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ABSTRACT Aspergillus fumigatus is a ubiquitous mold that produces small airborne
conidia capable of traversing deep into the respiratory system. Recognition, process-
ing, and clearance of A. fumigatus conidia by bronchial airway epithelial cells are
thought to be relevant to host defense and immune signaling. Using z-stack confo-
cal microscopy, we observed that only 10 to 20% of adherent conidia from the
AF293 clinical isolate are internalized by BEAS-2B cells 6 h postchallenge and not
prior. Similar percentages of internalization were observed for the CEA10 clinical iso-
late. A large subset of both AF293 and CEA10 conidia are rendered metabolically in-
active without internalization at 3 h postchallenge by BEAS-2B cells. A significantly
larger percentage of CEA10 conidia are metabolically active at 9 and 12 h postchal-
lenge in comparison to the AF293 isolate, demonstrating heterogeneity among clini-
cal isolates. We identified 7 host markers (caveolin, flotillin-2, RAB5C, RAB8B, RAB7A,
2xFYVE, and FAPP1) that consistently localized around internalized conidia 9 h post-
challenge. Transient gene silencing of RAB5C, PIK3C3, and flotillin-2 resulted in a
larger population of metabolically active conidia. Our findings emphasize the abun-
dance of both host phosphatidylinositol 3-phosphate (PI3P) and PI4P around inter-
nalized conidia, as well as the importance of class Il PI3P kinase for conidial process-
ing. Therapeutic development focused on RAB5C-, PIK3C3-, and flotillin-2-mediated
pathways may provide novel opportunities to modulate conidial processing and in-
ternalization. Determination of how contacted, external conidia are processed by air-
way epithelial cells may also provide a novel avenue to generate host-targeted ther-
apeutics.

IMPORTANCE Conidia from the fungus Aspergillus fumigatus are notorious for their
ability to stay airborne. This characteristic is believed to allow conidia to penetrate
into the cleanest environments. Several hundred conidia are thought to be inhaled
each day by a given individual and then expelled by mucociliary clearance. Given
that airway epithelial cells make up a significant portion of the pulmonary-air inter-
face, we set out to determine the percentage of conidia that are actually internal-
ized after initial contact with airway epithelial cells. We determined this through an
in vitro assay using an immortalized bronchial airway epithelial cell line known as
BEAS-2B. Our results suggest a small fraction of conidia are internalized by BEAS-2B
cells, while the majority stay adherent to the surface of cells or are washed away
during sample processing. Internalization of conidia was observed at 6 h postchal-
lenge and not prior. Our data also indicate conidia are rendered metabolically inac-
tive within 3 h of challenge, suggesting BEAS-2B cells process a large number of
conidia without internalization in this early time frame. We have also identified sev-
eral host endocytosis markers that localize around internalized conidia as well as
contribute to the processing of conidia. Understanding how these host endocytosis
markers affect the processing of internal and/or external conidia may provide a
novel avenue for therapeutic development.
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spergillus fumigatus is an opportunistic fungal pathogen capable of invasive pul-

monary infection in a diverse array of immunocompromised individuals (1). Chronic
exposure to A. fumigatus may also result in the development and progression of an
allergic response, the most severe being acute bronchopulmonary aspergillosis (ABPA).
An allergic response occurs predominately in individuals with asthma or cystic fibrosis
(2). A. fumigatus conidia are found abundantly throughout nature and the built
environment, making exposure invariable. Most inhaled conidia are thought to be
removed by mucociliary clearance in respiring organisms. However, A. fumigatus
conidia can easily bypass mucociliary clearance and infiltrate lung alveoli due to their
small size (2 to 3 um in diameter). Airway epithelial cells (AECs) make up a large
percentage of the pulmonary-air interface and are thought to play an important role in
initial conidial recognition, processing, and immune signaling. There is a need to
mechanistically understand how A. fumigatus conidia are processed by AECs (reviewed
in references 3 and 4).

There has been substantial effort to characterize the interactions between A. fu-
migatus conidia and specific cell types of the respiratory epithelium (reviewed in
reference 5). The bronchial epithelial layer is composed in part by ciliated, pseudostrati-
fied, columnar epithelial cells, as well as simple ciliated columnar or cuboidal epithelial
cells (6). In vitro models of conidial uptake by the airway (bronchial) epithelium using
the 16HBE140- human bronchial epithelial cell line suggest 30 to 50% of conidia are
internalized within 6 h (7). Studies by Richard et al. using immortalized human
bronchial epithelial cells (BEAS-2B) indicate a very high internalization rate of conidia by
BEAS-2B cells via an antibody-based epifluorescence microscopy assay designed to
label only extracellular conidia (8). Botterel et al. observed a 20% internalization rate of
conidia by primary nasal epithelial cells in vitro (9). Recently the paradigm of conidial
internalization by bronchial airway epithelial cells has been challenged by Rammaert et
al, as they did not observe internalization by bronchial epithelial cells during in vivo
mouse models of A. fumigatus pulmonary infection using a novel bioimaging approach
as well as transmission electron microscopy (10).

Adenocarcinomic human alveolar basal epithelial cells (A549) have been used
extensively to study conidia internalized by nonprofessional phagocytic cells as well as
the internalization of conidia by alveolar type Il cells (type Il pneumocytes). Type Il
pneumocytes are distinct from the airway (bronchial) epithelial cells as they lack cilia,
are cuboidal, and are found specifically in alveoli (6). In vitro studies indicate A549 cells
internalize 15 to 30% of encountered A. fumigatus conidia (11-13). Surface interactions
between A. fumigatus and A549 cells occur in part through dectin-1, integrin asf3,, and
E-cadherin (13-16). Subsequent internalization occurs through cofilin-1-, actin-, and
phospholipase D-dependent mechanisms (13-16). Conidial internalization by A549 cells
leads to lysosomal acidification and is associated with host endosomal/lysosomal
markers LAMP1, CD63, and cathepsin D (13, 17). A. fumigatus proteins such as CalA
mediate invasion of A549 cells in part by binding integrin a5, (18). Loss of CalA results
in defective host cell invasion of alveoli, but not bronchi, during in vivo mouse models
of pulmonary infection (18). Similarly, loss of the A. fumigatus pH response PacC
transcription factor results in abnormal remodeling of the fungal cell wall during
germination, culminating in diminished entry of germinating conidia into epithelial
cells during mouse models of pulmonary infection and in vitro challenge assays using
A549 cells (16). The rate, percentage, and mechanism of conidial internalization and
killing by bronchial and alveolar epithelial cells are believed to be critical, as aberrations
in these host processes may facilitate both immune evasion and disseminated infection.

We originally set out to determine the mechanism of conidial internalization and
processing by bronchial airway epithelial cells using BEAS-2B cells as a model. Using
confocal microscopy, we observed that many of the conidia in contact with cells appear
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to be internalized when a single plane is viewed. However, z-stack analysis clearly
indicates the majority of these contacted conidia (80 to 90%) are not internalized, but
are adherent on the apical side of BEAS-2B cells. Internalization of conidia was only
observed for 10 to 20% of contacted conidia at 6 and 9 h postchallenge, but not at 3
h. Concurrent experiments using bone marrow-derived macrophages (BMDM:s) resulted
in the internalization of greater than 70% of contacted conidia within 1 h. This suggests
internalization of conidia by BEAS-2B cells is not an immediate response and occurs for
only a small percentage of the contacted conidial population. We also observed the
processing of conidia by BEAS-2B cells in vitro is dependent on a number of factors,
including the fungal isolate, the presence of serum, and the presence of liposomes to
deliver small interfering RNA (siRNA). Our results highlight the discovery and impor-
tance of several cellular trafficking markers associated with processing and/or internal-
izing A. fumigatus conidia. These markers are comprised of caveolin, flotillin-2, RAB5C,
RAB7A, RAB8B, 2xFYVE (a marker for phosphatidylinositol 3-phosphate [PI3P]), and
FAPP1 (a marker for PI4P). Finally, we note that caution should be taken when using
chemical inhibitors of endocytosis, as several inhibitors can impact fungal metabolic
activity in the absence of BEAS-2B cells.

RESULTS

BEAS-2B cells internalize a small fraction of challenged conidia. We initially set
out to determine if BEAS-2B cells, an immortalized cell line used as a model for
bronchial airway epithelial cells, could internalize viable A. fumigatus conidia from the
AF293 isolate. We concurrently challenged AF293 conidia against mouse bone marrow-
derived macrophages (BMDMs) as they are a professional phagocytic cell type known
to rapidly internalize and process conidia (12, 19). In order to precisely track conidia, we
fluorescently labeled them with calcofluor white M2R (CFWM2R) prior to challenge.
Conidia were then challenged against BEAS-2B cells for 3, 6, 9, and 12 h. Postchallenge
and postfixation, we incubated cells with fluorescently tagged wheat germ agglutinin
to label the host cell membrane. A composite 3D image was assembled from a z-stack
spanning the entire volume of a given subgroup of cells. Based on these images, we
only observed internalized conidia at 6 and 9 h postchallenge against BEAS-2B cells
(Fig. 1A and C; see Movie S1 in the supplemental material). Of the conidia that were in
contact with or adherent to BEAS-2B cells, only 10 to 20% of conidia were actually
internalized when quantified (Fig. 1C). Similar percentages of internalization were
observed for both the AF293 and CEA10 isolates (P > 0.10, Mann-Whitney U test
[MWUT]) (Fig. 1Q). It is important to note that a significant number of conidia were
washed away during sample processing. Conversely, BMDMs internalized greater than
70% and 90% of contacted conidia within 1 h and 3 h postchallenge, respectively
(Fig. 1B and C; see Movie S2 in the supplemental material). These experiments suggest
that BEAS-2B cells are able to internalize conidia; however, BEAS-2B cells do not
internalize a majority of contacted conidia like BMDMs. Interestingly, nearly all inter-
nalized conidia appeared to be swollen when imaged at more than 6 h postchallenge
against BEAS-2B cells.

A flow cytometry assay to determine internalization and conidial metabolic
activity. Based on our confocal microscopy, we set out to develop a flow cytometry
assay to determine the internalization and processing rates of viable, resting AF293
conidia by BEAS-2B cells. We challenged BEAS-2B cells with conidia for 3, 6, 9, and 12
h and then analyzed conidia through a flow cytometry-based assay for metabolic
activity as well as calcofluor white M2R (CFWM2R) fluorescence (see Fig. S1 in the
supplemental material). Inmediately following challenge, CFWM2R was added to each
well for 15 min to fluorescently label extracellular conidia; intracellular conidia are
thought to be unlabeled. After CFWM2R labeling, medium was gently removed to avoid
disturbance of extracellular conidia. Host cells were then lysed via NP-40 lysis buffer.
Conidia were incubated for 1 h at 37°C in the presence of the metabolic marker FUN-1
to assess metabolic activity. Measurement of CFWM2R and FUN-1 fluorescence by
conidia incubated in cell culture medium in the absence of cells was used to establish
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A AF293 conidia challenged against BEAS-2B (6 hrs)
Fluorescent Z-stack CFWM2R (3D Composite)

B AF293 conidia challenged against BMDMs (3 hrs)
Fluorescent Z-stack CFWMZ2R (3D Composite)

CFWM2R+WGA-Alexa488 (3D Composite)
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FIG 1 Confocal microscopy of conidial internalization by BEAS-2B cells and bone marrow-derived macrophages. Shown are
representative z-stack and 3D composite images of conidial internalization by (A) BEAS-2B cells at 6 h postchallenge and (B) bone
marrow-derived macrophages 3 h postchallenge. Conidia were labeled via calcofluor white M2R (CFWM2R) treatment prior to

(Continued on next page)
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positive gating parameters for each time point (see Fig. S2 in the supplemental
material). Greater than 70% of AF293 conidia were positive for FUN-1 metabolic activity
at all measured time points when incubated in control medium (Fig. S2). CFWM2R
fluorescent labeling of conidia was homogenous for 3 and 6 h postchallenge in control
medium. At h 9 and 12 postchallenge, we observed a newly developed, very bright
CFWMZ2R fluorescent population that was also FUN-1 positive in quadrant 2 of the flow
plots (Fig. S2). We associated this population with the occurrence of germlings. The
occurrence of short hyphae and elongating germlings was further verified through
bright-field microscopy at 9 and 12 h postchallenge (see Fig. S3A to D in the supple-
mental material). Challenges against control medium were used to establish positive
gating parameters for CFWM2R fluorescence and FUN-1 metabolic activity.

Based on the aforementioned control gating parameters, the overall percentage of
FUN-1-positive conidia (consisting of populations that were both CFWM2R positive and
negative) decreased from 45% at h 3, to 35% at h 6, to 25% at h 9 and 12 when
challenged against BEAS-2B cells (Fig. 2A). A 40 to 70% decrease in conidia positive for
FUN-1 metabolic activity was observed for conidia challenged against BEAS-2B cells in
comparison to incubation in control medium for h 3 through 12 postchallenge (P <
0.05; MWUT) (Fig. 2C). Coupled with our confocal microscopy, these results indicate a
method of A. fumigatus conidial processing by BEAS-2B cells that is independent of
internalization within 3 h postchallenge. The decreased percentage of metabolically
active conidia at 9 h postchallenge in comparison to 3 h postchallenge could be
partially due to internalization, though other explanations exist.

Lack of calcofluor white M2R fluorescence does not correlate with internaliza-
tion. We had thought to use CFWM2R as a way to selectively label extracellular conidia.
Our rationale, and that of others, was that endocytosis by cells would provide a
protective harbor for conidia so that they are shielded by CFWMZ2R labeling, antibody
labeling, or a host-cell-impermeable antifungal (7, 8, 12, 13, 18). We utilized medium-
only challenges to establish positive gating parameters, as conidia would be readily
labeled by CFWM2R. Based on these parameters, approximately 6% of conidia were
positive for CFWM2R staining (assumed to be extracellular and not internalized) by 3 h
postchallenge against BEAS-2B cells (Fig. 2A and D). This value increased to 15 to 17%
for h 6, 9, and 12, respectively. These results are in complete disagreement with what
we observed via confocal microscopy and were more akin to the development of
germinated conidia and short hyphae (Fig. S3E to H). Based on these findings, we
conclude the variable CFWM2R fluorescence observed for conidia when challenged
against BEAS-2B cells by flow cytometry could be due to both the amount of carbo-
hydrate present on the conidia (state of germination) as well as conidia being adherent/
internalized/partially internalized by cells. We suspect conidia are more than likely
being killed or rendered metabolically inactive at various points during germination—
hence the spectrum of CFWM2R fluorescence observed via flow cytometry without any
clear bifurcation (Fig. 2A and B).

Serum affects CFWM2R labeling, but not FUN-1 metabolic activity for AF293
conidia. We set out to determine if serum impacted conidial processing and CFWM2R
labeling as serum is known to affect a number of cellular processes. Conidia challenged
in medium lacking serum had significantly increased CFWM2R fluorescence in compar-
ison to conidia challenged in medium containing serum (Fig. S2B and C). This large
increase in CFWMZ2R fluorescence in the absence of serum prompted us to develop
different gating thresholds for conidia challenged against BEAS-2B cells in the absence

FIG 1 Legend (Continued)

challenge. Cell membranes were labeled with wheat germ agglutinin conjugated to Alexa 488 (WGA-Alexa488) postfixation. A
yellow circle in the 3D composite images of challenged BEAS-2B cells is a reference to show the position of internalized conidia.
(C) Percentage of contacted conidia internalized by BEAS-2B cells at 3, 6, and 9 h postchallenge and bone marrow-derived
macrophages 1 and 3 h postchallenge as determined by microscopy. A given experimental quantification looked at a minimum
of 100 conidia and maximum of 200 conidia for each of the three challenges. Experiments were independently conducted 3 times
(total, n = 9). Error bars indicate the standard error of the mean. See Movies S1 and S2 in the supplemental material.
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FIG 2 Temporal analysis of CFWM2R fluorescence and FUN-1 metabolic activity by AF293 conidia postchallenge against BEAS-2B airway epithelial cells. (A and
B) Representative flow plots of AF293 conidia (5 X 10°) challenged against BEAS-2B cells in the (A) presence and (B) absence of serum at 3, 6,9, or 12 h
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of serum (Fig. 2B). Based on these thresholds, a significant increase in the percentage
of conidia positive for CFWM2R fluorescence was noted at 3, 6, 9, and 12 h postchal-
lenge against BEAS-2B cells in the absence of serum (P < 0.05; MWUT) (Fig. 2D). No
statistical difference in metabolic activity was observed between the presence and
absence of serum when conidia were challenged against BEAS-2B cells or in control
medium (P > 0.10; MWUT) (Fig. 2C). We hypothesize that serum itself may affect
CFWMZ2R labeling via masking of surface binding sites on conidia or components of
serum may competitively bind CFWM2R.

Heterogeneity in CFWM2R labeling and metabolic activity between CEA10 and
AF293. As heterogeneity among A. fumigatus isolates has become an evident theme
(20, 21), we decided to determine if CEA10 conidia were as metabolically active as the
AF293 isolate postchallenge with BEAS-2B cells. We used CEA10 conidia incubated in
medium containing or lacking serum to set gating parameters for CFWM2R fluores-
cence as well as FUN-1 metabolic activity as there was again a notable difference in
CFWMZ2R labeling due to serum (see Fig. S4 in the supplemental material). Approxi-
mately 100% of CEA10 conidia were metabolically active when incubated in control
medium by 3 h in the presence or absence of serum (Fig. S4). The enhanced growth and
germination of the CEA10 isolate were also evident in bright-field microscopy (see
Fig. S5A and D in the supplemental material).

In the presence of serum, 25% of CEA10 conidia were metabolically active at 3 h
postchallenge against BEAS-2B cells, and 45% were active by 9 and 12 h (Fig. 3A and
Q). In the absence of serum, 45% of CEA10 conidia were active by 3 h postchallenge
against BEAS-2B cells and nearly 90% were active by 12 h (Fig. 3B and C). Direct
comparison of FUN-1-positive conidia populations challenged against BEAS-2B cells
indicates a larger percentage of FUN-1-positive conidia in the absence of serum than in
the presence for all 4 time points (P < 0.05; MWUT) (Fig. 3C). A significantly higher
percentage of metabolically active CEA10 conidia was also observed in comparison to
AF293 when challenged against BEAS-2B cells at 9 and 12 h regardless of serum (P <
0.05; MWUT) (Fig. 3D). This large increase in CEA10 germinating conidia and elongating
short hyphae in comparison to AF293 was also evident in the bright-field microscopy
(Fig. S5E and H). Our findings indicate components of serum are beneficial for process-
ing CEA10 conidia by BEAS-2B cells. These findings also indicate a much greater
percentage of CEA10 conidia are metabolically active in comparison to AF293 post-
challenge against BEAS-2B cells in the presence or absence of serum.

Localization of endocytosis markers around internalized conidia. Fluorescently
labeled host proteins produce a ring-like outline around internalized conidia (12, 13,
19). These images were our initial motivation to utilize microscopy as a means to dissect
how conidia are trafficked once internalized by BEAS-2B. We transiently expressed 11
different cellular trafficking markers fused to mCherry in BEAS-2B cells and subse-
quently challenged these cells with viable, resting AF293 conidia or control fluorescent
beads to determine if these markers specifically localized around internalized conidia
(Fig. 4 and 5). A subset of these markers, flotillin-1, flotillin-2, clathrin, and caveolin, are
associated with defined forms of initial endocytosis (22), while another subset, RAB5C,
RAB7A, RAB8B, RAB9B, and RAB11, are associated with specific trafficking processes to
various cellular compartments (23). A final subset of markers, the 2xFYVE domain and
FAPP1 domain, are markers for the presence of phosphatidylinositol 3-phosphate (PI3P)
and PI4P in cellular membranes, respectively (24-26). mCherry fusion proteins over
expressed in BEAS-2B cells were shown to be intact and at the appropriate molecular
weight via Western blot analysis (see Fig. S6 in the supplemental material). At approx-

FIG 2 Legend (Continued)

mSphere’

postchallenge. (C and D) Percentage of AF293 conidia positive for (C) FUN-1 or (D) CFWMZ2R fluorescence 3, 6, 9, or 12 h postchallenge against BEAS-2B cells
in the presence and absence of BEAS-2B cells and serum. Experiments were independently repeated (total, n = 6). Statistical significance was determined using
the Mann-Whitney U test. Error bars indicate the standard error of the mean. In panel C, “A, B” indicates statistical significance for FUN-1 fluorescence between
cell-based challenges and medium-based challenges in the presence and in the absence of serum, respectively. In panel D, an asterisk indicates statistical

significance for CFWM2R fluorescence between cell-based challenges containing versus lacking serum.
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FIG 3 Temporal analysis of CFWMZ2R fluorescence and FUN-1 metabolic activity by CEA10 conidia postchallenge against BEAS-2B airway epithelial cells.
(A and B) Representative flow plots of CEA10 conidia (5 X 10°) challenged against BEAS-2B cells in the (A) presence and (B) absence of serum at 3, 6,
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imately 9 h postchallenge, we were able to consistently visualize localization of
flotillin-2, caveolin, RAB5C, RAB7A, RAB8B, FAPP1, and 2xFYVE-mCherry around inter-
nalized conidia (Fig. 4). Localization of fluorescent endosomal marker with conidia was
specific for all markers except for caveolin and RAB5C, which also localized to inter-
nalized fluorescent beads with a weak signal intensity (Fig. 5). These results suggest
caveolin and flotillin-2 are associated with internalized conidia and implicate trafficking
to the early (RAB5C and 2xFYVE) and late (RAB7) endosomes. Localization of the PI4P
biosensors FAPP1-mCherry and RAB8B-mCherry suggests the latter events occur
through the trans-Golgi network (TGN) and/or vesicle transport to the plasma mem-
brane.

As transient overexpression may result in mislocalization of fluorescent fusion
proteins, we performed immunofluorescence labeling of endogenous flotillin-2, RAB5C,
and RAB7A in BEAS-2B cells challenged with AF293 conidia for 9 h. Fluorescent labeling
of these markers indicates endogenous flotillin-2, RAB5C, and RAB7A do localize around
internalized conidia (Fig. 6). We were unable to identify a suitable antibody targeting
RAB8B or caveolin for these immunofluorescence labeling experiments.

siRNA silencing of host endocytosis markers impacts metabolic activity of
conidia. To determine if caveolin, flotillin-2, RAB5C, RAB7A, and PIK3C3 (phosphatidyl-
inositol 3-kinase catalytic subunit type 3, which is involved in the production of PI3P)
impacted conidial metabolic activity, we transiently silenced the mRNA expression of a
given gene via siRNA in BEAS-2B cells and subsequently challenged treated cells with
viable, resting AF293 conidia (Fig. 7). Western blot analysis of total protein indicates
transient siRNA was efficacious as there was a 30 to 80% reduction in protein levels for
all targeted genes (Fig. 7A and B). A. fumigatus conidia challenged against BEAS-2B cells
treated with liposomes produced a different CFWM2R and FUN-1 distribution in
comparison to control cells (Fig. 7C). Specifically, the CFWM2R-negative and FUN-1-
positive conidial population in quadrant 3 disappeared in flow cytometry plots when
BEAS-2B cells were pretreated with liposomes. This suggested that liposomes them-
selves could alter the processing of conidia by BEAS-2B cells. Partial silencing of PIK3C3,
flotillin-2, or RAB5C resulted in 29, 30, and 39% metabolically active conidia, respec-
tively, in comparison to 22% observed in BEAS-2B cells treated with control liposomes
combined with scrambled siRNA (Fig. 7D). This increase is quite notable as only 40% of
conidia were metabolically active at 3 h postchallenge. An insignificant and marginal
increase in metabolically active conidia was noted when caveolin (30% reduction in
protein expression) or RAB7A (80% reduction in protein expression) was partially
silenced.

Small molecule inhibitors modulate CFWM2R fluorescence and metabolic ac-
tivity. To further determine the role of PIK3C3 in conidial processing, we pretreated
BEAS-2B cells with the irreversible PI3P kinase inhibitor wortmannin (1 uM final con-
centration) and the reversible inhibitor LY294002 (3 uM) for 3 h and subsequently
challenged cells for 9 h (Fig. 8A to C). Analysis of conidia at 9 h postchallenge indicated
a larger FUN-1-positive population when cells were pretreated with wortmannin (56%)
in comparison to the control (35%) (P < 0.05; MWUT) (Fig. 8H).

We then tested a number of broad and specific small molecule inhibitors of
endocytosis to determine if they could alter conidial processing by BEAS-2B cells.
Pretreatment of cells for 3 h with N-ethylmaleimide (1 mM), a known inhibitor of
clathrin-mediated endocytosis and stimulator of macropinocytosis (27), resulted in a
tightly clustered CFWM2R-negative population of conidia and a notable decrease in

FIG 3 Legend (Continued)
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9, or 12 h postchallenge. (C) Percentage of CEA10 conidia positive for FUN-1 fluorescence 3, 6, 9, or 12 h postchallenge against BEAS-2B cells in the
presence and absence of serum. (D) Direct comparison of the percentages of CEA10 and AF293 conidia positive for FUN-1 fluorescence 3, 6,9, or 12 h
postchallenge against BEAS-2B cells in the presence and absence of serum. Experiments were independently repeated (total, n = 6). Statistical
significance was determined using the Mann-Whitney U test. Error bars indicate the standard error of the mean. In panel C, an asterisk indicates statistical
significance between cell-based challenges containing and lacking serum. In panel D, “A, B” indicates statistical significance between the percentages

of metabolically active AF293 and CEA10 conidia challenged against BEAS-2B cells in the presence or absence of serum, respectively.
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FIG 4 Localization of endosomal marker-mCherry fusion proteins with internalized A. fumigatus conidia. BEAS-2B cells were lipofected with
a plasmid constitutively expressing an endosomal marker-mCherry chimera. Cells were challenged with A. fumigatus conidia (5 X 10°) that
were stained with calcofluor white M2R (CFWMZ2R) and analyzed by confocal microscopy 9 h postchallenge. The UV channel shows
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metabolically active conidia (11%) in comparison to the control (35%) (P < 0.05, MWUT)
(Fig. 8A, D, and H). Pretreatment of cells with chloroquine (100 M), a known inhibitor
of endosomal-lysosomal fusion and lysosome acidification (28), resulted in a conidial
population that was 100% CFWM2R negative. Over 50% of conidia were metabolically
active in comparison to the 35% observed in control challenges (P < 0.05; MWUT)
(Fig. 8A, E, and H). Conversely pretreatment of cells with cytochalasin D (10 uM), an
inhibitor of actin polymerization (29), resulted in an increased CFWM2R-positive pop-
ulation (44%) and an increased metabolically active population (55%) (P < 0.05; MWUT)
(Fig. 8A, F, and H). Pretreatment of cells with filipin 1l complex (50 wg/ml), a potent
binder of membrane cholesterol and disruptor of caveolae (30, 31), also resulted in an
increased FUN-1-positive population (72%) (P < 0.05; MWUT) (Fig. 8A, G, and H).

Identical inhibitory experiments in the absence of BEAS-2B cells identified that a
subset of inhibitors also directly impacted conidial metabolic activity (Fig. 8I). Pretreat-
ment of control medium with LY294002, N-ethylmaleimide, or cytochalasin D prior to
incubation with conidia resulted in near complete loss of conidial metabolic activity 9
h postincubation (P < 0.05; MWUT) (Fig. 8l). Pretreatment of medium with chloroquine
resulted in an approximately 50% decrease in conidial metabolic activity (P < 0.05;
MWUT) (Fig. 8I). The altered conidial metabolic activity and CFWM2R fluorescence
observed in cell-based challenges in the presence of N-ethylmaleimide or chloroquine
could also be attributed to the effect of those molecules on conidia themselves.
Surprisingly, LY294002, a reversible inhibitor of PI3P kinase, had a considerable impact
on conidia alone, suggesting a potential requirement for PI3P kinase function in
conidial germination and metabolic function. Similar findings with cytochalasin D
indicate actin polymerization is needed for A. fumigatus metabolic activity. The lack of
effect of wortmannin and filipin Ill complex on conidial metabolic activity alone
suggests their impact on BEAS-2B cells are specific to host PIK3C3 kinase and seques-
tration of membrane cholesterol, as well as disruption of caveolae.

DISCUSSION

The interaction of A. fumigatus conidia with airway epithelial cells is known to result
in important early immune signaling, as well as adhesion, internalization, and process-
ing. The mechanism behind how conidia are internalized and/or killed by airway
epithelial cells is not completely understood as many findings derive from in vitro
studies involving alveolar A549 cells. We initially set out to gain insight into the kinetics
and mechanism of conidial internalization and then aimed to generate a tentative
cellular trafficking route of conidia by bronchial epithelial cells. Our results indicate a
significant percentage of conidia are rendered metabolically inactive by BEAS-2B cells
at 3 h postchallenge prior to internalization. Further, internalization was only observed
for 10 to 20% of contacted conidia at 6 h postchallenge. The low percentage of
internalization (10 to 20%) is similar to in vitro findings with A549 cells and primary
nasal epithelial cells (9, 11-13). Experiments involving 16HBE140- human bronchial
epithelial cells, and BEAS-2B bronchial epithelial cells indicate a significantly higher
internalization rate. An analysis of experimental conditions between studies suggests
key differences in medium composition, fungal isolate, and method to measure cell
entry (7, 8). Some direct comparisons between these studies may provide novel insight
into how BEAS-2B cells can be modulated to process and internalize conidia.

Our results provide evidence that BEAS-2B cells process external conidia within 3 h
postchallenge. We hypothesize that the rapid generation and secretion of antimicrobial
peptides such as human B-defensin 2 may contribute to the early processing of

FIG 4 Legend (Continued)

CFWM2R-stained conidia. “mCherry Fluor” indicates fluorescence from endosomal marker-mCherry fusion protein. The fluorescent overlay
is an overlay of the mCherry and UV channels. The complete overlay is an overlay of the light, UV, and mCherry channels. “mCherry Mag”
shows a magnification of the region surrounding internalized conidia for mCherry signal. The mCherry plot profile shows the intensity of
the mCherry signal that surrounds the conidia. Signal intensity corresponds to the yellow line in the mCherry Mag channel. FLOT1, flotillin-1;
FLOT2, flotillin-2; CLTA, clathrin light-chain A; CAV, caveolin; FAPP1, PI4P-specific binding domain; 2xFYVE, PI3P-specific binding domain.
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FIG 5 Localization of endosomal marker-mCherry fusion proteins with internalized fluorescent beads. BEAS-2B cells were lipofected with
a plasmid constitutively expressing an endosomal marker-mCherry chimera. Cells were challenged with fluorescent beads (5 X 10°) that
were analyzed by confocal microscopy 9 h postchallenge. The UV channel shows CWM2R-stained conidia. “mCherry Fluor” indicates
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FIG 6 Immunofluorescent labeling of endogenous BEAS-2B host markers postchallenge with A. fumigatus conidia.
BEAS-2B cells were challenged with A. fumigatus conidia for 9 h and fixed. Cells were probed using antibodies targeting
endogenous (A) flotillin-2, (B) RAB5C (3), and (C) RAB7A and then subsequently probed using fluorescent secondary
antibodies. The complete overlay is the overlay of the light, CFWM2R, and fluorescent antibody channels. The fluorescent
overlay is the overlay of the fluorescent antibody and CFWM2R channels. “Fluorescent Mag” indicates magnification of the
region surrounding internalized conidia specific for the fluorescent antibody and CFWMZ2R channels.

extracellular conidia (32). The generation of reactive oxygen and/or nitrogen species
may also function as a means to neutralize proximal conidia. Recently, Richard et al.
found that BEAS-2B cells prevent germination of proximal conidia without internaliza-
tion and suggest this occurs without the release of soluble compounds via a mecha-
nism dependent on PI3P kinase (8). Rammaert et al. have been unable to identify
internalization of conidia by bronchial airway epithelial cells in mouse models of
invasive pulmonary aspergillosis, further proposing internalization is not one of the
primary responses to contacted conidia (10). An important question has now arisen
regarding the physiological relevance and occurrence of conidial internalization by
airway epithelial cells. It will be important to determine how external conidia are

FIG 5 Legend (Continued)

fluorescence from the endosomal marker-mCherry fusion protein. The fluorescent overlay is an overlay of the mCherry and UV channels.
The complete overlay is the overlay of the light, UV, and mCherry channels. “mCherry Mag” shows a magnification of the region
surrounding internalized conidia specific for mCherry fluorescence. The mCherry plot profile shows the intensity of the mCherry signal that
surrounds conidia. Signal intensity corresponds to the yellow line in the mCherry Mag channel. FLOTT, flotillin-1; FLOT2, flotillin-2; CLTA,
clathrin light-chain A; CAV, caveolin; FAPP1, PI4P specific binding domain; 2xFYVE PI3P specific binding domain.
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FIG 7 AF293 conidial challenge assays against BEAS-2B cells transiently silenced for an endosomal marker. (A and B) Efficacy of siRNA silencing
on protein expression of a given endosomal marker via Western blotting. (B) Normalized pixel density of Western blot bands. The corresponding
GAPDH signal density was used for normalization followed by 0 nM siRNA treatment. (C) Representative flow plots of conidia 9 h postchallenge
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processed by AECs as this appears to be a major route to neutralize conidia in vitro. It
will also be interesting to explore why many of the internalized A. fumigatus conidia
appear swollen and how this relates to immune evasion and processing.

Through this process, we have also identified a major deficiency in the use of
CFWMZ2R as an indicator of internalization. We suspect CFWM2R functions as a marker
for germination and potentially for adhesion. In our opinion, accurate internalization
measurements can only be determined through the use of z-stacks, as a significant
number of conidia thought to be internal via a single-plane analysis were actually
external. The incorporation of an antibody-based approach utilized by others in the
field in lieu of CFWM2R may provide further clarification (7, 18).

The variability among clinical and environmental isolates of Aspergillus fumigatus
has emerged as an important theme. We observed striking differences between the
CEA10 and AF293 clinical isolates in metabolic activity and germination postchallenge
against BEAS-2B cells and even in control medium. Our results suggest CEA10 cells are
able to germinate very rapidly postchallenge, and a significantly larger population of
conidia are able to form hyphae and are metabolically active in comparison to the
AF293 isolate. The CEA10 isolate has been previously shown to have greater fitness in
low-oxygen environments in comparison to AF293, as well as enhanced virulence in
mouse triamcinolone immunosuppression models of invasive pulmonary aspergillosis
(20). The significantly enhanced in vitro growth and therefore generated biomass by the
CEA10 isolate post-BEAS-2B challenge may explain why a heightened mortality is
observed in steroid models of invasive pulmonary aspergillosis, as this model is thought
to be driven in part by host immunopathogenesis in response to the fungus (33, 34).

Generally, receptor-mediated endocytosis occurs through a number of distinct or
overlapping cytoplasmic adaptor proteins. These proteins are thought to facilitate
specific biophysical properties of the internalizing membrane as well as mediate early
stages of trafficking. We observed that both caveolin and flotillin-2 localize around
internalized conidia. Endocytosis of Cryptococcus neoformans, a clinically relevant fun-
gus, occurs through a caveolin-1-dependent process in human brain microvascular
endothelial cells (35, 36). In contrast, host epithelial and endothelial cells internalize the
hyphal form of clinically relevant dimorphic yeast Candida albicans through an inter-
action between C. albicans adhesin Als3 and host E-cadherin (epithelial cells) or
N-cadherin (endothelial cells) (37). These interactions stimulate host actin rearrange-
ment and require clathrin, dynamin, and cortactin for internalization (38). In response
to B-glucans and zymosan, dectin-1 localizes to lipid raft domains for activation of
phagocytosis and for cytokine signaling by dendritic cells (39). Interestingly, both A.
fumigatus conidia and C. neoformans are internalized via flotillin-2 and caveolin-
associated processes, while C. albicans hyphae are associated with clathrin and dy-
namin. It will be thought provoking to determine if A. fumigatus hyphae induce
clathrin- and dynamin-mediated responses, suggesting a morphotype-specific re-
sponse.

Postinternalization, vesicular bodies are rapidly modified for appropriate cellular
trafficking by the early endosome. This conceptual trafficking hub can ultimately lead
to a number of cellular organelles, including the trans-Golgi network (TGN), lysosome,
or back to the plasma membrane. The trafficking to these organelles occurs through
the coordinated functions of phosphoinositides, Rab, and Arf family proteins (40). RAB5
associates with vesicular bodies immediately after endocytosis and is essential for the
recruitment of early effector proteins such as EEAT and class Ill PIK3C3, thereby
generating PI3P on the cytoplasmic side of the early endosome (41-43). EEAT is critical
for early endosome maturation through the fusion of early endosomes with late

FIG 7 Legend (Continued)
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against BEAS-2B cells silenced for a given endosomal marker. (D) Percentage of A. fumigatus conidia positive for FUN-1 fluorescence 9 h
postchallenge against BEAS-2B cells silenced for a given endosomal marker. Experiments were independently repeated (total, n = 6). Statistical
significance was determined using the Mann-Whitney U test. Error bars indicate the standard error of the mean. In panel D, an asterisk indicates

statistical significance for FUN-1 fluorescence in the treatment group in comparison to BEAS-2B cells treated with scrambled siRNA.
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FIG 8 AF293 conidial challenge assays against BEAS-2B cells in the presence of chemical inhibitors of endocytosis. (A to G) Representative flow plots of AF293
conidia (5 X 10°%) challenged against BEAS-2B cells at 9 h postchallenge pretreated with either wortmannin (1 M), LY294002 (3 uM final concentration),
N-ethylmaleimide (1 mM), chloroquine (100 uM), cytochalasin D (10 uM), or filipin Ill complex (50 wg/ml). (C) Percentage of A. fumigatus conidia positive for
FUN-1 fluorescence 9 h postchallenge against BEAS-2B cells pretreated with a chemical inhibitor. (D) Percentage of A. fumigatus conidia positive for FUN-1
fluorescence 9 h postchallenge into control medium pretreated with a chemical inhibitor. Experiments were independently repeated (total, n = 6). Statistical
significance was determined using the Mann-Whitney U test. Error bars indicate the standard error of the mean. In panels H and |, an asterisk indicates statistical
significance for FUN-1 fluorescence in the treatment group in comparison to BEAS-2B challenges or incubation in medium lacking an inhibitor.

endosomes coated with RAB7A. This process frees RAB5, allowing late phagosomes to
fuse with lysosomes to create phagolysosomes. Pathogenic bacteria, specifically Myco-
bacterium tuberculosis and Staphylococcus aureus, have the ability to blockade phagoly-
sosome formation (44-47). Conversely, challenges of A. fumigatus conidia against
macrophages result in rapid internalization and lysosome acidification through RAB7-
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and EEA1-associated pathways (19). We observed localization of RAB7A, RAB5C, and
PI3P around internalized conidia, suggesting that conidia are processed via this route
in BEAS-2B cells as well. siRNA silencing of RAB5C and PIK3C3 resulted in a significantly
increased metabolically active conidial population. Oddly, the effect of siRNA silencing
of RAB7A on conidial processing was marginal, suggesting there may be redundancy in
the conversion of early endosomes to late endosomes. It is important to reiterate that
we were unable to determine if any of the increases in metabolically active conidia
were internal or external to BEAS-2B cells when various endocytosis markers were
silenced. Again, the use of Aspergillus-specific antibodies to differentiate between
internal and external conidia would greatly aid in resolving this current quandary
(7, 18).

Early endosomes coated in RAB5 and PI3P can also be shuttled into recycling
vesicles and back to the plasma membrane through both slow and fast processes. Fast
recycling occurs through RAB4-, RABb14-, and RAB15-mediated pathways, while slow
recycling occurs in part through RAB11 (48). RAB11-mcherry did not localize around
internalized conidia, suggesting this pathway is not utilized. Alternatively, early endo-
somes can mature into late endosomes and then be trafficked to the TGN, which is
thought to be gradated with PI4P (49), via a RAB9-mediated pathway (50). We did
observe the PI4P biosensor FAPP1-mCherry localize around conidia, suggesting conidia
may localize to the TGN or components from the TGN may be shuttled to internalized
conidia. The TGN can also be viewed as another conceptual trafficking hub as vesicles
can then be shuttled to the endocytic recycling compartment via RAB11, the endo-
plasmic reticulum (ER) via RAB2, and back to the plasma membrane via RAB8A and/or
RAB8B. We observed localization of RAB8B-mCherry around internalized conidia, but
were unable to identify a suitable monoclonal antibody to validate localization for
endogenous RABS8B. It will be essential to determine if RAB8B delivers components to
proximal, adherent, and/or internalized conidia. The novel localizations of RAB8B and
PI4P around internalized conidia will provide an avenue to dissect how the TGN may
contribute to conidial processing.

Chemical inhibitors, though often fraught with secondary unintended effects, have
been utilized to assess the modulation of endocytosis. We utilized a subset of chemical
inhibitors— chloroquine, N-ethylmaleimide, cytochalasin D, and LY294002—that also
impacted A. fumigatus conidial metabolic activity and germination in the absence of
cells. Several inhibitors, such as chloroquine, have direct antifungal and antimalarial
properties in addition to positively modulating cell-mediated responses (51-54). Sim-
ilarly, we show LY294002, a known reversible inhibitor of PIK3C3, also functions in
inhibiting A. fumigatus metabolic activity in the absence of cells. These findings suggest
PI3P kinase activity is important for fungal activity and may provide a new avenue to
develop antifungals targeting PI3P kinases. The results of cholesterol sequestration via
filipin 1ll complex are in agreement with the localization of flotillin-2 as it is commonly
found in lipid rafts rich in cholesterol (55). Again, we were unable to ascertain if the
effects of wortmannin or filipin 1ll complex on BEAS-2B cells were impacting internal
and/or external conidia. Richard et al. suggests that LY294002 inhibition of PIK3C3
kinase specifically impacts external conidia (8). An exciting future prospect is the
analysis of LY294002 analogs to identify small molecules that specifically target A.
fumigatus PI3P kinases and not mammalian PI3P kinases.

Cellular internalization and trafficking of conidia present an important yet techni-
cally challenging area of microbe-host interactions. Understanding the mechanism
behind how AECs and phagocytic cells engulf and process conidia offers a novel
opportunity to design host-targeted therapeutics to aid in early stages of clearance and
processing. It will be exciting to determine if conidial internalization and processing by
professional phagocytic cells occur via the newly identified flotillin-2-, caveolin-, and
RAB8B-dependent pathways and whether the process involves PI4P. Determining the
physiological occurrence of conidial internalization by AECs in healthy and immuno-
suppressed hosts may reveal the relevance of this process. How AECs process conidia

January/February 2019 Volume 4 Issue 1 e€00663-18

mSphere’

msphere.asm.org 17


https://msphere.asm.org

Clark et al.

in the absence of internalization, and if they utilize any of the identified pathways to
deliver defense-related compounds, will be of novel significance.

MATERIALS AND METHODS

Plasmid preparation. Genes were synthesized with flanking AttB1 and AttB2 gateway cloning sites
into pUC57. Genes were recombined into a pPDONR201 entry vector and then a destination vector based
upon a modified pcDNA3.1 vector containing AttR sites encompassing a chloramphenicol resistance
cassette and a ccdB cassette. This gateway cassette was followed by a sequence encoding the fluorescent
reporter mCherry and a C-terminal 6-histidine tag (see Text S1 in the supplemental material).

Culturing and lipofection of BEAS-2B cells. Human bronchial epithelial cells (BEAS-2B; ATCC
CRL-9609) were routinely cultured in RPMI base medium supplemented with 10% fetal bovine serum
(FBS) and 1X penicillin-streptomycin in 75-cm? tissue culture flasks at 37°C in the presence of 5% CO.,.
Cells were grown to approximately 75% confluence and passaged. Cells were discarded after their 9th
passage. Cells were plated in a 24-well plate for all assays at a density of 250,000 cells per well. Cells were
allowed to grow for approximately 48 h prior to challenge with a medium exchange at 24 h prior to
challenge. Serum-starved cells were given RPMI medium lacking FBS 24 h prior to challenge. Transient
expression of mCherry fusion proteins occurred through a standardized lipofection-based protocol
described by Clark et al. (56). Transient silencing of a specified gene occurred through Lipofectamine LTX
with Plus solution via the manufacturer’s protocol. Specifically, liposomes were prepared using 1 to 5 ul
siRNA (Santa Cruz), 5 ul Plus solution per well, and 5 ul Lipofectamine LTX per well.

Extraction and culturing of bone marrow-derived macrophages. Bone marrow-derived macro-
phages were extracted from male mice between 20 and 30 weeks of age. Extraction of BMDMs was
conducted as previously described by Zhang et al. (57). All animal studies were carried out in strict
accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals (58). All
protocols involving animals were approved by the Institutional Animal Care and Use Committee at
Virginia Tech and in compliance with Public Health Service Policy (PHS [approval no. 16-085]). BMDMs
were seeded at a density of 500,000 cells per well in a 24-well glass bottom plate 6 days postdifferen-
tiation. Postchallenge, cells were fixed in ice-cold methanol (chilled at —20°C) for 15 min at room
temperature and washed three times with phosphate-buffered saline (PBS) for 5 min. Cells were then
incubated with wheat-germ agglutinin conjugated to Alexa 488 (5 ug/ml) in Hanks’' balanced salt
solution for 30 min and washed three times with PBS for 5 min. Cells were then imaged by confocal
microscopy. Similar methods were used for BEAS-2B cells challenged with A. fumigatus conidia.

Immunofluorescence labeling. Cells were fixed in ice-cold methanol (chilled at —20°C) for 15 min
at room temperature and washed three times with PBS for 5 min. Cells were then permeabilized using
PBS plus 0.1% Triton X-100 and washed three times with PBS for 5 min. Cells were placed in a blocking
solution (1% bovine serum albumin [BSA] in PBS plus 0.1% Tween 20 [PBS-T]) for 1 h at room temperature
Cells were then incubated in blocking solution with primary antibody (1:200) overnight at 4°C and
washed three times with PBS. Cells were then incubated in blocking solution containing fluorescent
secondary antibody (1:200) in the dark for 1 to 2 h and washed three times with PBS in the dark. Cells
were then imaged by confocal microscopy. The primary antibodies are described below. The following
fluorescent secondary antibodies were used: NL493 anti-goat IgG and NL637 anti-rabbit IgG.

Microscopy. All imaging was conducted using the multitrack feature of a Zeiss LSM 510 laser
scanning confocal microscope. Control polystyrene beads and calcofluor white M2R were excited using
a 25-mW Enterprise 353 laser (10%) and captured using a 385- to 470-nm broad band filter. Detector
gains were ~1,100 for conidia and ~400 for beads, with an amplifier offset of approximately —0.5.
mCherry fusion proteins were excited using a 1-mW 543 HeNe laser (100%), and emission was captured
using a 560- to 615-nm broad band filter. Detector gain was ~750, with an amplifier offset of
approximately —0.1. All images were recorded as 1,024 by 1,024 8-bit format. Images are an average of
8 scans with a pixel dwell speed ranging from 0.5 to 1.0 us.

Western blotting. Approximately 48 h postlipofection, cells were washed twice in 1 ml of Dulbecco’s
phosphate-buffered saline (DPBS) and lysed using 250 ul of NP-40 lysis buffer containing protease
inhibitor. Samples were immediately mixed with 50 ul of 6X protein loading buffer and flash frozen in
liquid nitrogen. Whole-cell aliquots were boiled for 5 min and separated by 7.5% SDS-PAGE. Samples
were transferred to Hybond-C Extra nitrocellulose membrane using a Bio-Rad wet transfer system.
Membranes were blocked for 1 h at room temperature using 20 ml of PBS-T (0.1% Tween 20) with 3%
BSA. Primary antibody (1:10,000) was added to fresh blocking buffer overnight at 4°C. Membranes were
washed 3 times with PBS-T for 10 min at room temperature Membranes were probed with secondary
antibody (1:20,000) in PBS-T for 1 h at room temperature Membranes were subsequently washed 3 times
with 20 ml PBS-T for 10 min at room temperature Blots were imaged using chemiluminescent substrate
and visualized using a ChemiDoc XRS+ work station with exposures from 10s to 10 min in 10-s
increments. Quantification of Western blot bands was done via Image Lab using the band analysis tool
(adjusted volume). Band intensity was first normalized by the corresponding GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) band intensity and then the control-only liposome treatment. The follow-
ing antibodies were utilized for this study: from Santa Cruz Biotechnology, Inc., caveolin-1, sc-894;
flotillin-2, sc-25507; PIK3C3 p100, sc-134986; RAB5C, sc-26570; RAB7, sc-10767; from ICL Lab, anti-6 X His,
RHIS-45A-Z; and from GE Life Sciences, anti-rabbit IgG-horseradish peroxidase (HRP), NA9340V.

Cell-line-based conidial challenge assays. Aspergillus fumigatus AF293 and CEA10 were grown on
glucose minimal medium (GMM) plates at 37°C for approximately 4 to 6 days. Conidia were harvested in
20 ml of PBS-T and passed through cheesecloth to remove any residual hyphae. Conidia were diluted to
a concentration of 5 X 10% in 50 ul of PBS-T. Approximately 5 X 10> conidia were added per well in a
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24-well plate. Challenged cells were immediately spun for 5 min at 1,000 X g at room temperature to
synchronize and maximize contact. Plates were then stored at 37°C in the presence of 5% CO, for
approximately 3, 6, 9, or 12 h. At the conclusion of a challenge, calcofluor white M2R was added
(CFWM2R; 25 uM) and incubated with cells for 15 min at 37°C with 5% CO,. Supernatants were gently
removed, and cells were resuspended in 250 ul NP-40 lysis buffer supplemented with FUN-1 metabolic
dye (2.5 uM) for 1 h at 37°C in the presence of 5% CO,. Conidia were pelleted and then resuspended in
500 ul of fluorescence-activated cell sorter (FACS) buffer and immediately assessed by flow cytometry.
Fungal conidia (50,000) and short hyphae from independent challenges were analyzed by flow cytometry
for FUN-1 and CRWM2R fluorescence. Positive gating was determined using conidial challenge on empty
tissue culture wells containing the respective cell culture medium as well as just cell controls. Indepen-
dent experiments were run in triplicate. All experiments were independently repeated (total, n = 6).
Statistical significance was determined using the Mann-Whitney U test.

For studies involving chemical inhibitors, cells or medium was pretreated with a given inhibitor for
3 h prior to challenge. The following inhibitors were used at the stated final concentrations (in
parentheses): LY294002 (3 uM), wortmannin (1 uM), N-ethylmaleimide (1 mM), cytochalasin D (10 uM),
filipin 1l complex (50 wg/ml), and chloroquine (100 wM).
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FIG S1, PDF file, 0.1 MB.
FIG S2, PDF file, 0.4 MB.
FIG S3, PDF file, 1.9 MB.
FIG S4, PDF file, 0.4 MB.
FIG S5, PDF file, 1.8 MB.
FIG S6, PDF file, 1.5 MB.
MOVIE S1, MOV file, 19.2 MB.
MOVIE S2, MOV file, 4.4 MB.

ACKNOWLEDGMENTS
This study was funded internally by the Biocomplexity Institute of Virginia Tech and
the Institute for Critical Technology and Applied Sciences Center for Systems Biology of
Engineered Tissues at Virginia Tech to S.D.K. The funders had no role in study design,
data collection and interpretation, or the decision to submit the work for publication.
S.D.K. conceived the idea. S.D.K. and H.R.C. designed the experiments. H.R.C., AB.P.,
K.AS., T.A, and S.D.K. conducted the experiments and evaluated the data. S.D.K. wrote

mSphere’

the manuscript, with input from all the authors.

REFERENCES

1.

Kousha M, Tadi R, Soubani AO. 2011. Pulmonary aspergillosis: a clinical
review. Eur Respir Rev 20:156-174. https://doi.org/10.1183/09059180
.00001011.

. Patterson K, Strek ME. 2010. Allergic bronchopulmonary aspergillosis.

Proc Am Thorac Soc 7:237-244. https://doi.org/10.1513/pats.200908
-086AL.

. Croft CA, Culibrk L, Moore MM, Tebbutt SJ. 2016. Interactions of Asper-

gillus fumigatus conidia with airway epithelial cells: a critical review.
Front Microbiol 7:472. https://doi.org/10.3389/fmicb.2016.00472.

. Osherov N. 2012. Interaction of the pathogenic mold Aspergillus fumiga-

tus with lung epithelial cells. Front Microbiol 3:346. https://doi.org/10
.3389/fmicb.2012.00346.

. Bertuzzi M, Hayes GE, Icheoku UJ, van Rhijn N, Denning DW, Osherov N,

Bignell EM. 2018. Anti-Aspergillus activities of the respiratory epithelium
in health and disease. J Fungi 4:8. https://doi.org/10.3390/jof4010008.

. Whitsett JA, Alenghat T. 2015. Respiratory epithelial cells orchestrate

pulmonary innate immunity. Nat Immunol 16:27-35. https://doi.org/10
.1038/ni.3045.

. Gomez P, Hackett TL, Moore MM, Knight DA, Tebbutt SJ. 2010. Func-

tional genomics of human bronchial epithelial cells directly interacting
with conidia of Aspergillus fumigatus. BMC Genomics 11:358. https://
doi.org/10.1186/1471-2164-11-358.

. Richard N, Marti L, Varrot A, Guillot L, Guitard J, Hennequin C, Imberty A,

Corvol H, Chignard M, Balloy V. 2018. Human bronchial epithelial cells

January/February 2019 Volume 4 Issue 1 e€00663-18

inhibit Aspergillus fumigatus germination of extracellular conidia via
FleA recognition. Sci Rep 8:15699. https://doi.org/10.1038/s41598-018
-33902-0.

. Botterel F, Gross K, Ibrahim-Granet O, Khoufache K, Escabasse V, Coste A,

Cordonnier C, Escudier E, Bretagne S. 2008. Phagocytosis of Aspergillus
fumigatus conidia by primary nasal epithelial cells in vitro. BMC Micro-
biol 8:97. https://doi.org/10.1186/1471-2180-8-97.

. Rammaert B, Jouvion G, de Chaumont F, Garcia-Hermoso D, Szczepaniak

C, Renaudat C, Olivo-Marin J-C, Chrétien F, Dromer F, Bretagne S. 2015.
Absence of fungal spore internalization by bronchial epithelium in
mouse models evidenced by a new bioimaging approach and transmis-
sion electronic microscopy. Am J Pathol 185:2421-2430. https://doi.org/
10.1016/j.ajpath.2015.04.027.

. DeHart DJ, Agwu DE, Julian NC, Washburn RG. 1997. Binding and

germination of Aspergillus fumigatus conidia on cultured A549 pneu-
mocytes. J Infect Dis 175:146-150. https://doi.org/10.1093/infdis/175.1
.146.

. Wasylnka JA, Moore MM. 2002. Uptake of Aspergillus fumigatus conidia

by phagocytic and nonphagocytic cells in vitro: quantitation using
strains expressing green fluorescent protein. Infect Immun 70:
3156-3163. https://doi.org/10.1128/1A1.70.6.3156-3163.2002.

. Wasylnka JA, Moore MM. 2003. Aspergillus fumigatus conidia survive

and germinate in acidic organelles of A549 epithelial cells. J Cell Sci
116:1579-1587. https://doi.org/10.1242/jcs.00329.

msphere.asm.org 19


https://doi.org/10.1128/mSphere.00663-18
https://doi.org/10.1128/mSphere.00663-18
https://doi.org/10.1183/09059180.00001011
https://doi.org/10.1183/09059180.00001011
https://doi.org/10.1513/pats.200908-086AL
https://doi.org/10.1513/pats.200908-086AL
https://doi.org/10.3389/fmicb.2016.00472
https://doi.org/10.3389/fmicb.2012.00346
https://doi.org/10.3389/fmicb.2012.00346
https://doi.org/10.3390/jof4010008
https://doi.org/10.1038/ni.3045
https://doi.org/10.1038/ni.3045
https://doi.org/10.1186/1471-2164-11-358
https://doi.org/10.1186/1471-2164-11-358
https://doi.org/10.1038/s41598-018-33902-0
https://doi.org/10.1038/s41598-018-33902-0
https://doi.org/10.1186/1471-2180-8-97
https://doi.org/10.1016/j.ajpath.2015.04.027
https://doi.org/10.1016/j.ajpath.2015.04.027
https://doi.org/10.1093/infdis/175.1.146
https://doi.org/10.1093/infdis/175.1.146
https://doi.org/10.1128/IAI.70.6.3156-3163.2002
https://doi.org/10.1242/jcs.00329
https://msphere.asm.org

Clark et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

January/February 2019 Volume 4 Issue 1

Yan T, Han J, Yu X. 2015. E-cadherin mediates adhesion of Aspergillus
fumigatus to non-small cell lung cancer cells. Tumour Biol 37:
15593-15599. https://doi.org/10.1007/s13277-015-4195-3.

Bao Z, Han X, Chen F, Jia X, Zhao J, Zhang C, Yong C, Tian S, Zhou X, Han
L. 2015. Evidence for the involvement of cofilin in Aspergillus fumigatus
internalization into type Il alveolar epithelial cells. BMC Microbiol 15:161.
https://doi.org/10.1186/512866-015-0500-y.

Bertuzzi M, Schrettl M, Alcazar-Fuoli L, Cairns TC, Munoz A, Walker LA,
Herbst S, Safari M, Cheverton AM, Chen D, Liu H, Saijo S, Fedorova ND,
Armstrong-James D, Munro CA, Read ND, Filler SG, Espeso EA, Nierman
WC, Haas H, Bignell EM. 2014. The pH-responsive PacC transcription
factor of Aspergillus fumigatus governs epithelial entry and tissue inva-
sion during pulmonary aspergillosis. PLoS Pathog 10:e1004413. https://
doi.org/10.1371/journal.ppat.1004413.

Han X, Yu R, Zhen D, Tao S, Schmidt M, Han L. 2011. B-1,3-Glucan-
induced host phospholipase D activation is involved in Aspergillus
fumigatus internalization into type Il human pneumocyte A549 cells.
PL0oS One 6:€21468. https://doi.org/10.1371/journal.pone.0021468.

Liu H, Lee MJ, Solis NV, Phan QT, Swidergall M, Ralph B, Ibrahim AS,
Sheppard DC, Filler SG. 2016. Aspergillus fumigatus CalA binds to integ-
rin @581 and mediates host cell invasion. Nat Microbiol 2:16211. https://
doi.org/10.1038/nmicrobiol.2016.211.

Ibrahim-Granet O, Philippe B, Boleti H, Boisvieux-Ulrich E, Grenet D, Stern
M, Latgé JP. 2003. Phagocytosis and intracellular fate of Aspergillus
fumigatus conidia in alveolar macrophages. Infect Immun 71:891-903.
https://doi.org/10.1128/1A1.71.2.891-903.2003.

Kowalski CH, Beattie SR, Fuller KK, McGurk EA, Tang YW, Hohl TM, Obar
JJ, Cramer RA. Jr. 2016. Heterogeneity among isolates reveals that fitness
in low oxygen correlates with Aspergillus fumigatus virulence. mBio
7:€01515-16. https://doi.org/10.1128/mBio.01515-16.

Fuller KK, Cramer RA, Zegans ME, Dunlap JC, Loros JJ. 2016. Aspergillus
fumigatus photobiology illuminates the marked heterogeneity between
isolates. mBio 7:¢01517-16. https://doi.org/10.1128/mBio.01517-16.
Wieffer M, Maritzen T, Haucke V. 2009. SnapShot: endocytic trafficking.
Cell 137:382.e1-382e3. https://doi.org/10.1016/j.cell.2009.04.012.
Hutagalung AH, Novick PJ. 2011. Role of Rab GTPases in membrane
traffic and cell physiology. Physiol Rev 91:119-149. https://doi.org/10
.1152/physrev.00059.2009.

Kale SD, Gu B, Capelluto DG, Dou D, Feldman E, Rumore A, Arredondo
FD, Hanlon R, Fudal I, Rouxel T, Lawrence CB, Shan W, Tyler BM. 2010.
External lipid PI3P mediates entry of eukaryotic pathogen effectors into
plant and animal host cells. Cell 142:284-295. https://doi.org/10.1016/j
.cell.2010.06.008.

Dowler S, Currie RA, Campbell DG, Deak M, Kular G, Downes CP, Alessi
DR. 2000. Identification of pleckstrin-homology-domain-containing pro-
teins with novel phosphoinositide-binding specificities. Biochem J 351:
19-31. https://doi.org/10.1042/bj3510019.

Burd CG, Emr SD. 1998. Phosphatidylinositol(3)-phosphate signaling
mediated by specific binding to RING FYVE domains. Mol Cell 2:157-162.
https://doi.org/10.1016/51097-2765(00)80125-2.

Sandvig K, Llorente A, Rodal SK, Eker P, Garred O, Stahlhut M, van Deurs
B. 2000. Apical macropinocytosis in polarized MDCK cells: regulation by
N-ethylmaleimide-sensitive proteins. Eur J Cell Biol 79:447-457. https://
doi.org/10.1078/0171-9335-00071.

Steinman RM, Mellman IS, Muller WA, Cohn ZA. 1983. Endocytosis and
the recycling of plasma membrane. J Cell Biol 96:1-27. https://doi.org/
10.1083/jcb.96.1.1.

Casella JF, Flanagan MD, Lin S. 1981. Cytochalasin D inhibits actin
polymerization and induces depolymerization of actin filaments formed
during platelet shape change. Nature 293:302-305. https://doi.org/10
.1038/293302a0.

Schnitzer JE, Oh P, Pinney E, Allard J. 1994. Filipin-sensitive caveolae-
mediated transport in endothelium: reduced transcytosis, scavenger
endocytosis, and capillary permeability of select macromolecules. J Cell
Biol 127:1217-1232. https://doi.org/10.1083/jcb.127.5.1217.

Orlandi PA, Fishman PH. 1998. Filipin-dependent inhibition of cholera
toxin: evidence for toxin internalization and activation through
caveolae-like domains. J Cell Biol 141:905-915. https://doi.org/10.1083/
jcb.141.4.905.

Alekseeva L, Huet D, Féménia F, Mouyna |, Abdelouahab M, Cagna A,
Guerrier D, Tichanné-Seltzer V, Baeza-Squiban A, Chermette R, Latgé J-P,
Berkova N. 2009. Inducible expression of beta defensins by human
respiratory epithelial cells exposed to Aspergillus fumigatus organisms.
BMC Microbiol 9:33. https://doi.org/10.1186/1471-2180-9-33.

€00663-18

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43,

44,

45,

46.

47.

48.

49.

50.

mSphere’

Balloy V, Huerre M, Latge JP, Chignard M. 2005. Differences in patterns
of infection and inflammation for corticosteroid treatment and chemo-
therapy in experimental invasive pulmonary aspergillosis. Infect Immun
73:494-503. https://doi.org/10.1128/1A1.73.1.494-503.2005.

Kale SD, Ayubi T, Chung D, Tubau-Juni N, Leber A, Dang HX, Karyala S,
Hontecillas R, Lawrence CB, Cramer RA, Bassaganya-Riera J. 2017. Mod-
ulation of immune signaling and metabolism highlights host and fungal
transcriptional responses in mouse models of invasive pulmonary asper-
gillosis. Sci Rep 7:17096. https://doi.org/10.1038/s41598-017-17000-1.
Huang SH, Long M, Wu CH, Kwon-Chung KJ, Chang YC, Chi F, Lee S, Jong
A. 2011. Invasion of Cryptococcus neoformans into human brain micro-
vascular endothelial cells is mediated through the lipid rafts-endocytic
pathway via the dual specificity tyrosine phosphorylation-regulated ki-
nase 3 (DYRK3). J Biol Chem 286:34761-34769. https://doi.org/10.1074/
jbc.M111.219378.

Long M, Huang SH, Wu CH, Shackleford GM, Jong A. 2012. Lipid raft/
caveolae signaling is required for Cryptococcus neoformans invasion
into human brain microvascular endothelial cells. J Biomed Sci 19:19.
https://doi.org/10.1186/1423-0127-19-19.

Rotrosen D, Edwards JE, Jr, Gibson TR, Moore JC, Cohen AH, Green |.
1985. Adherence of Candida to cultured vascular endothelial cells:
mechanisms of attachment and endothelial cell penetration. J Infect Dis
152:1264-1274. https://doi.org/10.1093/infdis/152.6.1264.

Moreno-Ruiz E, Galan-Diez M, Zhu W, Fernandez-Ruiz E, d’Enfert C, Filler
SG, Cossart P, Veiga E. 2009. Candida albicans internalization by host
cells is mediated by a clathrin-dependent mechanism. Cell Microbiol
11:1179-1189. https://doi.org/10.1111/j.1462-5822.2009.01319.x.

Xu S, Huo J, Gunawan M, Su IH, Lam KP. 2009. Activated dectin-1
localizes to lipid raft microdomains for signaling and activation of
phagocytosis and cytokine production in dendritic cells. J Biol Chem
284:22005-22011. https://doi.org/10.1074/jbc.M109.009076.

Carlton JG, Cullen PJ. 2005. Coincidence detection in phosphoinositide
signaling. Trends Cell Biol 15:540-547. https://doi.org/10.1016/j.tcb
.2005.08.005.

Vieira OV, Botelho RJ, Rameh L, Brachmann SM, Matsuo T, Davidson HW,
Schreiber A, Backer JM, Cantley LC, Grinstein S. 2001. Distinct roles of
class | and class Il phosphatidylinositol 3-kinases in phagosome forma-
tion and maturation. J Cell Biol 155:19-25. https://doi.org/10.1083/jcb
.200107069.

Fratti RA, Chua J, Vergne |, Deretic V. 2003. Mycobacterium tuberculosis
glycosylated phosphatidylinositol causes phagosome maturation arrest.
Proc Natl Acad Sci U S A 100:5437-5442. https://doi.org/10.1073/pnas
.0737613100.

Fratti RA, Backer JM, Gruenberg J, Corvera S, Deretic V. 2001. Role of
phosphatidylinositol 3-kinase and Rab5 effectors in phagosomal biogen-
esis and mycobacterial phagosome maturation arrest. J Cell Biol 154:
631-644. https://doi.org/10.1083/jcb.200106049.

Via LE, Deretic D, Ulmer RJ, Hibler NS, Huber LA, Deretic V. 1997. Arrest
of mycobacterial phagosome maturation is caused by a block in vesicle
fusion between stages controlled by rab5 and rab7. J Biol Chem 272:
13326-13331. https://doi.org/10.1074/jbc.272.20.13326.

Schnaith A, Kashkar H, Leggio SA, Addicks K, Kronke M, Krut O. 2007.
Staphylococcus aureus subvert autophagy for induction of caspase-
independent host cell death. J Biol Chem 282:2695-2706. https://doi
.org/10.1074/jbc.M609784200.

Grosz M, Kolter J, Paprotka K, Winkler AC, Schafer D, Chatterjee SS,
Geiger T, Wolz C, Ohlsen K, Otto M, Rudel T, Sinha B, Fraunholz M. 2014.
Cytoplasmic replication of Staphylococcus aureus upon phagosomal
escape triggered by phenol-soluble modulin alpha. Cell Microbiol 16:
451-465. https://doi.org/10.1111/cmi.12233.

Lopez de Armentia MM, Amaya C, Colombo MI. 2016. Rab GTPases and
the autophagy pathway: bacterial targets for a suitable biogenesis and
trafficking of their own vacuoles. Cells 5:11. https://doi.org/10.3390/
cells5010011.

Takahashi S, Kubo K, Waguri S, Yabashi A, Shin HW, Katoh Y, Nakayama K.
2012. Rab11 regulates exocytosis of recycling vesicles at the plasma mem-
brane. J Cell Sci 125:4049-4057. https://doi.org/10.1242/jcs.102913.

Lenoir M, Overduin M. 2013. PtdIns(4)P signalling and recognition sys-
tems. Adv Exp Med Biol 991:59-83. https://doi.org/10.1007/978-94-007
-6331-9_5.

Lombardi D, Soldati T, Riederer MA, Goda Y, Zerial M, Pfeffer SR. 1993.
Rab9 functions in transport between late endosomes and the trans Golgi
network. EMBO J 12:677-682. https://doi.org/10.1002/j.1460-2075.1993
tb05701.x.

msphere.asm.org 20


https://doi.org/10.1007/s13277-015-4195-3
https://doi.org/10.1186/s12866-015-0500-y
https://doi.org/10.1371/journal.ppat.1004413
https://doi.org/10.1371/journal.ppat.1004413
https://doi.org/10.1371/journal.pone.0021468
https://doi.org/10.1038/nmicrobiol.2016.211
https://doi.org/10.1038/nmicrobiol.2016.211
https://doi.org/10.1128/IAI.71.2.891-903.2003
https://doi.org/10.1128/mBio.01515-16
https://doi.org/10.1128/mBio.01517-16
https://doi.org/10.1016/j.cell.2009.04.012
https://doi.org/10.1152/physrev.00059.2009
https://doi.org/10.1152/physrev.00059.2009
https://doi.org/10.1016/j.cell.2010.06.008
https://doi.org/10.1016/j.cell.2010.06.008
https://doi.org/10.1042/bj3510019
https://doi.org/10.1016/S1097-2765(00)80125-2
https://doi.org/10.1078/0171-9335-00071
https://doi.org/10.1078/0171-9335-00071
https://doi.org/10.1083/jcb.96.1.1
https://doi.org/10.1083/jcb.96.1.1
https://doi.org/10.1038/293302a0
https://doi.org/10.1038/293302a0
https://doi.org/10.1083/jcb.127.5.1217
https://doi.org/10.1083/jcb.141.4.905
https://doi.org/10.1083/jcb.141.4.905
https://doi.org/10.1186/1471-2180-9-33
https://doi.org/10.1128/IAI.73.1.494-503.2005
https://doi.org/10.1038/s41598-017-17000-1
https://doi.org/10.1074/jbc.M111.219378
https://doi.org/10.1074/jbc.M111.219378
https://doi.org/10.1186/1423-0127-19-19
https://doi.org/10.1093/infdis/152.6.1264
https://doi.org/10.1111/j.1462-5822.2009.01319.x
https://doi.org/10.1074/jbc.M109.009076
https://doi.org/10.1016/j.tcb.2005.08.005
https://doi.org/10.1016/j.tcb.2005.08.005
https://doi.org/10.1083/jcb.200107069
https://doi.org/10.1083/jcb.200107069
https://doi.org/10.1073/pnas.0737613100
https://doi.org/10.1073/pnas.0737613100
https://doi.org/10.1083/jcb.200106049
https://doi.org/10.1074/jbc.272.20.13326
https://doi.org/10.1074/jbc.M609784200
https://doi.org/10.1074/jbc.M609784200
https://doi.org/10.1111/cmi.12233
https://doi.org/10.3390/cells5010011
https://doi.org/10.3390/cells5010011
https://doi.org/10.1242/jcs.102913
https://doi.org/10.1007/978-94-007-6331-9_5
https://doi.org/10.1007/978-94-007-6331-9_5
https://doi.org/10.1002/j.1460-2075.1993.tb05701.x
https://doi.org/10.1002/j.1460-2075.1993.tb05701.x
https://msphere.asm.org

Internalization and Processing of A. fumigatus Conidia

51.

52.

53.

54.

January/February 2019 Volume 4 Issue 1

Newman SL, Gootee L, Brunner G, Deepe GS, Jr. 1994. Chloroquine
induces human macrophage killing of Histoplasma capsulatum by lim-
iting the availability of intracellular iron and is therapeutic in a murine
model of histoplasmosis. J Clin Invest 93:1422-1429. https://doi.org/10
1172/)C17119.

Levitz SM, Harrison TS, Tabuni A, Liu X. 1997. Chloroquine induces
human mononuclear phagocytes to inhibit and kill Cryptococcus neo-
formans by a mechanism independent of iron deprivation. J Clin Invest
100:1640-1646. https://doi.org/10.1172/JCI119688.

Henriet SS, Jans J, Simonetti E, Kwon-Chung KJ, Rijs AJ, Hermans PW,
Holland SM, de Jonge MI, Warris A. 2013. Chloroquine modulates the
fungal immune response in phagocytic cells from patients with chronic
granulomatous disease. J Infect Dis 207:1932-1939. https://doi.org/10
.1093/infdis/jit103.

Slater AF. 1993. Chloroquine: mechanism of drug action and resistance

€00663-18

55.

56.

57.

58.

mSphere’

in Plasmodium falciparum. Pharmacol Ther 57:203-235. https://doi.org/
10.1016/0163-7258(93)90056-J.

Salzer U, Prohaska R. 2001. Stomatin, flotillin-1, and flotillin-2 are major
integral proteins of erythrocyte lipid rafts. Blood 97:1141-1143. https:/
doi.org/10.1182/blood.V97.4.1141.

Clark HR, Hayes TA, Kale SD. 2014. Characterizing and measuring
endocytosis of lipid-binding effectors in mammalian cells. Methods
Enzymol 535:103-119. https://doi.org/10.1016/B978-0-12-397925-4
.00007-9.

Zhang X, Goncalves R, Mosser DM. 2008. The isolation and characteriza-
tion of murine macrophages. Curr Protoc Immunol Chapter 14:Unit 14.1.
https://doi.org/10.1002/0471142735.im1401s83.

National Research Council. 2011. Guide for the care and use of
laboratory animals, 8th ed. National Academies Press, Washing-
ton, DC.

msphere.asm.org 21


https://doi.org/10.1172/JCI117119
https://doi.org/10.1172/JCI117119
https://doi.org/10.1172/JCI119688
https://doi.org/10.1093/infdis/jit103
https://doi.org/10.1093/infdis/jit103
https://doi.org/10.1016/0163-7258(93)90056-J
https://doi.org/10.1016/0163-7258(93)90056-J
https://doi.org/10.1182/blood.V97.4.1141
https://doi.org/10.1182/blood.V97.4.1141
https://doi.org/10.1016/B978-0-12-397925-4.00007-9
https://doi.org/10.1016/B978-0-12-397925-4.00007-9
https://doi.org/10.1002/0471142735.im1401s83
https://msphere.asm.org

	RESULTS
	BEAS-2B cells internalize a small fraction of challenged conidia. 
	A flow cytometry assay to determine internalization and conidial metabolic activity. 
	Lack of calcofluor white M2R fluorescence does not correlate with internalization. 
	Serum affects CFWM2R labeling, but not FUN-1 metabolic activity for AF293 conidia. 
	Heterogeneity in CFWM2R labeling and metabolic activity between CEA10 and AF293. 
	Localization of endocytosis markers around internalized conidia. 
	siRNA silencing of host endocytosis markers impacts metabolic activity of conidia. 
	Small molecule inhibitors modulate CFWM2R fluorescence and metabolic activity. 

	DISCUSSION
	MATERIALS AND METHODS
	Plasmid preparation. 
	Culturing and lipofection of BEAS-2B cells. 
	Extraction and culturing of bone marrow-derived macrophages. 
	Immunofluorescence labeling. 
	Microscopy. 
	Western blotting. 
	Cell-line-based conidial challenge assays. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

