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A cytofluorometric assay that allowed assessment of damage to phagocytosed Aspergillus fumigatus conidia at
the single-cell level was developed. After ingestion by monocyte-derived macrophages (MDMs), conidia were
reisolated by treatment of the cells with streptolysin O, a pore-forming toxin with lytic properties on mam-
malian cells but not on fungi. The counts obtained by staining of damaged conidia with propidium iodide and
quantification by cytofluorometry correlated with colony counts. By the use of this method, we demonstrate that
MDMs differentiated in vitro by low-dose granulocyte-macrophage colony-stimulating factor and gamma
interferon have only a limited capacity to damage Aspergillus conidia in vitro. The Killing rate 12 h after
phagocytosis was found to be only 10 to 15%. However, intracellular loading of the phagocytes with ampho-
tericin B (AmB) dose dependently enhanced the anticonidial activity. Preincubation of macrophages with only
1 pg of AmB per ml resulted in an uptake of 18 fg of AmB/cell, leading to killing rates of 50 to 60%. The
experimental protocol provides a new tool for the rapid quantification of anticonidial activity against A.
Jfumigatus in vitro. Intracellular accumulation of AmB may represent an important factor underlying the

efficacy of this antifungal drug in the prophylaxis and treatment of Aspergillus infections.

Aspergillus fumigatus is becoming increasingly important as a
causative agent of life-threatening infections in immunocom-
promised hosts (for reviews, see references 4, 5, 12, 21, and 34).
During the last three decades, the number of invasive Aspergil-
lus infections has risen dramatically and the incidence has been
reported to vary between 5 and 19% in transplantation patients
(15, 19). A. fumigatus is the most prominent pathogen in the
Aspergillus family, accounting for more than 90% of human
Aspergillus infections.

Amphotericin B (AmB) has remained the drug of choice for
treatment. However, the lethality of manifest infections re-
mains high and the toxicity of full-scale treatment is consider-
able (7, 8, 11). This has prompted exploration of possibilities
for the prophylactic use of AmB, with the result that clinical
regimens for low-dose intravenous application are now avail-
able (28). Furthermore, the possibility of aerosol application of
AmB by inhalation has been investigated (2, 23).

Uptake of conidia by the respiratory system is the initial
event in Aspergillus infections, with survival of conidia in
phagocytes and the onset of germination being requisites for
establishing disease. The reported ingestion and conidial kill-
ing activities of alveolar macrophages are widely regarded as
central to the first line of defense (32). The mechanisms of
conidial elimination by macrophages are not fully understood
(for reviews, see references 30 and 31), and this may partly be
due to a lack of methods for measuring conidial damage and
killing. To quantify the killing, the ingested conidia are usually
liberated by lysis of phagocytes, and viability is assessed either
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by microscopic observation of conidial outgrowth (20, 32) or by
performing colony count studies (24, 38).

Previous studies have shown that in addition to its action
against extracellular fungi, AmB can accumulate intracellularly
and enhance the phagocytic killing of Candida albicans in vitro
(18). Because AmB is the drug of choice for the treatment of
Aspergillus infection, we investigated whether macrophages
would also be able to accumulate AmB and whether this would
have an effect on damage to A. fumigatus conidia.

In the course of this work, we developed a novel method
based on detergent-free reisolation of conidia from phago-
cytes, followed by flow cytometric analysis with propidium io-
dide (PI), which is used to stain dead conidia. This allowed
quantification of conidial killing at the level of a single conid-
ium. We were unable to confirm previous reports that had sug-
gested efficient conidial elimination by macrophages (24, 38).
The killing capacity of monocyte-derived macrophages differ-
entiated in culture with low-dose granulocyte-macrophage col-
ony-stimulating factor (GM-CSF) and gamma interferon is
surprisingly low but can be markedly enhanced by preincuba-
tion and loading of the cells with nontoxic concentrations of
AmB.

MATERIALS AND METHODS

Preparation of conidial suspensions. Conidia were prepared from strain
ATTC 46645. After subculture on Sabouraud agar (Becton Dickinson, Heidel-
berg, Germany), conidial suspensions were prepared as described by Roilides et
al. (25). In brief, the plates were washed with a physiological saline solution
(0.9% [wt/vol] NaCl), and the conidial suspension was filtered twice through a
sterile 40-wm-pore-size nylon mesh (Falcon, Heidelberg, Germany). Penicillin
(100 U/ml) and streptomycin (100 pg/ml) (antibiotic mix; Gibco, Karlsruhe,
Germany) were added, and the suspensions were stored at 4°C.

Preparation of MDMs. Human monocytes were isolated from buffy coats as
described previously (16, 18) and were seeded at a concentration of 1.5 X
10%/ml/well in minimal essential medium (MEM) containing 10% normal human
serum (NHS) in 24-well plates (Nunc, Wiesbaden, Germany). Monocyte-derived
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macrophages (MDMs) were obtained by culture for 5 to 7 days at 37°C in 5%
CO, in the presence of 2.5 ng of GM-CSF (Essex Pharma, Munich, Germany)
per ml and 0.5 ng of gamma interferon (Gammaferon 50; Bioferon GmbH,
Laupheim, Germany) per ml.

Drugs and reagents. AmB was purchased from Squibbs Pharma, Vienna,
Austria, and was kept as a 5-mg/ml stock in distilled water at —20°C. Working
solutions were prepared in water. Recombinant human gamma interferon (Gam-
maferon 50; Bioferon GmbH) was diluted 1:100 in phosphate-buffered saline
(PBS)-0.1% human serum albumin (Behring, Marburg, Germany) to yield a
stock solution of 500 wg/ml which was stored in portions (50 pl) at —70°C.
Human recombinant GM-CSF (Leukomax; Essex Pharma, Munich, Germany)
was kept as 20-pl portions of 25 mg/ml at —20°C. Streptolysin O (SLO) was
prepared as described previously (39), dissolved at a concentration of 2 mg/ml in
PBS-0.1% bovine serum albumin, and kept in 10-wl portions at —70°C. An
RNase (R-6513) stock solution (1 mg/ml), a DNase stock solution (2,000 kU/ml),
and a proteinase K stock solution (20 mg/ml) (all purchased from Sigma, Mu-
nich, Germany) were prepared in normal saline and were kept at —20°C. De-
oxycholate (Roth, Karlsruhe, Germany) was prepared as a 5% (wt/vol) stock
solution in distilled water. Stock solutions of sodium dodecyl sulfate (5% [wt/
vol]), Triton X-100 (10% [vol/vol]), and Nonidet P-40 (5% [vol/vol]), all pur-
chased from Sigma, were prepared in distilled water and were kept at room
temperature.

Effects of SLO on metabolic activity of MDMs and conidia. The potential
damaging effects of SLO on either conidia or MDMs were tested by a colori-
metric test (13, 14). Conidia (10%well) were incubated with SLO (20 wg/ml) in
PBS-0.1% BSA for 30 min. Thereafter, supernatants were carefully aspirated
and were replaced by 50 pl of RPMI 1640 (Biochrom, Berlin, Germany) con-
taining 0.5 mg of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT; Serva, Heidelberg, Germany) per ml and 100 wM menadione
(Sigma). Incubations were continued for another 3 h to allow the formation of
formazan by viable conidia (13). Formazan crystals were dissolved by the addi-
tion of 150 pl of acidic isopropanol (95 ml of isopropanol, 5 ml of 1 N HCI) per
well and vigorous shaking for 10 min. Aliquots of 150 pl were transferred to
enzyme-linked immunosorbent assay reader plates (Greiner, Niirtingen, Germa-
ny), and the amount of formazan was measured immediately in a microplate
reader (EAR400; Salzburger Labortechnik, Crailsheim, Germany) at 550 nm.
Wells without conidia served as background controls. To determine the effects of
SLO on MDMs, metabolic activity in the cells was assessed in parallel by phase-
contrast microscopy. MDMs were incubated with SLO, supernatants were aspi-
rated and replaced by 50 wl of RPMI 1640 containing MTT-menadione, and the
assay was then continued as described above for the conidia. The percentage of
formazan formed was calculated by the following equation: relative formazan
formation = (OD; — OD,)/(OD. — OD,) X 100, where OD, is the optical
density of the sample, OD,, is the optical density of the background, and OD, is
the optical density of the control sample (without toxin).

Measurement of cell-associated AmB. AmB was quantified by scanning spec-
trophotometry as originally described by Shihabi et al. (33) with modifications for
measurement of cell-associated AmB as described by Martin et al. (18). In brief,
MDMs (3 X 10%well) were cultured in six-well culture plates (Delta plate; Nunc,
Wiesbaden, Germany). After overnight incubation with AmB at 0.5 and 1.0
wg/ml in the culture medium, the supernatants were discarded and the cells were
carefully washed three times with PBS. Then, 400 pl of acetonitrile was added to
the wells. After vigorous mixing, the cells were scraped off, the suspension was
transferred to an Eppendorf tube, and the tube was centrifuged at 10,000 X g for
2 min. The supernatants were transferred to quartz microcuvettes (Zeiss, Frank-
furt on Main, Germany), and scanning photometry was performed at wave-
lengths of 350 to 450 nm with a Ultrospec II photometer (Pharmacia LKB,
Freiburg, Germany) connected to a data processing unit. Calculations were
performed by linear regression analysis on the basis of standard curves for AmB.

AmB pretreatment of MDMs. Prior to incubation with conidia, the cells were
incubated for 16 h in 1 ml of MEM-10% NHS containing various concentrations
of AmB ranging from 0.1 to 1.0 ug/ml. Subsequently, the cells were washed three
times with 1 ml of PBS (pH 7.3), and finally, 1 ml of MEM-10% NHS was added.

Incubation of MDMs with conidia and reisolation of conidia. To each well
containing MDMs, 1.5 X 10° conidia were added and the plates were centrifuged
at 200 X g for 5 min. After incubation for 12 h, the medium was removed and
stored at —20°C for later assessment of residual AmB activity. A total of 150 wl
of 0.1% BSA containing SLO at a concentration of 20 wg/ml was added to the
wells, and the plates were incubated at 37°C for 30 min. The content of each well
was drawn three times through an Eppendorf pipette (200 wl), and the suspen-
sion was then transferred to an Eppendorf tube and kept at 37°C. After rinsing
with 100 pl of PBS, each well was checked for complete removal of cells by
microscopic inspection. The tubes were transferred to an Eppendorf thermo-
mixer (37°C), and the following components were added: MgCl, and CaCl,, each
to final concentration of 0.5 mM; 10 pl of RNase (1 mg/ml); and 10 wl of DNase
(2,000 kU/ml). The incubation was then continued for 10 min. Subsequently, 3 ul
of proteinase K (20 mg/ml) was added for another 10 min. Finally, the tubes were
transferred to a water bath sonifier (Bandelin Electronic, Berlin, Germany) for
10 min and then kept on ice. An aliquot of 100 wl was used for determination of
the numbers of CFU, and the remaining suspension was stored at 4°C overnight
before being subjected to cytofluorometric analysis. Cells incubated with conidia
for 45 min to allow phagocytosis only were used as controls for the overall
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FIG. 1. Deoxycholate promotes PI uptake in metabolically active conidia.
Conidia were incubated in MEM for 4 h at 37°C and were then treated with
deoxycholate (0.5%, 10 min, 23°C). When stained with PI, the number of PI-
positive conidia increased by 30% ([) compared to the number of control
conidia before culture (OJ). The PI fluorescence intensity (FL-3) is plotted on the
x axis against the number of cells (events) on the y axis. The marker (M1) defines
the range of PI-positive conidia.

viability of the conidia. Wells containing MDMs only were treated as described
above and served as background controls in cytofluorometric measurements.

Quantification of conidial killing by colony counting. For each sample, ali-
quots corresponding to approximately 100 and 1,000 CFU were plated in dupli-
cate on Sabouraud agar plates containing 0.03% deoxycholate, and the plates
were incubated at 37°C for 36 h. Colonies were counted under a stereomicro-
scope and a kill index (KI) was calculated as 1 — (CFU,/CFU,.), where CFU; is
the colony count of the respective sample, and CFU,. corresponds to the colony
counts of the phagocytosis control.

PI staining and cytofluorometry. PI was added to the reisolated conidial
samples at a final concentration of 50 pg/ml. After incubation for 20 min at room
temperature the sample volume was adjusted to 500 pl with PBS. Each sample
was vigorously vortexed before cytofluorometric measurement in a FACScan
flow cytometer (Becton Dickinson, Heidelberg, Germany). Acquisition was done
with LysisII Software (Becton Dickinson), and the parameters were E-01 for
forward scatter (FSC), 305 for side scatter (SSC), and 507 for the fluorescence 3
(FL-3) detector. A live gate was set for each experiment. A relative FL-3 intensity
above 10" was considered to reflect positive PI staining, and a marker (M1) was
set accordingly. The average measurement time for 2,500 events within the gate
corresponding FSC/SSC characteristics was 15 s. Analysis was performed by
using either LysisII software or WINMDI, version 2.3, a public-domain cytoflu-
orometer analysis software package by J. Trotter (http://facs.scripps.edu).

Statistical analysis. Statistical analysis was performed with Prism software
(GraphPad Inc., San Diego, Calif.). Determination of significance was done by a
two-tailed Mann-Whitney test.

RESULTS

Effect of detergents on PI staining of conidia. Existing meth-
ods for reisolation of phagocytosed conidia include the use of
detergents (24, 27, 37, 38). Hence, we first attempted to use
deoxycholate as the lysis reagent. Resting conidia did not stain
with PI. Unexpectedly, however, if the conidia were first incu-
bated for several hours in medium to permit transition to the
metabolically active stage, exposure to deoxycholate caused
them to stain positively with PI. This is shown in Fig. 1. The
same results were obtained when sodium dodecyl sulfate, Tri-
ton X-100, or Nonidet P-40 (all at a 0.5% final concentration)
was used. This finding suggested that as the conidia became
metabolically active, they became sensitive to the actions of the
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FIG. 2. SLO affects metabolic activity in MDMs but not in conidia. MDMs
and conidia were incubated with SLO (20 pg/ml) in PBS-0.1% BSA for the
indicated times (x axis). Subsequently, the metabolic activity was assessed by
formazan formation (optical density at 550 nm; y axis) by a menadione-aug-
mented MTT test. The metabolic activity in MDMs (m) decreased by 90% but
was unaffected in conidia (E). A relative formazan formation value of 1 corre-
sponds to 100%; values are given as means * standard errors of the means from
three independent experiments. *, P < 0.05.

detergents. As a consequence, to exclude damaging effects on
conidia during reisolation from macrophages, detergent-free
cell lysis procedures had to be developed.

Reisolation of phagocytosed conidia from MDMs with the
use of SLO. We turned to the use of an agent that would
selectively destroy mammalian cells while leaving fungi intact.
SLO was chosen for this purpose. In a first set of experiments
monocytes or conidia were incubated with SLO, and metabolic
activity was assessed by the MTT assay. Incubation of MDMs
with SLO at concentrations of 1 to 20 pug/ml for 10 min led to
a dose-dependent reduction of MTT conversion. This was par-
alleled by disintegration of the cells, as observed by phase-
contrast microscopy. In contrast, no effect on the metabolic
activity of conidia was detected (Fig. 2). By combining SLO
treatment with enzymatic digestion, the cells could be lysed
extensively, so that phagocytosed conidia were liberated, and
these became detectable as a single population by cytofluorom-
etry. This is shown in a dot plot (Fig. 3A and B). The position
within the plot was identical to that of the conidia analyzed
prior to phagocytosis (Fig. 3A). The background, i.e., cell de-
bris particles eliciting signals within the live gate defined for
conidia, was determined for each experiment and ranged from
2 to 5% of the total counts, which was considered negligible.
No uptake of PI was seen by conidia that had been incubated
in medium for 4 h (Fig. 3C).

Use of detergents to reisolate phagocytosed conidia creates
killing artifacts. The pilot PI uptake experiments had sug-
gested that detergents might damage metabolically active co-
nidia, thus creating artifacts during reisolation procedures.
This was confirmed by determination of the viability by obtain-
ing colony counts for conidia reisolated from MDMs either by
deoxycholate or by SLO treatment. When the detergent was
used, a killing rate of approximately 90% (KI = 0.9) within
12 h after phagocytosis was observed. In contrast, much lower
rates of killing (only 16% after 12 h and 27% after 24 h) were
determined when the detergent-free procedure with SLO was
used (Fig. 4). Thus, deoxycholate at concentrations required
for solubilization damages A. fumigatus conidia unspecifically
and cannot be used in these assays.

DETERMINATION OF A. FUMIGATUS CONIDIAL KILLING 2571

Accumulation of AmB in MDMs. The accumulation of AmB
in MDMs was determined after pretreating the cells with 0.5 or
1.0 pg of AmB per ml for 14 h. The cell-associated AmB was
quantified by wavelength scan photometry. As shown in Fig. 5,
a dose-dependent uptake by MDMs was observed. Pretreat-
ment of the cells with the antimycotic at a final concentration
of 1 pg/ml led to an accumulation of approximately 14 fg of
AmB per cell (Fig. 5).

Effect of cell-associated AmB on phagocytic killing of conid-
ia as determined by flow cytometry. MDMs were first incubat-
ed with 1 wg of AmB per ml to allow intracellular AmB accu-
mulation as described above. Subsequently, the conidia were
added. After 12 h, the conidia were reisolated from the cells by
the SLO lysis procedure. As controls, conidia were reisolated
from the cells just after complete phagocytosis, i.e., after 45
min of incubation with MDMs. The reisolated conidia were
stored overnight at 4°C and were then stained with PI. Over-
night storage proved to be essential in order for PI uptake to
be observed. The proportion of PI-positive conidia in controls
was in the range of 6 to 9% (Fig. 6). For controls incubated for
45 min, the proportion of PI-positive conidia was 8.03% =
0.01% (mean = standard error of the mean; n = 4 indepen-
dent experiments). Prolongation of the intracellular stay to
12 h increased the percentage of PI-positive conidia to 17.96%
+ 0.06% (mean * standard error of the mean of four inde-
pendent experiments (Fig. 6).

As shown in the experiment whose results are presented in
Fig. 6, the percentage of conidia staining positive for PI in-
creased from 16% in untreated cells to 59% in MDMs that had
been pretreated with 1 pg of AmB per ml. Similar results were
obtained in all experiments; a marked increase in the numbers
of PI-positive conidia after phagocytosis by AmB-loaded cells
was observed, with a maximum of 65% (mean * standard error
of the mean of four independent experiments, 57.28% =
0.04% [P = 0.02]). This indicated that pretreatment of MDMs
with AmB led to a marked increase in anticonidial activity.

Determination of anticonidial activity by colony counting.
Colony counting, the “gold standard” for assessing conidial kill-
ing was performed with samples from the reisolated conidia.
Aliquots were plated out directly at the end of the reisolation
procedure. Each count was determined in duplicate. With un-
treated MDMs, a KI of 0.18 (median killing, 18%) was found
(Fig. 7). In contrast, MDMs that had been preincubated with
AmB for 14 h had much higher levels of anticonidial activity
(Fig. 7). Augmentation of conidial killing was dependent on
the drug concentration, and a maximum kill of 55% * 7% was
seen for cells that had been pretreated with 1 pg of AmB per
ml. These results were similar to those obtained by the cytoflu-
orometric assay (Fig. 6).

Correlation between cytofluorometric measurements and
colony counting. Killing rates obtained in parallel from cytoflu-
orometric measurement and colony count determinations were
correlated. Data derived from 107 kill determinations formed
the basis for statistical evaluation by linear regression analysis,
shown as a regression curve (Fig. 8). A correlation coefficient
of 0.81 was calculated (Fig. 8). The results of the statistical
evaluation indicated a clear correlation between the conidial
killing assessed either by cytofluorometry or by determination
of the numbers of CFU.

DISCUSSION

Invasive pulmonary aspergillosis is a typical opportunistic
infection in patients with sustained immunosuppression (4, 19,
34). AmB, the drug of choice, has considerable dose-related
side effects, and despite adequate treatment, the rate of lethal-
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FIG. 3. Conidia can be liberated from phagocytes through lysis with SLO: flow cytometric analysis. (A) A region (R1) was defined according to the size (FSC) and
granularity (SSC) characteristics of the conidia. (B) After phagocytosis and an intracellular stay for 12 h, the conidia were isolated from MDMs by a combination of
SLO lysis and mixing with enzymes. Conidia were detected as a distinct population within R1 as defined in panel A, and 2,500 events/sample were gated. (C) After
phagocytosis and reisolation as described for panel B; PI staining and fluorescence-activated cell sorter analysis were performed. Histogram analysis of the population
within region R1 (B) showed less than 8% PI-positive conidia, as defined by a marker (M1). The numbers of conidia (events; y axis) are plotted against PI fluorescence

intensity (FL-3; x axis).

ity remains high (5, 8, 11). Thus, the use of low-dose intrave-
nous AmB has evolved as one strategy of prophylaxis (28).
Furthermore, the local prophylactic administration of AmB at
the port of entry, i.e., as an aerosol application to the lung, has
also been reported (2, 23).

After the administration of therapeutic doses of AmB, the
AmB accumulates in lung tissue, and the uptake of AmB by
alveolar macrophages has been reported (1, 6). Previous stud-
ies by Martin and Bhakdi (16) demonstrated that AmB also
accumulates in monocytes in vitro and that this enhances the
ability of the cells to kill C. albicans in vitro. Here, we inves-
tigated whether macrophages would also be able to accumulate
AmB in vitro and whether cell-associated AmB would have an
effect on activity against the conidia of A. fumigatus, the main
causative agent of invasive pulmonary aspergillosis.

Pulmonary alveolar macrophages are considered the first
line of defense against Aspergillus conidia and are able to kill
conidia in vitro (30-32). It has also been shown by Schaffner
and colleagues (29, 32) that blood monocyte-derived macro-
phages from either rabbits or humans display comparable antico-

nidial activities (29, 32). Hence, human monocyte-derived mac-
rophages have been used in in vitro studies with Aspergillus (20,
26, 29, 32, 38) and were also used as effector cells in our study.
To obtain a constant degree of differentiation, low doses of
gamma interferon and GM-CSF were present during culture.

Methods used to assess conidial killing are limited and in-
volve either microscopic assessment of conidial germination
(20, 32) or colony counting (24, 38). Microscopy is difficult to
quantify, and determination of the numbers of CFU is tedious
and time-consuming. Therefore, we developed a novel method
based on cytofluorometry, which determines the level of killing
at the single conidium level. Membrane permeability for PI
was selected as the indicator for conidial damage. PI uptake
can be detected by argon laser cytofluorometry and has been
used for killing assessments with mammalian cells as well as
fungal organisms, e.g., Candida (17, 35). Reisolation from
phagocytes is a basic prerequisite for the assessment of conid-
ial killing, and detergents have been used for this purpose (24,
38). However, we found that after transition of conidia from
the dormant to the metabolically active state, PI uptake oc-
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FIG. 4. Deoxycholate susceptibility of conidia reisolated from MDMs. MDMs
and conidia were incubated for the indicated times (x axis). Then, the conidia
were reisolated from cells by either deoxycholate (CJ) or SLO (m) lysis and
colony counts were determined. Killing rates are expressed as relative KI, with a
value of 1 corresponding to 100% killing. Killing rates rose to approximately 90%
within 12 h when deoxycholate was used. After SLO lysis significantly lower
killing rates of 16% (12 h) and 27% (24 h) were detected (P = 0.02). Values are
means *+ standard errors of the means of three independent experiments.

curred upon treatment with deoxycholate, suggesting a dam-
aging effect on the conidia.

Therefore, it became essential to develop a detergent-free
reisolation procedure. To this end, the selective action of SLO
on mammalian cells was exploited (3, 39). Exposure to SLO
resulted in permeabilization and fragmentation of the phago-
cytes, paralleled by a sharp decline in their metabolic activity.
In fungi, cholesterol is replaced by ergosterol (10); hence, the
binding structure for SLO is absent. As expected, conidial
metabolic activity and cell wall integrity were not affected by
SLO.

The conidial killing rate 12 h after phagocytosis by untreated
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FIG. 5. Association of AmB with MDMs. MDMs were incubated for 14 h
with AmB at the given concentrations (x axis). After washing with PBS, AmB was
extracted from the cells with acetonitrile and the concentration of cell-associated
AmB was determined by photometry. Results are given as the amount of AmB
per cell (mean = standard deviation; n = 3).
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FIG. 6. Histogram analysis of PI fluorescence in conidia reisolated from
AmB-treated MDMs. After a 12-h incubation, the conidia were reisolated from
untreated ((J) and AmB (1 wg/ml)-pretreated (E1) MDMs. Histogram analysis of
the PlI-stained conidia was performed. An approximately fourfold increase in the
numbers of PI-positive conidia was found in samples from AmB-treated MDMs
compared with the numbers found in samples from untreated MDMs. The
number of conidia (events; y axis) is plotted against the PI fluorescence intensity
(FL-3; x axis, logarithmic scale). The marker (M1) defines the range for PI-
positive staining.

macrophages was in the range of 15 to 18% when the SLO
reisolation method was used. This is in accordance with the
killing rates derived from experiments in which hypotonic lysis
with distilled water was used for reisolation (20, 29, 32). In
contrast, colony counts for conidia reisolated by deoxycholate
treatment indicated a much higher rate of killing (approxi-
mately 90%). Similar high killing rates (60%) after 2 to 3 h of
phagocytosis have been found in other studies that used de-
tergent lysis (24, 27, 37, 38). Our present data now indicate that
the use of detergents can give rise to incorrect results. Hypo-
tonic lysis with water is better, but it generates high levels of
background cell debris so that cytofluorometry cannot be used
to detect the conidia (data not shown). The SLO-based lysis
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FIG. 7. Effect of AmB pretreatment on conidial killing determined by colony
counting. MDMs were preincubated with AmB at the indicated concentrations
and washed; the conidia were then added. Twelve hours after phagocytic uptake,
reisolated conidia were plated on Sabouraud agar and colonies were enumerated
after 2 to 3 days. By comparison with the controls, which were incubated for only
45 min, a KI (y axis) was calculated for each sample. A dose-dependent increase
in conidial killing was observed in AmB-pretreated MDMs (mean * standard
deviation; n = 5).
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FIG. 8. Comparison of conidial killing assessment by colony counting and PT
cytofluorometry. The Kls, which were quantified by colony counting (x axis) and
from the percentage of PI-positive conidia (y axis), were determined for the same
samples (n = 107). Linear regression analysis was performed, and the correlation
coefficient was determined to be 0.81 (P < 0.005).

procedure produced dispersed conidial suspensions, render-
ing these accessible to identification as a distinct population
by flow cytofluorometry.

Preincubation of MDMs with AmB resulted in a dose-de-
pendent cellular accumulation of the drug. The intracellular
concentration, estimated on the basis of a cell volume of 500 fl
and an amount of 14 fg/cell, was 7 pg/ml, which is in the
therapeutic range (8, 11; unpublished observations). Similar
results have been reported for human monocytes (18). The
cellular accumulation of the antimycotic resulted in a marked
increase in the percentage of PI-positive conidia. Notably, up-
take of PI by the conidia was observed only after overnight
incubation of the cells at 4°C. This finding suggested that
breakdown of the membrane permeability barrier lagged be-
hind the primary damaging event incurred by the phagocytes.

Conidial colony counts from AmB-pretreated MDMs were
reduced correspondingly. Since a direct effect of AmB in the
media was excluded by testing them for antifungal activity in a
menadione-augmented MTT test (9, 13, 14) (data not shown),
the observed enhancement of anticonidial activity must have
been due to cell-associated AmB. This is in line with previous
studies of Martin et al. (18) showing that the intracellular
accumulation of AmB enhances the ability of the cells to kill
C. albicans. To date, the effect of AmB on the antifungal
properties of phagocytes has been studied exclusively with
Candida. In their early studies, Perfect et al. (22) used much
higher concentrations of AmB, and an indirect antifungal ef-
fect mediated by activation of the phagocytes was discussed.
Martin et al. (18), however, have clearly shown that low-dose
AmB pretreatment (the concentrations used in the present
study) resulted in a marked increase in the candidacidal activ-
ity of human monocytes without activating the cells. The pos-
sibility of a direct antifungal effect of cell-associated AmB has
also been implicated from results from studies by van Etten et
al. (36), in which low-dose AmB (0.4 p.g/ml) enhanced Candida
killing by murine macrophages.

During cell culture, low-dose GM-CSF as well as gamma
interferon were present, and both cytokines reportedly aug-
mented the activity of monocytes against Aspergillus hyphae
(26). In contrast, the anticonidial activity of MDMs is not in-
fluenced by gamma interferon (29; unpublished observations).
To our knowledge, no studies are available on the effect of
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GM-CSF on conidial killing by MDMs. We share, however, an
unpublished observation with Schaffner (31), who mentions
that no significant change in the killing capability of MDMs
can be induced by GM-CSF. Furthermore, the basal killing
rates that we observed in MDMs are similar to the killing rates
reported from studies in which no cytokines were present dur-
ing in vitro differentiation. Thus, it can be assumed that the
culture of freshly isolated monocytes with low-dose GM-CSF
and gamma interferon does not significantly alter the basic
anticonidial activity of MDMs. Whether or not cytokines may
contribute to the increase in conidial killing after AmB accu-
mulation in the phagocytes needs further investigation.

Conclusion. Reisolation of conidia after ingestion by phago-
cytes and assessment of PI uptake by cytofluorometry were
established as novel methods for the quantification of conidial
killing by phagocytes. This new tool obviates the exposure of
conidia to detergents, which may have an intrinsic damaging
effect on phagocytosed conidia.

The present study is the first to investigate the effect of cell-
associated AmB on the conidia of A. fumigatus. The results
indicate that the cellular accumulation of AmB enhances the
ability of human macrophages to kill the fungus. Cell-associ-
ated AmB may be a factor contributing to the prophylactic and
therapeutic efficacies of this antifungal drug against Aspergillus
infections.
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