guides a Cas9 DNA nuclease to a specific location within the viral DNA,
called the protospacer, where a DSB is induced.

Investigators discovered that by designing a new crRNA and combining it with the tracrRNA,
a “single-guide RNA” (sgRNA) could be produced that would direct the Cas9 nuclease activity
to any desired location. Studies have shown that delivery of two components, the Cas9
nuclease and a corresponding sgRNA (containing both the crRNA and tracrRNA), were
sufficient to elicit cleavage in a desired gene [52–55]. Hence, by retargeting the crRNA portion
of the sgRNA, a site-specific genome-editing tool could be developed (Figure 4C).

Unlike ZFN and TALEN strategies, the nuclease cleavage domain in the CRISPR/Cas9 system
is not fused to the DNA binding domain: instead, these are delivered to the cell in two separate
components (Figure 4C). As a result of this design, only a single DNA binding domain has to
be created. As this single protein-binding domain is significantly shorter than those required
for TALEN or ZFN designs, CRISPR/Cas9 components are significantly easier and more cost
effective to synthesize, making this technology more widely available to the research com‐
munity at large. Despite lower costs and greater accessibility, the functional activity of CRISPR/
Cas systems appears to be equal to or greater than their ZFN and TALEN counterparts.

As the CRISPR/Cas9 system is a relatively new genome engineering technology, it will be
important for the field to thoroughly study any potential shortcomings. For instance, since a
relatively short DNA binding domain and cleavage site are utilized, the risk of low specificity
and potential off-target recognition may be greater [56].

5.4. Dimeric CRISPR RNA-guided FokI nucleases

In an effort to reduce the risk of unwanted off-target mutations associated with monomeric
CRISPR/Cas9 nucleases, a modified dimeric version has now been developed [57]. Where the
monomeric Cas9 nuclease is recruited by one sgRNA of only ~100 nucleotides in length (with
17–20 nucleotides of complementarity to the target), dimerization offers an attractive strategy
for improving the binding specificity of the Cas9 system (Figure 4D).

In this approach, a wild-type FokI nuclease domain is fused to a catalytically inactive Cas9
(dCas9) protein. Two such FokI-dCas9 fusions are recruited by two corresponding guide RNAs,
where both are required to bind their respective target sites in order for FokI dimerization and
DSB induction to occur (Figure 4D). An appropriately designed spacer and protospacer
adjacent motif (PAM) are also critical for driving efficient cleavage. Overall, this RNA-guided
FokI nuclease (RFN) strategy has been shown to elicit robust genome editing efficiencies while
reducing known off-target mutations to undetectable levels [57].

5.5. Meganucleases

Meganucleases are another form of endonuclease utilized for genome editing approaches.
They are unique in that their DNA recognition and cleavage functions are naturally combined
in a single domain. There are five classes available, where I-SceI, I-CreI, and I-DmoI are perhaps
the most widely used. Consisting of a large recognition site of 12 to 40 base pairs, meganu‐
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cleases also offer high specificity and precision; however, historically, they were only capable
of tolerating minor variations in their recognition site sequence, decreasing the probability of
an available meganuclease for each desired application. In recent years, investigators have
begun customizing meganucleases to expand their targeting repertoire. Two main approaches
have been taken: modifying the specificity of existing meganucleases, and/or developing
chimeric meganucleases with new recognition sites. In the latter approach, by fusing the DNA-
binding domains of two different meganucleases, functional heterodimers can be designed for
optimal efficacy and specificity (Figure 4E).

6. The best vehicle for the job

In genome editing, the identification of components capable of eliciting HDR is only half the
battle. Efficiently delivering those components to the target cell can be an equally important
hurdle to overcome. Unlike gene and transcript replacement therapies, where the goal is to
achieve stable, long-term expression of a supplemental protein, gene editing has the advantage
of requiring only short-term expression of the foreign components in the cell. Once these
components have been expressed, induced a DSB, and triggered HDR, their presence is no
longer necessary. In fact, in the attempt to minimize unwanted off-target cleavage activity and
prolonged DSB induction, the ideal nuclease-delivery vehicle should only be transiently
expressed.

Additionally, without the need for integration to promote stable expression, non-integrating
delivery vehicles are also preferable, to minimize the risk of insertional mutagenesis. Delivery
vehicles must also be capable of transducing target cells efficiently, to facilitate gene correction
in enough cells to overcome the initial defect. To summarize, since transient expression of the
nuclease is sufficient for stable modification of the genome, the ideal nuclease delivery vehicle
should be:

• Short-lived,

• Non-integrating, and

• Able to enter target cells efficiently.

A variety of vectors have been utilized to deliver genome-editing reagents to the cell. Initial
in vivo studies have included AAV viral vectors as well as integrase-defective lentiviruses.
Using AAV-encoded ZFNs, for instance, Li and colleagues demonstrated direct in vivo gene
correction using HDR in a murine model of FIX deficiency [36]. Despite these successes, early
in vivo strategies have not fulfilled two of the critical components for nuclease delivery vehicles:
transience and lack of potential integration. In addition, with respect to translation of these
approaches to CF airway disease, none of these strategies reported targeting cells in the lung.

Due to its short half-life and inability to integrate into the genome, modified mRNA is gaining
interest as an ideal vector for site-specific nuclease delivery: one that would address two of
the main outstanding issues previously discussed. Transient expression of mRNA-encoded
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nucleases would also minimize the long-term threat of off-target events associated with the
use of stably expressing, and possibly integrating viral vectors.

7. Gene correction in the lung

In a recent study, nuclease-encoding chemically modified mRNA (nec-mRNA) was described
as a novel vehicle for delivering genome-editing components directly to the lung [37]. Using
a murine model of SP-B deficiency, nec-mRNA-encoded ZFNs were able to demonstrate the
first report of life-prolonging gene correction specifically within lung tissue.

In the transgenic mouse model of SP-B deficiency, SP-B cDNA is under the control of a
Tetracycline-inducible promoter [58]. Administration of doxycycline allows SP-B to be
expressed at wild-type levels. If doxycycline is removed, SP-B expression drops and mice begin
to exhibit phenotypic changes similar to those seen in humans with the disease: thickened
alveolar walls, heavy cellular infiltration, increased macrophages and neutrophils, interstitial
edema, congestion, augmented cytokines in the lavage, a significant drop in lung function,
and acute onset of respiratory distress leading to death within days [59,60].

In order to demonstrate the value of nec-mRNA for lung-based genome-editing applications,
this report utilized HDR to insert a constitutive CAG promoter immediately upstream of the
SP-B cDNA. The resulting doxycycline-independent expression was able to significantly
prolong the life of treated mice [37].

While this study was not performed in a humanized mouse model, the approach was able to
demonstrate that extra-chromosomal nec-mRNA is capable of transducing airway epithelial
cells, expressing genome-editing reagents, and achieving HDR rates sufficient for therapeutic
levels of protein expression. Main findings from the study include:

i. mRNA modification schemes can be customized to optimize expression and mini‐
mize immunity.

ii. Intratracheal delivery of nec-mRNA is able to target airway epithelial cells.

iii. Complexing nec-mRNA to chitosan-coated nanoparticles can increase transduction
efficiency in the lung.

iv. nec-mRNA expression is transient in comparison to AAV-encoded ZFNs.

v. nec-mRNA-mediated ZFN delivery can facilitate HDR rates comparable to AAV-
encoded ZFNs.

8. Hurdles to success: Limitations to gene correction for cystic fibrosis

The lung has evolved with natural defense mechanisms against foreign pathogens. As such, a
number of intracellular and extracellular barriers must be overcome in order to target new
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technologies to the lung [61]. In addition to this, the lungs of CF patients are even more difficult
to target, owing to the increased airway mucus (sputum) lining the lungs. Especially in more
progressed CF patients, thickened mucus linings have proven prohibitive in several gene
replacement therapy approaches. Hida and colleagues reported that expectorated sputum
from CF patients effectively traps and slows the diffusion of both Ad and AAV viral vectors
[62]. For instance, where the sputum penetration of muco-inert nanoparticles is reduced by
only 40-fold compared with pure water, that of Ad and AAV particles is slowed by 3,000-fold
and 12,000-fold, respectively. Poor penetration of mucus layers may be a major component
preventing effective viral gene replacement therapy or the use of viral vectors to deliver
genome-editing components for CF.

Limits to stable expression of functional CFTR also play an important role. For gene replace‐
ment therapy approaches, this may include immune responses against the vector capsid, the
inability to re-administer, as well as turnover of CFTR-expressing lung cells. For gene correc‐
tion approaches, transient expression of nucleases does not destabilize the downstream effects
of HDR. However, lung cell turnover continues to be an issue, making the possibility of re-
administration important.

The levels of CFTR expression required to halt the progression of CF lung disease remain
largely unknown, as well as the cell types most suited as targets. While airway epithelial cells
are generally considered to be the ideal target, airway histology and entry receptor expression
patterns may impact the ability of this cell type to be transduced. The absence of adenoviral
entry receptors on the apical surface of airway epithelium, for instance, is one of the major
reasons that adenoviral gene therapy vectors are no longer pursued. Furthermore, turnover
of these terminally differentiated cells will eventually require therapeutics to be redelivered
to new target cells.

In addition to the most relevant cell type, another question remains: is it preferable to obtain
low levels of CFTR in a high percentage of cells, or high levels of CFTR in only ~10% of cells?
Gene replacement and correction approaches are more likely to attain the latter, although it
remains unknown whether this will be sufficient to show therapeutic effect. One recent study
has shown that restoration of normal mucus transport rates in cultured CF human airway
epithelial cells required at least 25% of surface epithelial cells to be targeted by CFTR gene
replacement therapy [63]. Whether this figure will translate to clinical benefit in an in vivo
setting remains to be seen.

9. Supplemental strategies and future directions

Due to the limitations of targeting the lung, it remains unclear whether novel replacement and
correction approaches will find success for Cystic Fibrosis lung disease. Efforts to overcome
these barriers remain the subject of further investigation.

As one recent study demonstrated, combining nec-mRNA with chitosan-coated poly(lactide-
co-glycolide) nanoparticles may be one viable method for overcoming the CF sputum barrier
to lung cell targeting [37,64]. Recent progress in the development of mucus penetrating
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nanoparticles (MPP) may provide an opportunity to further overcome this barrier [65]. Drug-
loaded MPPs with non-adhesive coatings have been shown to penetrate mucus layers at rates
nearly as fast as pure water. These developments may allow the penetration of delivery
vehicles to airway epithelium, without reducing the protective function of the mucus itself.
Furthermore, adjuvant regimens of N-acetylcysteine (NAC) with or without recombinant
human DNase (rhDNase) were used to increase diffusivity of nanocomplexed, non-viral gene
delivery vectors through sputum layers [66]. This strategy was able to increase gene expression
by ~12-fold, making it another potential avenue for improving targeting in the lungs of CF
patients. Complexes of pDNA or mRNA with GL67:DOPE:DMPE-PEG5000 (GL67) liposomes
have also been described as a potential avenue for augmenting non-viral respiratory gene
transfer [67]. Overall, developments in nanoparticle technology combined with advancements
in aerosol-delivery devices may hold promise for the field.

Route of administration may be an important consideration as well, especially given the
tendency for inhaled therapeutics to be entrapped in the mucus layer. Intratracheal high-
pressure spraying approaches have been effective in targeting airway epithelial cells in pre-
clinical models [30,31,37], although efficiency is likely to decrease in the face of CF sputum.
Preliminary evidence supports the claim that intravenous routes of administration may also
target airway cells efficiently, while avoiding the barriers to a direct airway approach.

The continued development of humanized animal models of CF, including mouse, pig, and
ferret models, will further our ability to investigate novel therapeutic strategies [68,69]. An
early mouse model, CFTRtm1UNC, knocked out murine CFTR through a stop codon in exon 10;
however, these mice showed a drastic drop in survival rates due to severe intestinal obstruction
[70,71]. To overcome lethal intestinal defects, the mice were then ‘gut-corrected’ with a human
CFTR construct driven by an intestinal-specific FABP promoter [72]. Studies in the FABP-
hCFTR/Cftrtm1UNC gut-corrected model have demonstrated that the human CFTR protein is
indeed functional in mice. Using this or other models as a foundation, it may be possible to
introduce a transgenic construct containing a mutated human CFTR driven by a lung-specific
promoter. Creating humanized mice expressing the CFTR-∆F508 mutation, for instance, may
offer an excellent tool for studying gene correction using nucleases and repair templates
designed for direct translation to the clinic.

In addition to the development of novel animal models, the identification of human lung stem
cell populations has offered new hope for overcoming the issue of lung cell turnover [73]. If
genome-editing vehicles could be efficiently targeted to lung stem cell populations, such as
bronchioalveolar stem cells (BASCs) [74], Clara cells [75], or alveolar type II (ATII) progenitors
[76], HDR in these self-renewing populations could support indefinite CFTR production.

Engineering strategies to minimize the risk of off-target cleavage and donor integration will
also continue to be an important area of development. Along these lines, it will be critical to
more thoroughly define standardized parameters for measuring off-target effects. State-of-the-
art techniques that can be used for measuring outcome parameters will also aid in assessing
overall efficacy. Combining efforts to overcome these barriers to lung targeting, cell turnover,
proper animal models, and off-target effects will enable the field to make continued progress
toward a novel gene correction strategy for the treatment of Cystic Fibrosis.
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10. Conclusion

Over two decades since the cloning of the CFTR gene, numerous strategies have been inves‐
tigated to identify clinically relevant genetic variants, target cells of the airway, and overcome
deleterious mutations. Rather than masking symptoms of the disease, novel therapies strive
to address the underlying genetic cause of the Cystic Fibrosis phenotype. Agents have
approached this goal with varying strategies, including attempts to overcome the patient’s
functional CFTR defects, supplement their cells with a functional copy of the protein, or
directly repair genomic mutations at their source. Innovations in viral and non-viral delivery
vehicles and methods for overcoming barriers to lung targeting have allowed for promising
progress in recent years. Coupled with novel genome-editing reagents, such as ZFNs, TALENs,
and the CRISPR/Cas9 system, the promise of a novel therapeutic approach is becoming an
increasingly attainable goal within the field. Further advancement in minimizing off-target
activity, increasing the efficiency of site-specific cleavage, and optimizing robust, transient,
non-integrating nuclease delivery vehicles will bring us closer to achieving stable modification
of the genome in the race toward in vivo gene correction of Cystic Fibrosis.

Author details

Michael Sebastian Daniel Kormann

Address all correspondence to: kormann.michael@gmail.com

University Children's Clinic Department of Pediatrics I, Pediatric Infectiology & Immunology,
Translational Genomics and Gene Therapy in Pediatrics, University of Tübingen, Tübingen,
Germany

References

[1] Tobias ES, Connor M, Ferguson-Smith M. Essential Medical Genetics. John Wiley &
Sons; 2011.

[2] WHO | Genes and human disease. WHO. n.d. http://www.who.int/genomics/public/
geneticdiseases/en/index2.html (accessed February 16, 2015).

[3] O’Sullivan BP, Freedman SD. Cystic fibrosis. Lancet. 2009;373:1891–904. DOI:10.1016/
S0140-6736(09)60327–5.

[4] Stutts MJ, Canessa CM, Olsen JC, Hamrick M, Cohn JA, Rossier BC, et al. CFTR as a
cAMP-dependent regulator of sodium channels. Science. 1995;269:847–50.

In vivo Gene Correction of Cystic Fibrosis 373



[5] Mall M, Hipper A, Greger R, Kunzelmann K. Wild type but not deltaF508 CFTR in‐
hibits Na+ conductance when coexpressed in Xenopus oocytes. FEBS Letters.
1996;381:47–52.

[6] Matsui H, Grubb BR, Tarran R, Randell SH, Gatzy JT, Davis CW, et al. Evidence for
periciliary liquid layer depletion, not abnormal ion composition, in the pathogenesis
of cystic fibrosis airways disease. Cell. 1998;95:1005–15.

[7] Bobadilla JL, Macek M, Fine JP, Farrell PM. Cystic fibrosis: a worldwide analysis of
CFTR mutations--correlation with incidence data and application to screening. Hu‐
man Mutation. 2002;19:575–606. DOI:10.1002/humu.10041.

[8] Rowe SM, Miller S, Sorscher EJ. Cystic fibrosis. The New England Journal of Medi‐
cine. 2005;352:1992–2001. DOI:10.1056/NEJMra043184.

[9] Drumm ML, Konstan MW, Schluchter MD, Handler A, Pace R, Zou F, et al. Genetic
modifiers of lung disease in cystic fibrosis. The New England Journal of Medicine.
2005;353:1443–53. DOI:10.1056/NEJMoa051469.

[10] Gu Y, Harley ITW, Henderson LB, Aronow BJ, Vietor I, Huber LA, et al. Identifica‐
tion of IFRD1 as a modifier gene for cystic fibrosis lung disease. Nature.
2009;458:1039–42. DOI:10.1038/nature07811.

[11] Hector A, Kormann M, Kammermeier J, Burdi S, Marcos V, Rieber N, et al. Expres‐
sion and regulation of interferon-related development regulator-1 in cystic fibrosis
neutrophils. American Journal of Respiratory Cell and Molecular Biology.
2013;48:71–7. DOI:10.1165/rcmb.2012-0061OC.

[12] Anderson P. Emerging therapies in cystic fibrosis. Therapeutic Advances in Respira‐
tory Disease. 2010;4:177–85. DOI:10.1177/1753465810371107.

[13] Rogan MP, Stoltz DA, Hornick DB. Cystic fibrosis transmembrane conductance regu‐
lator intracellular processing, trafficking, and opportunities for mutation-specific
treatment. Chest. 2011;139:1480–90. DOI:10.1378/chest.10-2077.

[14] Boyle MP, Bell SC, Konstan MW, McColley SA, Rowe SM, Rietschel E, et al. A CFTR
corrector (lumacaftor) and a CFTR potentiator (ivacaftor) for treatment of patients
with cystic fibrosis who have a phe508del CFTR mutation: a phase 2 randomised
controlled trial. The Lancet Respiratory Medicine. 2014;2:527–38. DOI:10.1016/
S2213-2600(14)70132–8.

[15] Kerem E, Konstan MW, De Boeck K, Accurso FJ, Sermet-Gaudelus I, Wilschanski M,
et al. Ataluren for the treatment of nonsense-mutation cystic fibrosis: a randomised,
double-blind, placebo-controlled phase 3 trial. The Lancet Respiratory Medicine.
2014;2:539–47. DOI:10.1016/S2213-2600(14)70100-6.

[16] Griesenbach U, Alton EWFW. Moving forward: cystic fibrosis gene therapy. Human
Molecular Genetics. 2013;22:R52–8. DOI:10.1093/hmg/ddt372.

Cystic Fibrosis in the Light of New Research374



[5] Mall M, Hipper A, Greger R, Kunzelmann K. Wild type but not deltaF508 CFTR in‐
hibits Na+ conductance when coexpressed in Xenopus oocytes. FEBS Letters.
1996;381:47–52.

[6] Matsui H, Grubb BR, Tarran R, Randell SH, Gatzy JT, Davis CW, et al. Evidence for
periciliary liquid layer depletion, not abnormal ion composition, in the pathogenesis
of cystic fibrosis airways disease. Cell. 1998;95:1005–15.

[7] Bobadilla JL, Macek M, Fine JP, Farrell PM. Cystic fibrosis: a worldwide analysis of
CFTR mutations--correlation with incidence data and application to screening. Hu‐
man Mutation. 2002;19:575–606. DOI:10.1002/humu.10041.

[8] Rowe SM, Miller S, Sorscher EJ. Cystic fibrosis. The New England Journal of Medi‐
cine. 2005;352:1992–2001. DOI:10.1056/NEJMra043184.

[9] Drumm ML, Konstan MW, Schluchter MD, Handler A, Pace R, Zou F, et al. Genetic
modifiers of lung disease in cystic fibrosis. The New England Journal of Medicine.
2005;353:1443–53. DOI:10.1056/NEJMoa051469.

[10] Gu Y, Harley ITW, Henderson LB, Aronow BJ, Vietor I, Huber LA, et al. Identifica‐
tion of IFRD1 as a modifier gene for cystic fibrosis lung disease. Nature.
2009;458:1039–42. DOI:10.1038/nature07811.

[11] Hector A, Kormann M, Kammermeier J, Burdi S, Marcos V, Rieber N, et al. Expres‐
sion and regulation of interferon-related development regulator-1 in cystic fibrosis
neutrophils. American Journal of Respiratory Cell and Molecular Biology.
2013;48:71–7. DOI:10.1165/rcmb.2012-0061OC.

[12] Anderson P. Emerging therapies in cystic fibrosis. Therapeutic Advances in Respira‐
tory Disease. 2010;4:177–85. DOI:10.1177/1753465810371107.

[13] Rogan MP, Stoltz DA, Hornick DB. Cystic fibrosis transmembrane conductance regu‐
lator intracellular processing, trafficking, and opportunities for mutation-specific
treatment. Chest. 2011;139:1480–90. DOI:10.1378/chest.10-2077.

[14] Boyle MP, Bell SC, Konstan MW, McColley SA, Rowe SM, Rietschel E, et al. A CFTR
corrector (lumacaftor) and a CFTR potentiator (ivacaftor) for treatment of patients
with cystic fibrosis who have a phe508del CFTR mutation: a phase 2 randomised
controlled trial. The Lancet Respiratory Medicine. 2014;2:527–38. DOI:10.1016/
S2213-2600(14)70132–8.

[15] Kerem E, Konstan MW, De Boeck K, Accurso FJ, Sermet-Gaudelus I, Wilschanski M,
et al. Ataluren for the treatment of nonsense-mutation cystic fibrosis: a randomised,
double-blind, placebo-controlled phase 3 trial. The Lancet Respiratory Medicine.
2014;2:539–47. DOI:10.1016/S2213-2600(14)70100-6.

[16] Griesenbach U, Alton EWFW. Moving forward: cystic fibrosis gene therapy. Human
Molecular Genetics. 2013;22:R52–8. DOI:10.1093/hmg/ddt372.

Cystic Fibrosis in the Light of New Research374

[17] Zhou R, Norton JE, Zhang N, Dean DA. Electroporation-mediated transfer of plas‐
mids to the lung results in reduced TLR9 signaling and inflammation. Gene Therapy.
2007;14:775–80. DOI:10.1038/sj.gt.3302936.

[18] Gao G, Vandenberghe LH, Wilson JM. New recombinant serotypes of AAV vectors.
Current Gene Therapy. 2005;5:285–97.

[19] Limberis MP, Vandenberghe LH, Zhang L, Pickles RJ, Wilson JM. Transduction effi‐
ciencies of novel AAV vectors in mouse airway epithelium in vivo and human ciliat‐
ed airway epithelium in vitro. Molecular Therapy: The Journal of the American
Society of Gene Therapy. 2009;17:294–301. DOI:10.1038/mt.2008.261.

[20] Faust SM, Bell P, Cutler BJ, Ashley SN, Zhu Y, Rabinowitz JE, et al. CpG-depleted
adeno-associated virus vectors evade immune detection. The Journal of Clinical In‐
vestigation. 2013;123:2994–3001. DOI:10.1172/JCI68205.

[21] Mays LE, Wang L, Tenney R, Bell P, Nam H-J, Lin J, et al. Mapping the structural
determinants responsible for enhanced T cell activation to the immunogenic adeno-
associated virus capsid from isolate rhesus 32.33. Journal of Virology. 2013;87:9473–
85. DOI:10.1128/JVI.00596-13.

[22] Liu X, Luo M, Guo C, Yan Z, Wang Y, Lei-Butters DCM, et al. Analysis of adeno-as‐
sociated virus progenitor cell transduction in mouse lung. Molecular Therapy: The
Journal of the American Society of Gene Therapy. 2009;17:285–93. DOI:10.1038/mt.
2008.248.

[23] Mitomo K, Griesenbach U, Inoue M, Somerton L, Meng C, Akiba E, et al. Toward
gene therapy for cystic fibrosis using a lentivirus pseudotyped with Sendai virus en‐
velopes. Molecular Therapy: The Journal of the American Society of Gene Therapy.
2010;18:1173–82. DOI:10.1038/mt.2010.13.

[24] Hacein-Bey-Abina S, von Kalle C, Schmidt M, Le Deist F, Wulffraat N, McIntyre E, et
al. A serious adverse event after successful gene therapy for X-linked severe com‐
bined immunodeficiency. The New England Journal of Medicine. 2003;348:255–6.
DOI:10.1056/NEJM200301163480314.

[25] Hacein-Bey-Abina S, Von Kalle C, Schmidt M, McCormack MP, Wulffraat N, Leb‐
oulch P, et al. LMO2-associated clonal T cell proliferation in two patients after gene
therapy for SCID-X1. Science. 2003;302:415–9. DOI:10.1126/science.1088547.

[26] Lorenz C, Fotin-Mleczek M, Roth G, Becker C, Dam TC, Verdurmen WPR, et al. Pro‐
tein expression from exogenous mRNA: uptake by receptor-mediated endocytosis
and trafficking via the lysosomal pathway. RNA Biology. 2011;8:627–36. DOI:
10.4161/rna.8.4.15394.

[27] Kariko K, Muramatsu H, Ludwig J, Weissman D. Generating the optimal mRNA for
therapy: HPLC purification eliminates immune activation and improves translation

In vivo Gene Correction of Cystic Fibrosis 375



of nucleoside-modified, protein-encoding mRNA. Nucleic Acids Research.
2011;39:e142. DOI:10.1093/nar/gkr695.

[28] Kariko K, Muramatsu H, Welsh FA, Ludwig J, Kato H, Akira S, et al. Incorporation of
pseudouridine into mRNA yields superior nonimmunogenic vector with increased
translational capacity and biological stability. Molecular Therapy. 2008;16:1833–40.
DOI:10.1038/mt.2008.200.

[29] Kariko K, Muramatsu H, Keller JM, Weissman D. Increased erythropoiesis in mice
injected with submicrogram quantities of pseudouridine-containing mRNA encod‐
ing erythropoietin. Molecular Therapy. 2012;20:948–53. DOI:10.1038/mt.2012.7.

[30] Kormann MS, Hasenpusch G, Aneja MK, Nica G, Flemmer AW, Herber-Jonat S, et al.
Expression of therapeutic proteins after delivery of chemically modified mRNA in
mice. Nature Biotechnology. 2011;29:154–7. DOI:10.1038/nbt.1733.

[31] Mays LE, Ammon-Treiber S, Mothes B, Alkhaled M, Rottenberger J, Muller-Herme‐
link ES, et al. Modified Foxp3 mRNA protects against asthma through an IL-10-de‐
pendent mechanism. The Journal of Clinical Investigation. 2013;123:1216–28. DOI:
10.1172/JCI65351.

[32] Perez EE, Wang J, Miller JC, Jouvenot Y, Kim KA, Liu O, et al. Establishment of
HIV-1 resistance in CD4+ T cells by genome editing using zinc-finger nucleases. Na‐
ture Biotechnology. 2008;26:808–16. DOI:10.1038/nbt1410.

[33] Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, et al. RNA-guided human
genome engineering via Cas9. Science. 2013;339:823–6. DOI:10.1126/science.1232033.

[34] Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex genome engi‐
neering using CRISPR/Cas systems. Science. 2013;339:819–23. DOI:10.1126/science.
1231143.

[35] Cox DBT, Platt RJ, Zhang F. Therapeutic genome editing: prospects and challenges.
Nature Medicine. 2015;21:121–31. DOI:10.1038/nm.3793.

[36] Li H, Haurigot V, Doyon Y, Li T, Wong SY, Bhagwat AS, et al. In vivo genome edit‐
ing restores haemostasis in a mouse model of haemophilia. Nature. 2011;475:217–21.
DOI:10.1038/nature10177.

[37] Dewerth A, Mays L, Mahiny A, et al. In vivo genome editing using nuclease-encod‐
ing mRNA corrects SP-B deficiency. Nature Biotechnology. 2015. Manuscript accept‐
ed.

[38] Segal DJ. Bacteria herald a new era of gene editing. eLife. 2013;2:e00563. DOI:10.7554/
eLife.00563.

[39] Urnov FD, Rebar EJ, Holmes MC, Zhang HS, Gregory PD. Genome editing with en‐
gineered zinc finger nucleases. Nature Reviews Genetics. 2010;11:636–46. DOI:
10.1038/nrg2842.

Cystic Fibrosis in the Light of New Research376



of nucleoside-modified, protein-encoding mRNA. Nucleic Acids Research.
2011;39:e142. DOI:10.1093/nar/gkr695.

[28] Kariko K, Muramatsu H, Welsh FA, Ludwig J, Kato H, Akira S, et al. Incorporation of
pseudouridine into mRNA yields superior nonimmunogenic vector with increased
translational capacity and biological stability. Molecular Therapy. 2008;16:1833–40.
DOI:10.1038/mt.2008.200.

[29] Kariko K, Muramatsu H, Keller JM, Weissman D. Increased erythropoiesis in mice
injected with submicrogram quantities of pseudouridine-containing mRNA encod‐
ing erythropoietin. Molecular Therapy. 2012;20:948–53. DOI:10.1038/mt.2012.7.

[30] Kormann MS, Hasenpusch G, Aneja MK, Nica G, Flemmer AW, Herber-Jonat S, et al.
Expression of therapeutic proteins after delivery of chemically modified mRNA in
mice. Nature Biotechnology. 2011;29:154–7. DOI:10.1038/nbt.1733.

[31] Mays LE, Ammon-Treiber S, Mothes B, Alkhaled M, Rottenberger J, Muller-Herme‐
link ES, et al. Modified Foxp3 mRNA protects against asthma through an IL-10-de‐
pendent mechanism. The Journal of Clinical Investigation. 2013;123:1216–28. DOI:
10.1172/JCI65351.

[32] Perez EE, Wang J, Miller JC, Jouvenot Y, Kim KA, Liu O, et al. Establishment of
HIV-1 resistance in CD4+ T cells by genome editing using zinc-finger nucleases. Na‐
ture Biotechnology. 2008;26:808–16. DOI:10.1038/nbt1410.

[33] Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, et al. RNA-guided human
genome engineering via Cas9. Science. 2013;339:823–6. DOI:10.1126/science.1232033.

[34] Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex genome engi‐
neering using CRISPR/Cas systems. Science. 2013;339:819–23. DOI:10.1126/science.
1231143.

[35] Cox DBT, Platt RJ, Zhang F. Therapeutic genome editing: prospects and challenges.
Nature Medicine. 2015;21:121–31. DOI:10.1038/nm.3793.

[36] Li H, Haurigot V, Doyon Y, Li T, Wong SY, Bhagwat AS, et al. In vivo genome edit‐
ing restores haemostasis in a mouse model of haemophilia. Nature. 2011;475:217–21.
DOI:10.1038/nature10177.

[37] Dewerth A, Mays L, Mahiny A, et al. In vivo genome editing using nuclease-encod‐
ing mRNA corrects SP-B deficiency. Nature Biotechnology. 2015. Manuscript accept‐
ed.

[38] Segal DJ. Bacteria herald a new era of gene editing. eLife. 2013;2:e00563. DOI:10.7554/
eLife.00563.

[39] Urnov FD, Rebar EJ, Holmes MC, Zhang HS, Gregory PD. Genome editing with en‐
gineered zinc finger nucleases. Nature Reviews Genetics. 2010;11:636–46. DOI:
10.1038/nrg2842.

Cystic Fibrosis in the Light of New Research376

[40] Doyon Y, Vo TD, Mendel MC, Greenberg SG, Wang J, Xia DF, et al. Enhancing zinc-
finger-nuclease activity with improved obligate heterodimeric architectures. Nature
Methods. 2011;8:74–9. DOI:10.1038/nmeth.1539.

[41] Szczepek M, Brondani V, Büchel J, Serrano L, Segal DJ, Cathomen T. Structure-based
redesign of the dimerization interface reduces the toxicity of zinc-finger nucleases.
Nature Biotechnology. 2007;25:786–93. DOI:10.1038/nbt1317.

[42] Guo J, Gaj T, Barbas CF. Directed evolution of an enhanced and highly efficient FokI
cleavage domain for zinc finger nucleases. Journal of Molecular Biology. 2010;400:96–
107. DOI:10.1016/j.jmb.2010.04.060.

[43] Didigu CA, Wilen CB, Wang J, Duong J, Secreto AJ, Danet-Desnoyers GA, et al. Si‐
multaneous zinc-finger nuclease editing of the HIV coreceptors ccr5 and cxcr4 pro‐
tects CD4+ T cells from HIV-1 infection. Blood. 2014;123:61–9. DOI:10.1182/
blood-2013-08-521229.

[44] Rusk N. TALEs for the masses. Nature Methods. 2011;8:197.

[45] Miller JC, Tan S, Qiao G, Barlow KA, Wang J, Xia DF, et al. A TALE nuclease archi‐
tecture for efficient genome editing. Nature Biotechnology. 2011;29:143–8. DOI:
10.1038/nbt.1755.

[46] Boch J. TALEs of genome targeting. Nature Biotechnology. 2011;29:135–6. DOI:
10.1038/nbt.1767.

[47] Zhang F, Cong L, Lodato S, Kosuri S, Church GM, Arlotta P. Efficient construction of
sequence-specific TAL effectors for modulating mammalian transcription. Nature Bi‐
otechnology. 2011;29:149–53. DOI:10.1038/nbt.1775.

[48] Mussolino C, Cathomen T. TALE nucleases: tailored genome engineering made easy.
Current Opinion in Biotechnology. 2012;23:644–50. DOI:10.1016/j.copbio.2012.01.013.

[49] Bedell VM, Wang Y, Campbell JM, Poshusta TL, Starker CG, Krug RG, et al. In vivo
genome editing using a high-efficiency TALEN system. Nature. 2012;491:114–8. DOI:
10.1038/nature11537.

[50] Reyon D, Tsai SQ, Khayter C, Foden JA, Sander JD, Joung JK. FLASH assembly of
TALENs for high-throughput genome editing. Nature Biotechnology. 2012;30:460–5.
DOI:10.1038/nbt.2170.

[51] Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. A programma‐
ble dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science
(New York, NY). 2012;337:816–21. DOI:10.1126/science.1225829.

[52] Jinek M, East A, Cheng A, Lin S, Ma E, Doudna J. RNA-programmed genome editing
in human cells. eLife. 2013;2:e00471. DOI:10.7554/eLife.00471.

In vivo Gene Correction of Cystic Fibrosis 377



[53] Cho SW, Kim S, Kim JM, Kim J-S. Targeted genome engineering in human cells with
the Cas9 RNA-guided endonuclease. Nature Biotechnology. 2013;31:230–2. DOI:
10.1038/nbt.2507.

[54] Hwang WY, Fu Y, Reyon D, Maeder ML, Tsai SQ, Sander JD, et al. Efficient genome
editing in zebrafish using a CRISPR-Cas system. Nature Biotechnology. 2013;31:227–
9. DOI:10.1038/nbt.2501.

[55] Barrangou R. RNA-mediated programmable DNA cleavage. Nature Biotechnology.
2012;30:836–8. DOI:10.1038/nbt.2357.

[56] Lin Y, Cradick TJ, Brown MT, Deshmukh H, Ranjan P, Sarode N, et al. CRISPR/Cas9
systems have off-target activity with insertions or deletions between target DNA and
guide RNA sequences. Nucleic Acids Research. 2014;42:7473–85. DOI:10.1093/nar/
gku402.

[57] Tsai SQ, Wyvekens N, Khayter C, Foden JA, Thapar V, Reyon D, et al. Dimeric
CRISPR RNA-guided FokI nucleases for highly specific genome editing. Nature Bio‐
technology. 2014;32:569–76. DOI:10.1038/nbt.2908.

[58] Schultze N, Burki Y, Lang Y, Certa U, Bluethmann H. Efficient control of gene ex‐
pression by single step integration of the tetracycline system in transgenic mice. Na‐
ture Biotechnology. 1996;14:499–503. DOI:10.1038/nbt0496-499.

[59] Nogee LM. Alterations in SP-B and SP-C expression in neonatal lung disease. The
Annual Review of Physiology. 2004;66:601–23. DOI:10.1146/annurev.physiol.
66.032102.134711.

[60] Clark JC, Wert SE, Bachurski CJ, Stahlman MT, Stripp BR, Weaver TE, et al. Targeted
disruption of the surfactant protein B gene disrupts surfactant homeostasis, causing
respiratory failure in newborn mice. Proceedings of the National Academy of Scien‐
ces of the United States of America. 1995;92:7794–8.

[61] Ruge CA, Kirch J, Lehr C-M. Pulmonary drug delivery: from generating aerosols to
overcoming biological barriers-therapeutic possibilities and technological challenges.
The Lancet Respiratory Medicine. 2013;1:402–13. DOI:10.1016/S2213-2600(13)70072–9.

[62] Hida K, Lai SK, Suk JS, Won SY, Boyle MP, Hanes J. Common gene therapy viral vec‐
tors do not efficiently penetrate sputum from cystic fibrosis patients. PloS One.
2011;6:e19919. DOI:10.1371/journal.pone.0019919.

[63] Zhang L, Button B, Gabriel SE, Burkett S, Yan Y, Skiadopoulos MH, et al. CFTR de‐
livery to 25% of surface epithelial cells restores normal rates of mucus transport to
human cystic fibrosis airway epithelium. PLoS Biology. 2009;7:e1000155. DOI:
10.1371/journal.pbio.1000155.

[64] Nafee N, Taetz S, Schneider M, Schaefer UF, Lehr CM. Chitosan-coated PLGA nano‐
particles for DNA/RNA delivery: effect of the formulation parameters on complexa‐

Cystic Fibrosis in the Light of New Research378



[53] Cho SW, Kim S, Kim JM, Kim J-S. Targeted genome engineering in human cells with
the Cas9 RNA-guided endonuclease. Nature Biotechnology. 2013;31:230–2. DOI:
10.1038/nbt.2507.

[54] Hwang WY, Fu Y, Reyon D, Maeder ML, Tsai SQ, Sander JD, et al. Efficient genome
editing in zebrafish using a CRISPR-Cas system. Nature Biotechnology. 2013;31:227–
9. DOI:10.1038/nbt.2501.

[55] Barrangou R. RNA-mediated programmable DNA cleavage. Nature Biotechnology.
2012;30:836–8. DOI:10.1038/nbt.2357.

[56] Lin Y, Cradick TJ, Brown MT, Deshmukh H, Ranjan P, Sarode N, et al. CRISPR/Cas9
systems have off-target activity with insertions or deletions between target DNA and
guide RNA sequences. Nucleic Acids Research. 2014;42:7473–85. DOI:10.1093/nar/
gku402.

[57] Tsai SQ, Wyvekens N, Khayter C, Foden JA, Thapar V, Reyon D, et al. Dimeric
CRISPR RNA-guided FokI nucleases for highly specific genome editing. Nature Bio‐
technology. 2014;32:569–76. DOI:10.1038/nbt.2908.

[58] Schultze N, Burki Y, Lang Y, Certa U, Bluethmann H. Efficient control of gene ex‐
pression by single step integration of the tetracycline system in transgenic mice. Na‐
ture Biotechnology. 1996;14:499–503. DOI:10.1038/nbt0496-499.

[59] Nogee LM. Alterations in SP-B and SP-C expression in neonatal lung disease. The
Annual Review of Physiology. 2004;66:601–23. DOI:10.1146/annurev.physiol.
66.032102.134711.

[60] Clark JC, Wert SE, Bachurski CJ, Stahlman MT, Stripp BR, Weaver TE, et al. Targeted
disruption of the surfactant protein B gene disrupts surfactant homeostasis, causing
respiratory failure in newborn mice. Proceedings of the National Academy of Scien‐
ces of the United States of America. 1995;92:7794–8.

[61] Ruge CA, Kirch J, Lehr C-M. Pulmonary drug delivery: from generating aerosols to
overcoming biological barriers-therapeutic possibilities and technological challenges.
The Lancet Respiratory Medicine. 2013;1:402–13. DOI:10.1016/S2213-2600(13)70072–9.

[62] Hida K, Lai SK, Suk JS, Won SY, Boyle MP, Hanes J. Common gene therapy viral vec‐
tors do not efficiently penetrate sputum from cystic fibrosis patients. PloS One.
2011;6:e19919. DOI:10.1371/journal.pone.0019919.

[63] Zhang L, Button B, Gabriel SE, Burkett S, Yan Y, Skiadopoulos MH, et al. CFTR de‐
livery to 25% of surface epithelial cells restores normal rates of mucus transport to
human cystic fibrosis airway epithelium. PLoS Biology. 2009;7:e1000155. DOI:
10.1371/journal.pbio.1000155.

[64] Nafee N, Taetz S, Schneider M, Schaefer UF, Lehr CM. Chitosan-coated PLGA nano‐
particles for DNA/RNA delivery: effect of the formulation parameters on complexa‐

Cystic Fibrosis in the Light of New Research378

tion and transfection of antisense oligonucleotides. Nanomedicine: Nanotechnology,
Biology, and Medicine. 2007;3:173–83. DOI:10.1016/j.nano.2007.03.006.

[65] Ensign LM, Schneider C, Suk JS, Cone R, Hanes J. Mucus penetrating nanoparticles:
biophysical tool and method of drug and gene delivery. Advanced Materials (Deer‐
field Beach, FL). 2012;24:3887–94.

[66] Suk JS, Boylan NJ, Trehan K, Tang BC, Schneider CS, Lin J-MG, et al. N-acetylcys‐
teine enhances cystic fibrosis sputum penetration and airway gene transfer by highly
compacted DNA nanoparticles. Molecular Therapy: The Journal of the American So‐
ciety of Gene Therapy. 2011;19:1981–9. DOI:10.1038/mt.2011.160.

[67] Andries O, De Filette M, Rejman J, De Smedt SC, Demeester J, Van Poucke M, et al.
Comparison of the gene transfer efficiency of mRNA/GL67 and pDNA/GL67 com‐
plexes in respiratory cells. Molecular Pharmaceutics. 2012;9:2136–45. DOI:10.1021/
mp200604h.

[68] Yan Z, Stewart ZA, Sinn PL, Olsen JC, Hu J, McCray PB, et al. Ferret and pig models
of cystic fibrosis: prospects and promise for gene therapy. Human Gene Therapy
Clinical Development. 2015. DOI:10.1089/humc.2014.154.

[69] Olivier AK, Gibson-Corley KN, Meyerholz DK. Animal models of cystic fibrosis: gas‐
trointestinal, pancreatic and hepatobiliary disease and pathophysiology. American
Journal of Physiology Gastrointestinal and Liver Physiology. 2015:ajpgi.00146.2014.
DOI:10.1152/ajpgi.00146.2014.

[70] Snouwaert JN, Brigman KK, Latour AM, Malouf NN, Boucher RC, Smithies O, et al.
An animal model for cystic fibrosis made by gene targeting. Science (New York, NY).
1992;257:1083–8.

[71] Clarke LL, Grubb BR, Gabriel SE, Smithies O, Koller BH, Boucher RC. Defective epi‐
thelial chloride transport in a gene-targeted mouse model of cystic fibrosis. Science
(New York, NY). 1992;257:1125–8.

[72] Zhou L, Dey CR, Wert SE, DuVall MD, Frizzell RA, Whitsett JA. Correction of lethal
intestinal defect in a mouse model of cystic fibrosis by human CFTR. Science (New
York, NY). 1994;266:1705–8.

[73] Kajstura J, Rota M, Hall SR, Hosoda T, D’Amario D, Sanada F, et al. Evidence for hu‐
man lung stem cells. The New England Journal of Medicine. 2011;364:1795–806. DOI:
10.1056/NEJMoa1101324.

[74] Kim CFB, Jackson EL, Woolfenden AE, Lawrence S, Babar I, Vogel S, et al. Identifica‐
tion of bronchioalveolar stem cells in normal lung and lung cancer. Cell.
2005;121:823–35. DOI:10.1016/j.cell.2005.03.032.

[75] Hong KU, Reynolds SD, Giangreco A, Hurley CM, Stripp BR. Clara cell secretory
protein-expressing cells of the airway neuroepithelial body microenvironment in‐
clude a label-retaining subset and are critical for epithelial renewal after progenitor

In vivo Gene Correction of Cystic Fibrosis 379



cell depletion. American Journal of Respiratory Cell and Molecular Biology.
2001;24:671–81. DOI:10.1165/ajrcmb.24.6.4498.

[76] Fujino N, Kubo H, Suzuki T, Ota C, Hegab AE, He M, et al. Isolation of alveolar epi‐
thelial type II progenitor cells from adult human lungs. Laboratory Investigation; a
Journal of Technical Methods and Pathology. 2011;91:363–78. DOI:10.1038/labinvest.
2010.187.

Cystic Fibrosis in the Light of New Research380



cell depletion. American Journal of Respiratory Cell and Molecular Biology.
2001;24:671–81. DOI:10.1165/ajrcmb.24.6.4498.

[76] Fujino N, Kubo H, Suzuki T, Ota C, Hegab AE, He M, et al. Isolation of alveolar epi‐
thelial type II progenitor cells from adult human lungs. Laboratory Investigation; a
Journal of Technical Methods and Pathology. 2011;91:363–78. DOI:10.1038/labinvest.
2010.187.

Cystic Fibrosis in the Light of New Research380



Cystic Fibrosis in the Light  
of New Research

Edited by Dennis Wat

Edited by Dennis Wat

Photo by Tabthipwatthana / DollarPhoto

Cystic Fibrosis in the Light of New Research provides the latest research and clinical 
evidence that will be useful for clinicians, scientists and researchers to further their 
knowledge around this fascinating condition. The authors have brought along their 

expertise and wealth of knowledge to produce this book, including the basic science 
that underlies the disease, the burden of bacterial and viral infections, immunologic 

aspects of CF, a variety of clinical measurements to predict prognosis and novel 
therapies including gene therapy.

This book will be invaluable and entertaining for anyone who is involved in the care of 
patients with cystic fibrosis.

ISBN 978-953-51-2152-7

Cystic Fibrosis in the Light of N
ew

 Research

ISBN 978-953-51-7248-2


	Cystic Fibrosis in the Light of New Research
	Contents
	Preface
	Section 1
Basic Science for the Clinician
	Chapter 1
Factors Affecting Prognosis and Prediction of Outcome in Cystic Fibrosis Lung Disease
	Chapter 2
Outcome Measures for Respiratory Physiotherapy in Cystic Fibrosis — Challenges and Advances
	Chapter 3
Oxidative Stress in Cystic Fibrosis

	Section 2
Clinical Aspect of Cystic Fibrosis
	Chapter 4
Cystic Fibrosis Related Diabetes
	Chapter 5
Cystic Fibrosis and Fertility
	Chapter 6
Medications to Enhance CFTR Activity

	Section 3
Microbiology of Cystic Fibrosis
	Chapter 7
Respiratory Virus in Cystic Fibrosis — A Review of the Literature
	Chapter 8
An Overview of Infections in Cystic Fibrosis Airways and the Role of Environmental Conditions on Pseudomonas aeruginosa Biofilm Formation and Viability

	Section 4
CFTR - Mutations and Modifiers
	Chapter 9
New Molecular Diagnosis Approaches — From the Identification of Mutations to their Characterization
	Chapter 10
Emerging Roles of microRNAs in Cystic Fibrosis — From Pathogenesis to Development of New Therapies
	Chapter 11
New Research on the Importance of Cystic Fibrosis Transmembrane Conductance Regulator Function for Optimal Neutrophil Activity
	Chapter 12
Role of Non-coding RNAs in Cystic Fibrosis

	Section 5
Cystic Fibrosis: Genetic Correction
	Chapter 13
Therapy for Cystic Fibrosis Caused by Nonsense Mutations
	Chapter 14
Integrating Viral and Nonviral Vectors for Cystic Fibrosis Gene Therapy in the Airways
	Chapter 15
In vivo Gene Correction of Cystic Fibrosis




