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Abstract: The precise characterization of the mechanisms modulating Aspergillus fumigatus survival
within airway epithelial cells has been impaired by the lack of live-cell imaging technologies and
user-friendly quantification approaches. Here we described the use of an automated image analysis
pipeline to estimate the proportion of A. fumigatus spores taken up by airway epithelial cells, those
contained within phagolysosomes or acidified phagosomes, along with the fungal factors contributing
to these processes. Coupling the use of fluorescent A. fumigatus strains and fluorescent epithelial
probes targeting lysosomes, acidified compartments and cell membrane, we found that both the
efficacy of lysosome recruitment to phagosomes and phagosome acidification determines the capacity
of airway epithelial cells to contain A. fumigatus growth. Overall, the capability of the airway
epithelium to prevent A. fumigatus survival was higher in bronchial epithelial than alveolar epithelial
cells. Certain A. fumigatus cell wall mutants influenced phagosome maturation in airway epithelial
cells. Taken together, this live-cell 4D imaging approach allows observation and measurement of the
very early processes of A. fumigatus interaction within live airway epithelial monolayers.
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1. Introduction

published maps and institutional affil-

More than 10 million people globally suffer from lung diseases caused by the environmental fungus Aspergillus fumigatus [1], and over 200,000 annually die from it [2].
Inhalation of A. fumigatus spores is constant and unavoidable for all human beings [3].
Early after exposure, A. fumigatus spores are eliminated from the airways by the innate lung
defences [4–6]. However, the extended use of immunosuppressive treatments alongside the
extremely large population suffering from chronic lung conditions and severe respiratory
infections has placed A. fumigatus as the major respiratory mould pathogen in patients
with debilitated lung defences [7–11].
Intraphagosomal killing of A. fumigatus spores by professional phagocytes such as
macrophages is the most efficient process to prevent fungal persistence and the development of disease [12–15]. However epithelial cells vastly outnumber macrophages in
the normal lung and an increasing body of evidence has shown that uptake of adherent
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or opsonised spores by the airway epithelium materially contributes to the digestion of
Aspergillus spores within matured phagolysosomes [16–19]. The mechanism by which the
lung epithelium kills A. fumigatus spores is poorly understood. Several studies have indicated this process is critical for the release of immune modulators which attract and recruit
professional phagocytes to the site of infection to prevent establishment of infection [20–25].
Airway epithelial cells have been shown to efficiently take up fungal spores in a timely
manner [26–32]. In order to prevent fungal spore germination and escape, phagosomes
containing internalized spores are acidified and fused with lysosomes [33–35]. Although
potentially efficient in fungal clearance, previous work by us and others found that during early stages of infection, less than 3% of A. fumigatus spores can survive within the
phagolysosome and escape by hyphal elongation without causing any significant host
damage in a non-lytic egress mechanism [19,35]. However, several respiratory pathogens
have developed anti-phagocytic strategies which allow them to survive within the airways
and cause disease [36,37]. We therefore surmised that A. fumigatus pathogenicity can be
driven by impairing epithelial endocytic pathways. These could involve spore recognition,
phagosome acidification or phagosome fusion with lysosomes.
There is substantial evidence that A. fumigatus can manipulate phagosome acidification by expressing 1,8-dihydroxynaphthalene-melanin [16,38,39]. In fact, A. fumigatus pksP
deletion mutants lacking this pigment are more susceptible to being killed within acidified
phagosomes of professional phagocytes in vitro, and display attenuated virulence in invivo models of disease [39,40]. Additionally, to avoid host recognition, A. fumigatus surfaces
are covered by a monolayer of hydrophobins, which prevent melanin exposure [41]. Aspergillus rodletless mutants are more susceptible in recognition and killing by both alveolar
macrophages and dendritic cells, although this is not linked to increased phagosome acidification by these host cell effectors [42,43]. However, little is known about the dynamics
of the fungal factors involved in early phase survival within the lung epithelium phagosome [44]. Additionally, the efficiency of the epithelial endocytic pathway to stifle fungal
growth likely differs by tissue or cell type, as seen by lipopolysaccharide and pollutants,
which activate bronchial and alveolar epithelial cells by different mechanisms [45,46].
Quantification of phagosome maturation during A. fumigatus infection typically relies
on either the use of fixed samples, which halt and can alter the endocytic process, or
cellular reporters which cannot be easily transferred between different cellular systems.
Here, we explore the suitability of high-resolution confocal microscopy approach to define
the dynamics of phagosome acidification and maturation within the lung epithelium in
preventing fungal survival. We found differences in spore recognition and phagolysosome
maturation across the most commonly used lung epithelial cell lines.
2. Materials and Methods
2.1. Fungal Strains
Aspergillus fumigatus strains (Table S1) were cultured at 37 ◦ C for 48–72 h on Sabouraud
dextrose agar (Sigma-Aldrich, Gillingham, UK). Spores were harvested using PBS-Tween
20 at 0.1%, and the concentration of spores was determined using a haemocytometer.
2.2. Cell Lines
Human pulmonary carcinoma alveolar epithelial cell line A549 (ATCC CCL-185) and
16HBE bronchial epithelial cells [47] were used throughout this study. 16HBE were a kind
gift of Dr D. Gruenert (San Francisco, CA, USA). For all experiments, cells were maintained
at 37 ◦ C, 5% CO2 in supplemented Dulbecco’s Modified-Eagle’s Medium (DMEM, SigmaAldrich, Gillingham, UK) or Minimum Essential Medium Eagle (MEM, Sigma-Aldrich,
Gillingham, UK) for A549 and 16HBE cells respectively. Supplemented media for A549
cells consisted of 10% Foetal Bovine Serum (FBS, Sigma-Aldrich, Gillingham, UK) and 1%
Penicillin-Streptomycin (Sigma-Aldrich, Gillingham, UK) in DMEM. To grow 16HBE cells,
MEM was supplemented with 10% FBS, 1% Penicillin-Streptomycin and 1% L-glutamine
(Sigma-Aldrich, Gillingham, UK). For all experiments, 105 epithelial cells were seeded

J. Fungi 2021, 7, 454

3 of 18

in 24-glass bottom plates (Greiner Bio-One SensoPlate™, Kremsmünster, Austria) and
incubated until confluence was 80–90%, unless otherwise described. Live cell imaging
was performed using supplemented phenol red-free DMEM/F12 Medium (Thermo Fisher
Scientific, Waltham, MA, USA) [35].
2.3. Quantification of the Number of Lysosomes during A. fumigatus Infection of Lung
Epithelial Cells
In order to determine the stages of phagosome-lysosome fusion, sub-confluent (70%)
monolayers of 16HBE and A549 epithelial cells were labelled with CellLight LysosomeGFP BacMam 2.0 marker (Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions, and further incubated for 16 h at 37 ◦ C, 5% CO2 . Confluent
lysosome-labelled monolayers were then challenged with 106 spores of A1163 (pyrG::βtub-eGFP,pyrG+; strain: MFIGGFP4) for 3 h. At that time, extracellular spores were
killed by incubation with 25 µg/mL of nystatin (Sigma-Aldrich, Gillingham, UK) for 1 h
in culture media [27]. Cytoplasmic phagosome and epithelial cell membranes were then
stained with Cell Mask Deep Red (Life Technologies, Carlsbad, CA, USA) according to
manufacturer’s instructions, and the number of lysosomes per cell was determined using
live-cell high-resolution confocal microscopy at 10 min intervals from 5 to 6 h post-infection.
Additionally, the number of lysosomes per epithelial cell containing either A. fumigatus
spore or germlings within phagosomes or phagolysosomes was comparatively analysed at
16 h post-infection.
2.4. Quantification of the Rate of Lysosome—Phagosome Fusion during A. fumigatus Infection of
Epithelial Cells
To further characterize the importance of phagosome-lysosome fusion in preventing
A. fumigatus germination, the rate of lysosome fusion to phagosomes was measured by
determining the amount of GFP-LAMP1 fluorescence transferred from lysosomes into
the developing phagolysosomal membrane in both A549 and 16HBE cells containing A.
fumigatus spores and germlings from 4 to16 h post-infection. Lysosomes and plasma
membranes of epithelial cells were labelled and challenged with A. fumigatus MFIGGFP4
spores, as described above. As lysosome fusion defines phagolysosome differentiation from
the phagosome, we were also able to utilise datasets generated during this A. fumigatus
epithelia infection time course to determine differences in the proportion of A. fumigatus
germlings and spores within phagosomes (CellMask positive, LAMP-1 negative) and
phagolysosomes (CellMask positive, LAMP-1 positive), as a means to determine whether
the phagosome/phagolysosomal killing mechanism was effective. Additionally, to investigate if phagosome maturation had a negative impact on A. fumigatus germination, the time
of spore germination of A. fumigatus spores contained in phagosomes or phagolysosomes
was determined on datasets acquired during this time course.
2.5. Determining A. fumigatus Viability within Phagolysosomes by Confocal Microscopy
To further describe the development and fate of internalized spores within A549 and
16HBE lung epithelial cells, the proportion of internalized spores, which were digested,
remained resident, swelled or germinated within phagolysosomes was determined at 24 h
post-infection. Digested spores were scored by the assessment of loss of fungal cytoplasmic
RFP fluorescence; resident spores were scored as those preserving the same size and fluorescence as the original spore inoculum, while swollen spores were those showing increased
volume compared to the original inoculum with comparable fluorescence. Germinated
spores were counted when a germ tube of >0.5 spore diameters was visible [35].
2.6. Assessing the Impact of A. fumigatus Cell Wall Components on Phagosome-Lysosome Fusion
Rates in the Lung Epithelium
To determine if A. fumigatus cell wall components can modulate the rate of phagosomelysosome fusion, LAMP-1 labelled 16HBE and A549 monolayers were challenged with A.
fumigatus A1160; ∆rodA, ∆rodB and ∆pksP mutants. Prior to infection, spores were stained
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with 200 µM of FUN-1 viability stain (Life Technologies, Carlsbad, CA, USA) in 2% glucose,
10 mM HEPES. The percentage of FUN-1 labelled spores within phagolysosomes (CellMask
positive, LAMP-1 positive, shown in green) or phagosomes (CellMask positive, LAMP-1
negative, shown in magenta) was evaluated at 3 h post-infection.
2.7. Determining Synchronization of Phagosome Acidification and Phagosome Maturation upon A.
fumigatus Infection of the Lung Epithelium
To interrogate whether phagosome acidification is synchronized with phagosomelysosome fusion and depends upon fungal cell wall integrity, the proportion of A1160,
∆rodA, ∆rodB and ∆pksP within acidified or non-acidified phagosomes was determined at
3 h post-infection. A549 and 16HBE confluent monolayers were challenged with 106 fungal
spore/mL of A1160 and cell wall deficient FUN-1 fluorescence labelled A. fumigatus strains
in serum-free media as described above. After incubation, monolayers were incubated
with 50 nM of Lysotracker TM red DND-99 Special (Invitrogen, Darmstadt, Germany) for
30 min at 37 ◦ C, 5% CO2 in cell culture media, and the plasma membrane was then stained
using Cell Mask Deep Red, as described above.
2.8. Fungal Killing Assays
In order to quantify the percentage of killed intracellular spores, A549 and 16HBE
monolayers were co-incubated with 107 spores/mL of A. fumigatus, A1160 and the three
cell wall mutants used in this study, at 37 ◦ C with 5% CO2 for 6 h. The infected cells
were then washed twice with pre-warmed PBS to remove unbound spores, scraped and
sonicated. To identify killed spores, propidium iodide (PI, Sigma-Aldrich, Gillingham, UK)
was added to sonicated samples at a final concentration of 5 µg/mL and imaged using
confocal microscopy (details below in Section 2.10).
2.9. siRNA Treatment
To investigate the role of vATPase in phagosome maturation, sub-confluent A549
lung epithelial cells were transfected with 500 pg of siRNA ATP6V0A2 (Ambion, Austin,
TX, USA) using Lipofectamine 3000 (Invitrogen, Darmstadt, Germany) according to the
manufacturer’s instructions. Cells at 48 h post-transfection were used for infection experiments and changes in the expression of vATPAse were evaluated by qPCR using
SensiFAST Syber (Bioline, Memphis, TN, USA) according to the manufacturer’s instructions. Validated primers targeting ATP6V0A2 and RPL13A were purchased from Bio-rad
(Hercules, CA, USA).
2.10. Image Acquisition and Data Analyses
Confocal images were acquired using a fully motorised Leica SP8x laser scanning
confocal microscope equipped with a 63× (1.2 NA) HC PLAN APO UVIS CS2 water immersion objective and a 63× (NA 1.4) HC PLAN APO CS2 oil immersion objective. A pinhole
of one airy unit was used for 3D sectioning. Imaging was performed at 37 ◦ C for live-cell
imaging. Fluorescence imaging was performed using the excitation/emission conditions
recommended by the manufacturers: Cell Mask Deep Red stain (Excitation = 649 nm,
Emission = 666 nm HyD/PMT detection window); CellLight Lysosomes-GFP BacMan
(Excitation = 488, Emission = 500 nm HyD/PMT detection window); LysoTracker Blue
(Excitation = 405, Emission = 422 nm HyD/PMT detection window); FUN-1 (Excitation = 488,
Emission = 500 nm HyD/PMT detection window). From 15 to 25 3-D stacks were taken in
biological and technical triplicates.
Analysis of 3D and 4D confocal images were performed using IMARIS v8.1.1 (Bitplane,
Oxford Instruments, Abingdon, UK). Leica confocal images (.lif) were converted into
.ims files using the IMARIS file converter ×64 8.2.0 and imported into IMARIS for 4D
segmentation. Each of the four fluorescent confocal volumes (A. fumigatus, lysosomes,
acidic compartments and epithelial membranes) were loaded into IMARIS. For quantitative
analyses, the number of lysosomes were calculated from each image volume by rendering
the cytoplasmic membrane (using the “new surface option” function) and the lysosomes
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(spot object option). Analyses were performed on volumes at 10 min intervals for 1 h at
from 5 to 6 h post-infection. Cells were then individually assessed for containing single
spores or germlings within their phagosomes and/or phagolysosomes using Fiji. Spores
were also automatically assigned intracellular or extracellular identities via the IMARIS
XT “split into surface objects” function using MatLab for IMARIS [48]. This function
automatically analyzed whether each rendered ‘spot’ (spores and lysosomes) was located
within the host cell rendered ‘surfaces’ (epithelia membrane) or not. The statistical raw
data, including the number of lysosomes per cell, were exported to excel files using the
Vantage function.
To further determine whether the internalized spores were located inside epithelia,
the number of spores ‘spots’ co-localized inside phagolysosomes, acidic organelles or the
cytosol (not contained within a phagosome or phagolysosome) was analyzed using the
same “split into surface objects” function as above, but for acidic niche or phagolysosome
membrane rendered ‘surfaces’ in IMARIS. Individual spore ‘spots’ were each assigned
an identity: localized in phagosomes, phagolysosomes or acidic phagolysosomes. Raw
quantitative data and mean GFP-LAMP1 fluorescence intensity around phagocytic membranes was exported using the Vantage function. To measure and determine differences
in spore volumes and surface area over time within phagolysosomes, fluorescent spores
in those environments were “surface” rendered and tracked over time (12 h) in IMARIS.
Surface rendering for all spores were performed by entering the derived largest spore
diameter (5 µm; measured via the line measurement tool in the IMARIS Slice Viewer) into
the local contrast background subtraction option, to identify all fluorescent spores of that
diameter and below, eliminating any larger fluorescent germling structures. The increase
in volume and surface area of tracked spores were then analyzed in IMARIS Vantage
mode, where tracked spore volume over time displaying no change were deemed dormant,
and those which increased were deemed swollen [35]. The axial imaging resolution of
0.5–1 µm was sufficient to resolve two overlapping spores. Accuracy of automated quantifications was validated by manual counts using a representative subset of images. For that,
spores included within phagolysosomes or acidic compartments by both methods, spores
excluded from these compartments by both methods, spores within phagolysosomes or
acidic phagosomes considered only by one or the other method were scored.
2.11. Statistical Analyses
Statistical analyses were performed using GraphPad Prism, v8.0 (GraphPad Software,
La Jolla, CA, USA) considering p < 0.05 as a cut-off for statistical significance. The reduction
in the number of lysosomes per cell min−1 was estimated by fitting linear regression.
Differences in germination time across conditions, and in fusion rate, or acidification
rates or killing efficiency between fungal mutants were estimated by one-way ANOVA
using Dunnet´s test for corrected multiple comparison tests, after data normality testing.
Differences in proportions were estimated by a Fisher Exact test. An unpaired t-test was
used to determine differences in the mean intensity of GFP-LAMP1 fluorescence in the
phagolysosomes membrane for each cell line. All experiments were performed in biological
and technical triplicates, and a minimum of 1000 spores per condition were counted for
all experiments. The percentage of agreement between automated and manual counts to
identify spores within phagolysosomes or acidic phagosomes was calculated by using the
Cohen’s kappa test on GraphPad.
3. Results
3.1. Rate of Lysosome Recruitment to the Phagosome Determines A. fumigatus Fate within the
Lung Alveolar Epithelial Cells
To quantify lysosome trafficking to phagosomes containing A. fumigatus spores, the
expression of a GFP construct fused to the lysosomal marker LAMP1 was monitored
for 1 h in A549 lung epithelial cells (from 5 to 6 h post-infection, Figure 1A). At 5 h
post-infection, there were no differences in the number of lysosomes between uninfected
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cells or those containing A. fumigatus spores within phagosomes (829 ± 30 vs. 886.2 ± 59;
p > 0.05, Figure 1B and Figure S1). During the next 60 min (5–6 h post infection), lysosomes
(LAMP1-GFP) progressively translocated from the cytoplasm and fused to the phagosome
containing spores (Figure 1A) at a fusion rate of 11.85 ± 0.45 lysosomes/minute.

Figure 1. Dynamics of phagosome-lysosome fusion observed during A. fumigatus phagocytosis. (A) Representative timelapse confocal images from the central focal plane of a single A. fumigatus spore (red) engulfed and localized within A549
alveolar epithelial cell monolayer (magenta) from 5 to 6 h post-infection in 10 min intervals. (B) Number of lysosomes
within airway epithelial cells which have taken up A. fumigatus spores is reduced over time. (mean ± SD of three biological
replicates assessed in technical triplicates). Scale Bar = 5 µm. (**** p < 0.0001, compared to 0 min). Magenta = epithelial cells
membrane (CellMask Deep Red), Green = lysosomes (GFP-LAMP), red = A. fumigatus (MFIGRag29, Table S1).

Since a small proportion of A. fumigatus spores can germinate and escape from the
host cell [35], it is likely that survival of spores and germlings within phagolysosomes
is determined by both, the number of free lysosomes present in the epithelial cell cytoplasm and their rate of fusion with the phagosome. To monitor the importance of
phagosome-lysosome fusion during A. fumigatus morphogenesis, the development and
fate of internalized spores within phagolysosomes was tracked using live-cell confocal
microscopy. Overall, we observed different fates of A. fumigatus spores and germlings
within phagolysosomes: spores either underwent digestion, remained intact but dormant,
became swollen and germinated within the phagolysosome (Figure 2). Significantly, spore
germination occurred in those individual epithelial cells which contained a reduced number of lysosomes fusing with the spore-containing phagosome. This indicates that a defined
rate of lysosome-phagosome fusion (11.85/min) is required to prevent spore germination
(Figure 2C).
To further characterize the effect of phagosome-lysosome fusion on the germination of
internalized A. fumigatus spores, the percentage of internalized spores and germlings within
epithelial cells was analyzed over a 24 h challenge live-cell confocal imaging experiment
(Figure 3A). The number of spores within phagolysosomes are significantly reduced over
time (93.49% at 5 h; 85.69% at 16 h; 78.56% at 24 h), as a concurrent increase in the percentage

J. Fungi 2021, 7, 454

7 of 18

of germination occurs (6.37% at 5 h to 21.44% at 24 h; p < 0.0001; Figure 3B). A morphotype
analysis of A. fumigatus in unfused phagolysomes found that the percentage containing
spores reduces from 74.57% at 5 h to 69.86% at 20 h, but then rises up to 77.86% at 24 h, while
spore germination within unfused phagosomes underwent the opposite trend (p < 0.0001;
Figure 3C). Spore digestion and germling escape from alveolar epithelial cells over the
infection time course may account for these trends.

Figure 2. A. fumigatus fate within phagolysosomes of A549 alveolar epithelial cells at 18 h postinfection. (A) Digested spore (asterisk). (B) Resting (white arrow) and swollen spore (yellow
arrow) inside the phagolysosome. (C) Germinated spore within phagolysosome. Scale Bar = 5 µm.
Magenta = airway epithelial cells membrane (CellMask Deep Red), Green = lysosomes (GFP-LAMP),
red = A. fumigatus (MFIGRag29, Table S1).

Figure 3. Suboptimal lysosome fusion permits A. fumigatus germination within the airway epithelium.
(A) Proportion of A. fumigatus spores and germlings within A549 alveolar epithelial cells. (B) Proportion of internalized spores and germlings within phagolysosomes of A549 cells. (C) Proportion of
internalized spores and germlings within unfused phagosomes of A549 cells. Data represents mean
and standard deviation of five biological replicates. Differences in proportions between time points
for spores and germlings were independently tested using the Fischer Exact Test. **** p < 0.0001.

Additionally, our fluorescence image data suggests that phagolysosomes can digest
most of the internalized spores and germlings at 20 h post-infection, as shown by the loss
of MFIGRag29 fluorescence in fungal cells (Figure 4). However, even when phagosomelysosome fusion failed, spores could still be killed during acidification of the phagosome
(Figure 4). Overall, our results indicate that efficiency of fungal phagocytosis by A549
alveolar epithelial cells, to prevent spore germination and further epithelia invasion, mainly
depends on the level of lysosomes that fuse with spore-containing phagosomes.
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Figure 4. Killing of A. fumigatus within A549 alveolar epithelial cell lines. (A) Single airway epithelial
cell containing digested (triangles) and killed germlings (asterisks) within phagolysosomes. The
cross symbol refers to the crescent feature after digestion of a spore within a phagosome. (B) Hyphal
killing occurs within phagolysosomes (yellow arrows) and within phagosomes (indicated by dashed
circle). (C) Killing of A. fumigatus within the acidified phagosome. (D) Residence of A. fumigatus
spore co-localized within acidic niche for more than 18 h. (E) Spore swelling within the acidified
phagosome 24 h of inoculation. Color code for panels A and B: Magenta = epithelial cells membrane
(CellMask Deep Red), Green = lysosomes (GFP-LAMP1), red = A. fumigatus (MFIGRag29). Color code
for panels C–E: Magenta = epithelial cells membrane (CellMask Deep Red), Red = Acidic organelles
(RFP-Lysotracker), Green = A. fumigatus (MFIGGFP4, Table S1). Scale Bar = 5 µm.

3.2. Bronchial Epithelial Cell Phagolysosomes Demonstrate Increased Fungal-Killing, Compared to
Alveolar Cells
Live-cell confocal microscopy was used to quantitatively compare phagolysosome
dynamics, during A. fumigatus spore internalization, within bronchial (16HBE) and alveolar
(A549) epithelial cell lines. These cell lines represent the epithelial lining of the upper and
lower airways, both critical in the pathophysiology of aspergillosis [49,50].
The number of unfused lysosomes around spores and germlings within a phagosome
was significantly higher than unfused lysosomes around spores or germlings localized within
phagolysosomes in both, A549 alveolar (150 ± 18.91 vs. 89.80 ± 13.63 lysosomes/A549 cell;
p < 0.0001) and 16HBE bronchial epithelial cells (479.60 ± 22.99 vs. 336.60 ± 10.24 lysosomes/16HBE cell, p < 0.0001). There were no statistically significant differences between
the number of lysosomes in uninfected cells and cells containing a spore or germling within
a phagosome, prior to the initiation of lysosome fusion, suggesting that fungal uptake does
not induce a change in lysosome production in both epithelial cell types (Supplementary
Figure S1 and Figure 5A). However, the number of lysosomes per cell were significantly
higher in 16HBE cells than in A549 cells (p < 0.0001) (Figure 5A).
To characterize phagosome-lysosome fusion rate during A. fumigatus infection, the
cumulative intensity of fluorescence emitted by lysosomal GFP-LAMP1 labelled proteins
entering the phagosomal membrane was measured from 4 to 16 h post-infection of A549
and 16HBE lung epithelial cells [35]. For each fungal morphotype (spore or germling),
the mean fluorescence intensity for completely fused lysosomes was measured at the
phagolysosome. The mean intensity of GFP-LAMP1 fluorescence around spore-containing
phagolysosomes was significantly higher than germling-containing phagolysosomes in
both lung epithelial cell lines (Figure 5B).
To test whether differences in the efficiency of phagosome lysosome fusion between
both lung epithelial cell lines prevented spore germination or conversely, spore germination
prevents phagolysosome maturation; the germination time of A. fumigatus spores in phagosomes and phagolysosomes, were compared in 16HBE and A549 cells. While there were
no differences in the germination time within unfused phagosomes between epithelial cell
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lines; germination was significantly delayed within phagolysosomes of 16HBE bronchial
epithelial cells compared to A549 alveolar epithelial cells (p < 0.05, Figure S2).

Figure 5. Phagolysosome formation is critical to prevent A. fumigatus growth within airway epithelial
cells. (A) Changes in the number of lysosomes per cell in 16HBE and A549 lung epithelial cells
challenged and unchallenged with A. fumigatus spores. Asterisks represent differences between
spores or germlings compared with uninfected for each cell line. Lines represent differences between
groups for each cell line. (B) Intensity of relative LAMP1-GFP fluorescence intensity around spore or
germlings-containing phagolysosomes of A549 and 16HBE lung epithelial cells. Asterisks represent
differences between spores and gemlings for each cell line. (C) Fate of A. fumigatus spore within
phagosomes (PS) and phagolysosomes (PLS) of A549 and 16HBE lung epithelial cells. Asterisks
represent differences for each morphotype between cell lines. Data represents mean and standard
deviation of three biological replicates assayed in technical triplicates. (** p < 0.01; *** p < 0.001;
**** p < 0.0001).

To further define if increased phagosome-lysosome fusion rate by the bronchial epithelium correlates with inhibition of A. fumigatus morphogenesis within phagolysosomes,
the development and fate of internalized A. fumigatus spores within A549 and 16HBE
phagolysosomes were followed in a 16 h time course (Figure 5C). Although most internalized spores were digested at 16 h post-infection (A549 = 66.66% and 16HBE = 70.17%;
p < 0.05), a significant proportion of internalized A. fumigatus spores remained within
phagolysosomes for more than 16 h within A549 (20.04%) and 16HBE (22.59%) cells. Overall, 9.38% of internalized spores in A549 cells and 6.17% of internalized spores within
16HBE cells were able to swell, while 3.52% (16HBE) and 5.62% (A549) germinated within
the phagolysosome (p < 0.0001). Similarly, the proportion of killed spores in both cell lines
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were higher than living spores, where the proportion of killed spores within 16HBE cells
(67.19%) was significantly higher than A549 cells (57.61%) (Figure S3). Altogether, these
data suggest that the improved antifungal efficiency of the bronchial epithelium relies on
an increased fusion rates of spores contained in phagosomes.
3.3. Phagolysosome Maturation Relies on A. fumigatus Cell Wall Integrity
We hypothesized that differential killing of spores in bronchial and alveolar cells results from differences in the interaction of host with pathogen factors such as hydrophobins
and melanins. Therefore, the efficacy of epithelial cells to kill A. fumigatus rodA, rodB and
pksP null mutants was analyzed at 6 h post infection. Comparative analyses demonstrated
that A. fumigatus pksP null mutant was the most susceptible to killing (8–10% survival
decrease) compared to the parental A. fumigatus strain within the phagolysosomes of both
A549 and 16HBE cells (p < 0.001). There were no differences in the potential of the lung
epithelium to kill the rodetless mutants compared to the parental strain. However, A.
fumigatus mutants deficient in all tested cell wall components were more susceptible to
killing within 16HBE cells (Figure S4; p < 0.01), and this may correlate with increased
phagosome-lysosome fusion or acidification in this cell line.
To validate our observations and the throughput potential of our imaging approach,
we comparatively determined differences in spore uptake, phagosome-lysosome fusion
and acidification between 16HBE and A549 lung epithelial cell lines when challenged with
A. fumigatus cell wall mutants at 3 h post-infection. This time point was chosen as our initial
experiments suggested complete phagosome-lysosome fusion at 6 h post-infection of A549
cells (Figure 1). Spore uptake was significantly increased in mutant A. fumigatus (∆pksP and
∆rodA) compared to wild type by both 16HBE and A549 lung epithelial cells (Figure 6A;
p < 0.05). There were no significant differences in the percentage of spore uptake between
the parental strain and ∆rodB strains by both cell lines. Although no significant differences
were found between wild type and ∆rodB spore uptake by A549 and 16HBE lung epithelial
cells (p = 0.16), uptake of the ∆rodA and ∆pksP mutants were significantly higher in 16HBE
compared to A549 lung epithelial cells (p < 0.05).
There were no significant differences in the percentage of internalized A. fumigatus
spores within phagolysosomes of 16HBE cells for any of the cell wall mutants tested.
However, phagolysosome development was most efficient when containing A. fumigatus
pksP and rodA null mutants compared to parental spores in A549 cells (p < 0.05). Overall,
the percentage of phagolysosomes containing wild type, ∆rodA and ∆rodB spores was
significantly higher (p < 0.05) in 16HBE (69.34%, 72.70% and 70.80%, respectively) cells
compared to A549 (72.55%, 75.11% and 72.22%, respectively; Figure 6B).
It was previously observed that phagosome acidification may act as a rescue mechanism capable of killing A. fumigatus spores when lysosome fusion is complete, or it fails
to occur [35]. Only a small increase in the percentage of A. fumigatus ∆pksP spores were
colocalized within acidified compartments, compared to wild type, for both 16HBE and
A549 cell lines (p < 0.05) at 3 h post-infection (Figure 6C). Overall, phagosomes acidified
more rapidly in 16HBE than A549 cells (p < 0.05). These data indicate that a high content
live-cell confocal microscopy is able to distinguish even subtle variations in phagosome
maturation caused by A. fumigatus cell wall integrity factors.
Overall, the percentage of agreement to call spores within phagolysosomes or acidified compartments was 87.5% and 89.5% respectively, when using manual or automated
methods (Supplementary Tables S2 and S3).
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Figure 6. Impact of A. fumigatus cell wall mutants in (A) spore uptake, (B) phagolysosome fusion and
(C) phagosome acidification of A549 and 16HBE airway epithelial cells at 3 h post-infection. Asterisks
represent differences vs. wild type for each mutant within cell lines. Lines represent differences
between cell lines for each mutant. Data shown as mean ± standard deviation of three biological
replicates assayed in technical triplicates (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

3.4. Validation of High Content Live-Cell Imaging on vATPase Silenced Lung Epithelial Cells
In order to investigate the role of vATPase (ATP6V0A2 gene) upon fusion and acidification of A. fumigatus wild type and ∆pksP spore-containing phagosomes. Expression
of vATPase was decreased by 66% using siRNA (Figure 7A) in A549 epithelial cells. This
reduction of vATPase expression did not modify A. fumigatus uptake compared to untreated cells (Figure 7B). Lysosome fusion to spore-containing phagosomes was significantly
reduced in ATP6V0A2-siRNA treated A549 cells compared to untreated cells (p < 0.05,
Figure 7C). Additionally, reduced vATPase expression disguised the impact of this A.
fumigatus mutant in fusion, as described by others (Figure 7B). Similarly, as expected, the
reduction of ATP6V0A2 expression strongly limited the capability of spore-containing
phagosomes to be acidified compared to control non-siRNA treated A549 epithelial cells
(Figure 7D). These results demonstrate that our high content confocal imaging approach
can detect host and pathogen factors contributing to A. fumigatus survival within airway
epithelial cells.
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Figure 7. Impact of vATPase siRNA silencing of A549 alveolar epithelial cells in (A) vATPAse gene expression, (B) A.
fumigatus spore uptake, (C) phagolysosome fusion and (D) phagosome acidification by A549 and 16HBE cells at 3 h post
infection. Asterisks represent differences vs. control. Data shown as mean ± standard deviation of three biological and
technical triplicates (* p < 0.05, ** p <0.01, **** p <0.0001).

4. Discussion
The airway epithelium is the first point of contact of A. fumigatus spores with the
host. In-vitro confrontation assays are typically visualized by microscopy, and manually
observed and quantified, which is time consuming, where user variability and error occur
across biological replicates. Additionally, these methodologies typically use macrophages
as the model cell type to study fungal-host interaction and are performed using fixed samples which can alter the outcome of the interaction of Aspergillus with the host [51–55]. Here,
we have combined a live-cell labelling strategy with automated 4D live-cell imaging to
visualize and measure critical events required for Aspergillus clearance by the airway epithelium. We have used this methodology to determine differences in A. fumigatus fate within
two of the most commonly used airway epithelial cell lines, A549 (alveolar) and 16HBE
(bronchial), and to explore the role of fungal cell wall components on these processes.
Lysosomes are cytoplasmic organelles which play an essential function in the recognition and killing of intracellular infective microorganisms [56]. Recently a significant number
of live-cell imaging technologies have been developed to quantify lysosome moieties using
fluorescence probes (for review [57]), but little is known about lysosome dynamics during
active fungal infection. Using GFP-LAMP-1 epithelial cell transduction, we determined
for the first time the rate of lysosome depletion upon A. fumigatus spore infection. Our
results indicate that once a spore is localized within the phagosome, of either A549 or
16HBE airway epithelial cells, lysosome fusion is completed within 60 min. Additionally, cytoplasmic lysosomes were depleted to those phagosomes containing A. fumigatus
germlings, suggesting the need for a higher number of lysosomes to be fused to the phagosome in order to limit germling growth and prevent non-lytic escape [35]. Moreover,
lysosome positioning contributes to phagosome maturation and antigen presentation in
dendritic cells challenged with bacterial lipopolysaccharide. It is therefore likely that an
increased exposure of antigenic moieties in A. fumigatus germlings facilitates lysosome
recruitment [58,59].
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To further characterize the dynamics of phagolysosome maturation during A. fumigatus morphogenesis within airway epithelial cells, GFP-LAMP-1 accumulation was
indirectly quantified as fluorescence intensity around spores or germlings. A reduction of
GFP-LAMP1 accumulation around phagolysosomes containing germlings was observed
for both alveolar and epithelial cells, suggesting that some fungal factors secreted during A.
fumigatus growth, such as proteases, may degrade LAMP1, facilitating fungal survival as
previously described for other pathogens [60]. Nevertheless, this suboptimal lysosomal activity toward phagolysosome germlings was sufficient to better contain fungal germination,
compared to unfused phagosomes. Overall, >10% of the internalized spores were able to
swell or germinate within phagolysosomes, suggesting morphogenesis as the mechanisms
of host escape, as previously described in Candida albicans and Legionella pneumophila [61,62].
The rate of phagosome-lysosome fusion determines the microbicidal potential of
these organelles while maintaining cell homeostasis [34]. Respiratory pathogens have
developed different strategies to prevent phagosome quelling by either modifying uptake, phagosome-lysosome fusion rate or acidification. A. fumigatus cell wall melanins
and hydrophobins protect the spores from the host defence recognition. The roles of A.
fumigatus pksP, rodA and rodB in phagolysosome maturation and intracellular killing by
both macrophages and epithelial cells have previously been described using LAMP-1
antibody labelled host cells [19,27,44]. In order to validate the utility of our live-cell automated quantitative approach, the percentage of internalized spores fused with phagosomes
was determined at 3 h post-infection. In accordance with previous studies, phagosomelysosome fusion was found to increase in A. fumigatus pksP and rodA null mutants in both
A549 and 16HBE airway epithelial cells, which is linked with a significant decrease in
fungal survival [5,39,44,63–66]. In A549 cells, no difference in spore uptake or phagosomelysosome fusion was observed in the rodB null mutant compared to wild type, even though
both processes were enhanced in bronchial epithelial cells [55]. This high-resolution livecell imaging approach has also enabled us to observe digested A. fumigatus spores within
airway epithelial cell phagolysosomes for the first time, as reported for spores contained
within macrophages [14].
Alongside phagolysosome formation, the successful destruction of an engulfed pathogen
and the presentation of antigens to activate immunological responses requires an appropriate level of acidification of the phagosomal lumen [67]. Phagosome acidification in A.
fumigatus in-vitro infection models has previously been determined using either acridine
orange or lysotracker. We and others have described that A. fumigatus spore localization
within acidified phagosomes occurs early after infection [27,35,66]. Here, we were able to
additionally follow that most of the spores contained within fully acidified phagosomes
from airway epithelial cells were killed. It is likely that spore killing within acidified
phagosomes is due to the permeation of acids and enzymes through the spore wall, with
the formation of pores on the spore surface as reported for other model systems [55]. To
determine the suitability of our image rendering approach to quantify phagosome acidification, the capability of A. fumigatus cell surface mutants to acidify phagosomes was
determined and compared by manual counts. As previously described, functionality of
pksP and rodA is critical to prevent phagosome acidification in a process regulated by
vATPase functionality [68,69]. Altogether, our results demonstrate the suitability of this
imaging analyses pipeline to quantify critical aspects of A. fumigatus endocytic trafficking
within epithelial cells.
Direct comparisons of Aspergillus fate in A549 and 16HBE cell lines have not been
previously addressed (for review [70]), despite differential activation with lipopolysaccharide [46], Fusobacterium [71], glucocorticoids [72] and cigarette smoke [73] exposure.
Overall, 16HBE cells were able to take up the A. fumigatus strains ∆pksp and ∆rodA more
efficiently than A549, which may be linked with increased expression of mucus on the
epithelia [74]. Additionally, improved phagosome maturation in 16HBE cells compared
to A549 correlated with a 10% increment in fungal killing. Despite the inhibition of
phagosome-lysosome fusion by the expression of pksP or rodA in A. fumigatus in A549 cells,
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this was not observed in 16HBEs cells, as reported for amoeba and macrophages [55]. Differences across fungal cell mutants in their interaction with 16HBE cells may be disguised
due to their increased uptake, phagosome-lysosome fusion and acidification compared to
A549 cells, suggesting that further time points are required to find functional differences, if
there are any. However the evidence for enhanced antifungal effectiveness of the bronchial
epithelium, compared to alveolar epithelial cells, is building [75]. We also confirmed the
vATPase requirement for optimal phagosome acidification of both phagosome containing
melanised and non-melanised fungi, as reported in macrophages [68].
In conclusion, we have interrogated the use of a high-resolution live-cell confocal quantitative imaging approach to characterise crucial events occurring during the interaction of
internalised A. fumigatus spores and lung epithelial cells. These automated quantification
methods, which have been used in other experimental systems [35,37,48,68,76,77], supports
robust statistical analyses to determine the efficiency of A. fumigatus morphogenesis within
phagosomes and phagolysosomes in epithelial cells, in a similar way to using manual
counts [78], and allows to determine fungal factors that modulate this process. Additionally,
our results demonstrate that A. fumigatus fate within the airway epithelium depends on
the cell type, but is likely also conditioned by other factors such as multiplicity of infection.
It has been widely described that uptake of A. fumigatus by airway epithelial cells increase
on a time-dose dependent manner, and it is therefore likely that the time points described
in this work are not optimum when using a smaller inoculum [19,21,27,28,32,70]. The
methodology described here could be used to study the interaction of other fluorescent
pathogens within primary lung epithelia cells or other host cells.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jof7060454/s1, Figure S1: Variation in the number of lysosomes during phagolysosome
development Figure S2: Germination of A. fumigatus spores within phagolysosomes is delayed
compared to germination time within phagolysosomes. Figure S3: Proportion of killed spores within
acidic phagosomes of 16HBE and A549 epithelial cell. Figure S4: Percentage of A. fumigatus spore
killed within epithelial cells. Table S1: A. fumigatus strains used in this study. Table S2: Comparison
of automated and manual spore calling results within phagolysosomes (PL) in five independent
images. Cohen’s K respresents Kappa test. Table S3: Comparison of automated and manual spore
calling results within acidified phagosomes (AF) in five independent images. Cohen’s K respresents
Kappa test.
Author Contributions: C.S., S.M.-V. and N.B.-G. performed the experiments. S.G., P.B. and N.B.-G.
analysed the data. C.S., S.M.-V., S.G., D.W.D., D.T., N.D.R. and P.B. conceived, drafted and edited the
manuscript. All authors have read and agreed to the published version of the manuscript.
Funding: N.B.-G. was supported by the Libyan Ministry of Higher Education and Scientific Research.
C.S. was funded by the German Science Foundation (DFG, SE2405/1-1). S.M.-V. was funded by the
CONACyT (Consejo Nacional de Ciencia y Tecnología) grant 359173. S.G. was co-funded by the
NIHR Manchester Biomedical Research Centre and a NC3Rs Training Fellowship (NC/P002390/1).
Financial support was also provided by the European Union (grant PITN-GA-2013-607963) to N.D.R.
and to P.B., D.W.D. is partially funded by the NIHR Manchester Biomedical Research Centre.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.
Acknowledgments: We thank Mike Bromley for the A. fumigatus strains. We also acknowledge the
Phenotyping Centre at Manchester (PCaM) for their assistance with the provision of cell culture,
generation of imaging data and automated image analysis support.
Conflicts of Interest: In the past five years, S.G. has received research funds from Pfizer and has been
a council member of the International Society of Human and Animal Mycology (ISHAM). Denning
and family hold Founder shares in F2G Ltd, a University of Manchester spin-out antifungal discovery
company. He acts, or has recently acted, as a consultant to Pulmatrix, Pulmocide, Zambon, iCo

J. Fungi 2021, 7, 454

15 of 18

Therapeutics, Mayne Pharma, Biosergen, Bright Angel Therapeutics, Cipla and Metis. He sits on the
DSMB for a SARS CoV2 vaccine trial. In the last three years, he has been paid for talks on behalf of
Dynamiker, Hikma, Gilead, Merck, Mylan and Pfizer. In the last 5 years D.T has received research
funds from Gilead Science and has acted as a consultant for OwlStone Medical.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.

12.
13.
14.

15.
16.
17.
18.
19.
20.
21.
22.

23.

24.

Bongomin, F.; Gago, S.; Oladele, R.O.; Denning, D.W. Global and multi-national prevalence of fungal diseases—Estimate precision.
J. Fungi 2017, 3, 57. [CrossRef]
Brown, G.D.; Denning, D.W.; Gow, N.A.R.; Levitz, S.M.; Netea, M.G.; White, T.C. Hidden killers: Human fungal infections. Sci.
Transl. Med. 2012, 4, 165rv13. [CrossRef]
Latge, J.P.; Chamilos, G. Aspergillus fumigatus and Aspergillosis in 2019. Clin. Microbiol. Rev. 2019, 33, e00140-18. [CrossRef]
Van De Veerdonk, F.L.; Gresnigt, M.S.; Romani, L.; Netea, M.G.; Latgé, J.P. Aspergillus fumigatus morphology and dynamic host
interactions. Nat. Rev. Microbiol. 2017, 15, 661–674. [CrossRef]
Heinekamp, T.; Schmidt, H.; Lapp, K.; Pähtz, V.; Shopova, I.; Köster-Eiserfunke, N.; Krüger, T.; Kniemeyer, O.; Brakhage, A.A.
Interference of Aspergillus fumigatus with the immune response. Semin. Immunopathol. 2015, 37, 141–152. [CrossRef] [PubMed]
Margalit, A.; Kavanagh, K. The innate immune response to Aspergillus fumigatus at the alveolar surface. FEMS Microbiol. Rev.
2015, 39, 670–687. [CrossRef]
Herbrecht, R.; Bories, P.; Moulin, J.C.; Ledoux, M.P.; Letscher-Bru, V. Risk stratification for invasive aspergillosis in immunocompromised patients. Ann. N. Y. Acad. Sci. 2012, 1272, 23–30. [CrossRef] [PubMed]
Smith, N.L.; Denning, D.W. Underlying conditions in chronic pulmonary aspergillosis including simple aspergilloma. Eur. Respir.
J. 2011, 37, 865–872. [CrossRef] [PubMed]
Denning, D.W.; Cadranel, J.; Beigelman-Aubry, C.; Ader, F.; Chakrabarti, A.; Blot, S.; Ullmann, A.J.; Dimopoulos, G.; Lange, C.
Chronic pulmonary aspergillosis: Rationale and clinical guidelines for diagnosis and management. Eur. Respir. J. 2016, 47, 45–68.
[CrossRef]
Vanderbeke, L.; Spriet, I.; Breynaert, C.; Rijnders, B.J.A.; Verweij, P.E.; Wauters, J. Invasive pulmonary aspergillosis complicating
severe influenza: Epidemiology, diagnosis and treatment. Curr. Opin. Infect. Dis. 2018, 31, 471–480. [CrossRef] [PubMed]
Schauwvlieghe, A.F.A.D.; Rijnders, B.J.A.; Philips, N.; Verwijs, R.; Vanderbeke, L.; Van Tienen, C.; Lagrou, K.; Verweij, P.E.; Van
de Veerdonk, F.L.; Gommers, D.; et al. Invasive aspergillosis in patients admitted to the intensive care unit with severe influenza:
A retrospective cohort study. Lancet Respir. Med. 2018, 6, 782–792. [CrossRef]
Brakhage, A.A.; Bruns, S.; Thywissen, A.; Zipfel, P.F.; Behnsen, J. Interaction of phagocytes with filamentous fungi. Curr. Opin.
Microbiol. 2010, 13, 409–415. [CrossRef] [PubMed]
Ibrahim-Granet, O.; Philippe, B.; Boleti, H.; Boisvieux-Ulrich, E.; Grenet, D.; Stern, M.; Latgé, J.P. Phagocytosis and intracellular
fate of Aspergillus fumigatus conidia in alveolar macrophages. Infect. Immun. 2003, 71, 891–903. [CrossRef]
Philippe, B.; Ibrahim-Granet, O.; Prévost, M.C.; Gougerot-Pocidalo, M.A.; Perez, M.S.; Van der Meeren, A.; Latgé, J.P. Killing of
Aspergillus fumigatus by alveolar macrophages is mediated by reactive oxidant intermediates. Infect. Immun. 2003, 71, 3034–3042.
[CrossRef] [PubMed]
Steele, C.; Rapaka, R.R.; Metz, A.; Pop, S.M.; Williams, D.L.; Gordon, S.; Kolls, J.K.; Brown, G.D. The beta-glucan receptor dectin-1
recognizes specific morphologies of Aspergillus fumigatus. PLoS Pathog. 2005, 1, e42. [CrossRef]
Amin, S.; Thywissen, A.; Heinekamp, T.; Saluz, H.P.; Brakhage, A.A. Melanin dependent survival of Apergillus fumigatus conidia
in lung epithelial cells. Int. J. Med. Microbiol. 2014, 304, 626–636. [CrossRef]
Beisswenger, C.; Hess, C.; Bals, R. Aspergillus fumigatus conidia induce interferon-β signalling in respiratory epithelial cells. Eur.
Respir. J. 2012, 39, 411–418. [CrossRef]
Clark, H.R.; Powell, A.B.; Simmons, K.A.; Ayubi, T.; Kale, S.D. Endocytic markers associated with the internalization and
processing of Aspergillus fumigatus Conidia by BEAS-2B cells. mSphere 2019, 4, e00663-18. [CrossRef] [PubMed]
Wasylnka, J.A.; Hissen, A.H.T.; Wan, A.N.C.; Moore, M.M. Intracellular and extracellular growth of Aspergillus fumigatus. Med.
Mycol. 2005, 43, S27–S30. [CrossRef]
Chai, L.Y.A.; Netea, M.G.; Sugui, J.; Vonk, A.G.; van de Sande, W.W.J.; Warris, A.; Kwon-Chung, K.J.; Jan Kullberg, B. Aspergillus
fumigatus conidial melanin modulates host cytokine response. Immunobiology 2010, 215, 915–920. [CrossRef]
Botterel, F.; Gross, K.; Ibrahim-Granet, O.; Khoufache, K.; Escabasse, V.; Coste, A.; Cordonnier, C.; Escudier, E.; Bretagne, S.
Phagocytosis of Aspergillus fumigatus conidia by primary nasal epithelial cells in vitro. BMC Microbiol. 2008, 8, 97. [CrossRef]
Gauthier, T.; Wang, X.; Dos Santos, J.; Fysikopoulos, A.; Tadrist, S.; Canlet, C.; Artigot, M.P.; Loiseau, N.; Oswald, I.P.; Puel,
O. Trypacidin, a spore-borne toxin from Aspergillus fumigatus, is cytotoxic to lung cells. PLoS ONE 2012, 7, e29906. [CrossRef]
[PubMed]
Wiesner, D.L.; Merkhofer, R.M.; Ober, C.; Kujoth, G.C.; Niu, M.; Keller, N.P.; Gern, J.E.; Brockman-Schneider, R.A.; Evans, M.D.;
Jackson, D.J.; et al. Club cell TRPV4 serves as a damage sensor driving lung allergic inflammation. Cell Host Microbe 2020, 27,
614–628.e616. [CrossRef] [PubMed]
Hernández-Santos, N.; Wiesner, D.L.; Fites, J.S.; McDermott, A.J.; Warner, T.; Wüthrich, M.; Klein, B.S. Lung epithelial cells
coordinate innate lymphocytes and immunity against pulmonary fungal infection. Cell Host Microbe 2018, 23, 511–522.e515.
[CrossRef]

J. Fungi 2021, 7, 454

25.

26.
27.
28.

29.
30.
31.

32.
33.

34.
35.

36.
37.
38.

39.

40.
41.
42.

43.
44.

45.
46.
47.

48.
49.

16 of 18

Jhingran, A.; Kasahara, S.; Shepardson, K.M.; Junecko, B.A.F.; Heung, L.J.; Kumasaka, D.K.; Knoblaugh, S.E.; Lin, X.; Kazmierczak,
B.I.; Reinhart, T.A.; et al. Compartment-specific and sequential role of MyD88 and CARD9 in chemokine induction and innate
defense during respiratory fungal infection. PLoS Pathog. 2015, 11, e1004589. [CrossRef] [PubMed]
Filler, S.G.; Sheppard, D.C. Fungal invasion of normally non-phagocytic host cells. PLoS Pathog. 2006, 2, e129. [CrossRef]
Wasylnka, J.A.; Moore, M.M. Uptake of Aspergillus fumigatus conidia by phagocytic and nonphagocytic cells in vitro: Quantitation
using strains expressing green fluorescent protein. Infect. Immun. 2002, 70, 3156–3163. [CrossRef]
Bertuzzi, M.; Schrettl, M.; Alcazar-Fuoli, L.; Cairns, T.C.; Muñoz, A.; Walker, L.A.; Herbst, S.; Safari, M.; Cheverton, A.M.; Chen,
D.; et al. The pH-Responsive PacC transcription factor of Aspergillus fumigatus governs epithelial eentry and tissue invasion
during pulmonary aspergillosis. PLoS Pathog. 2014, 10, e1004943. [CrossRef]
Han, X.; Yu, R.; Zhen, D.; Tao, S.; Schmidt, M.; Han, L. β-1,3-Glucan-induced host phospholipase D activation is involved in
Aspergillus fumigatus internalization into type II human pneumocyte A549 cells. PLoS ONE 2011, 6, e21468. [CrossRef]
Oosthuizen, J.L.; Gomez, P.; Ruan, J.; Hackett, T.L.; Moore, M.M.; Knight, D.A.; Tebbutt, S.J. Dual organism transcriptomics of
airway epithelial cells interacting with conidia of Aspergillus fumigatus. PLoS ONE 2011, 6, e0020527. [CrossRef] [PubMed]
Kogan, T.V.; Jadoun, J.; Mittelman, L.; Hirschberg, K.; Osherov, N. Involvement of secreted Aspergillus fumigatus proteases in
disruption of the actin fiber cytoskeleton and loss of focal adhesion sites in infected A549 lung pneumocytes. J. Infect. Dis. 2004,
189, 1965–1973. [CrossRef] [PubMed]
Bao, Z.; Han, X.; Chen, F.; Jia, X.; Zhao, J.; Zhang, C.; Yong, C.; Tian, S.; Zhou, X.; Han, L. Evidence for the involvement of cofilin
in Aspergillus fumigatus internalization into type II alveolar epithelial cells. BMC Microbiol. 2015, 15, 161. [CrossRef]
Richard, N.; Marti, L.; Varrot, A.; Guillot, L.; Guitard, J.; Hennequin, C.; Imberty, A.; Corvol, H.; Chignard, M.; Balloy, V. Human
bronchial epithelial cells inhibit Aspergillus fumigatus germination of extracellular conidia via FleA recognition. Sci. Rep. 2018,
8, 15699. [CrossRef]
Uribe-Quero, E.; Rosales, C. Control of phagocytosis by microbial pathogens. Front. Immunol. 2017, 8, 1368. [CrossRef] [PubMed]
Seidel, C.; Moreno-Velásquez, S.D.; Ben-Ghazzi, N.; Gago, S.; Read, N.D.; Bowyer, P. Phagolysosomal survival enables non-lytic
hyphal escape and ramification through lung epithelium during Aspergillus fumigatus infection. Front. Microbiol. 2020, 11, 1955.
[CrossRef] [PubMed]
De Leon-Rodriguez, C.M.; Fu, M.S.; Çorbali, M.O.; Cordero, R.J.B.; Casadevall, A. The capsule of Cryptococcus neoformans
modulates phagosomal pH through its acid-base properties. mSphere 2018, 3, e00437-18. [CrossRef]
Westman, J.; Walpole, G.F.W.; Kasper, L.; Xue, B.Y.; Elshafee, O.; Hube, B.; Grinstein, S. Lysosome fusion maintains phagosome
integrity during fungal infection. Cell Host Microbe 2020, 28, 798–812.e796. [CrossRef]
Bayry, J.; Beaussart, A.; Dufrêne, Y.F.; Sharma, M.; Bansal, K.; Kniemeyer, O.; Aimanianda, V.; Brakhage, A.A.; Kaveri, S.V.;
Kwon-Chung, K.J.; et al. Surface structure characterization of Aspergillus fumigatus conidia mutated in the melanin synthesis
pathway and their human cellular immune response. Infect. Immun. 2014, 82, 3141–3153. [CrossRef] [PubMed]
Jahn, B.; Langfelder, K.; Schneider, U.; Schindel, C.; Brakhage, A.A. PKSP-dependent reduction of phagolysosome fusion and
intracellular kill of Aspergillus fumigatus conidia by human monocyte-derived macrophages. Cell. Microbiol. 2002, 4, 793–803.
[CrossRef]
Langfelder, K.; Streibel, M.; Jahn, B.; Haase, G.; Brakhage, A.A. Biosynthesis of fungal melanins and their importance for human
pathogenic fungi. Fungal Genet. Biol. 2003, 38, 143–158. [CrossRef]
Aimanianda, V.; Bayry, J.; Bozza, S.; Kniemeyer, O.; Perruccio, K.; Elluru, S.R.; Clavaud, C.; Paris, S.; Brakhage, A.A.; Kaveri, S.V.;
et al. Surface hydrophobin prevents immune recognition of airborne fungal spores. Nature 2009, 460, 1117–1121. [CrossRef]
Bruns, S.; Kniemeyer, O.; Hasenberg, M.; Aimanianda, V.; Nietzsche, S.; Thywien, A.; Jeron, A.; Latgé, J.P.; Brakhage, A.A.;
Gunzer, M. Production of extracellular traps against Aspergillus fumigatus in vitro and in infected lung tissue is dependent on
invading neutrophils and influenced by hydrophobin rodA. PLoS Pathog. 2010, 6, e1000873. [CrossRef] [PubMed]
Paris, S.; Debeaupuis, J.P.; Crameri, R.; Carey, M.; Charlès, F.; Prévost, M.C.; Schmitt, C.; Philippe, B.; Latgé, J.P. Conidial
hydrophobins of Aspergillus fumigatus. Appl. Environ. Microbiol. 2003, 69, 1581–1588. [CrossRef] [PubMed]
Thywißen, A.; Heinekamp, T.; Dahse, H.M.; Schmaler-Ripcke, J.; Nietzsche, S.; Zipfel, P.F.; Brakhage, A.A. Conidial dihydroxynaphthalene melanin of the human pathogenic fungus Aspergillus fumigatus interferes with the host endocytosis pathway. Front.
Microbiol. 2011, 2, 96. [CrossRef] [PubMed]
Gualtieri, M.; Øvrevik, J.; Holme, J.A.; Perrone, M.G.; Bolzacchini, E.; Schwarze, P.E.; Camatini, M. Differences in cytotoxicity
versus pro-inflammatory potency of different PM fractions in human epithelial lung cells. Toxicol. Vitr. 2010, 24, 29–39. [CrossRef]
Schulz, C.; Farkas, L.; Wolf, K.; Krätzel, K.; Eissner, G.; Pfeifer, M. Differences in LPS-induced activation of bronchial epithelial
cells (BEAS-2B) and type II-like pneumocytes (A-549). Scand. J. Immunol. 2002, 56, 294–302. [CrossRef] [PubMed]
Cozens, A.L.; Yezzi, M.J.; Kunzelmann, K.; Ohrui, T.; Chin, L.; Eng, K.; Finkbeiner, W.E.; Widdicombe, J.H.; Gruenert, D.C. CFTR
expression and chloride secretion in polarized immortal human bronchial epithelial cells. Am. J. Respir. Cell Mol. Biol. 1994, 10,
38–47. [CrossRef]
Bleichrodt, R.J.; Foster, P.; Howell, G.; Latgé, J.P.; Read, N.D. Cell wall composition heterogeneity between single cells in Aspergillus
fumigatus leads to heterogeneous behavior during antifungal treatment and phagocytosis. mBio 2020, 11, e03015-19. [CrossRef]
Bigot, J.; Guillot, L.; Guitard, J.; Ruffin, M.; Corvol, H.; Balloy, V.; Hennequin, C. Bronchial Epithelial Cells on the Front Line to
Fight Lung Infection-Causing Aspergillus fumigatus. Front. Immunol. 2020, 11, 1041. [CrossRef]

J. Fungi 2021, 7, 454

50.
51.
52.
53.
54.
55.
56.

57.
58.
59.
60.
61.

62.
63.
64.
65.

66.

67.
68.

69.

70.
71.

72.

73.

74.

17 of 18

Pollmächer, J.; Figge, M.T. Agent-based model of human alveoli predicts chemotactic signaling by epithelial cells during early
Aspergillus fumigatus infection. PLoS ONE 2014, 9, e116030. [CrossRef]
Mech, F.; Wilson, D.; Lehnert, T.; Hube, B.; Thilo Figge, M. Epithelial invasion outcompetes hypha development during Candida
albicans infection as revealed by an image-based systems biology approach. Cytom. Part A 2014, 85, 126–139. [CrossRef]
Fisch, D.; Yakimovich, A.; Clough, B.; Wright, J.; Bunyan, M.; Howell, M.; Mercer, J.; Frickel, E. Defining host–pathogen
interactions employing an artificial intelligence workflow. eLife 2019, 8, e40560. [CrossRef]
Prauße, M.T.E.; Lehnert, T.; Timme, S.; Hünniger, K.; Leonhardt, I.; Kurzai, O.; Figge, M.T. Predictive virtual infection modeling
of fungal immune evasion in human whole blood. Front. Immunol. 2018, 9, 560. [CrossRef] [PubMed]
Kraibooj, K.; Schoeler, H.; Svensson, C.M.; Brakhage, A.A.; Figge, M.T. Automated quantification of the phagocytosis of Aspergillus
fumigatus conidia by a novel image analysis algorithm. Front. Microbiol. 2015, 6, 549. [CrossRef]
Ferling, I.; Dunn, J.D.; Ferling, A.; Soldati, T.; Hillmann, F.; Goldman, G.H. Conidial melanin of the human-pathogenic fungus
Aspergillus fumigatus disrupts cell autonomous defenses in amoebae. mBio 2020, 11, e00862-20. [CrossRef]
Ju, X.; Yan, Y.; Liu, Q.; Li, N.; Sheng, M.; Zhang, L.; Li, X.; Liang, Z.; Huang, F.; Liu, K.; et al. Neuraminidase of Influenza A
Virus Binds Lysosome-Associated Membrane Proteins Directly and Induces Lysosome Rupture. J. Virol. 2015, 89, 10347–10358.
[CrossRef] [PubMed]
Tsuruta, F.; Okajima, T.; Yano, S.; Chiba, T. Quantification of endosome and lysosome motilities in cultured neurons using
fluorescent probes. J. Vis. Exp. 2017, 2017, 55488. [CrossRef]
Mrakovic, A.; Kay, J.G.; Furuya, W.; Brumell, J.H.; Botelho, R.J. Rab7 and Arl8 GTPases are Necessary for Lysosome Tubulation in
Macrophages. Traffic 2012, 13, 1667–1679. [CrossRef]
Pu, J.; Guardia, C.M.; Keren-Kaplan, T.; Bonifacino, J.S. Mechanisms and functions of lysosome positioning. J. Cell Sci. 2016, 129,
4329–4339. [CrossRef]
Ayala, P.; Lin, L.; Hopper, S.; Fukuda, M.; So, M. Infection of epithelial cells by pathogenic Neisseriae reduces the levels of multiple
lysosomal constituents. Infect. Immun. 1998, 66, 5001–5007. [CrossRef] [PubMed]
Lewis, L.E.; Bain, J.M.; Lowes, C.; Gillespie, C.; Rudkin, F.M.; Gow, N.A.R.; Erwig, L.P. Stage specific assessment of Candida
albicans phagocytosis by macrophages identifies cell wall composition and morphogenesis as key determinants. PLoS Pathog.
2012, 8, e1002578. [CrossRef]
Prashar, A.; Bhatia, S.; Gigliozzi, D.; Martin, T.; Duncan, C.; Guyard, C.; Terebiznik, M.R. Filamentous morphology of bacteria
delays the timing of phagosome morphogenesis in macrophages. J. Cell Biol. 2013, 203, 1081–1097. [CrossRef]
Brakhage, A.A.; Liebmann, B. Aspergillus fumigatus conidial pigment and cAMP signal transduction: Significance for virulence.
Med. Mycol. 2005, 43, S75–S82. [CrossRef]
Heinekamp, T.; Thywißen, A.; Macheleidt, J.; Keller, S.; Valiante, V.; Brakhage, A.A. Aspergillus fumigatus melanins: Interference
with the host endocytosis pathway and impact on virulence. Front. Microbiol. 2012, 3, 440. [CrossRef]
Kyrmizi, I.; Ferreira, H.; Carvalho, A.; Figueroa, J.A.L.; Zarmpas, P.; Cunha, C.; Akoumianaki, T.; Stylianou, K.; Deepe, G.S.;
Samonis, G.; et al. Calcium sequestration by fungal melanin inhibits calcium-calmodulin signalling to prevent LC3-associated
phagocytosis. Nat. Microbiol. 2018, 3, 791–803. [CrossRef]
Stappers, M.H.T.; Clark, A.E.; Aimanianda, V.; Bidula, S.; Reid, D.M.; Asamaphan, P.; Hardison, S.E.; Dambuza, I.M.; Valsecchi, I.;
Kerscher, B.; et al. Recognition of DHN-melanin by a C-type lectin receptor is required for immunity to Aspergillus. Nature 2018,
555, 382–386. [CrossRef]
Steinberg, B.E.; Grinstein, S. Assessment of phagosome formation and maturation by fluorescence microscopy. Methods Mol. Biol.
Clifton N. J. 2007, 412, 289–300. [CrossRef]
Schmidt, F.; Thywißen, A.; Goldmann, M.; Cunha, C.; Cseresnyés, Z.; Schmidt, H.; Rafiq, M.; Galiani, S.; Gräler, M.H.; Chamilos,
G.; et al. Flotillin-dependent membrane microdomains are required for functional phagolysosomes against fungal infections. Cell
Rep. 2020, 32, 108017. [CrossRef] [PubMed]
Schmidt, H.; Vlaic, S.; Krüger, T.; Schmidt, F.; Balkenhol, J.; Dandekar, T.; Guthke, R.; Kniemeyer, O.; Heinekamp, T.; Brakhage,
A.A. Proteomics of Aspergillus fumigatus conidia-containing phagolysosomes identifies processes governing immune evasion.
Mol. Cell Proteom. 2018, 17, 1084–1096. [CrossRef]
Bertuzzi, M.; Hayes, G.E.; Icheoku, U.J.; van Rhijn, N.; Denning, D.W.; Osherov, N.; Bignell, E.M. Anti-Aspergillus activities of the
respiratory epithelium in health and disease. J. Fungi 2018, 4, 8. [CrossRef] [PubMed]
Koike, R.; Cueno, M.E.; Nodomi, K.; Tamura, M.; Kamio, N.; Tanaka, H.; Kotani, A.; Imai, K. Heat-killed Fusobacterium nucleatum
triggers varying heme-related inflammatory and stress responses depending on primary human respiratory epithelial cell type.
Molecules 2020, 25, 3839. [CrossRef]
Mostafa, M.M.; Rider, C.F.; Shah, S.; Traves, S.L.; Gordon, P.M.K.; Miller-Larsson, A.; Leigh, R.; Newton, R. Glucocorticoid-driven
transcriptomes in human airway epithelial cells: Commonalities, differences and functional insight from cell lines and primary
cells. BMC Med. Genom. 2019, 12, 29. [CrossRef]
Baskoro, H.; Sato, T.; Karasutani, K.; Suzuki, Y.; Mitsui, A.; Arano, N.; Nurwidya, F.; Kato, M.; Takahashi, F.; Kodama, Y.; et al.
Regional heterogeneity in response of airway epithelial cells to cigarette smoke. BMC Pulm. Med. 2018, 18, 148. [CrossRef]
[PubMed]
Callaghan, P.J.; Ferrick, B.; Rybakovsky, E.; Thomas, S.; Mullin, J.M. Epithelial barrier function properties of the 16HBE14o-human
bronchial epithelial cell culture model. Biosci. Rep. 2020, 40, BSR20201532. [CrossRef] [PubMed]

J. Fungi 2021, 7, 454

75.

76.

77.
78.

18 of 18

Amich, J.; Mokhtari, Z.; Strobel, M.; Vialetto, E.; Sheta, D.; Yu, Y.; Hartweg, J.; Kalleda, N.; Jarick, K.J.; Brede, C.; et al. Threedimensional light sheet fluorescence microscopy of lungs to dissect local host immune-Aspergillus fumigatus interactions. mBio
2020, 11, e02752-10. [CrossRef]
Fettucciari, K.; Quotadamo, F.; Noce, R.; Palumbo, C.; Modesti, A.; Rosati, E.; Mannucci, R.; Bartoli, A.; Marconi, P. Group B
Streptococcus (GBS) disrupts by calpain activation the actin and microtubule cytoskeleton of macrophages. Cell Microbiol. 2011, 13,
859–884. [CrossRef] [PubMed]
Shevchenko, M.A.; Bolkhovitina, E.B.; Ekaterina, A.S.; Sapozhnikov, A.M. Elimination of Aspergillus fumigatus conidia from the
airways of mice with allergic airway inflammation. Resp. Res. 2013, 14, 78. [CrossRef] [PubMed]
Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

