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Abstract: Fungi are frequently recovered from lower airway samples from people with cystic fibrosis
(CF), yet the role of fungi in the progression of lung disease is debated. Recent studies suggest
worsening clinical outcomes associated with airway fungal detection, although most studies to
date are retrospective or observational. The presence of fungi can elicit a T helper cell type 2
(Th-2) mediated inflammatory reaction known as allergic bronchopulmonary aspergillosis (ABPA),
particularly in those with a genetic atopic predisposition. In this review, we discuss the epidemiology
of fungal infections in people with CF, risk factors associated with development of fungal infections,
and microbiologic approaches for isolation and identification of fungi. We review the spectrum of
fungal disease presentations, clinical outcomes after isolation of fungi from airway samples, and the
importance of considering airway co-infections. Finally, we discuss the association between fungi
and airway inflammation highlighting gaps in knowledge and future research questions that may
further elucidate the role of fungus in lung disease progression.

Keywords: fungus; Aspergillus; co-infection; cystic fibrosis; allergic bronchopulmonary aspergillo-
sis; inflammation

1. Introduction

Cystic Fibrosis (CF) is one of the most common inherited conditions, resulting in
early morbidity and shortened life expectancy [1]. Cystic fibrosis is caused by absence or
dysfunction of the cystic fibrosis transmembrane conductance regulator (CFTR) protein
which primarily affects the pulmonary and gastrointestinal systems [1]. Lack of CFTR
protein in the epithelial cell membrane impairs chloride and bicarbonate movement at the
cell surface, resulting in thickened secretions in the airways, pancreas and other organs [2].
Manifestations start early in life and pulmonary complications are the most common causes
of morbidity and mortality as people with CF (pwCF) age. Individuals with CF are prone to
persistent airway infections due to dehydrated mucus that accumulates in the airways [3,4].
This abnormal mucus creates a protein rich environment for organisms to grow, leading to
chronic infection and resulting in inflammatory response [5,6]. This in turn leads to airway
obstruction, remodeling and bronchiectasis, causing a progressive decline in lung function.

Common culprits for airway infection in CF are bacteria found in the environment.
Pseudomonas aeruginosa, Staphylococcus aureus, and other gram-negative bacteria are fre-
quently detected from airway samples and chronic infection with these pathogens associ-
ated with worse outcomes (e.g., lower lung function, increased frequency of pulmonary
exacerbation) [7–12]. Pulmonary exacerbations, episodic increases in respiratory symp-
toms characterized by decreased lung function, increased cough and increased sputum
production contribute to much of the morbidity in pwCF [13,14].

In addition to bacteria, fungi are also frequently detected in airway samples; yet, their
contribution to lung disease progression is not well understood [15]. Fungal infections may
be transient or chronic, although here has yet to be consensus on how to define chronic
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infection from these organisms [15–17]. Furthermore, fungi are difficult to culture from
CF airway samples, making detection and true prevalence difficult to determine [18,19].
Transient detection of fungus with subclinical airway changes, fungal bronchitis, sensitiza-
tion to fungal proteins, and allergic bronchopulmonary aspergillosis (ABPA) have all been
described, yet clear consensus guidelines have yet to be determined [15,17]. Studies have
shown an association with worse clinical outcomes in some individuals with fungi, but
whether fungi are independent contributors to poor outcomes or a reflection of a diseased
airway is not clear [20–22].

Allergic bronchopulmonary aspergillosis is an allergic inflammatory process leading
to airway obstruction and airway remodeling [23,24]. As opposed to CF endo-bronchitis
associated with bacterial pathogens, ABPA is caused by an allergic response to fungal
elements rather than true infection. In pwCF, ABPA increases pulmonary morbidity, yet
how it develops and who is at risk are not well understood [23]. Here we review the
spectrum of fungal disease presentations, clinical outcomes after isolation of fungi from
airway samples, and the importance of considering airway co-infections in CF. We also
discuss the association between fungi and airway inflammation highlighting gaps in
knowledge and future research questions that may further elucidate the role of fungi in
lung disease progression in CF.

2. Epidemiology

Airway fungal recovery is common in pwCF. A. fumigatus and other Aspergillus species
are the most frequently detected fungi with reported prevalence ranging from 10–50%,
although there is a variety in patient populations and clinical laboratory practices that
impacts detection rates as reported by multiple reviews and studies [15,16,25,26]. In an
analysis of 2012 registry data from Germany among 2600 pwCF, 32% isolated fungus
and the prevalence of Aspergillus and Candida isolation also increased with age. Hong
et al. used United States CF Foundation Patient Registry (CFFPR) data from 2006–2012
to evaluate the individual level factors associated with Aspergillus infection in pwCF [27].
They found that pancreatic insufficiency, chronic anti-Pseudomonas aerosolized antibiotics,
inhaled corticosteroid use, and macrolide antibiotic use were risk factors for recurrent
Aspergillus isolation [28]. Similar to a single center study, these data suggest that advancing
disease and therapeutic exposures disrupting the bacterial microenvironment may increase
the likelihood of isolating fungus from the airway [29]. There appears to be an inflection
point of likely fungus isolation around adolescence and early adulthood, although fungus
may be isolated in younger populations [30,31]. In an Australian pediatric cohort that
underwent early bronchoscopy, Aspergillus was a frequently isolated organism in infants
and young children and associated with radiographic changes correlating with early lung
disease [30]. Such findings challenge the argument that A. fumigatus is present without
pathogenicity. Lower rates of fungi reported in young populations may be related to
an inability to detect fungus in those who cannot adequately expectorate sputum, or to
disease stage.

Scedosporium has also been identified in airway samples from pwCF [19,22,32–34].
Recent German registry data noted that Scedosporium was one of the more common fungi
isolated from pwCF (1.9% of pwCF in 2017 registry) [22]. Scedosporium has been found
in approximately 3% of pwCF in the United States and, similar to Aspergillus, has been
associated with older age, inhaled antibiotic use, and increased IV antibiotic episodes [32].
Yeast including Candida albicans are also detected with estimated prevalence of 50–75%,
although laboratory reporting of yeast varies [19,22]. Other fungal pathogens that may
have clinical consequences in CF include Rasamsonia argillacea complex, Trichosporon my-
cotoxinovorans, and Exophiala dermatitidis; however, the rarity of these organisms leads to
difficulty interpreting observed clinical correlations [35–38].
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3. Microbiologic Detection

In pwCF, bacterial cultures are routinely obtained from the airway at each clinic visit
and at the time of pulmonary exacerbation. Whether cultures are obtained using oropha-
ryngeal swabs (OP), sputum, or bronchoalveolar lavage depends on the patient and other
factors, comorbidities, and clinical status. Sputum cultures are ideal, as mucus presumably
represents many areas of the lung. If people cannot spontaneously expectorate sputum,
OP swabs are obtained in attempts to survey what organisms may be present in the lower
airways, or sputum induction is attempted [39–41]. Bronchoscopy with bronchoalveolar
lavage (BAL) allows sampling of various lobes of the lung but the procedure is invasive and
often requires anesthesia; thus, its use for surveillance is limited [42]. While surveillance of
airway bacterial cultures is recommended at least quarterly and with illnesses as part of
standard clinical care, the optimal frequency of culturing for fungi is not known [43].

Fungi can be difficult to detect from airway cultures. While OP swabs are routinely
used for bacterial surveillance in non-expectorating individuals, fungal detection from
upper airway samples is difficult to interpret and is not routinely recommended [43,44].
Furthermore, OP swab detection is not always representative of lower airway disease [45].
Yield of fungal detection from OP swabs is low and often does not accurately represent
whether fungus is present or not in the lower airway [19,46]. Since this occurs, pwCF
who do not produce sputum and whose pathogen screening has been limited to OP
swabs, may have undetected fungus in the lower airways. Fungal cultures from sputum
and bronchoalveolar lavage specimens should be performed using fungal-specific media
or selective media enriched with antimicrobials to promote fungal growth. However,
fungus can remain difficult to isolate due to differences between species in optimal media,
incubation temperatures, processing, and time for growth [44,47]. Coron et al. found that
by using specific and multiple culture plates, 81% of expectorating individuals with CF
isolated fungus or yeast [19]. However, this tiered research study approach is likely not
available in clinical laboratories. In studies using molecular approaches, 60% of the fungal
genus and species detected were not found on routine fungal culture [48]. Furthermore,
Delhaes et al. reported differences in fungal prevalence by culture conditions and media,
age and geography, and recommended standardized approaches across laboratories [25].

Given the limitations of fungal detection with microbiologic culture approaches,
investigators have applied microbial sequencing methods to study the mycobiome in CF
airway specimens [49]. Molecular techniques use sequencing approaches targeted towards
common fungal genomes, identifying fungi without the need for culture [50]. Using these
approaches, species previously undetected are being found in the CF airway. Yet, the
clinical effect of such findings is still under investigation, as well as the utility of molecular
detection versus classic culturing methods [18,49]. Further work regarding the detection of
fungus either by culture media, PCR testing, or next-generation sequencing is needed.

Regarding the detection of host responses to fungi, advanced animal and cell-based
studies have investigated fungus and the inflammatory response. Toor et al. investigated
transcriptomic inflammatory pathway responses of human bronchial epithelial cells to A.
fumigatus conidia and found a variety of host gene responses (autophagy, complement,
coagulation, cytokine receptor interactions, and chemokine responses, etc.) as well as 1%
internalization of conidia by human bronchial epithelial cells [51]. Other studies have
investigated conidia binding of A. fumigatus, internalization of spores and epithelial cell
participation in host response, identifying inflammatory pathways and responses to these
interactions within the airway [52–54]. Other investigators have expanded this to genomic
studies as well as to studies evaluating nasal airway responses [55,56]. While there are few
CF specific studies, these early studies provide a unique approach to understanding host
response to inhaled fungi. These pathways may help develop other methods of detecting
fungi in the airway and provide clinical metrics beyond current culture methods.



Pathogens 2021, 10, 618 4 of 13

4. Pathophysiology

In pwCF, fungal infections are likely more to be common due to the unique properties
of CF mucus and reduced mucociliary clearance [57]. Fungi are likely to be inhaled as
conidia, or non-germinated spores. The conidia are small and inhaled diffusely into the
lower airways, where goblet and mucus producing cells reside. These spores are inhaled
daily by most people and do not cause infection as they are exposed to immune cells and
thin mucous that is expelled via normal breathing and the mucociliary escalator [57]. In CF,
however, the mucous is thick and dehydrated. Conidia become lodged within the sputum
and are difficult to expectorate [16]. This environment allows the conidia to germinate,
creating hyphae and complex cellular structures. As this occurs, the fungi may utilize
nutrients, cell free DNA, and other biofilm contents from other organisms to thrive and
grow within the mucous and airways [58,59]. Given the complex mucus network and
viscosity, inflammatory response cells have a difficult time reaching these organisms in the
CF airway. This in turn results in an unregulated growth response, allowing the fungi to
thrive and attack the epithelial cells of the airway. By the time the inflammatory cells of
the host are exposed to the fungus, it has grown hyphae and formed a mature structure,
making it hard to kill and remove from the pulmonary system [60]. This likely results
in inflammatory change of the airway mucosa, alveolar damage and, with some fungal
species, vascular invasion in specific hosts [16,27].

CFTR modulators, including ivacaftor, lumacaftor/ivacaftor, tezacaftor/ivacaftor
and elexacaftor/tezacaftor/ivacaftor, improve the function of CFTR on the cell surface,
improving chloride and bicarbonate transport through various mechanisms depending on
the underlying mutation [61]. Mucociliary clearance has been shown to improve following
ivacaftor therapy for pwCF and a G551D-CFTR mutation [62]. Heltshe et al. found
that, in patients treated with ivacaftor, Aspergillus detection and isolation was reduced
following treatment [63]. Whether this is related to less sputum production, less infection,
or other factors has yet to be determined. As elexacaftor/tezacaftor/ivacaftor has now
been approved for most pwCF, longitudinal studies to determine the impact of treatment
on fungal infections will provide important information for future management [64].

5. Spectrum of Fungal Infection in CF

In pwCF, recovery of fungi may reflect colonization or infection with resultant inflam-
matory response and detrimental impact on airways disease (sometimes termed “fungal
bronchitis”). Fungi may also be detected in the setting of ABPA, an allergic Th2-mediated
reaction to inhaled fungal proteins, as well as fungal sensitization without meeting ABPA
criteria. The most frequent presentations associated with fungal recovery and disease in
pwCF are discussed below.

5.1. Persistent Infection and Transient Infection

Some pwCF isolate fungus yet show little signs of clinical impact. Repeated positive
cultures have been termed ‘persistent infection’ or ‘colonization,’ although the definition of
persistent varies throughout the CF literature [15,17]. Hong et al. and Amin et al. defined
persistence infection as isolation of Aspergillus at least twice in the preceding 12 months
after initial identification. These studies have shown associations with Aspergillus and
worse clinical outcome measures, yet these correlations require further investigation [20,21].
Prospective clinical studies involving fungal detection are needed to better understand the
development and progression of lung disease and allergic phenotypes in people with CF
and airway fungi.

Transient isolation of Aspergillus has been described, yet the clinical significance
of this is not known and is often excluded from further analyses. Possible hypotheses
for these findings of rare or infrequent fungus isolation may be microbiome shifts in
the airway from antimicrobial use, environmental/occupational exposure, fungi being
acquired with other common bacterial infections, or precursors to infection, ABPA, or
allergic sensitization [15,17,23,65].
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5.2. Fungal Bronchitis

In some patients, recovery of fungus appears to be associated with clinical
disease [15,27,66]. Fungal bronchitis is often diagnosed and treated in the setting of in-
complete or absent clinical response to weeks of antimicrobial therapy targeted at bacteria
commonly responsible for pulmonary exacerbations. This in turn can lead to a delay in
diagnosis or complicate the treatment regimen. Tracy and Moss provided an extensive
review regarding the spectrum of fungal infection in pwCF, highlighting the complexity
of active fungal infection with bronchitis, the possibility of persistent infection, and how
colonization is present in this population with unknown significance [15]. Baxter et al. at-
tempted to define fungal bronchitis further with elevated serological measurements of IgG
to Aspergillus without IgE response to Aspergillus, as well as positive cultures, A. fumigatus
specific PCR detection, and sputum galactomannan [17]. They found individuals with this
serologic and clinical profile in 30% of the pwCF they studied, indicating a unique group
of people responding to fungal infection [17].

Brandt et al. performed an extensive study using a case series, a prospective cohort
study involving 22 subjects, and German registry data to further describe bronchitis caused
by Aspergillus in pwCF [27]. In their prospective study, they used the definitions of fungal
bronchitis defined by Baxter [17]. In their registry data, 32% of the population isolated
Aspergillus; further, Aspergillus was associated with lower body-mass index (a measure
of nutritional status), older age, and lower percent predicted forced expiratory volume
at one second (ppFEV1). In their case review, they found those treated with itraconazole
had significantly reduced cough and sputum production. Furthermore, using data from
their smaller case series, they estimated a prevalence of Aspergillus bronchitis of 1.6% in the
population; in their prospective cohort analysis of 22 subjects, the prevalence was higher
with 9% (n = 2) developing Aspergillus bronchitis. While these studies attempt to identify
markers of fungal infection, the clinical outcomes related to repeated recovery of Aspergillus
remains to be elucidated.

Many studies have tried to identify a ‘chronic’ definition based upon frequency of
positive airway cultures; however, criteria are inconsistent across studies and influenced
by the number of cultures performed during the study period. Definitions have often been
modeled after the Leeds criteria for chronic Pseudomonas aeruginosa infection, although a
consensus has not been reached (e.g., 50% positive cultures in a year, two positive cultures
in the past year) [15–17]. More prospective studies are needed to understand the impact of
fungal infection frequency on clinical outcomes and in defining chronicity of infection.

5.3. Fungal Sensitization

There is some evidence that pwCF have higher rates of atopy and asthma, indicating
a higher rate of sensitization to allergens in the environment. Studies have shown that
adults with CF are more likely to be sensitized to multiple environmental fungal allergens,
including ones that have not been cultured from their sputum, resulting in asthma like
phenotypes [24,67,68]. This has not been extensively studied in pediatric patients and
when increased rates of sensitization begin to develop is unclear.

5.4. Allergic Bronchopulmonary Aspergillosis

ABPA is an allergic disease related to fungal exposure in the airway [69]. Individuals
with CF are at higher risk of ABPA, although the risk factors, exposures, and time frame
are not completely understood. Individuals with CF and ABPA have been found to have
lower lung function and more frequent co-morbidities, indicating a possible acceleration of
the CF disease process [17,23].

The underlying pathophysiology of ABPA is thought to be an allergic response to anti-
gens from the Aspergillus sp. organism. Diagnosis involves clinical worsening, radiographic
changes on chest radiograph or computerized tomography (CT), elevation of total serum
IgE to greater than 500 kUA/L, and positive IgG and IgE response to Aspergillus allergens.
Treatment is complex and often prolonged, requiring long courses of oral steroids with
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tapering and sometimes antifungals as an adjuvant. Annual screening is recommended in
pwCF starting in early childhood, as studies have shown a higher risk of ABPA in this pop-
ulation compared to others. Non-CF ABPA may be diagnosed in individuals with severe
asthma and has slightly different diagnosis guidelines. Interestingly, a sputum culture that
is positive for Aspergillus infection is not required for diagnosis, emphasizing that this is not
necessarily active infection, but more so an allergic reaction to continued airway antigen
exposure [17,23,24,69]. How a person with CF develops ABPA is unclear. A reaction to
Aspergillus is needed, but whether this is genetic, environmental, or multifactorial is unclear.
More studies are needed to elicit who is at risk for ABPA, what risk factors are associated
with the diagnosis, and how to properly monitor and treat the condition.

6. Clinical Outcomes

People with CF and fungal infection have been shown to have lower lung function.
Amin et al. performed a retrospective study looking at risk factors and lung function in
patients with CF and Aspergillus infection [20]. In 230 patients, those persistently infected
with A. fumigatus had 3.61% lower ppFEV1, with a significant association with p. aeruginosa
infection when unadjusted for baseline ppFEV1. Furthermore, they found that those
with persistent A. fumigatus infection had an increased risk for pulmonary exacerbation
requiring hospitalization [20]. Sudfeld et al. performed a study on patients with CF and
showed that with every 10% decrease in ppFEV1, the odds of isolating a filamentous fungus
independently increased by 5% every quarter of a year [29]. However, there are studies that
have shown no associations between Aspergillus and lung function [70]. While most work
has been done in Aspergillus, decline in ppFEV1 has also been shown in pwCF isolating
particular Candida species, a fungus not always reported or tested for in microbiology
labs [71,72]. Despite these findings, evidence of causation is lacking.

Studies regarding Aspergillus and pulmonary exacerbations have also been mixed.
Some studies showing transient Aspergillus isolation showed little difference in exacerba-
tion frequency compared to those without Aspergillus [70]. Amin and al., described above,
found increased risk for pulmonary exacerbation in those with persistent Aspergillus [20].
Efforts have also been made to study the impact of treatment of Aspergillus on pulmonary
exacerbations. A double-blind randomized control trial comparing itraconazole treatment
for Aspergillus infection in pwCF to placebo showed no difference in number of exacerba-
tions or time to first exacerbation, yet the interpretation of these data was limited by post
hoc determination of subtherapeutic drug levels and small sample size [73]. Conversely,
one small study (n = 13) of pwCF and Aspergillus treated with 6 weeks of itraconazole
showed reduced rates of respiratory symptoms and pulmonary exacerbations in those that
cleared Aspergillus infection [74].

Studies have also shown some association with fungus and imaging findings in pwCF.
The Australian Respiratory Early Surveillance Team for Cystic Fibrosis (AREST CF) group
studied 310 children with 1035 CT scans and 1631 BAL samples for culture identification.
They found increased rates of air trapping in pediatric patients with Aspergillus isolated
from bronchoscopy as well as worse chest CT scores and progression of CT scores following
fungal isolation [30]. The Australasian Cystic Fibrosis Bronchoalveolar Lavage study group
(ACFBAL) confirmed this finding of air trapping in children at age 5 with CF and Aspergillus
isolation, indicating possible airway edema, obstruction, or asthma like findings in pwCF
and Aspergillus [31]. McMahon et al. reported similar findings, showing that pwCF and
Aspergillus positive airway samples had more severe bronchiectasis on CT scan compared
to those without Aspergillus [75].

Whether fungus in itself is causal or a bystander with another entity that causes these
outcome differences has yet to be determined. More longitudinal and prospective studies
are needed, as well as randomized controlled trials, to determine the effect of fungus on
pwCF. As some studies have shown less isolation of Aspergillus following treatment with
CFTR modulators, future approaches may differ. [63,76].
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7. Co-Infection

Investigators have examined associations with fungus and other organisms found
in the CF airway. Many of these studies have mixed results and lack clear cause and
effect relationships between fungus and other infections. Nevertheless, several studies
found that P. aeruginosa infection is associated with fungi detection [16,77]. Many theories
exist regarding the timing of fungal infection related to p. aeruginosa and it is unclear
if Pseudomonas infection precedes fungal infection or promotes fungal infection in some
way. In multiple studies, those with both Pseudomonas and Aspergillus infection had worse
clinical outcomes compared to other groups [20,78].

There is concern that antimicrobial use and microbiome shifts in the CF airway may
allow fungus to thrive [18,49]. Studies have found associations between the treatment of P.
aeruginosa and fungal detection following treatment, in particular following use of inhaled
tobramycin [29,79]. This concept promotes the idea that reduction in Pseudomonas infection
allows for less competition within CF sputum and airways, potentially providing biofilms
and cell debris for fungus to utilize.

There are some animal studies that have shown Pseudomonas biofilms inhibiting fungal
growth, alluding to the possibility that active Pseudomonas infection may prevent fungal
spores from germinating and causing infection [80,81]. Other studies found that biofilms
created by Pseudomonas may in fact promote fungal infection. Animal and in vitro studies
have shown Aspergillus thriving in the setting of Pseudomonas biofilms, theorizing that
when germinating within these structures, fungal spores have the ability to further evade
the host inflammatory response [58,82]. Other studies in adults have shown reduction in
Aspergillus detection with the treatment of IV antibiotics, indicating a possible synergistic
relationship amongst bacteria and fungi [83].

8. Inflammation in Fungal Infection

Infection in CF is generally thought to be a T-cell helper type one (Th1) process, char-
acterized by a neutrophil driven T cell response, usually early in immune response. This is
driven by interferon- gamma, macrophages, and neutrophil activation in the airway [5,84],
and thought to be a reaction to simple, single-celled organisms, resulting in an inflam-
matory reaction in the airways. Studies have shown associations with Th1 markers and
disease severity, showing changes in ppFEV1 and other outcome measures with markers
of both systemic and organ specific inflammation [6,85]. Some studies have shown similar
Th1 responses to fungus in pwCF. Studies analyzing BAL fluid have shown elevated IL8,
neutrophil elastase (NE), and elevated neutrophil and total cell counts in those with As-
pergillus infection [16,86]. Inflammation in CF is thought to result in permanent damage
and remodeling to the airway, leading to airway obstruction and excessive mucous produc-
tion. Over time, this can result in dependence on oxygen or positive pressure ventilation,
pulmonary hypertension, and end stage lung disease requiring transplantation.

In contrast to the Th1 inflammatory response that generally characterizes CF lung
disease, fungal infection in CF may generate a Th2 response. particularly in those with
atopy or ABPA [24,60,67,87]. Th2 response is a T cell response that is thought to be
later in activation and driven by a more allergic mechanism. It is often implicated in
asthma, allergies, and parasite infections, showing an eosinophil predominant pathway of
activation [60,88]. This has not been extensively studied in CF, yet given the predilection
of ABPA there is concern that there may be a class switch, resulting in a more allergic
response. Whether this occurs acutely, over time, or in genetically susceptible individuals
still needs investigation.

Th2 response is often thought of as being delayed compared to Th1, and for fungus to
become infectious the organism needs to germinate and spawn over a prolonged period of
time [60]. The CF mucus is likely to be an appropriate environment for this necessary time
gap; it is thick, full of nutrients and cell products, warm, and isolated from inflammatory
cells [2]. Given that there are concerns about a weak Th1 response to complex eukaryotic
organisms, the delayed Th2 response could react to the complex fungal organisms/hyphae.
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If the Th2 response cannot kill it with the recruitment of eosinophils (basic pH secretions
and chemicals), it could possibly promote ‘walling off’ of organisms within the airway.
Since this response allows for a complex organism to grow, it thus could create more
epitopes and peptides for antibodies and T cells to react to (Figure 1) [60,88].
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Figure 1. Possible inflammatory cycle in response to sustained exposure to fungus in CF airway, indicating role of Th1 and
Th2 inflammation.

While the host response and immune cells may eventually clear or suppress the
infection, the complex antigens and peptides are still in the milieu of CF sputum and
mucus in the airway. Thus, class switching to IgE and various other immunoglobulins may
occur and promote an allergic-type response. This could result in eosinophil recruitment to
fungal elements in the airway. Therefore, while pwCF may be able to clear the fungus itself,
the re-exposure to elements may cause eosinophil and IgE responses, increased mucus
production, and further activation of the inflammatory cascade.

Animal studies have shown possible Th2 responses to fungus in CF knockout animal
models. Mice in these models showed impaired Aspergillus conidia uptake, ineffective clear-
ance of Aspergillus, more inflammation, more neutrophils, eosinophils, and macrophages,
and increased Th2 chemokines (MCP-1) [89]. Similar studies found elevated Th2 cytokines
(IL13, IL5) with enhanced IgE response when focusing on lymphocyte defects in CF knock
out mice, as well as little difference in IFN gamma, a Th1 cytokine [90,91].

More extensive human studies on the immune response to fungus are limited. One
study focused on specific IL10 polymorphisms, a cytokine involved in Th2 processes,
showing that certain genotypes have associations with Aspergillus as well as higher IL-10
levels [92]. Others have shown reduced Th2 responses to Aspergillus in patients with
CF when supplemented with Vitamin D, which has been hypothesized as an immune
modulator [93].

Further studies have shown atopic reactions to fungus in those with CF. Individuals
with CF have been shown to have higher IgE levels and more robust reactions to fungal
elements during skin testing when compared to healthy controls [67,68]. A meta-analysis
by Maturu and Agarwal found a pooled prevalence of Aspergillus sensitization and ABPA of
39% and 8.9% respectively indicating a high prevalence of fungal sensitization in pwCF [94].
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9. Future Directions

More work is needed to understand the role of fungus in CF (Table 1). As fungus is
notably difficult to isolate from the airway, fungal infections may be underrepresented.
Considerations for standardization of isolating fungus from sputum culture, BAL, qPCR
methods, and throat swabs are necessary. The investigation of the microbiome and my-
cobiome also affords further insight to the extent of fungi in CF and its relationship to
residing bacteria.

Table 1. Future directions needed for the investigation of fungal disease in people with cystic fibrosis.

Area Research Questions

Detection of fungi from airway samples
Improved culture approaches: media, optimal

temperature, optimal timing,
qPCR testing, mycobiome sequencing

Characterization of fungal infections
Chronicity of infection

Classifications and outcomes (e.g., sporadic,
intermittent, chronic)

Clinical Outcomes

Risk factors for worsening disease
Management guidelines and indications

for treatment
Prospective, longitudinal studies needed

Co-Infection

Role of Pseudomonas aeruginosa, other
gram-negative pathogens

Biofilm development
Antibiotic influence on fungi

Inflammation

Pathways and cell signaling
Th1 versus Th2 host response

Immunoglobulin shifts and class switching
Identification of sputum and serum biomarkers

Allergic Bronchopulmonary Aspergillosis

Identification of risk factors
Long term outcomes

Genetic studies, role of atopic predisposition
Sensitization and role of other fungi

Response to novel therapies

The effect of long-term fungal infection and risk factors for development of fungal
infections needs further investigation. Fungus has been associated with disease progression
and co-infection with Pseudomonas, but the pathobiology is unclear. More work is needed
regarding whether fungus is causal in disease progression, synergistic with other pathogens
in increasing morbidity, or a bystander indicative of some other developing disease or
infectious process.

In the era of CFTR modulators, many aspects of CF care are changing. From our
own experience, individuals with CF are producing less sputum while on highly-effective
modulator therapy. Currently, sputum remains the prime medium for fungal detection,
thus measuring the impact of CFTR modulation on fungal prevalence may be challenging.
Novel systemic or non-invasively collected biomarkers of fungal disease will be critical for
understanding fungal disease as CF management changes in the CFTR modulator era.
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