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Aspergillus fumigatus is the most prevalent airborne fungal pathogen responsible for fatal invasive aspergil-
losis in immunocompromised patients. Upon arrival in the lung alveolus, conidia of 4. fumigatus are phago-
cytosed by alveolar macrophages, the major phagocytic cells of the lung. Engulfment and intracellular traf-
ficking of 4. fumigatus conidia in alveolar macrophages of two different origins, the murine cell line MH-S and
human pulmonary alveolar macrophages, were analyzed by electron microscopy and immunofluorescence.
Phagocytosis of A. fumigatus conidia required actin polymerization and phosphatidylinositol 3-kinase activity.
Fusion of A. fumigatus phagosomes with early and late endosomes was shown by immunolabeling with specific
markers for the transferrin receptor, early endosome antigen, and Rab7. Maturation of A. fumigatus phagoly-
sosomes was monitored by using a fixable acidotropic probe, LysoTracker Red DND-99, and an anti-cathepsin
D antibody. Bafilomycin A-induced inhibition of lysosomal acidification abolished the conidial killing by the
macrophages. These data suggest that the maturation of A. fumigatus phagosomes results from fusion with the
compartments of the endocytic pathway and that the killing of conidia depends on phagolysosome acidification.
A model for the phagocytosis of A. fumigatus conidia by alveolar macrophages is proposed on the basis of these

results.

Professional phagocytes have as a primary function the en-
gulfment of microbial invaders within a membrane-bound
compartment called a phagosome. This phagocytic activity re-
quires the assembly of actin filaments from actin monomers
and oligomers localized underneath the plasma membrane at
sites where contact is made with the phagocytosed particle (2,
35, 36, 42). The maturation of phagosomes into lysosomes is
normally a complex process involving membrane budding and
fusion events with different compartments of the endocytic
pathway and recruitment of various factors like small GTPases
of the Rab family, hydrolytic enzymes, and proton pumps (5, 7,
11, 32, 45).

Most phagocytosed microorganisms are killed in the lyso-
some. However, some pathogens are known to block or alter
the traffic and/or maturation of the membrane-bound compart-
ments in which they reside within the host cells (6, 30, 63, 64)
and thereby evade destruction by the lysosomal hydrolases.

Aspergillus fumigatus is a common fungal member of the
airborne microbial population that is present both indoors and
outdoors (46). Conidia of this fungal species are continuously
inhaled by humans and reach all levels of the respiratory tract.
In immunocompetent patients, the major phagocytic cells of
the lung, alveolar macrophages (AMs), kill the conidia of A4.
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fumigatus as well as any other inhaled microbial invader. In
immunocompromised patients, especially those who have un-
dergone bone marrow or solid-organ transplantation, conidia
often germinate and the mycelium invades the lung paren-
chyma. Invasive pulmonary aspergillosis, a result of this myce-
lial development, is a lethal disease for most immunocompro-
mised patients infected with A. fumigatus.

Little is known about the cellular mechanisms of internal-
ization and killing of 4. fumigatus by AMs in immunocompe-
tent patients. Such knowledge is an essential requirement for
understanding the mechanisms which allow conidia to escape
death under immunosuppressive treatments.

In this study, we investigated the engulfment and intracel-
lular trafficking of A. fumigatus conidia by AMs of two different
origins, the murine cell line MH-S and primary cultures of
human pulmonary AMs. Our study showed that the two cell
types have similar mechanisms for phagocytosis of conidia: (i)
actin polymerization and phosphatidylinositol (PI) 3-kinase ac-
tivity are required for the initial steps of phagocytosis, and (ii)
maturation of the A. fumigatus phagosome yields a phagolyso-
some, with conidial killing being dependent on the acidification
of this compartment.

MATERIALS AND METHODS

Antibodies and chemical reagents. The following primary antibodies were
used in this study: a rabbit polyclonal antibody (pAb) specific for A. fumigatus
conidia (67), two anti-transferrin receptor (anti-TfR) monoclonal antibodies
(MADbs) (RI7-217 and OKT9; American Type Culture Collection) recognizing
the murine or human TfR (kindly provided by A. Dautry, Institut Pasteur), a
mouse anti-early endosomal antigen 1 (anti-EEA1; Transduction Laboratories)
MAD recognizing the human protein, an anti-Rab7 pAb (52) (kindly provided by
S. Méresse, CIML, Marseille, France), two anti-LAMP1 MAbs recognizing the
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FIG. 1. Internalization of conidia by HAMs, as revealed by transmission electron microscopy (A to D), and MH-S cells, as revealed by scanning
electron microscopy (E to G). Panels A to C show the early stages of engulfment after 5 min of contact between conidia and HAMs. Note the
numerous lysosomes (LY) widely distributed throughout the cell. PV, pinocytic vesicles; M, mitochondria; N, nuclei. Also, note the double-layered
cell wall (arrows) with the electron-dense pigmented outer layer of the conidium in panels A and B, the contact points (arrowheads) between
conidia and AM pseudopodia in panels B and C, and the progressive engulfment of the conidium by AM pseudopodia. Panel D shows the late
stage of engulfment after 90 min. Panels E to G show conidia bound to a macrophage analyzed 5 min after the beginning of ingestion. Note the
extensions of pseudopodia towards the conidium and the contact of these pseudopodia with the conidial cell wall in panels F and G. Bars, 2 pm
(A) and 1 pm (E to G).
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FIG. 2. F-actin staining, with Texas Red-phalloidin, of MH-S cells (a, ¢, and e) and HAMs (b, d, and f) during the engulfment of conidia. Panels
a and b show control cells. Note the phagocytic cup in panel ¢ and the actin ring surrounding an ingested conidium in panel d (arrows). Panels
e and f contain differential interference contrast (DIC) images of what is shown in panels ¢ and d, respectively. Bar, 2 pm. (g) Kinetics of actin
involvement in conidia phagocytosis. The percentage of actin-positive conidia was calculated as follows: (the number of conidia surrounded by an
actin ring or cup stained with Texas Red-phalloidin/the total number of conidia associated to macrophages X 100. Data are averages from three
independent experiments, and standard deviations are indicated with error bars. ¢, HAMs; m, MH-S cells. Infection times are in minutes.

human and the murine proteins (CD107a; PharMingen), and an anti-human A Texas Red-conjugated goat anti-rabbit IgG, a fluorescein 5-isothiocyanate
cathepsin D pAb (43) (kindly provided by W. Gregory, Washington University (FITC)-conjugated goat anti-rabbit IgG, and a Texas Red-conjugated goat anti-
School of Medicine). Purified rabbit immunoglobulin G (IgG; Sigma), mouse mouse IgG (Jackson Immunoresearch Laboratories) were used as secondary
1gGl1, and rat IgG2a isotypes (PharMingen) were used as primary control anti- antibodies. The acidotropic dye LysoTracker Red DND-99, Texas Red-phalloi-

bodies. din, and Hoechst 33342 dye were purchased from Molecular Probes (Eugene,
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FIG. 3. Effect of cytochalasin D and wortmannin treatment on MH-S cells. MH-S cells were treated for 30 min with 2 uM cytochalasin D (A
to C) or 1 wM wortmannin (D to F), and ingestion of conidia was performed in the presence of the drug. Shown are scanning electron micrographs
of cells at 5 (A) and 30 (D) min postingestion. Arrowheads in panel A indicate blebs (Bl) and balloons (Ba), which are probably nuclei on the top
of treated cells. The arrows in panels A and D indicate uningested conidia. Also shown are cells at 60 min postingestion (B, C, E, and F). Cells
were fixed, treated with anti-conidia antibody, stained with an FITC-conjugated antibody to label uningested conidia (C and F), permeabilized, and
incubated with Texas Red-phalloidin to label actin (B and E). Note the brightly stained aggregates of actin and the lack of F-actin rich filopodia
in panels B and E; nonphagocytosed conidia (arrows) can be seen on the surface of MH-S cells in panels C and F. Bars, 1 pm.

Oreg.). Cytochalasin D, wortmannin, and bafilomycin A were purchased from
Sigma.

Fungal strains. A. fumigatus strain CBS 144.89 was a clinical isolate. Conidia
were harvested by washing a 7-day-old slant culture with phosphate-buffered
saline (PBS) supplemented with 0.1% Tween 20. The suspension was filtered
through a 40-um-pore-size cell strainer (Falcon) to separate conidia from con-
taminating mycelium. In the killing experiments, the conidia were labeled with
FITC as previously described (67). Briefly, freshly harvested conidia (2 X 107/10
ml of 0.05 M Na carbonate buffer [pH 10.2]) were incubated with FITC at a final

concentration of 0.1 mg/ml at 37°C for 1 h and washed by centrifugation three
times in PBS-0.1% Tween 20.

Cells. Human AMs (HAMs) were obtained from bronchoalveolar lavage
(BAL) of 11 patients who had received lung transplants in the Hopital Foch
(Suresne, France) between 1997 and 2000. All patients were initially maintained
on an immunosuppressive regimen of prednisone, cyclosporine, and azathio-
prine. FK506 was substituted for cyclosporine after three consecutive acute lung
rejections (16). The lung transplantation protocol was approved by the Hopital
Foch institutional review board for human studies, and informed consent was
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FIG. 4. Maturation of A. fumigatus-containing phagosomes in HAMs. HAMs were incubated with conidia (2:1 ratio of conidia to macrophages)
and were fixed at 5, 10, 30, and 60 min after the beginning of phagocytosis. After permeabilization with saponin, cells were labeled at 10 min (a
to ¢ and e to g) or 60 min (d and h to p) postingestion with the specific monoclonal or polyclonal anti-TfR (1/1,000), anti-EEA1 (1/500), anti-Rab
7 (1/50), and anti-Lamp1 (1/100) antibodies and secondary antibodies conjugated to Texas Red. (a to ¢) Arrowheads indicate TfR-positive (a),
EEAIl-positive (b), and Rab 7-positive (c) staining surrounding the conidia. (d) Cells were labeled at 60 min postingestion, and the arrowhead
indicates positive staining for Lampl. (e to h) Corresponding DIC images. The arrowheads indicate conidia. Note that the conidia outside the cells
(thin arrows in panels c, g, j, and n) were not labeled by the same antibodies. (i to k) Lack of labeling with the anti-TfR, anti-EEA1, and anti-Rab7
antibodies. (1) Cells were labeled with control IgG1 MAb. (m to p) Corresponding DIC images. Bar, 2 pm.

obtained from each individual after a detailed description of the procedure was
provided. According to French legislation, since the cells used did not result from
a supplementary surgical operation done for the purpose of the study, the
approval of the Comité Consultatif de Protection des Personnes dans la Recher-
che Biomédicale was not required.

BALs were performed regularly following transplantation once a month dur-
ing the first 6 months and once every 6 months thereafter to detect asymptomatic
posttransplantation complications or for diagnosis of other complications sus-
pected on clinical and/or functional grounds (16).

Cells from BAL were harvested by centrifugation (400 X g for 8 min at 4°C),
and the cell pellet was resuspended in RPMI complete medium containing 10%
fetal bovine serum and plated on 12-mm-diameter glass coverslips at a density of
3 X 10° to 5 X 10° cells per coverslip. Nonadherent cells were removed by
washing after a 2-h incubation at 37°C in an atmosphere of 5% CO,. Viability
was always more than 95% by the dye exclusion test with trypan blue.

MH-S murine AMs (49), derived by simian virus 40 transformation of mouse
AMs, were cultured in RPMI complete medium containing 10% fetal bovine
serum and maintained in an incubator at 37°C in an atmosphere of 5% CO,.
MH-S cells were plated 24 h prior to experimentation.

Phagocytosis assay. AMs were challenged with two conidia per macrophage
and were subsequently incubated at 4°C for 30 min. Unbound conidia were
removed by washing with cold RPMI complete medium, and phagocytosis of the

bound conidia was initiated by shifting the cells to 37°C in an atmosphere of 5%
CO,.

At the end of each incubation period, phagocytosis was stopped by washing the
AMs with ice-cold PBS and subjecting them to fixation with 3% paraformalde-
hyde in PBS (10 min at room temperature [RT]) followed by three washes with
50 mM NH,CI in PBS. To avoid nonspecific binding of antibodies, cells were
subsequently incubated (30 min at RT) in a blocking solution consisting of 5%
goat serum and 5% human serum in PBS (for HAMs) or 5% goat serum and 5%
mouse serum in PBS (for MH-S cells).

The number of A. fumigatus conidia engulfed by macrophages was determined
by immunofluorescence using the anti-conidia antibody and a secondary anti-
body conjugated to Texas Red as previously described (67). For specific labeling
of uningested conidia, AMs were incubated (30 min at RT) with a rabbit anti-
conidia antiserum at a dilution of 1:50, washed three times with blocking solu-
tion, and finally incubated (30 min at RT) with the Texas Red-conjugated
anti-rabbit antibody at a dilution of 1:200. Both antibodies were diluted in the
corresponding blocking solution. The above-mentioned procedure allowed la-
beling of the uningested conidia only. The percentage of ingestion was estimated
as the ratio of the number of ingested conidia to the total number of conidia
bound to 100 AMs.

Assay for conidial killing. To quantify the killing of conidia following each
infection period (4 or 18 h), the AMs were lysed by a water osmotic shock and
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FIG. 5. Kinetics of maturation of A. fumigatus-containing phagosomes in AMs. Shown is the quantification of the immunolabeling of conidia
ingested by HAMs (A) and MH-S cells (B) with antibodies directed against various endocytic markers as described in the legend to Fig. 4. The
percentages shown are the number of phagosomes labeled with the antibody divided by the total number of phagosomes containing conidia. Data
are means from three independent experiments, and standard deviations are indicated with error bars. Infection times are in minutes. @,
percentage of ingestion; [J, percentage of Lampl-positive phagosomes; 4, percentage of TrfR-positive phagosomes; A, percentage of Rab7-

positive phagosomes; m, percentage of EEAl-positive phagosomes.

homogenate containing conidia was then incubated in an equal volume of 2X
Sabouraud (4% glucose—2% mycopeptone) culture medium at 37°C for 7 h. The
percentage of killing was determined as follows: (the number of nongerminated
conidia/the total number of conidia phagocytosed by the macrophages) X 100.
Germination was counted under a light fluorescence microscope.

Immunofluorescence microscopy. For immunolocalization of markers of en-
docytic compartments, cells were fixed and blocked as described above and were
permeabilized (30 min at RT) in blocking solution supplemented with 0.05%
(wt/vol) saponin. Cells were then incubated (30 min at RT) with the primary
antibodies diluted in blocking solution containing 0.05% saponin, washed three
times with the same solution, and incubated (30 min at RT) with fluorochrome-
conjugated (FITC or Texas Red) secondary antibodies. Purified rabbit IgG or
monoclonal immunoglobulin isotypes were used for controls. For visualization of
actin filaments, AMs were fixed as described above, permeabilized for 5 min with
0.1% Triton X-100 in PBS, and stained (30 min at RT) with Texas Red-labeled
phalloidin.

Nuclei were labeled with Hoechst 33342 dye (10 pg/ml;10 min at RT) diluted
in blocking solution plus saponin. Coverslips were washed three times in PBS,
mounted with Mowiol (62) sealed on microscope slides with nail polish, and
stored at 4°C until observation. Samples were examined with a Zeiss Axiophot
microscope attached to a cooled charge-coupled device camera (Photometrics).
Images were obtained with the IPLab spectrum program (Signal Analytics,
Vienna, Va.) and further processed with Adobe Photoshop software.

Treatment with drugs. To assess the roles of actin polymerization and the PI
3-kinase in the initial steps of phagocytosis of A. fumigatus, cells were pretreated
(30 min at 37°C) prior to phagocytosis with either 2 to 4 .M cytochalasin D (22)
or 0.1 to 1.0 uM wortmannin, a PI 3-kinase inhibitor (9).

Inhibition of the vacuolar ATPase (15) was done by preloading the cells 30 min
before infection with 0.1 to 0.25 M bafilomycin A. Infection was performed in
the presence of bafilomycin A for up to 18 h. Concentrations of bafilomycin A up
to 250 nM did not affect the viability of macrophages or the germination of A4.
fumigatus conidia.

Monitoring of phag 1 pH. Acidification of the phagosome was assessed
by use of the acidotropic dye LysoTracker Red DND-99. Cells were preloaded
with LysoTracker (diluted 1:20,000 [vol/vol] in RPMI complete medium) for 2 h
and were subsequently infected at 4°C with A. fumigatus conidia in fresh medium
without LysoTracker. After removal of uningested conidia, culture medium with
LysoTracker was readded to each well and conidia internalization was initiated
at 37°C. Infection was stopped after 1, 4, and 18 h, and the cells were washed with

PBS, mounted on microscope slides, and examined immediately under the flu-
orescence microscope. Acidification control experiments were performed with
uninfected cells or cells infected in the presence of 250 nM bafilomycin A.

Scanning electron microscopy. AMs were fixed (1 h at RT) with 2.5% glutar-
aldehyde in EM buffer (0.1 M Na cacodylate [pH 7.2]), washed with EM buffer,
and then postfixed (1 h at RT) with 1% OsO, in 0.1 M Na cacodylate buffer.
After being washed in EM buffer, the cells were dehydrated by serial treatment
with 70 and 100% ethanol and acetone. Dehydration was then completed with
acetone treatment. The coverslips were critical point dried, mounted onto scan-
ning stubs, and air-dried overnight. Cells were sputter coated with 30 nM gold-
palladium and examined on a Jeol JSM-6300F scanning electron microscope.

Transmission electron microscopy. AMs were fixed overnight at 4°C with 2.5%
glutaraldehyde in EM buffer and washed in EM buffer. Postfixation (30 min) in
aqueous 1% osmium tetroxide (OsO,) in 0.1 M cacodylate buffer was followed
by several washes (5 min each) in sodium acetate buffer (50 mM; pH 5; 0 to 2°C).
Dehydration in an ethanol gradient preceded infiltration in Epon resin. Ultrathin
(50 to 60 nM) sections were cut and stained with 5% uranyl acetate followed by
lead citrate. The sections were examined using a Jeol GEM-1010 transmission
electron microscope.

RESULTS

Phagocytosis of conidia by AMs. Internalization of A. fu-
migatus conidia by AMs was initially monitored by transmis-
sion and scanning electron microscopy (Fig. 1). Contact be-
tween AMs and conidia resulted in the formation of
pseudopodia and filopodia surrounding the conidia. Mem-
brane extensions next to conidia usually did not follow the
shape of the conidium (Fig. 1C), while close continuous con-
tact between the filopodia and the entire conidial surface was
not detected. Contacts between filopodia and conidia were
made at distinct and separate points (Fig. 1B, C, and G).
Finally, the pseudopod extensions coalesced to engulf the
conidium (Fig. 1D).

AMs were heterogeneous in shape and size but were gener-
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FIG. 6. Acidification of

conidia-containing  phagolysosomes.
HAMs were incubated with the acidotropic probe LysoTracker Red
DND-99 for 2 h, washed with RPMI complete medium, and incubated
with conidia in RPMI complete medium containing LysoTracker. Con-
trol experiments were done in the presence of 250 nM bafilomycin A.
(A) Negative control prior to conidial challenge. (B and C) At 4 h
postinfection, the acidic pH in the phagolysosome was revealed by
bright red fluorescence (arrows) surrounding the conidia (B) or im-
pregnating the conidia (C). (D) Shown is a cell (arrow) with phagocy-
tosed conidia incubated in the presence of bafilomycin A that is neg-
ative with LysoTracker. (E to H) Corresponding phase-contrast
(E) and DIC (F to H) images. Bar, 2 pm.

ally round in shape with mean diameters (= standard error of
the mean) of 13 = 3 wm for HAMs and 10 * 1.5 pm for MH-S
cells. Phalloidin staining revealed that the majority of unin-
fected cells had many actin-filled filopodia or broad lamellipo-
dia (Fig. 2a and b).

Actin polymerization and PI 3-kinase activity are required
for A. fumigatus phagocytosis. During the first minutes follow-
ing contact between AMs and conidia, Texas Red-phalloidin
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revealed that pseudopods surrounding the conidia were
stained for F-actin. Phagocytic cups characterized by a local
concentration of F-actin were detected at sites where conidia
were attached (Fig. 2c and e). After engulfment, the F-actin-
rich filopodia completely encircled the conidium (Fig. 2d and

f).

Follow-up of F-actin staining in HAMs and MH-S cells
during ingestion of A. fumigatus conidia showed that a maximal
number (about 15% of the total number of conidia associated
to macrophages) was capped with F-actin between 10 and 60
min from the beginning of phagocytosis in HAMs (Fig. 2g) and
F-actin rings were observed to surround ingested conidia (Fig.
2d). At 3 h postinfection, phalloidin staining could no longer
be detected around conidia. In contrast, in MH-S macro-
phages, only 5% of the conidia associated to macrophages
were found to be capped with F-actin and this dropped to 0%
60 min after the beginning of ingestion (Fig. 2g). This could be
due to a faster uptake of conidia by MH-S cells than by HAMs
so that the rapid transient actin polymerization in phagocytic
cups could not be detected within the time frame used in our
experiments.

To confirm the role of actin in the phagocytic uptake of
conidia by HAMs and MH-S cells, we investigated the effect of
cytochalasin D, a drug that inhibits polymerization of actin in
the process of conidia internalization. Incubation of infected
MH-S cells with 2 uM cytochalasin D blocked the uptake of
conidia, and 7% = 2% of conidia were internalized by cytocha-
lasin D-treated MH-S cells. Cytochalasin D had a similar in-
hibitory effect on the phagocytosis of conidia by HAMs (data
not shown). As expected, treatment with cytochalasin D re-
sulted in significant changes in cellular morphology, as shown
by scanning electron microscopy (Fig. 3). The entire cell mor-
phology was altered, and blebs and balloons, most probably
nuclei, were observed to be bulging from the top of the cells
(Fig. 3A). In drug-treated cells, phalloidin staining revealed
discontinuous cortical actin and aggregates of actin were
brightly stained at the cell periphery (Fig. 3B). Although
conidia were still bound to AMs, they remained extracellular
(Fig. 3C).

The effect of wortmannin, a drug that inhibits PI 3-kinase,
was also investigated in order to further study the molecular
events contributing to A. fumigatus phagocytosis. PI 3-kinase is
known to be involved in Fc gamma receptor (FcyR)- and
complement receptor-3 (CR3)-dependent phagocytic uptake.
As was observed with cytochalasin D, wortmannin also blocked
conidia uptake by both HAMs and MH-S cells, and 11% * 2%
of conidia were internalized by wortmannin-treated MH-S
cells. The cell morphology was also altered following incuba-
tion with 1 pM wortmannin. Scanning electron microscopy as
well as phalloidin staining of the wortmannin-treated cells
showed that cells had smooth surfaces with short filopodia, and
only cortical actin could be detected with phalloidin staining
(Fig. 3D to E). These results showed that phagocytosis of
conidia by AMs was entirely dependent on actin polymeriza-
tion and on PI 3-kinase activity.

Intracellular fate of A. fumigatus conidia in AMs. Once
internalized, an A. fumigatus conidium is contained within a
phagosome surrounded by a well-defined phagosomal mem-
brane that is tightly associated with the conidium surface
(transmission electron microscopy data not shown).
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FIG. 7. Estimation of the capacity of MH-S cells to kill A. fumigatus conidia. (A) Killing of conidia (estimated as the percentage of nongerminating
conidia) (solid column) and phagosomal acidification (estimated as the percentage of A. fumigatus-containing phagosomes positive for LysoTracker
labeling) (open columns) at 4 and 18 h following ingestion. Values represent means plus standard deviations from three experiments. (B) Effect of
bafilomycin A on the capacity of MH-S cells to kill A. fumigatus conidia. Untreated control cells (open column) and cells treated with 250 nM bafilomycin
A (solid column) were allowed to ingest conidia, and the percentages of killing following 18 h of ingestion are shown.

We used antibodies specifically recognizing various mem-
brane markers of the endocytic pathway such as TfR, EEAI,
Rab7, and the lysosomal membrane protein (Lamp1) to deter-
mine the extent to which the A. fumigatus-containing phago-
somes interacted with compartments of the endocytic pathway.
Since these proteins are markers of early events in the forma-
tion and maturation of the phagolysosome, observations were
carried out for only 1 h after the beginning of infection.

In HAMs, a positive signal by immunofluorescence was de-
tected around ingested conidia with antibodies directed against
TfR, EEA1, Rab7, and Lamp]. In all cases, the presence of a
fluorescent halo surrounding the conidia was considered a
positive signal (Fig. 4a to d). Control antibodies did not label
any phagosome-like structure (see Fig. 41 for an example). In
addition, the specificity of the immunolabeling was confirmed
by the fact that conidia attached to the outer membrane of the
cell were negative with all of the above-mentioned antibodies
(Fig. 4c and j).

The kinetics of appearance of the specific immunolabeling
for TfR, EEA1, Rab7, and Lampl in the conidia-containing
phagosomes in infected HAMs is shown in Fig. 5A. The high-
est percentage of positive phagosomes containing conidia (i.e.,
[the number of antibody-labeled phagosomes containing
conidia/total number of phagosomes containing conidia] X
100) was seen 10 to 30 min after the beginning of conidia
internalization. The number of positive phagosomes was highly
reduced after 1 h of phagocytosis. In contrast, the number of
anti-Lamp1-positive phagosomes increased during the course
of ingestion and was identical to the number of ingested
conidia (Fig. 5A). All ingested conidia were found to have a
Lamp1-positive ring around them, and they remained Lampl
positive for up to 18 h postinfection.

The labeling pattern detected in the MH-S cells was identi-
cal to that observed in HAMs (data not shown). Figure 5B
shows the kinetics of appearance of TfR, Rab7, and Lampl
staining in the phagolysosome of MH-S cells. The maximal
number of TfR- and Rab7-positive phagosomes was detected 5
min postinfection, which was earlier than in the HAMs. La-
beling with the anti-Lamp]1 antibody gave similar results for
the MH-S cells and the HAMs.

Thus, following ingestion, phagosomes containing conidia of
A. fumigatus acquired specific markers of the endocytic path-
way membrane compartments. The kinetics of appearance of

each of these markers in the phagosome also indicated that
conidia-containing phagosomes mature into phagolysosomes.

Acidification of the phagolysosomes containing A. fumigatus
conidia. The acidotropic probe LysoTracker Red DND-99 is a
weak base conjugated to a red fluorophore that freely perme-
ates cell membranes; upon protonation, it remains trapped in
acidified organelles. This probe was used to investigate the pH
changes in the phagolysosome after ingestion of the A. fumiga-
tus conidia.

The acidic pH in the phagolysosome was revealed by red
fluorescent labeling surrounding or totally covering the conidia
inside the phagolysosome, appearing in the latter case as bright
red spots (Fig. 6B and C). Uninfected HAMs did not show any
fluorescence with LysoTracker (Fig. 6A). Uninfected and in-
fected HAMs were incubated with bafilomycin A, an inhibitor
of lysosomal vacuolar ATPase, thereby blocking the acidifica-
tion of the late endocytic compartments and neutralizing the
pH in the lysosomes (15). The inhibition of the lysosomal
acidification was revealed by the absence of any fluorescence in
the lysosomes of the bafilomycin A-treated cells (Fig. 6D).
Similar labeling was detected in the bafilomycin A-treated or
untreated MH-S cells (data not shown).

The percentage of conidia labeled in fluorescent red by the
LysoTracker dye was comparable to the percentage of conidia
killed by the macrophages (Fig. 7A). Four hours after inges-
tion, no killing of conidia could be detected and the percentage
of acidic phagolysosomes was low (20% in MH-S cells and 12%
in HAMs). In contrast, after 18 h of incubation, where a high
level of conidia killing was found (59 and 91% for HAMs and
MH-S cells, respectively), the percentage of conidia labeled
with red fluorescence was also high (57 and 77% for HAMs
and MH-S cells, respectively).

To confirm the importance of acidification in the phagoly-
sosomes of macrophages for the killing of A. fumigatus conidia,
infected cells were incubated with bafilomycin A. Incubation of
the MH-S cells or HAMs (data not shown) with 100 or 250 nM
bafilomycin A almost abolished the conidial killing by AMs
even after infection for 18 h (Fig. 7B).

Positive labeling was detected around the conidia in the
phagolysosome when HAMs infected with conidia were
probed with the anti-cathepsin D antibody. Positive labeling
was observed very early after phagocytosis (as early as 5 min
postinternalization in some cells) (Fig. 8A). A double immu-
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60 control

FIG. 8. Kinetics of cathepsin D acquisition by the conidia-containing phagosome. Phagocytosis of A. fumigatus by HAMs was initiated at 37°C
after 30 min of incubation at 4°C with conidia at a 2:1 ratio of conidia to macrophages. (A) After different incubation times (5 to 60 min), cells
were fixed, permeabilized, and stained with a pAb specific for cathepsin D and a secondary antibody conjugated with Texas Red (upper panels).
Arrowheads indicate positive staining surrounding the conidia. Corresponding DIC images are also shown (lower panels). For the control, purified
rabbit IgG was used instead of the anti-cathepsin D pAb. Bar, 2 wm. (B) Colocalization of Lamp1 and cathepsin D (arrowheads) at 30 and 60 min
postinfection. Cells were labeled with the anti-Lampl MAb followed by the anti-cathepsin D pAb and successive labeling with FITC- and Texas
Red-conjugated corresponding secondary antibodies. Arrowheads indicate staining surrounding conidia.

nofluorescence assay showed that Lampl and cathepsin D
colocalized in the conidia-containing phagolysosome (Fig. 8B).

DISCUSSION

Macrophages play a key role in host defense against virtually
all pathogenic microorganisms. Within macrophages, phago-
somal maturation is a fundamental biological process for the
control of intracellular pathogens (54). But is the maturation
of a phagosome containing a fungal pathogen that leads to
fungal killing different from that of a phagosome containing a
fungal pathogen that does not lead to fungal killing?

In spite of the large number of in vitro studies on the in-

volvement of different host products such as oxygen radicals,
hydrolases, cationic proteins, and defensins in the defense
against fungal infection (25), only a few studies have investigated
the maturation of phagosomes containing fungal pathogens.

A. fumigatus provides a useful experimental model for ex-
ploring cellular mechanisms in AMs involved in phagocytosis,
endocytic organelle movement, and organelle fusions. This
study represents the first detailed description of the intracel-
lular trafficking and fate of A. fumigatus in AMs.

First, phagocytosis of A. fumigatus conidia by AMs depends
on local actin polymerization at the site of contact between the
conidia and the macrophage. Actin reorganization has been
repeatedly reported as one of the first molecular events in-
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A. fumigatus conidium
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Phagolysosome

FIG. 9. Model of phagocytosis of A. fumigatus by AMs. V-ATPase,
vacuolar ATPase.

volved in the phagocytic internalization of most microorgan-
isms (35, 69). Entry of A. fumigatus conidia into AMs is mor-
phologically similar to the trigger mechanism (29) used by
bacteria like Salmonella or Shigella species (1, 4, 31, 54). Sim-
ilar morphological engulfment and actin reorganization have
also been described during phagocytosis of the pathogenic
yeast Candida albicans by peritoneal macrophages (44), as well
as in epithelial cells (70). However, in contrast to what is
known about bacterial entry into mammalian cells, no 4. fu-
migatus conidial protein has yet been shown to be active in
macrophage surface membrane remodeling.

Numerous studies have shown that F-actin polymerization is
a short-lived and transient event. Condensation of F-actin usu-
ally disappears from the periphery of the phagosome after the
microorganisms have been fully internalized (2, 37). This
leaves the phagosome membrane available to fuse with endo-
somes and lysosomes (3, 10). This idea has recently been chal-
lenged by data showing that actin assembly is required for
phagosome-endosome fusion (26), while other studies (re-
viewed by May and Machesky [50]), have suggested that the
phagosome membrane retains for a long time proteins that
facilitate interaction with the actin cytoskeleton.

In agreement with the latter hypothesis, our data showed
continuous enrichment of actin on A. fumigatus-containing
phagosomes. F-actin rings surrounding the phagosomes con-
taining conidia in HAMs could be detected even at 1 h postin-
fection. In contrast to our results, Kaposzta et al. (44) found in
their study of C. albicans phagocytosis that condensation of
actin filaments around phagosomes of mouse peritoneal mac-
rophages infected with C. albicans could be observed only
during the first 5 min of yeast internalization.

The role of F-actin during phagocytosis was confirmed by
the complete inhibition of conidial uptake by cytochalasin D.
Cytochalasin D (22) causes the depolymerization of actin mi-
crofilaments (30), and it has been repeatedly reported that
disruption of filamentous actin blocks yeast phagocytosis (14,
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44). Wortmannin also blocked conidial uptake. It is known that
wortmannin irreversibly inhibits the PI 3-kinases required for
FcyR- and CR3-mediated phagocytosis (8, 23, 24). PI 3-ki-
nases have been reported to provide material for membrane
extension around the particle and to control closure of the
phagosome rather than to regulate the initial actin polymer-
ization during phagocytosis (8, 24). Inhibition of PI 3-kinases
thereby prevents the completion of phagocytosis. Such a mech-
anism could be responsible for the inhibition by wortmannin of
A. fumigatus phagocytosis.

Maturation of the A. fumigatus-containing phagosomes was
monitored by immunofluorescence microscopy using a panel
of antibodies recognizing endogenous markers of the endocytic
pathway. Both early endosomes containing the TfR and EEA1
markers and late endosomes containing Rab7 fused with
phagosomes 5 to 30 min postinternalization. EEA1 is a mem-
brane-associated protein localized to the early endosomes (57)
and has been shown to be a tethering protein implicated in the
docking of incoming endocytic vesicles, thereby providing di-
rectionality to early-endosome fusion (75). Moreover, it has
been demonstrated that EEA1 can play roles in the acquisition
by phagosomes of molecules from the biosynthetic pathway
(34) and in phagosomal maturation (32).

The TR is a specific marker of the early endosomes (18, 39,
41, 51). The extensive network of TfR-positive tubules and
vesicles in membrane recycling has been demonstrated in mac-
rophages. This recycling process has been shown to promote
phagocytosis of erythrocytes by macrophages (23). The TfR
has also been detected on Salmonella-containing vacuoles (41)
in macrophages as well as in Toxoplasma gondii-containing
phagosomes (56).

In addition to the early endosomal markers, the A. fumiga-
tus-containing phagosomes also acquired the late endocytic
marker Rab7. Rab7 is a small GTPase playing a central role in
the transport steps connecting late endosomes to upstream and
downstream endocytic compartments and possibly to the
phagocytic route (53, 60).

The acquisition of lysosomal characteristics by A. fumigatus
phagosomes was monitored with antibodies specific for the
Lamp1 or cathepsin D proteins, two markers of the late stages
of phagolysosome development (17, 65, 66). The maturation of
the A. fumigatus-containing phagosomes into a lysosome-like
compartment was observed within the first 5 min of phagocy-
tosis. Lamp1 and cathepsin D were found on the phagolyso-
somes at the first time point examined and accumulated over
the entire length of the infection. Similar results demonstrating
a rapid fusion between phagosomes and lysosomes during the
phagocytosis of Candida albicans (44), Salmonella enterica se-
rovar Typhimurium, and Yersinia pseudotuberculosis (55, 56,
61) by macrophages have been reported. Lamp1 was detected
in phagosomes containing A. fumigatus until the conidia were
killed by the macrophage.

The capacity of the macrophage to efficiently degrade the
phagocytosed microorganisms has been shown repeatedly (20,
21, 76). Vacuolar ATPases involved in the acidification of the
phagosome accumulate in the phagosomal membrane during
maturation (40, 71).

Acidification of the phagosome, associated with the activa-
tion of lysosomal hydrolytic enzymes, is a critical step in the
degradation event (28, 38, 73). Accordingly, A. fumigatus-con-
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taining phagosomes contained the lysosomal hydrolase cathep-
sin D. This suggested that lysosomal hydrolases could be in-
volved in the degradation of A. fumigatus conidia. Other lytic
enzymes such as chitinase that can play a role in the degrada-
tion of conidial cell walls containing chitin have also been
shown to be present in macrophages (13). Their role in the
killing of A. fumigatus conidia has not yet been investigated.

The lysosomal acidification of A. fumigatus phagosomes was
monitored with a fixable acidotropic fluorescent probe, Lyso-
Tracker Red DND-99, which has been used previously to mon-
itor maturation of the phagosome within macrophages infected
by Mycobacterium tuberculosis (72) and to stain acidic or-
ganelles in neuronal cells (74). When lysosomal acidification
was blocked by incubation of the AMs with bafilomycin A (15),
which specifically blocks the vacuolar proton ATPase in the
endosomal membrane (19), the killing of A. fumigatus conidia
was dramatically reduced. This finding was consistent with
previous observations. Bafilomycin A significantly depressed
the intracellular killing of Staphylococcus aureus (12) as well as
the amebic lysis of epithelial cells (33). Moreover, we found in
our study that the effect of bafilomycin A was not restricted
only to an inhibition of the lysosome acidification, since this
drug caused detectable changes in AM morphology, particu-
larly a shortening of cell filopodia. This was associated with a
30% reduction of A. fumigatus uptake by AMs in the presence
of 250 nM bafilomycin A. At this concentration, the viability of
the macrophages was not altered (data not shown). Similar
effects have been reported in a study of bacterial and erythro-
cyte uptake by Entamoeba histolytica (12, 33).

Suppression of conidia killing upon vacuolar ATPase inhi-
bition could be due to the increase in intralysosomal pH, but it
might also be due to a reduction in superoxide production (58,
68). Reactive oxidants have recently been shown to play an
essential role in A. fumigatus killing by AMs (B. Philippe, O.
Ibrahim-Granet, M. C. Prévost, M. A. Gougerot-Pocidalo, M.
Sanchez Perez, A. Van der Meerew, and J. P. Latgé, submitted
for publication).

Based on the data acquired to date, using both a murine cell
line and primary cells obtained from human lung lavages, the
following model for the phagocytosis of A. fumigatus conidia by
AMs can be established (Fig. 9). (i) An A. fumigatus conidium
is bound to an AM by an as-yet-unidentified receptor(s) and
mechanisms. (ii) This triggers the formation of actin-depen-
dent membrane protrusions or pseudopodia around the conid-
ium. (iii) Actin-dependent enhancement of the phagocytic cup
and fusion of the pseudopodia lead to particle internalization.
(iv) Phagosomes are fusogenic with endosomal compartments
and thereby acquire and lose early and late endosome markers.
(v) Final maturation of the A. fumigatus phagosome is asso-
ciated with the acquisition and maintenance of Lamp1 and
acidification of the phagolysosome. This phagocytic scheme
is similar to the generally accepted model which holds that
phagosomes successively display markers of early and late en-
dosomes and lysosomes (27, 56, 61).

The role of pH in intracellular trafficking in the macrophage
depends on the species of the fungal pathogen. In contrast to
what occurs with 4. fumigatus, the acidic pH of the phagoly-
sosome favors the survival and germ tube formation of C.
albicans in the phagolysosome, leading to the destruction of
the macrophage (44). The strategy for survival inside the mac-
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rophage used by Histoplasma capsulatum involves controlling
the pH of its intraphagosomal environment at 6 to 6.5 by
inhibition of phagolysosomal fusion and recruitment of the
host vacuolar ATPase (59). The ability of Cryptococcus neofor-
mans to survive inside macrophages is also associated with the
acidification of the phagolysosome. Drugs or nutrients that
alkalinize the pH of the phagolysosome have been found to
increase the activity of monocytes against C. neoformans (47).
Uptake and degradation of Pneumocystis carinii by alveolar
macrophages has been reported, but the trafficking of this
fungus has not yet been investigated (48).

The exact contributions of the acidification of the phagoly-
sosome, iron deprivation, and the activation of lysosomal en-
zymes to fungal killing or survival remain unknown for all
fungi. The interactions of proton ions with reactive oxidant
intermediates also merit investigation.
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