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Introduction

Summary Patients with cystic fibrosis (CF) suffer from chronic lung infection and airway
inflammation. Respiratory failure secondary to chronic or recurrent infection remains the com-
monest cause of death and accounts for over 90% of mortality. Bacteria as Staphylococcus
aureus, Pseudomonas aeruginosa and Burkholderia cepacia complex have been regarded the
main CF pathogens and their role in progressive lung decline has been studied extensively. Lit-
tle attention has been paid to the role of Aspergillus spp. and other filamentous fungi in the
pathogenesis of non-ABPA (allergic bronchopulmonary aspergillosis) respiratory disease in
CF, despite their frequent recovery in respiratory samples. It has become more apparent how-
ever, that Aspergillus spp. may play an important role in chronic lung disease in CF. Research
delineating the underlying mechanisms of Aspergillus persistence and infection in the CF lung
and its link to lung deterioration is lacking. This review summarizes the Aspergillus disease
phenotypes observed in CF, discusses the role of CFTR (cystic fibrosis transmembrane conduc-
tance regulator)-protein in innate immune responses and new treatment modalities.

© 2016 Published by Elsevier Ltd on behalf of The British Infection Association.

The absence of the CFTR-protein, which acts as an ATP-
driven chloride channel in the cell membrane, leads to
defective ion fluxes and intracellular calcium homoeostasis.

Cystic fibrosis (CF), caused by a mutation in a gene that
encodes the cystic fibrosis transmembrane conductance
regulator (CFTR) protein, is the most common fatal
genetically inherited disease in Caucasian populations
affecting 1 in 2400 live births." Around 2000 CFTR muta-
tions have now been identified of which the single amino
acid deletion, F508del, is the most common and accounts
for around 70% of disease.” Over a generation CF has trans-
formed from a disease of early childhood mortality to a dis-
ease with a current median survival of 28 years and
projected survival into the fifth decade for a child born
today.>

In airway epithelial cells this leads to thickened mucus
impairing an efficient mucociliary clearance of inhaled
pathogens and results via a cycle of infection and excessive
inflammation in progressive airway damage and ultimately
respiratory failure.*> Mortality and morbidity of CF patients
is almost exclusively due to chronic lung infections and
airway inflammation. Prevention and treatment of airway
infection as a means of intervening in this destructive cycle
has been the mainstay of clinical management but, despite
this, respiratory failure secondary to chronic or recurrent
infection remains the commonest cause of death and ac-
counts for over 90% of mortality." Research has traditionally
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focused on the role of bacterial pathogens, such as Staphy!lo-
coccus aureus, Pseudomonas aeruginosa, Haemophilus influ-
enzae and Burkholderia cepacia complex, in the
pathogenesis of respiratory decline. Despite the frequent
isolation in respiratory samples, little attention has been
paid to the role of Aspergillus spp. and other filamentous
fungi in the pathogenesis of non-ABPA (allergic bronchopul-
monary aspergillosis) respiratory disease in CF. It has become
more apparent however, that Aspergillus fumigatus may
play an important role in the CF lung as well.® Current liter-
ature delineating the underlying mechanisms of A. fumiga-
tus persistence in the CF lung and its link to lung
deterioration is lacking. It has been shown that CF airway
epithelial cells display reduced uptake and killing of A. fumi-
gatus.” The observation that CF patients have a higher risk of
developing invasive aspergillosis after lung transplantation
than non-CF transplant patients suggests impaired anti-
fungal effector mechanisms of CF immune cells.® This re-
view summarizes the Aspergillus disease phenotypes
observed in CF, discusses the role of CFTR-protein in innate
immune responses and new treatment modalities.

Aspergillus phenotypes in cystic fibrosis

Aspergilli are saprophytic, spore-forming, filamentous fungi
found ubiquitously in the environment. A. fumigatus is the
most prevalent species causing human disease and is the
species most frequently isolated from the respiratory se-
cretions of CF patients.'®"" A. fumigatus disperses in the
environment by releasing small, hydrophobic, airborne
spores (conidia) which we all inhale hundreds of every
day."” Their small size (2—4 pum) allows them to reach the
terminal alveoli of the lung where, in the healthy host,
they are rapidly cleared by resident alveolar macrophages
and the mucociliary escalator without triggering a signifi-
cant inflammatory response.’* Failure of mucociliary clear-
ance of inhaled conidia leads to persistence in the CF lung
environment. This can result in several distinct clinical phe-
notypes; Aspergillus can persist without obvious respiratory
decline (Aspergillus colonization)'*; development of local-
ized infection, mucosal inflammation and worsening respi-
ratory disease without obvious allergic responses
(Aspergillus bronchitis)'>'®; or trigger an IgE-mediated hy-
persensitivity response either with or without respiratory
exacerbation, airway inflammation, and the development
of bronchiectasis and fibrosis (Aspergillus sensitization
and ABPA respectively).® %17

Aspergillus colonization

The reported prevalence of Aspergillus colonization in CF
patients ranges from 10 to 57% with the frequency of isola-
tion increasing with increasing age and worsening respira-
tory function.'®?2 Reported rates vary considerably
across all age ranges.®'""” While this may be due in part
to differences in the definition of colonization and
geographical differences in exposure, differences in sample
obtainment, storage, and laboratory processing likely
represent the greatest determinants of variation in re-
ported prevalence.'*?* The prevalence of Aspergillus colo-
nization in paediatric CF patients is not well established.

Recent work by Coburn et al. to characterize the lung mi-
crobiota in a large cohort of CF patients (aged 0—60 years)
found Aspergillus spp. were significantly more likely to be
detected in sputum samples from adults than children
(33.5% versus 17.1% respectively, p = 0.011).?* This is in
line with a reported mean age of 12.3 years at time of first
isolation of A. fumigatus.'® However immune responses to
Aspergillus spp. have been demonstrated at much earlier
time points. El-Dahr et al. showed that specific IgG to A. fu-
migatus antigens was already present in 41% of children by
4 years-of-age and in 98% by 10 years-of-age.?” The median
age for first detection of specific IgE to A. fumigatus
showed to be as early as 5.5 years (range 4.2—9.7 yrs).%¢
As positive serology tends to follow isolation in respiratory
samples, the burden of Aspergillus spp. in the paediatric
lung is underestimated.?” Smaller volume sputum samples
and reliance on non-invasive sampling techniques, such as
cough swabs, in children unable to expectorate sputum
may limit mycological detection.'’"?* Additionally, only
60% of fungi identified in respiratory secretions using mo-
lecular techniques were recoverable on mycological culture
suggesting a reliance on standard, culture-based, mycolog-
ical detection methods may further underestimate fungal
burden.?®

A large retrospective cohort study of paediatric non-
ABPA CF patients in Canada showed that two or more
respiratory samples positive for A. fumigatus in any given
year was associated with a significant reduction in FEV1
(p = 0.0001) and a significant increase in pulmonary exac-
erbations requiring  hospitalization  (relative  risk
(RR) = 1.94, p = 0.0002) compared with paediatric CF pa-
tients without A. fumigatus in collected respiratory sam-
ples.?? Although, others have failed to show an
association between lung function or radiological abnor-
malities and Aspergillus colonization."® % A retrospective
cohort analysis assessing the effect of A. fumigatus coloni-
zation on lung function in adults and children with CF
showed that colonized patients had a worse lung function
at baseline.?® It remains an open question whether this
poorer lung function at baseline was due to the Aspergillus
colonization or because of more severe respiratory disease.
A study investigating inflammatory responses in bronchoal-
veolar lavage (BAL) fluid of paediatric CF patients (<7
years-of-age) with and without Aspergillus colonization
showed significantly increased neutrophil counts, increased
free neutrophil elastase activity and increased IL-8 levels in
those colonized.?’ The observation of this increased inflam-
matory response is important as neutrophilic inflammation
in the CF lung is associated with more severe lung disease
and is thought to play a significant role in the pathogenesis
of respiratory failure.>3%3!

Given the potential contribution of Aspergillus coloniza-
tion to pulmonary inflammation and lung function decline,
antifungal therapy may have a role in the management of
Aspergillus colonization in CF patients. A double blind, ran-
domized, placebo-controlled trial of itraconazole treat-
ment in A. fumigatus colonized non-ABPA CF patients did
not show any clinical benefit.>? However the study popula-
tion was small (n = 35) and 43% of patients failed to
achieve adequate itraconazole levels. It remains therefore
to be seen if clinical benefit can be achieved with adequate
antifungal drug exposures.
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Aspergillus bronchitis

Shoseyov et al. described a group of six CF patients (aged
10—30 years) experiencing respiratory exacerbations not
responding to appropriate antibiotic treatment who had
sputum cultures positive for Aspergillus spp. and responded
to antifungal treatment.' These patients did not fulfil the
criteria for ABPA and the disease described, which they
defined as Aspergillus bronchitis, appears clinically distinct
from other manifestations of aspergillosis in CF. In the pro-
posed novel diagnostic classification system of Aspergillus
disease in CF using molecular detection methods combined
with immunological disease markers, a distinct sub-group of
CF patients was found characterized by the presence of
high fungal burden without evidence of a hypersensitivity
response. '® Surprisingly, they found that 30% of their adult
CF patients fell within this category termed Aspergillus
infection/bronchitis. Aspergillus bronchitis has been
described in immunocompetent hosts with structural lung
abnormalities with a clinical presentation including produc-
tive cough, tenacious sputum, breathlessness and haemopt-
ysis; symptoms indistinguishable from a bacterial
exacerbation in CF.'®3* CF patients with Aspergillus bron-
chitis may benefit from antifungal therapy as this study
showed a significant clinical improvement with the use of
antifungals.*’

Aspergillus sensitization and ABPA

Allergic bronchopulmonary aspergillosis is the most well-
characterized and well-recognized Aspergillus disease in CF
but reported prevalence varies significantly (range 2—25%)
and is likely to be underdiagnosed.®3*~3¢ Comparable
ABPA prevalences in paediatric and adult CF patients
were found based on national CF registry data although
huge variations were observed between countries with a
prevalence as low as <1% in Serbia up to 18.6% in
Switzerland.®

ABPA is the result of a Th2-mediated hypersensitivity
response to Aspergillus allergens seen in CF and asthma pa-
tients. It manifests clinically with respiratory exacerba-
tions, especially wheeze, positive antibodies against
Aspergillus and characteristic radiological abnormalities. "’
Over time it can result in bronchiectasis, lung fibrosis and
ultimately respiratory failure. Risk factors for developing
ABPA include increasing age, reduced lung function and
chronic airway infection.>® Diagnosis can be difficult due
to the similarity in clinical symptoms and radiological ab-
normalities to those found during bacterial exacerba-
tions."”’3 In addition, a recent review of clinical ABPA
studies showed that half of the studies used criteria other
than the previously published consensus statement for
diagnosing and management of ABPA suggesting a lack of
consensus in current practice and accounting for the
ongoing variation in reported prevalence.*®

Different from ABPA, patients can become sensitized to
Aspergillus spp., with serological evidence of hypersensitivity
but without apparent clinical exacerbation.'®*” Baxter et al.
showed to be able to distinguish Aspergillus sensitization
from ABPA by the absence of raised serum IgG and a negative
galactomannan, suggesting a distinct pathophysiological

process.'® Around a third of adult CF patients are estimated
to be affected by either ABPA or Aspergillus sensitization,
both of which have shown to significantly and independently
reduce lung function,®”~“° highlighting again the importance
of appropriate identification of Aspergillus disease in CF pa-
tients. Despite the high prevalence of ABPA in adolescence,
no attempt has been made to validate this classification in
children and there are no corresponding paediatric estimates
of the overall prevalence of Aspergillus disease in paediatric
CF. In addition, there is no consensus on appropriate diag-
nostic criteria for ABPA in children and to date this has
received barely any attention.

The current recommended first line treatment for ABPA
in CF is oral prednisolone."”*! Corticosteroids appear to
show substantial clinical and radiological benefit although
this has never been validated in randomized controlled tri-
als.*” Corticosteroids may interfere with antifungal host
defence by impairing antifungal defence mechanisms in
phagocytes.'? Concerns regarding the potential adverse ef-
fects of corticosteroid use may in part explain the observa-
tion that only 56% of CF patients with ABPA are prescribed
oral steroids.***' Itraconazole is recommended as rescue
therapy in CF patients with ABPA and is widely used in clin-
ical practice.'” Observational studies have shown a consis-
tent improvement in disease symptoms, frequency of
exacerbations, improvement in lung function and bio-
markers, and a reduction in steroid use. The suggestion
has been made that itraconazole is beneficial but all studies
performed are of low quality, many studies have shown sig-
nificant adverse effects of treatment, and two separate Co-
chrane reviews have found insufficient evidence to support
the use of antifungal agents for the treatment of ABPA in CF
patients.*>** Voriconazole and posaconazole are poten-
tially good alternatives but studies are lacking. The use of
voriconazole is hampered by drug—drug interactions, the
need for careful therapeutic drug monitoring, and the risk
of photosensitivity and the development of skin cancers.*

The recombinant humanized monoclonal anti-IgE anti-
body, Omalizumab, has shown benefit in allergic asthma
and has been proposed as a potential treatment for ABPA in
CF.*® In eight case reports, 13 children with CF and ABPA
received Omalizumab resulting in improved FEV1, fewer
respiratory symptoms and decreased corticosteroid use.*®
The only randomized controlled trial in CF was prematurely
terminated due to an inability to enrol and maintain trial
participants.

Separate disease entities versus continuum of
disease

Taken together the clinical disease entities, the mycolog-
ical and immunological classification as recently proposed
by Baxter et al.," two alternative models of the develop-
ment of Aspergillus disease in CF can be postulated.® One
model represents sequential development of mild-
moderate Aspergillus disease to severe disease, e.g. ABPA
following Aspergillus sensitization and development of
Aspergillus bronchitis following persistent colonization.
The other model considers the four disease entities as sepa-
rate entities and each entity can progress in terms of
severity and lead to progressive lung damage. In the study
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of Armstead et al. no differences were found in the median
age at presentation for the different Aspergillus disease en-
tities suggesting the first model was unlikely.® Additional
supportive data in favour of the first model is the result
of a longitudinal study of Aspergillus sensitization in which
no association was observed between patients with sensiti-
zation and those who developed ABPA.*”

Antifungal immunity in cystic fibrosis

The role of CFTR in the observed alterations in immune
responses in CF-cells is far from understood and a major
question is to what extend the immune dysfunction in non-
epithelial cells contributes to the progressive lung disease.
The pathophysiology of Aspergillus infections in the CF-
lung, except for ABPA,*® is not known and the consequences
of the absence of a functional CFTR protein on the specific
host—fungus interaction is not understood. CFTR protein
has been found in cells of both the innate and adaptive im-
mune system*”°° and has shown to play a critical role for
their normal function.®' Cystic fibrosis lung disease is char-
acterized by early, non-resolving activation of the innate
immune system, with excessive neutrophil recruitment fol-
lowed by excessive expansion of lymphocyte populations
and failure of normal counter-regulatory mechanisms.> >
Furthermore, the CF lung is characterized by the abund-
ancy of pro-inflammatory mediators such as interleukin
(IL)-1, tumour necrosis factor o (TNF)-a, IL-8 and IL-17,
and reduced amounts of the anti-inflammatory IL-10.>37%¢
Neutrophilia and markers of excessive airway inflammation
have been identified in the BAL fluid of CF infants as young
as 4 weeks old, even in the absence of apparent infection,
and do support an intrinsic dysregulation of inflammatory
processes.’’

A small number of functional studies implicate that the
absence of a functional CFTR-protein in phagocytes leads to
inadequate intraphagosomal chloride transport resulting in
intracellular alkalization, alteration in degranulation, an
impaired production of reactive oxygen species and
increased release of pro-inflammatory cytokines resulting
in a diminished killing of bacteria.’®°® An increased pro-
inflammatory response in CFTR-deficient phagocytes upon
bacterial stimulation has repeatedly been observed.®%%!
However, no study so far has investigated the antifungal ac-
tivitiy and inflammatory response of CFTR-deficient phago-
cytes against A. fumigatus. Indirectly it has been shown
that pulmonary infection with Aspergillus species was asso-
ciated with significant inflammatory responses in BAL-fluid
in young children with CF.?° In addition, the observation
that CF patients have a higher risk of developing invasive
aspergillosis after lung transplantation than non-CF trans-
plant patients suggests impaired antifungal effector mech-
anisms of CF immune cells.?’

Recently, major steps have been made in the develop-
ment of new drugs, CFTR modulators, which have an
interesting potential to decrease the progressive lung
disease by either potentiating the gating properties of the
defective CFTR-protein or correcting the translocating of
the CFTR-protein to the cell surface.®” Treatment with the
CFTR potentiator Ivacaftor has shown significant improve-
ment in lung function, reduction in the frequency of

exacerbations, improved weight gain, and improvement in
quality of life measures and it is now licensed for use in
both North America and Europe.®*¢*

Interestingly, the results of a recent study looking at the
effect of Ivacaftor use on specific microbial colonization
showed a 23% reduction in cultures positive for Pseudo-
monas spp., with an even more pronounced effect of a
53% reduction in Aspergillus colonization (OR = 0.47,
p = 0.039).%° This may be related to a reduction in inflam-
mation, and improved immune function of the epithelial
cells or a direct effect on immune cells present in the
lung environment. Support for the latter explanation can
be found in recent work demonstrating that Ivacaftor can
restore neutrophil degranulation and improve neutrophil
bactericidal activity suggesting this therapy may have far-
reaching benefits.®®

Summary

A. fumigatus is frequently detected in respiratory secre-
tions of both adults and children with CF. Once present in
the airways, Aspergillus can exacerbate lung inflammation,
establish infection and trigger hypersensitivity responses.
Based on clinical and immunologic parameters, at least 3
Aspergillus disease phenotypes can be characterized and
are each associated with progressive lung disease. There-
fore, detection of Aspergillus spp. in the CF lung is not sim-
ply reflecting colonization without doing harm. However,
underlying pathophysiology is not well understood and
consequently clear management strategies are lacking. An
important question which needs to be answered is which
CF patients will benefit from antifungal therapy. Long-
term antifungal treatment with mould-active azoles, the
only class of antifungals with an oral formulation, is not
without risk for toxicity and adverse events, and should
be carefully balanced against its benefit. Research into
the role of the CFTR-protein in immune cells has just
started and specific host—fungus interaction data are not
available yet. The development of CFTR potentiators and
correctors may have a dramatical impact on the quality
of life and survival of CF patients. This impact may well
go beyond the effect on epithelial cells and may correct
the impaired immune responses and hyperinflammation by
CF immune cells.

Overall, improved understanding of disease pathogen-
esis and new therapeutic options targeting the underlying
CFTR mutation show considerable promise for CF patients.
To improve the quality of life and the life expectancy of CF-
patients a better understanding of the role of the CFTR-
deficient phagocyte is urgently needed.
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