






cells and does not penetrate cell membranes (2). In A549 cells,
the nystatin protection assay yielded a similar invasion index
for the two A. fumigatus strains (Table 1). Moreover, the nys-
tatin protection assay generated statistically similar invasion
indices to the values obtained with immunolabeling for both

Aspergillus strains. In contrast, the invasion index of conidia by
J774 cells was 19% for strain 13073 and 35% for strain CHUV
according to the nystatin protection assay (Table 1)—much
lower than that obtained by immunostaining. This discrepancy
was likely the result of killing of the internalized conidia by the

FIG. 3. Immunofluorescence microscopy demonstrates phagocytosis of A. fumigatus conidia by A549, HUVE, and J774 cells. A549 (A), HUVE
(B), or J774 (C) cells were seeded overnight (A549 and HUVE cells) or for 2 h (J774 cells only) onto 12-mm-diameter coverslips in 24-well plates.
Cells were incubated with 106 A. fumigatus 13073 conidia/ml in MEM–10% FBS for 3 h (A549 and HUVE cells) or 1 h (J774 cells) at 37°C.
Following infection, samples were washed with PBST and processed for immunofluorescence. From left to right, panels show DIC image,
fluorescence image showing the green channel (total bound conidia), fluorescence image of the red channel (extracellular conidia), and a merged
overlay of all images. The results are representative of two independent experiments. Bars � 10 �m.

TABLE 1. Comparison of the extent of invasion of A549, J774, and HUVE cells by two strains of A. fumigatus (ATCC 13073 and CHUV)
using fluorescence microscopy and a nystatin protection assaya

A. fumigatus
strain

Extent of invasion of cells by indicated assay

A549 J774 HUVE

Microscopy
(invasion indexb)

Nystatin protection
Microscopy

(invasion index)b

Nystatin protection
Microscopy

(invasion index)dInvasion
indexc

% of initial
inoculumd

Invasion
indexc

% of initial
inoculumc

13073 39 � 11 35 � 7 2.9 � 0.5 91 � 8 19 � 4 6.0 � 1.4 48 � 5
CHUV 30 � 3 29 � 7 1.3 � 0.3 85 � 10 35 � 4 6.6 � 1.5 50 � 7

Beads 0 NDe 0

a A549, J774, or HUVE cells were infected with 106 conidia/ml and then analyzed by immunofluorescence microscopy and the nystatin protection assay (A549 and
J774 cells only). Polystyrene beads were added to A549 and HUVE cells as a control for nonspecific phagocytosis, and uptake was determined by microscopy. The results
are representative of two independent experiments and are expressed as means � standard deviations of three replicates.

b The invasion index determined by microscopy is the number of internalized conidia (green channel � red channel) divided by the number of bound conidia (green
channel) per field � 100.

c The invasion index determined by the nystatin protection assay is the number of internalized conidia (number of conidia grown in the presence of nystatin) divided
by the number of bound conidia (number of conidia grown in the absence of nystatin) � 100.

d The percentage of initial inoculum (nystatin protection assay only) is the number of conidia enumerated in the presence of nystatin divided by the initial inoculum
� 100.

e ND, not determined.
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J774 cells during the 3-h nystatin incubation step. Therefore,
the uptake of conidia by J774 cells was threefold greater than
A549 cells (as measured by immunostaining), but after 3 h, 60
to 80% of the conidia within J774 cells had been killed,
whereas all of the A549-internalized conidia remained viable.
In addition to the invasion index, we also calculated the inva-
sion frequency (percent conidia internalized relative to the
initial inoculum). A. fumigatus strain 13073 entered A549 and
J774 cells with invasion frequencies of 2.9 and 6.0%, respec-
tively, while the CHUV strain entered A549 and J774 cells at
a frequency of 1.3 and 6.6% (Table 1).

Phagocytosis of polystyrene beads by A549 and HUVE cells.
To measure the extent of nonspecific phagocytosis, we incu-
bated A549 cells with 1 �m fluorescein-labeled biotinylated
polystyrene beads (A. fumigatus conidia are 2 to 3 �m in
diameter) and measured the invasion index by immunostain-
ing. Previous studies using polystyrene beads have shown that
they are internalized by A549 (21) and HUVE (58) cells under
certain conditions. In these studies, internalization was deter-
mined by subtracting the number of particles bound to the cell
surface at 4°C from the number of microspheres associated
with the cells at 37°C (21). In contrast, our assay used immu-
nostaining to differentiate between external and internalized
beads. Polystyrene beads adhered to A549 and HUVE cells at
a frequency of 10 to 20 beads/50 cells; however, the cells did
not internalize the bound beads (Table 1). Therefore, under
the conditions used in our assay, uptake of A. fumigatus conidia
by A549 and HUVE cells was specific, as these cells did not
appear to be randomly internalizing particles.

Inhalation of Aspergillus conidia leads to the deposition of
spores on the alveolar surface, and the cells most likely to initially
interact with conidia are type I and type II pneumocytes. There-
fore, for the rest of our experiments we chose A549 cells as model
alveolar epithelial cells and further investigated the interaction of
A. fumigatus conidia with this cell line.

Phagocytosis of dead conidia by A549 cells. To determine
whether internalization of conidia by A549 cells required via-
ble conidia, we compared the rates of uptake of live and heat-
killed conidia into A549 cells by immunostaining. The invasion
index of viable and heat-killed conidia was 28% � 7% and
37% � 9 (P � 0.05), respectively. These data suggest that A549
cells internalize viable and heat-killed conidia to an equal
extent, which implies that internalization may occur via recog-
nition of a non-heat-labile surface antigen, such as a polysac-
charide.

Phagocytosis of conidia by A549 cells: Effect of serum. To
determine whether serum components were required for up-
take of conidia by A549 cells, invasion assays were performed
in the presence of MEM or MEM plus serum (FBS), and
uptake was determined by the nystatin protection assay. There
were no significant differences in invasion frequencies between
these samples (data not shown) suggesting that the recognition
of conidia by A549 surface receptors does not require serum
components.

Delay of germination in phagocytosed conidia. To deter-
mine whether conidia germinate inside A549 cells, conidia
were incubated with cells for 6 h. The A549 cell monolayer was
not damaged by this extended incubation time. Visualization
by immunostaining revealed that all of the extracellular conidia
had swollen and most had germ tubes ranging from 5 to 10 �m
in length, whereas a vast majority of the intracellular conidia
had not germinated (Fig. 4). We could not determine whether
any of the extracellular germinated conidia had penetrated the
cell layer. These data suggest, along with the data from the
nystatin protection assay, that internalized conidia remain vi-
able inside A549 cells and that germination is severely re-
stricted for at least 6 h. Whether conidia can be retained in a
similar state within alveolar epithelial cells in vivo is unknown.

Internalization of A. fumigatus conidia by A549 cells is an
active process that requires microfilaments and microtubules.
Phagocytosis is the temperature-dependent uptake by cells of
particles (usually greater than 0.5 �m in diameter) and leads to
the polymerization of actin at the site of entry (45). To deter-
mine whether internalization of A. fumigatus conidia into A549
cells required polymerization of actin filaments or microtu-
bules, invasion assays were performed using the nystatin pro-
tection assay in the presence and absence of cytochalasin D or
colchicine. Cytochalasin D prevents addition of actin mono-
mers to the fast-growing plus ends of filaments (50), and col-
chicine binds to and prevents polymerization of tubulin (47,
51). The internalization of conidia into A549 cells was inhib-
ited by 75% in the presence of 0.5 �M cytochalasin D and by
65% in the presence of 5 �M colchicine (Fig. 5). These con-
centrations of cytochalasin D and colchicine had no effect on
the germination and growth of conidia alone (data not shown).
Thus, both microfilaments and microtubules are utilized dur-
ing internalization of conidia by A549 cells.

Phagocytosis is a temperature-dependent process and parti-
cle uptake has been shown to be severely restricted at 4°C (1,
52). To determine whether phagocytosis of conidia by A549

FIG. 4. Internalized conidia do not germinate in A549 cells. A549 cells were infected with 106 A. fumigatus 13073 conidia/ml in MEM–10% FBS
for 6 h at 37°C and then fixed with 4% paraformaldehyde. The following day, samples were immunolabeled and then viewed by DIC and
fluorescence microscopy. From left to right, panels show DIC image, fluorescence image showing the green channel (total bound conidia),
fluorescence image of the red channel (extracellular conidia/germlings), and a merged overlay of all images. Bars � 10 �m.
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cells was also temperature dependent, invasion assays were
carried out at 4°C and uptake was measured by the nystatin
protection assay. Internalization of conidia was inhibited by
95% when infections were performed at 4°C versus the control
at 37°C (Fig. 5). Taken together, these data suggest that inter-
nalization of A. fumigatus conidia by A549 cells occurs by a
temperature-dependent phagocytic process, which is depen-
dent on the host cell microfilaments and microtubules.

Internalization of A. fumigatus conidia induces localized ac-
tin rearrangement. Many microbial pathogens such as Salmo-
nella enterica serovar Typhimurium (20) and C. albicans (18)
that invade nonprofessional phagocytic cells with rigid cy-
toskeletons induce visible alterations in the underlying host
cytoskeletal structure. Since cytochalasin D inhibited uptake of
A. fumigatus conidia by A549 cells, we investigated whether
conidia internalization would lead to actin rearrangement
which could be visualized in A549 cells. Uninfected A549 cells
showed intense staining of cortical and cellular actin filaments
(data not shown). In infected cells, approximately 10% of the
conidia were found inside vacuoles coated with polymerized
actin (Fig. 6). However, as phagocytosis assays had demon-
strated that the invasion index of conidia by A549 cells was
approximately 30%, the remaining 20% must have already
shed their phagosome-actin coat, or the microfilaments were
only polymerizing around those organisms that were actively
becoming phagocytosed the moment that the fixative was ap-
plied. Alternatively, some conidia may have been phagocy-
tosed by a non-actin-dependent mechanism.

DISCUSSION

Life-threatening diseases due to opportunistic fungi such as
A. fumigatus have increased over the past 2 decades (15).
Although A. fumigatus makes up less than 1% of all airborne
conidia, it remains the most-common invasive mold infection
among immunocompromised patients worldwide (33). Other
species in the genus, namely, Aspergillus terreus and Aspergillus

auricomus, possess similar physical attributes (small spore size,
ability to grow at 37°C); however, these species cause infection
much more rarely (43). Therefore, it has been postulated that
A. fumigatus must possess unique virulence factors that allow it
to colonize the host (28).

In this report, we transformed two strains of A. fumigatus with
gGFP and used them to investigate internalization of conidia by
three cultured cell lines. We used differential immunolabeling
and a nystatin protection assay to quantify the percent internal-
ization of A. fumigatus conidia by host cells. Previous studies have
reported that A. fumigatus conidia are internalized by A549 lung
epithelial cells (10) and primary airway type II cells (41). In our
study, we confirmed that A549 cells internalize A. fumigatus
conidia, and in addition, we determined that the invasion index
was approximately 30% and the invasion frequency (relative to
the initial inoculum) was approximately 2%. No uptake of 1-�m-
diameter polystyrene beads was observed over the assay period.
The invasion frequency of conidia into A549 parallels uptake of
other pathogenic organisms by these cells: A549 cells internalized
5.7% of the initial inoculum of Mycobacterium tuberculosis (3),
0.2% of the protozoan parasite Encephalitozoon cuniculi (9), and
0.15% of Burkholderia cepacia (36). In contrast, Martin and Mohr
(36) observed a 0.008% invasion frequency of the nonpathogenic
E. coli HB101 into A549 cells. As a positive control for internal-
ization, we measured uptake of conidia by J774 cells and observed
that these professional phagocytes internalized approximately
90% of the bound conidia. Similarly, Káposzta et al. observed that
98% of macrophage-associated C. albicans were phagocytosed by
primary macrophages (31). The invasion index for J774 cells cal-
culated by the nystatin protection assay was much lower than that
obtained by immunolabeling (27 versus 87% average for the two
strains). This was most likely due to killing of the conidia within
J774 cells during the nystatin assay incubation period. In contrast,
all of the conidia internalized by A549 cells were viable after 6 h.
Finally, we measured internalization of conidia by HUVE cells
and found that 50% of the bound spores were phagocytosed. This

FIG. 5. Internalization of A. fumigatus conidia in the presence of phagocytosis inhibitors. A549 cells were infected with 106 A. fumigatus 13073
conidia/ml in MEM–10% FBS containing no inhibitors (37°C) or 0.5 �M cytochalasin D or 5 �M colchicine. Invasion assays were also carried out
with no inhibitors at 4°C to determine whether uptake was temperature dependent. The number of conidia internalized by the A549 cells was
determined using the nystatin protection assay (see Materials and Methods). The results are representative of two independent experiments and
are expressed as the means � standard deviations (error bars) of three replicates. �, P � 0.05.
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was similar to the uptake of C. neoformans by these cells; Ibrahim
et al. (29) showed that 77% of the bound yeasts were internalized
by HUVE cells.

The development of the nystatin protection assay allowed us
to confirm the internalization results obtained by differential
immunolabeling. Since both techniques produced similar in-
ternalization rates with A549 cells, we were confident that the
nystatin protection assay gave an accurate and objective mea-
surement of invasion. This technique is simple and sensitive
and should be applicable to other pathogenic fungi as nystatin
is fungicidal toward both C. albicans and C. neoformans (6).
Furthermore, comparing the results of immunostaining and
nystatin protection may provide quantitative information on
the extent of killing by host cells.

To determine whether A. fumigatus conidia germinated fol-

lowing entry into A549 cells, we extended the invasion incu-
bation period from 3 to 6 h. Germination was severely delayed
for phagocytosed conidia and this differs from uptake of Can-
dida albicans by HUVE cells. In this case, the yeast cells ger-
minated during the first hour, and by 2 h most of the germlings
were internalized by the endothelial cells (18). In their studies
of A. fumigatus, DeHart et al. (10) observed that direct hyphal
penetration of A549 cells occurred after a twelve h incubation
period. Our data suggest that the hyphal penetration of A549
cells observed by Dettart et al. probably occurred via extracel-
lular germlings.

Microbial pathogens use several tactics to gain access to host
cells including phagocytosis (9, 37), macropinocytosis (20, 22),
receptor-mediated endocytosis (38) and microtubule-dependent
internalization (24, 39). Uptake of A. fumigatus conidia by A549
cells occurred via actin-dependent phagocytosis but also required
host cell microtubules. Internalization of A. fumigatus conidia did
not induce the massive cytoskeletal rearrangements seen in Sal-
monella uptake into epithelial cells, which enters via membrane
ruffling and macropinocytosis (22). Instead, the process of A.
fumigatus internalization most likely occurs via engagement of
ligands with host cell receptors and resembles the zipper uptake
model (53). The identity of these ligands is currently unknown.
The microfilament dependence of A. fumigatus uptake resembles
epithelial cell invasion by other bacterial pathogens such as M.
tuberculosis (3) and S. enterica serovar Typhimurium (20). Al-
though most invasive microbes use host actin to enter nonprofes-
sional phagocytes, there are some organisms that also use micro-
tubules. For example, some strains of Campylobacter jejuni
require microtubules but not microfilaments for entry into intes-
tinal cells (4, 39). Following adherence to intestinal epithelial
cells, C. jejuni trigger the formation of a microtubule-based mem-
brane extension that meets the invading bacterium (32). In con-
trast, phagocytosis of A. fumigatus by A549 cells involves both
cytoskeletal components which is similar to M. tuberculosis entry
into A549 cells (3) and C. albicans uptake by endothelial cells
(18).

In summary, we have used several techniques to demonstrate
that A. fumigatus conidia are internalized by lung epithelial and
endothelial and murine macrophage cells in vitro. Examination of
conidium uptake by A549 cells showed that the process was anal-
ogous to phagocytosis and utilized host microfilaments and mi-
crotubules. Internalization of conidia by nonprofessional phago-
cytes may be important in the development of aspergillosis in
vivo, as sequestration inside these cells may allow the conidia to
escape the immune response of the host. Future experiments will
investigate the location of the conidium in the endosomal path-
way and will determine whether uptake is a defense mechanism of
the host or a virulence trait of the fungus.
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FIG. 6. Rearrangement of actin during the internalization of A.
fumigatus conidia by A549 cells. A549 cells were infected with 106

conidia/ml for 160 min. Following infection, actin microfilaments were
stained with rhodamine phalloidin. Fluorescence from the red (a) and
green (b) channels was collected separately on a Zeiss LSM confocal
microscope and then overlaid in Adobe PhotoShop (c). Bars � 2 �m.
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