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Abstract In the past three decades, fungal respira-
tory colonization and fungal respiratory infections
increasingly raised concern in cystic fibrosis (CF).
Reasons for this are a better knowledge of the
pathogenicity of fungi, whereby detection is sought
in more and more CF centers, but also improvement of
detection methods. However, differences in fungal
detection rates within and between geographical
regions exist and indicate the need for standardization
of mycological examination of respiratory secretions.
The still existing lack of standardization also compli-
cates the assessment of fungal pathogenicity, rele-
vance of fungal detection and risk factors for fungal
infections. Nevertheless, numerous studies have now
been conducted on differences in detection methods,
epidemiology, risk factors, pathogenicity and therapy
of fungal diseases in CF. Meanwhile, some research
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groups now have classified fungal disease entities in
CF and developed diagnostic criteria as well as
therapeutic guidelines.The following review presents
an overview on fungal species relevant in CF. Cultural
detection methods with their respective success rates
as well as susceptibility testing will be presented, and
the problem of increasing azole resistance in Asper-
gillus fumigatus will be highlighted. Next, current data
and conflicting evidence on the epidemiology and risk
factors for fungal diseases in patients with CF will be
discussed. Finally, an overview of fungal disease
entities in CF with their current definitions, diagnostic
criteria and therapeutic options will be presented.

Keywords Fungal respiratory infections - Cystic
fibrosis - Biological diagnosis - Antifungal
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Introduction

During the past three decades, several studies have
been conducted regarding fungal colonization of the
airways and fungal respiratory infections in the
context of cystic fibrosis (CF). Although Aspergillus
fumigatus for filamentous fungi and Candida albicans
for yeasts remain by far the most common fungal
species in patients with CF, the pattern of fungal
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species associated with CF considerably diversified
since the beginning of this century [1-6]. Thus, beside
A. fumigatus, some Scedosporium species (Scedospo-
rium boydii, as well as Scedosporium ellipsoideum,
Scedosporium apiospermum, Scedosporium auranti-
acum and to a lesser extent Scedosporium minutispo-
rum) and the closely related species Lomentospora
prolificans are worldwide recognized today as signif-
icant fungal pathogens in CF [6, 7]. Likewise, other
Aspergillus species belonging to the sections Fumi-
gati, Terrei, Nigri or Flavi and some species of the
Rasamsonia argillacea complex or the black yeast
Exophiala dermatitidis for molds, as well as Candida
dubliniensis, Blastobotrys adeninivorans/Blasto-
botrys raffinosifermentans or the Basidiomycete Api-
otrichum mycotoxinovorans (formerly Trichosporon
mycotoxinivorans) for yeasts, are increasingly
reported in CF patients as responsible for chronic
colonization of the airways and sometimes causing
respiratory infections or severe disseminated infec-
tions from a primary pulmonary site [6]. In addition,
some atypical yeast species like Candida blankii or the
basidiomycete Cutaneotrichosporon cyanovorans
(formerly Cryptococcus cyanovorans) that have been
recently reported in some CF patients [8, 9] might be
on the rise in a next future because of repeated cures of
azole antifungals.

Moreover, several epidemiological studies have
been performed recently in different countries in order
to determine the frequency of fungal pathogens and
their clinical significance, or to identify risk factors for
airway colonization or respiratory infection. Likewise,
particular attention has been paid to understanding the
pathogenic mechanisms of these fungi and to evaluate
new therapeutic approaches. Nevertheless, our knowl-
edge on fungal infections in CF is hampered by the
lack of standardization of the biological diagnosis,
leading to individual diagnostic approaches and inter-
pretation of clinical parameters. This may result in
underestimation of the real frequency of fungi in this
context and in false conclusions regarding geographic
differences or influence of lifestyle on their frequency.
Also, the clinical significance of isolating fungi and
risk factors could be misinterpreted due to the possible
lack of detection of fungi in some individuals included
in control groups. In this review, we will present
limitations of the routine procedures used for biolog-
ical diagnosis in clinical laboratories and improve-
ments made recently on this topic. We will also
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summarize progress made in the epidemiology of
fungal respiratory infections in CF, as well as in the
definition of different clinical entities, risk factors for
these infections and their treatment.

Pitfalls in the Biological Diagnosis
Culture-Based Detection Methods

Comparison of the data from one study to another is
hampered by the lack of standardization of mycolog-
ical examination of respiratory secretions that has
been pointed out since the beginning of the past decade
[10, 11]. Some laboratories inoculate the samples on
agar slants which offer a more limited surface for
fungal growth compared to agar plates. Some fungal
species may therefore be missed in case of mixed
fungal populations which are common in the CF
airways. Likewise, great variations may be seen from
one laboratory to another in the volume of the sample
being analyzed, as well as in the number of culture
media inoculated and in incubation time and temper-
ature [10]. Moreover, in most countries, mycological
analysis of clinical samples is specifically performed
only for immunocompromised patients with clinical
signs and symptoms suggestive of an invasive fungal
infection. The microbiological follow-up of CF
patients is usually limited to a bacteriological analysis
of respiratory secretions and samples are inoculated on
Sabouraud dextrose agar supplemented with antibi-
otics (SDA) only when the presence of a fungus is
suspected at direct microscopic examination of the
sample.

In addition, even when microbiological surveil-
lance comprises a specific search for fungi, there may
be differences in the periodicity of the analysis. For
example, although a mycological analysis is now
recommended on all sputum samples from CF patients
in France, it is still limited to the routine annual visit of
the patient in many CF-care centers. Such differences
unable consensus definitions of chronic colonization
of the airways.

Differences in the population studied, in environ-
mental exposure and in lifestyle of the patients
possibly account for part of the differences that can
be seen in the prevalence of filamentous fungi from
one study to another. Nevertheless, limitations in the
biological diagnosis need to be considered as attested
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by the recent publication from Reece et al. [12] or the
comparison of current practices in clinical laboratories
in the UK [13, 14].

This was perfectly illustrated by Hong et al. [15] in
Baltimore (MA, USA). During one year, consecutive
sputa (n = 487) collected from outpatients were
inoculated in parallel on bacteriological agar plates,
which were incubated for three days at 37 °C, or on
SDA, Brain—Heart infusion (BHI) agar plates supple-
mented with antibiotics and inhibitory mold agar
(IMA) plates which were incubated for two weeks at
30 °C. Only 48 of the samples (9.8%) revealed to be
positive for fungi using bacteriological media,
whereas they were about 120 (from 23.8% to 24.8%)
on each of the three mycological media incubated at
30 °C. Interestingly, 32% of the samples revealed the
presence of fungi when combining the results obtained
on SDA, BHI agar and IMA and the prevalences of
Aspergillus and Scedosporium/Lomentospora species
were found to be twofold to threefold higher than their
reported prevalences in the USA (40.8% vs. 20.4% and
5.2% vs. 1.9%, respectively). Likewise, only 3 out of
the 20 Scedosporium/Lomentospora and 1 out of the
17 Trichosporon positive samples were detected using
bacteriological media and none of the Exophiala
positive samples. Of note, samples were not digested
with a mucolyticum nor sonicated or diluted before
inoculation of the plates and no Scedosporium-selec-
tive culture media were used [15].

Many countries currently have their own recom-
mendations. Nevertheless, these need to be updated to
allow a correct overview of the fungal biota colonizing
the CF lungs. For example, the UK CF Trust
Laboratory Standards for Processing Microbiological
Samples from People with Cystic Fibrosis recommend
the use of SDA with incubation for up to seven days at
35-37 °C, whereas inoculation of the clinical speci-
mens on mycological culture media with antibiotics is
only required when search for fungi is specifically
requested by clinicians according to the US Cumula-
tive Techniques and Procedures in Clinical Microbi-
ology (Cumitech) Guidelines. Thus, fungal
surveillance is not routinely performed in most clinical
centers in the USA [15]. Improved guidelines for
mycological examination of sputum samples from CF
patients, therefore, are urgently needed [16].

In this aim, two multicenter studies were conducted
recently within the Fri-CF (Fungal respiratory infec-
tions in Cystic Fibrosis) working group launched by

both the European Confederation of Medical Mycol-
ogy (ECMM) and the International Society for Human
and Animal Mycology (ISHAM). The studies encom-
passed 7 CF-care centers from France for the
MucoFong project [17] and 19 laboratories (9 from
France and 4 from Italy, as well as laboratories from
Spain, UK, Belgium, Austria, Greece and Australia,
one each) for the MFIP project [18]. All laboratories
agreed to use the same procedure for mycological
examination of samples, including inoculation on a
wide range of culture media and incubation of agar
plates at two different temperatures. From the analysis
of the obtained data, a combination of three to four
culture media was proposed [17, 18]. Single-center
studies were also conducted. For example, the added
value of a new protocol including prior digestion of the
sample with a mucolyticum, increased inoculum size,
additional culture media (SDA, B + medium, Sce-
Sel + and dichloran-glycerol agar) and longer incu-
bation time (3 weeks) was evaluated in Nijmegen
(The Netherlands) [19]. Based on this new protocol, a
marked increase was noted in both the frequency and
the diversity of molds.

Nevertheless, some semi-selective culture media
were not evaluated in these studies, such as dichloran-
rose bengal-chloramphenicol agar, the inhibitory mold
agar used by Hong et al. [15] and others [20, 21] or the
Scedo-Select III culture medium developed by Pham
et al. [22] for environmental studies and used recently
in clinical practice [21]. Likewise, the Burkholderia
cepacia selective agar was recently reported to
enhance the recovery of Exophiala dermatitidis from
sputum samples [23]. In addition, all growing fungi
should be identified, which is not the case presently,
for example, because of a lack of consideration of
some fungi as potential pathogens, misidentifications
using conventional methods or limits of commercially
available databases for MALDI-TOF mass spectrom-
etry. For example, in a questionnaire survey of current
practices in UK CF centers, only 7 out of the 11
respondents performed species identification for Ex-
ophiala species and only 2 for non-Candida yeasts
[13]. Likewise, some molds colonizing the CF airways
may be misidentified on the basis of the sole macro-
scopic and microscopic morphology, or when using
only commercially available databases for MALDI-
TOF mass spectrometry. This is particularly true for
Rasamsonia species which are frequently misidenti-
fied as Penicillium or Paecilomyces species [24-26].
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Further multicenter studies comparing these “new”
culture media with those previously selected [17, 18]
and using gold-standard procedures for species iden-
tification should be conducted in order to provide
evidence-based guidelines for an optimal service for
the patients.

Antifungal Susceptibility Testing

In vitro antifungal susceptibility testing of mold
isolates is mandatory because of primary resistance
of some fungal species and increasing occurrence of
acquired resistance in other species. To do this, well-
standardized methods are available such as the
microbroth reference method in RPMI culture med-
ium and the Etest procedure on RPMI agar plates.
Nevertheless, the results may be disappointing with
discrepancies between in vitro susceptibility to tria-
zole antifungals and lack of efficacy of these drugs
in vivo.

Analysis of transcriptomic changes induced in S.
apiospermum in response to the particular physico-
chemical environment encountered by the fungus in
the CF airways revealed reprogramming of genes
involved in the synthesis of some important cell wall
or membrane components. This includes genes encod-
ing the glycosylphosphatidylinositol anchor and sph-
ingolipids, but also ergosterol with the down-
regulation of five of the genes involved in ergosterol
biosynthesis pathway [27]. These metabolic changes
could explain the discrepancies mentioned above
regarding triazole drugs, since environmental condi-
tions in CF lungs may lead to a drastic reduction in the
ergosterol content of the plasma membrane, maintain-
ing fungal growth despite the inhibition of the azole
target, the 14 alpha-demethylase encoded by the gene
Cyp51A (also called ERGI 1, especially in yeasts).

In agreement with these data, Mello et al. [28]
reported that cultivation of some Scedosporium
species under 5% carbon dioxide in a medium
mimicking the biochemical composition and viscosity
of the CF bronchial mucus resulted in increased
resistance to triazole drugs compared to reference
growth conditions. By contrast, opposite results were
reported on A. fumigatus clinical isolates collected
from CF patients [29]: The use of a synthetic medium
mimicking the CF bronchial mucus resulted for 8 out
the 10 isolates studied in a downshift of the set toward
greater susceptibility to voriconazole compared to
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data obtained in RMPI culture broth (results
unchanged for the two other isolates). However, all
isolates failed to grow sufficiently in the synthetic
culture medium and further studies are needed to
decide on the best culture conditions for antifungal
susceptibility testing of clinical isolates recovered
from CF patients.

Spread of Azole Resistance in Aspergillus
Fumigatus

Azoles are used intensively to treat invasive and
chronic aspergillosis. Therefore, the likelihood for
selection of resistant isolates is high. To address this
concern, particular attention has been paid in recent
years investigating the susceptibility to azole drugs of
A. fumigatus isolates using the microbroth dilution
method and, whenever necessary, cyp5IA gene
sequencing.

Analysis of isolates collected from respiratory
samples of CF patients revealed resistance rates
ranging from 5.3% to 13.2%. For example, a resis-
tance rate of up to 8.2% was found for A. fumigatus
isolates collected from CF patients in Italy [30]. In
Germany, 2888 A. fumigatus isolates from 961 CF
patients were screened prospectively and 101 isolates
from 51 of these patients (5.3% of the patients) were
found to be azole resistant [31]. Likewise, in the UK,
167 A. fumigatus isolates collected from 135 patients
with CF were investigated; resistance to at least one
azole drug was confirmed in 22 out of these isolates
(13.2%) [32]. Finally, similar results were reported in
France and in the Netherlands. During a one-year
period, all A. fumigatus isolates collected from CF
patients in a French reference center for CF were
investigated prospectively; 23 out of the 355 isolates
studied (6.5%) were found to be resistant to at least
one triazole drug, leading to a prevalence of 6.8% (6/
88 patients) [33]. In the Netherlands, azole-resistant A.
fumigatus isolates were cultured from 7.3% (10/137)
of the patients with CF [34].

These prevalence rates, sometimes alarmingly
high, are of clinical relevance and should lead
clinicians and microbiologists to perform susceptibil-
ity testing in patients with CF [35].

In patients with CF, azole-resistant A. fumigatus
strains may be selected during the course of azole
therapy, but they may also be recovered from azole-
naive CF patients, in relation with the extensive use of
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triazole fungicides in agriculture. Contrasting with the
acquired resistance to azole drugs in the course of
azole therapy which is usually due to point mutations
in the cyp51A gene sequence, analysis of resistant
isolates from environmental origin revealed one or
two point mutations in the coding sequence of this
gene associated with the insertion of a 34-bp or a 46-bp
tandem repeat in the promoter region of the gene. Only
some TR46/Y121F/T289A azole-resistant isolates
have been reported so far in CF [31, 36-38], yet the
environmentally driven mutation TR34/L98H is now
distributed worldwide. For instance, it has been
reported during the past decade from CF patients in
France [33, 39-41], Germany [31, 37, 42], the
Netherlands [43], Denmark [34, 36, 44], Italy [30],
UK [32] and Argentina [45], with a markedly high rate
in the most recent studies. However, no mutations in
the cyp51A gene or its promoter were found in some
azole-resistant isolates from CF patients that were
investigated in Argentina [45] or Turkey [46]. There-
fore, other mechanisms independent of this gene
should be looked for to fully understand the acquired
resistance to triazole drugs.

Prevalence rates of and Risk factors for Fungal
Respiratory infections in Cystic Fibrosis

Epidemiology of Fungal Respiratory Infections

Epidemiological studies on fungal colonization of the
respiratory tract in CF reveal a high proportion of
filamentous fungi and yeasts. Among filamentous
fungi, A. fumigatus is the most frequently detected
species (up to 50% of the patients in some studies) and
C. albicans among yeasts (up to 50%)
[4-6, 21, 47-54]. However, various other fungal
species are also reported in patients with CF, such as
E. dermatitidis, A. mycotoxinivorans, or species of the
R. argillacea complex [5, 6]. In a recent work on the
epidemiology of fungal colonization of the airways in
German CF patients (Fig. 1), 4153 patients were
studied and mycological examination of their respira-
tory secretions revealed, as expected, C. albicans and
the filamentous fungus A. fumigatus as predominant
fungal species. Scedosporium/Lomentospora species,
which rank the second among the filamentous fungi
associated with CF in most epidemiological studies,
were less frequent, as well as Exophiala species [48].

Analysis of the data from the 2017 CF registry cohort
in Germany also showed that, apart from Candida
yeasts which may be detected very early in the
evolution of the CF disease, colonization of the
airways by filamentous fungi is very rare in young
children and its frequency progressively increases
since the age of six years, reaching a plateau in young
adults.

Conversely to Aspergillus species which exhibit
rapid and extensive growth on SDA plates, other mold
species colonizing CF airways may be missed due to a
short incubation period of the agar plates, or in case of
co-colonization with an Aspergillus species. As some
of these fungi such as Scedosporium and Lomen-
tospora species may also cause severe and sometimes
fatal disseminated infections in immunosuppressed
patients, like patients undergoing lung transplantation,
they are therefore considered as a contraindication to
lung transplantation in some centers [55]. Considering
this, all efforts should be made to detect these fungi as
early as possible, at least before registration on the
lung transplantation waiting list. However, as above-
mentioned, detection of these fungi from bronchial
secretions is much less successful if semi-selective
culture media are not used [1, 6, 16, 19-21, 49].

The reasons for the increasingly frequent detection
of fungi in the respiratory tract of patients with CF are
still unclear. Different hypotheses have been dis-
cussed, including the frequent use of oral, intravenous
or inhaled antibiotics [56, 57] and of inhaled corti-
costeroids [58], the increase in life expectancy [59]
and the significant improvement of fungal detection
methods [6, 16], which has already been highlighted in
the first section of this review. In addition, the extent to
which the aforementioned fungi have clinical rele-
vance in patients with CF is only partially known. But
in recent years, relevant scientific results have been
added in the context of clinical trials that shed more
light on the relevance of their detection.

Interestingly, during the past few years, preliminary
data on respiratory infections in CF patients were
reported from China [52], as well as the first
epidemiological data from Poland [53], Argentina
[20] and Iran [21, 54] on the prevalence of fungi in the
CF lungs. These studies highlight some geographical
variations in the prevalence of some fungal species.
For instance, up to 90% of the patients were found to
be colonized by Aspergillus species in Argentina [20].
In this study, which used a variety of mycological

@ Springer



644

Mycopathologia (2021) 186:639-653

70%

60%

50%

40%

30%

20%

10%

0% -
<2 23 45 677

—o— Aspergillus fumigatus
—< Other Candida

—&— Other Aspergillus
—— Scedosporium species

89 10-11 12-13 14-15 16-17 18-19 20-24 25-29 30-34 35-39 40-44 45-49 >=50

years

—&— Candida albicans
—e— Exophiala species

Prevalence of fungi in the 2017 CF registry cohort (n = 5,665) (group1).

Fig. 1 Prevalence of fungi in German CF patients according to the national 2017 CF registry [46]

culture media (including erythritol agar, IMA and Sce-
Sel +), E. dermatitidis was recovered from 14% of the
patients and Scedosporium species from 10%. How-
ever, A. fumigatus was not the predominant species in
Iranian CF patients. For instance, by the follow-up of
40 CF patients, Aspergillus terreus was identified as
the predominant filamentous fungus followed by A.
fumigatus, Aspergillus oryzae and Aspergillus flavus
[54]. Likewise, a highly rigorous study was published
by Hedayati et al. [21]. During one year (2017/02 to
2018/02), sputum samples from all patients attending a
pulmonary reference center in Tehran (n = 90) were
analyzed for fungi by parallel inoculation on Malt
extract agar, IMA, BHI agar and Scedo-Select III, with
incubation for 7 days at 37 °C. As expected, Sce-
dosporium species ranked second among the filamen-
tous fungi (3.3% of the samples), after Aspergillus
species, but compared to A. fumigatus (14.5% of the
samples), higher frequencies were found for other
Aspergillus species, A. flavus (29.4%), A. tubingensis
(24.7%) and A. niger (17.0%).
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Identification of Risk Factors for Fungal Diseases
in Cystic Fibrosis

As fungal colonization in the respiratory tract is a
frequent finding and different fungal disease entities
can occur such as bronchitis, pneumonia or allergic
bronchopulmonary aspergillosis (ABPA) that influ-
ence patient’s outcome, identification of risk factors is
of paramount importance.

Several risk factors for A. fumigatus colonization,
like continuous antibiotic therapy or chronic lung
inflammation as well as older age, are currently being
discussed [60], but patient-to-patient transmission has
been recently reported as a potential risk factor [61].
Likewise, intermittent co-colonization of the airways
with Pseudomonas aeruginosa and A. fumigatus
seems to lead to more frequent hospitalizations and
lower lung function like chronic P. aeruginosa
infection [62, 63]. Numerous studies have been
conducted on interkingdom interactions in CF. How-
ever, whether the interactions between P. aeruginosa
and A. fumigatus result in antagonistic or synergistic
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effects on the lung inflammation remains to be
elucidated [62, 64-67].

The most recent publication in this field was from
Germany. A total of 5665 CF patients were followed
up during two different years [48]. In order to
investigate specifically risk factors for A. fumigatus
colonization (at least two positive cultures in
12 months), exclusion criteria included medical his-
tory of lung transplantation and colonization of the
airways by P. aeruginosa as it has the strongest impact
on the clinical outcome. Main risk factors for
colonization with A. fumigatus were age, continuous
antibiotic treatment, CFTR modulators and number of
pulmonary exacerbations (Table 1). Conflicting
results, however, were reported by Baxter et al. [68]
who found that intravenous antibiotics reduce the
occurrence of A. fumigatus in sputum samples. But as
patients usually have less abundant respiratory secre-
tions after intravenous therapy, the amount and quality
of sputum specimens might have influenced the results
of this study.

Interestingly, we recently also identified pet own-
ership [69] or frequent pet contacts [70] as a risk factor
for ABPA, which may have important implications for
clinicians since they should pay greater attention to
patients that are in contact with pets.

Regarding Scedosporium and Lomentospora spe-
cies, a registry analysis revealed the use of inhaled
antibiotics as a risk factor for detection of these fungi
from CF respiratory secretions [71]. In a German
prospective study, adjusted multivariate regression
analysis showed that colonization of the airways by

these fungi was associated with younger age (OR
0.8684, 95% CI 0.7955-0.9480, p < 0.005) and less
frequent colonization with Haemophilus influenzae
(OR 0.0118, 95% CI 0.0009-0.1585, p < 0.001). In
addition, patients colonized by these fungi more often
suffered from ABPA (OR 14.6663, 95% CI
2.1873-98.3403, p < 0.01) and have been more
frequently colonized by the mucoid phenotype of P.
aeruginosa (OR 9.8941, 95% CI 1.0518-93.0705,
p < 0.05) [72].

Aspergillus Fumigatus Clinical Entities

Only few publications are available regarding the
clinical significance of fungal detection from respira-
tory secretions. However, using registry data from the
German Cystic Fibrosis Registry, an impact on lung
function was demonstrated for the first time on a large
cohort of patients [73]. Of the 2599 patients, 32.5%
were colonized with Aspergillus species. These
patients had significantly worse FEV, percent pre-
dicted values with a median of 64.5 £ 24.6 compared
to 75.7 &+ 27.3 (p < 0.0001) in the control group. A
limitation of this study was the failure to differentiate
patients with positive cultures for Aspergillus species
into their respective disease entity. Thus, patients with
Aspergillus species detection may have harmless
colonization, sensitization, or clinically relevant
ABPA and there is current evidence in the literature
for new aspergillosis disease entities [73—75]. Indeed,
individual patient cases have been described as

Table 1 Variables with statistically significant p-values in the multivariate analyses [46]

2016 2017
Variable Odds 95% Wald Variable Odds 95% Wald
ratio CI ratio CI
Age group 21-30 years* 8.42 5.10-13.88 Age group 21-30 years* 10.75 6.23-18.57
Age group 31-40 years* 7.90 4.55-13.71 Age group 31-40 years* 9.49 5.25-17.14
Age group 41-50 years* 11.24 6.07-20.83 Age group 41-50 years* 10.56 5.52-20.20
Continuous antibiotic lung 2.01 1.50-2.70 Continuous antibiotic lung 2.29 1.71-3.06
treatment** treatment**

CFTR modulators** 1.62 1.20-2.20 Pancreatic insufficiency** 1.51 1.02-2.23
Number of exacerbations 1.25 1.16-1.34 BMI percentile 0.99 0.99-1.00

BMI: body mass index; CFTR: cystic fibrosis transmembrane conductance regulator; CI: confidence interval

*Compared to patients aged < 10 years; **exposed vs. unexposed
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Aspergillus bronchitis and, currently, Aspergillus
pneumonia [76].

ABPA is recognized as a disease entity in CF since
along time and is well described in terms of diagnosis
and therapy [76-83]. However, in the setting of CF,
diagnosis of ABPA can be very difficult because its
symptoms often cannot be separated from those of
bronchopulmonary exacerbation. For this reason, a
consensus conference has defined diagnostic criteria to
facilitate diagnosis in the context of CF [84]. Never-
theless, even with this recommendation, some cases of
ABPA are diagnosed lately or even overlooked, so
there is a high need for an improved diagnosis,
especially with regard to ABPA. Defining the different
Aspergillus clinical entities is a prerequisite for
comparing patients’ data, especially in relation to
therapeutic indications.

Definition of Aspergillus Colonization

Up to now, there is no clear, consensual definition
regarding chronic colonization of the airways with
Aspergillus or any other fungal species. Nevertheless,
there is now an increasing body of evidence that
chronic colonization of the airways by A. fumigatus or
even Candida yeasts is associated with lung function
decline [48, 59, 85-91]. However, even intermittent
co-colonization with P. aeruginosa and A. fumigatus
also seems to lead to more frequent hospitalizations
and lower lung function like chronic P. aeruginosa
infections [62, 92]. To increase evidence about impact
of A. fumigatus colonization on CF patients’ lung
disease, data from the German CF Registry were
correlated with lung function, chronic P. aeruginosa
infection and treatment for CF lung disease. CF
patients without chronic P. aeruginosa infection,
however, had a significantly lower FEV, in case of
only one or at least two positive A. fumigatus cultures
per year (p < 0.0001). Pulmonary exacerbations
requiring antibiotic treatment were experienced by
significant more CF patients with at least two positive
A. fumigatus cultures (53.9% vs. 39.5% without A.
fumigatus detection in 2016 and 73.9% vs. 59.2% in
2017; p < 0.0001 in both cases) [48]. Different
statuses were defined for this study: patients with no
A. fumigatus-positive culture from respiratory sam-
ples, with only one A. fumigatus-positive culture per
year or with at least two A. fumigatus-positive cultures
per year, defined as no A. fumigatus colonization,
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transient colonization and chronic colonization. Nev-
ertheless, the quality of respiratory samples is crucial
for defining any of the statuses.

Definition of Aspergillus spp. Bronchitis

Aspergillus bronchitis was first described in 2006 [75].
It is defined as by Aspergillus-positive cultures from
sputum, respiratory exacerbations unresponsive to
antibiotic treatment, successful antifungal treatment
and exclusion of ABPA [75]. Further specifications
and a modified definition of Aspergillus bronchitis
were published in 2013 by Baxter et al. [74] including
a cutoff index of > 0.5 for sputum galactomannan,
positive A. fumigatus-specific PCR and elevated levels
for specific serum IgG antibodies (> 75 mg/l) in
combination with a total serum IgE level < 500 IU/ml
(whereas a total serum IgE level > 500 IU/ml indi-
cates an ABPA) and the lack of specific serum IgE.
The latest publication on Aspergillus bronchitis, using
the aforementioned definition, could demonstrate a
significant increase in FEV and decrease in cough and
sputum after antifungal therapy with a duration of up
to 6 weeks. The impact of Aspergillus species on the
clinical course of patients with CF has been shown in
several studies and is not, therefore, a matter of
discussion anymore [2, 48, 59, 75-77, 79-83,
85-87, 93, 94]. But which patient groups would profit
from antifungal or even anti-inflammatory therapy is
hard to define as randomized clinical trials are not
available to answer this question. Thus, the recom-
mendation would be to screen for Aspergillus bron-
chitis when patients’ status is instable and signs of
exacerbations occur without responding to antibiotics.

Definition of Aspergillus Pneumonia

Severe invasive lung infections caused by fungal
species are well known in immunosuppressed patients
[6, 7, 26, 95, 96], but their occurrence in non-
immunocompromised CF patients has been described
only recently [6, 7, 94, 97]. As many patients with CF
are colonized with A. fumigatus, the bottleneck is to
distinguish between harmless colonization and clini-
cally relevant infections. To overcome this issue,
international expert groups proposed a definition for
pulmonary infections caused by fungi to guide clin-
icians [94, 97, 98]. These fungal infections are defined
as follows:
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— Increased sputum production;

— Multiple isolation of the same fungal species from
sputum or bronchoalveolar lavage (> twice over a
6-month period);

— Pulmonary infiltrate(s) on chest CT scan, MRI or
X-ray;

— Treatment failure with antibiotic therapy (> 2 x
antibiotic treatment, duration > two weeks);

— Unclear lung function decline (exclusion of new
CF-related diseases, e.g., diabetes mellitus);

— Exclusion of new/other bacteria (e.g., non-tuber-
culous mycobacteria or P. aeruginosa);

— And exclusion of ABPA.

Although this definition may help to identify
patients with fungal pneumonia, it can be still difficult
to confirm this diagnosis. CT scans might be a very
helpful tool in diagnosing fungal pneumonia. Typical
findings for this specific diagnosis may be ground-
glass density surrounding a nodule, also known as
“halo sign,” or consolidation with internal ground-
class density. But other findings like semi-solid and
ground-glass nodules and especially peripheral well-
circumscribed nodules also might be specific hints for
severe pulmonary fungal infections [94, 99, 100].

A novel diagnostic tool has been proposed in recent
years relying on the measurement of A. fumigatus-
specific T cell response during the onset of fungal
infections [101-103]. This method represents the
direct host—pathogen reaction and could also identify
the right pathogen despite negativity of culture-based
detection methods or PCR-based methods.

Allergic Bronchopulmonary Aspergillosis

Allergic bronchopulmonary aspergillosis (ABPA) is
known as a hypersensitivity reaction to A. fumigatus.
The prevalence of ABPA is estimated to be 10% in
patients with CF [104]. Patients with ABPA are likely
to have lower lung function and are less likely to fully
recover following treatment of pulmonary exacerba-
tions [76, 105].

Given that CF and ABPA have overlapping clinical,
radiographic and immunological features, the diagno-
sis of ABPA remains challenging and sometimes very
difficult. Therefore, guidelines have been published to
standardize the diagnosis and management of ABPA
in patients with CF [84].

The ISHAM ABPA working group proposed the
following criteria to diagnose ABPA [106]:

— Aspergillus fumigatus-positive skin prick test or
presence of serum specific IgE associated with an
elevated total serum IgE level (> 1000 kU/L);

— And two of the following criteria:

e Presence of specific anti-A. fumigatus IgG
antibodies;

e Eosinophilia of more than 500 cells/pL (in steroid-
naive patients);

e Radiographic pulmonary opacities consistent with
ABPA.

A recently published systemic review and meta-
analysis on biomarkers for diagnosing ABPA demon-
strated that serum IgE directed toward the recombi-
nant proteins rAsp f4 and rAsp f 6 and
hyperattenuating mucus on CT scan complement
current diagnostic criteria to improve diagnostic
specificity [107]. Another very promising tool for
diagnosis of ABPA again is the Aspergillus-specific T
cell response. In a recent pilot study in patients with
CF and ABPA, we could demonstrate that Aspergillus-
specific TH17 cells confirmed the diagnosis in patients
with acute ABPA without specific treatment. The
assay could also discriminate patients with acute
ABPA from patients after treatment, so that this
biomarker might not only be helpful for defining acute
ABPA but also to prove the clinical response to
therapy [108]. Nevertheless, randomized clinical trials
are needed in order to guide clinicians in diagnosing
and treating ABPA in an evidence-based manner.

Antifungal Therapy

The current antifungal armamentarium is divided into
four chemical classes: azole dugs, polyenes,
echinocandins and flucytosine. Being able to draw
on a wide range of antifungals is crucial to select the
best therapeutic option for each patient. It is not
uncommon for the clinician to be confronted with a
situation where antifungals in combination with other
medication induce drug—drug interactions [109]. In
addition, acquired or primary resistance of some
fungal species needs to be taken into account.
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ABPA was the first A. fumigatus-related clinical
entity recognized in CF [77, 110]. Thus, therapy
recommendations exist over a long time already [84].
Nevertheless, a recent survey in the UK on clinicians’
behavior in terms of treatment options of ABPA
demonstrated the need for establishing evidence-based
guidelines [14]. 66.7% of the respondent clinicians
were using prednisolone alongside itraconazole for
treatment of first diagnosis of ABPA, whereas 35.1%
reported using prednisolone alone and 3.5% pred-
nisolone with voriconazole. This survey also demon-
strated a significant difference in treatment choices
between adult and pediatric physicians. Prednisolone
therapy alone was chosen for a first diagnosis of ABPA
by 47% of adult clinicians, vs. 20% of pediatricians
(» < 0.0001). Finally, no adult physicians reported the
use of voriconazole, but 8% of pediatricians would use
prednisolone with voriconazole.

Fortunately, progress has been made in the past few
years for treatment of Aspergillus infections in CF
patients, with the availability of some new antifungal
drugs (isavuconazole and echinocandins, caspofungin,
micafungin and anidulafungin). Recently, the Pulma-
trix company (Lexington, MA) started the develop-
ment of a new formulation combining itraconazole
with the dry powder iSPERSE™ technology which
allows delivering high doses of drug directly into the
lungs by inhalation while minimizing side effects
[111]. This formulation called PUR1900 has been
designated by the US Food and Drug Administration a
Qualified Infectious Disease Product (QIDP) for
treatment of ABPA in patients with CF.

Treatment of A. fumigatus bronchitis is recom-
mended, but as abovementioned this clinical entity is
not always easy to identify. The recommended
treatment relies on the use of a single azole drug
orally, with a duration of 2 to 6 weeks [73-75]. An
interesting alternative would be the inhalation of an
antifungal drug such as amphotericin B, but unfortu-
nately it is not approved for inhalation. Therefore,
good news is the start of clinical trials with inhaled
itraconazole [111].

Aspergillus fumigatus or non-Aspergillus species
pneumonia is a new disease entity in patients with CF
[6, 7, 94] which needs attention from the radiologist
and the clinician as well. Aspergillus fumigatus
infections are usually treated with monotherapy such
as voriconazole, posaconazole, caspofungin, mica-
fungin or amphotericin B [94, 112].
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Nevertheless, treatment of fungal respiratory infec-
tions in CF remains challenging when they are caused
by multi-resistant fungi like Scedosporium species and
Lomentospora prolificans or the emerging Rasamso-
nia species. In vitro studies showed that these fungi
exhibit a primary resistance or low susceptibility to
most available antifungals [6, 26]. However, several
bodies of work performed in recent years highlight the
potential of combination therapy for Scedosporium/
Lomentospora infections. In those cases, a combina-
tion of two or even three different antifungals is
recommended [6, 7, 26, 94, 97, 113], comprising
usually an echinocandin, particularly micafungin
which may also be used for treatment of Rasamsonia
infections [6, 94, 97]. For all treatment recommenda-
tions, performing susceptibility testing is mandatory
as resistance can occur [6, 7, 35].

Finally, another important question for clinicians is
whether or not colonization without clinical impact
should be treated. Randomized trials are needed to
answer this question. Nevertheless, there is now
increasing evidence that chronic colonization of the
airways by Candida yeasts or A. fumigatus results in
diminished pulmonary function [48, 57, 60, 85-91]. In
addition, colonization of the airways with resistant
fungi such as Lomentospora prolificans should lead to
at least think about eradication therapy since these
fungi can impact the clinical course with causing
severe infections [7, 94, 97] and may be considered a
contraindication to lung transplantation in some
centers.

Conclusion

Although significant progress has been made regard-
ing fungal colonization of the airways and fungal
respiratory infections, many challenges remain to be
addressed by the CF community (Fig. 2). The newly
described selective culture media and the various
procedures for mycological examination of respiratory
secretions from CF patients should be evaluated in
multicenter studies, in order to propose guidelines to
the European Cystic Fibrosis Society and relevant
national societies. Culture methods mimicking the
particular physicochemical conditions encountered in
the CF bronchial mucus also need to be evaluated for
determination of azole susceptibility of fungal isolates
recovered from sputum samples. Then, large
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Evaluate newly described selective culture media
and procedures currently used
for mycological examination of respiratory secretions

Write guidelines to be proposed
to the ECFS and relevant national societies

Improve azole susceptibility testing in the CF context

Perform multicenter epidemiological studies

using standardized procedures for examination of sputum samples
to evaluate the real frequency of CF-associated fungal species
to determine the clinical relevance of fungal colonization
to identify the risk factors for fungal diseases in CF.

Validate the clinical and radiological criteria supporting
the different clinical entities caused by fungal pathogens

Evaluate the recently proposed biological markers

Define treatment strategies taking into account
new formulations and new antifungals in the pipeline

Fig. 2 Key actions to be addressed by the CF community for a better understanding of fungal infections in CF and improvement of

patient management. ECFS: European Cystic Fibrosis Society

multicenter epidemiological studies using well-stan-
dardized procedures for both bacteriological and
mycological examinations of sputum samples could
be conducted in order to determine the real frequency
of fungal species associated with CF, the clinical
relevance of fungal colonization of the airways and the
risk factors for fungal diseases in CF. In addition,
clinical and radiological criteria supporting the dif-
ferent clinical entities that may be caused by fungal
respiratory pathogens should be validated by the CF
community, as well as some recently proposed
biological markers. Finally, treatment strategies
should be defined taking into account the new
formulations and new antifungals in the pipeline.
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