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Posaconazole prophylaxis has proven highly effective in preventing invasive fungal infections, despite
relatively low serum concentrations. However, high tissue levels of this agent have been reported in treated
patients. We therefore hypothesized that the intracellular levels of antifungal agents are an important factor
in determining the success of fungal prophylaxis. To examine the effect of host cell-associated antifungals on
the growth of medically important molds, we exposed cells to antifungal agents and removed the extracellular
drug prior to infection. Epithelial cells loaded with posaconazole and its parent molecule itraconazole, but not
other antifungals, were able to inhibit fungal growth for at least 48 h and were protected from damage caused
by infection. Cell-associated posaconazole levels were 40- to 50-fold higher than extracellular levels, and the
drug was predominantly detected in cellular membranes. Fungistatic levels of posaconazole persisted within
epithelial cells for up to 48 h. Therefore, the concentration of posaconazole in mammalian host cell membranes
mediates its efficacy in prophylactic regimens and likely explains the observed discrepancy between serum
antifungal levels and efficacy.

In the past 2 decades, rates of invasive fungal infections
(IFI) in high-risk hematology patients have increased signifi-
cantly and remain associated with a high rate of mortality (2,
11, 12, 22, 30). This trend has led to renewed interest in
prophylactic antifungal strategies to prevent the development
of IFI. The most recent prophylactic strategies that have been
evaluated are the use of oral formulations of the new broad-
spectrum triazoles voriconazole and posaconazole, which have
been the subject of four randomized clinical trials. Both tria-
zoles have excellent antifungal activity in vitro; however, there
are important pharmacokinetic differences between the two
agents in vivo. Voriconazole is a relatively polar molecule, and
it concentrates minimally within host cells (1, 5, 8). Serum
levels of voriconazole between 1 �g/ml and 5 �g/ml have been
reported to correlate well with efficacy both in the treatment of
IFI (3, 23–25) and in prophylaxis (31). In contrast, posacona-
zole is significantly more lipophilic and while its serum levels
are lower than those reported with voriconazole, posaconazole
has been reported to concentrate to high levels within cells (up
to 40- to 50-fold) (5). Despite lower serum levels (Cavg, 0.5 to
1 �g/ml) (17), posaconazole was effective in reducing IFI in
two randomized clinical trials of antifungal prophylaxis (6, 7,

28). Of note, the correlation between serum levels and efficacy
of posaconazole in antifungal prophylaxis has been the subject
of some debate (7, 16).

In light of these observations, we hypothesized that cellular
accumulation of antifungal agents may be an important deter-
minant of efficacy in antifungal prophylaxis. The majority of
mold infections in immunocompromised patients are acquired
by inhalation of fungal conidia or spores. These inhaled fungal
elements are believed to be rapidly phagocytosed by pulmo-
nary macrophages or endocytosed by pulmonary epithelial
cells, where they must germinate and elongate before emerg-
ing from the cell into the serum or extracellular compartment
(29). Thus, partitioning of an antifungal agent to the cellular
compartment could be an effective mechanism to prevent the
initiation of infection by maximizing the early exposure of
infecting organisms to antifungals.

To test this hypothesis, we examined the effects of antifungal
drug exposure on pulmonary epithelial cell and macrophage
resistance to fungal infection in vitro. We found that host cells
exposed to posaconazole but not voriconazole were resistant to
fungal infection and injury for up to 48 h after antifungal
exposure. Further, we determined that posaconazole was con-
centrated largely within membranes of host cells, rather than
the cytosol, leading to extremely high levels of this agent within
the host cell membrane. This membrane concentration of
posaconazole explains the enhancement of cellular resistance
to infection. Collectively, these results may suggest a need to
reevaluate therapeutic drug monitoring of posaconazole dur-
ing prophylaxis and the need to develop a method to measure
cellular or membrane levels of this antifungal agent.
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MATERIALS AND METHODS

Cell line. Pulmonary epithelial cells (A549) and macrophages (RAW 264.7)
were obtained from ATCC. A549 and RAW 264.7 cells were grown in vitro using
F12 Kaighn’s (HyClone)/RPMI 1640 (Wisent) medium supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin, respectively. Cells were
grown on tissue culture-treated 100-mm dishes, sterile coverslips, and 6- and
24-well dishes as appropriate.

Drug preparation. Itraconazole (Sigma-Aldrich, Canada), posaconazole
(Merck Canada), and voriconazole (Pfizer) were diluted in dimethyl sulfoxide
(DMSO), while amphotericin B deoxycholate (Sigma-Aldrich, Canada), lipo-
somal amphotericin B (Astellas, Canada) and caspofungin (Merck Canada) were
diluted in sterile deionized H2O. Fresh dilutions were made from these stock
solutions just prior to the experiment and diluted further in RPMI 1640 buffered
with morpholinepropanesulfonic acid (MOPS) and F12 Kaighn’s complete
growth medium for use in cell culture experiments. A control stock containing
DMSO but without antifungals was also prepared and used in all experiments as
a solvent control.

Strains. Aspergillus fumigatus strain AF293 (a generous gift from P. T. Magee)
was used for our initial studies. Clinical isolates of Aspergillus niger, Fusarium
spp., Rhizomucor spp., and Mucor indicus were obtained from the mycology
culture collection of the McGill University Health Centre. Aspergillus strains
were grown on YPD agar (Gibco) at 37°C for 6 days. Other fungal strains were
maintained on potato dextrose agar (Gibco) at 30°C for 6 days. For all strains,
conidia or spores were harvested by gently washing the plates with phosphate-
buffered saline plus 0.1% Tween 80 (PBS-Tween).

Construction of AF-eGFP. To enhance the visualization of fungal elements by
microscopy we constructed a green fluorescent protein-expressing strain of A.
fumigatus (AF-eGFP). To accomplish this, an overexpression plasmid (pGFP-
Phleo) was generated, containing egfp under the expression of the A. nidulans
gpdA promoter. Briefly, the GFP-encoding gene (egfp) was amplified from plas-
mid p123 using the primers GFP-F and GFP-R (Table 1). After PCR amplifi-
cation, the PCR product was cloned into the expression plasmid pEYFPC using
NcoI and NotI, replacing the N-terminal part of yfp. To insert a transformation
selection marker, the phleomycin resistance gene (ble) under the expression of
gpdA promoter from A. fumigatus was amplified by fusion PCR. The gpdA
promoter was amplified from genomic DNA using primers Af-PgpdA-F and
Af-PgpdA-R and the ble gene from plasmid p402 using Phleo-F and Phleo-R.
Next, these fragments were fused using hybrid PCR and amplification with the
primers Af-PgpdA-F and Phleo-R (32). The subsequent phleomycin resistance
cassette was subcloned into the GFP overexpression plasmid using EcoRI and
Bsp120I. A. fumigatus transformation with plasmid pGFP-Phleo was carried out
according to our previously described protoplasting method (27). Plasmids p123
(26) and pEYFPC (14) were kindly provided by A. Brakhage (Leibniz Institute
for Natural Product Research and Infection Biology—HKI, Germany).

Antifungal susceptibility testing. Microdilution adherence assays were per-
formed in accordance with the CLSI M38-A document for broth dilution anti-
fungal susceptibility testing of filamentous fungi (21). Final drug dilutions were
made in RPMI 1640 buffered with MOPS. Drug (100 �l) was serially diluted in
96-well plates, to which 100 �l of 105 conidia/ml solution was added per well.
Plates were examined after 24 and 48 h of incubation, and the MIC was deter-
mined by visual and microscopic inspection revealing 100% growth inhibition.

Cell-associated antifungal model system. To test the ability of antifungal
exposed cells to resist infection, monolayers of each cell type were grown by
inoculating tissue culture-treated plates as follows: 3.5 � 105 A549 cells per well
for 6-well plates or 105 cells for 24-well plates; 3.5 � 105 RAW 264.7 cells per
well for 6-well plates or 105 cells for 24-well plates. Cells were grown to conflu-
ence (approximately 48 h), the growth medium was aspirated, and the cells were
washed with Dulbecco’s phosphate-buffered saline (dPBS). Next, cells were
incubated with the appropriate antifungal in RPMI � MOPS or F12 Kaighn’s
complete growth medium for 4 h. After incubation, the free drug was removed

by aspirating the medium and washing the cells with dPBS (twice). Drug exposed
monolayers were then infected with 1 ml of a 5 � 105 conidia/ml stock of A.
fumigatus in RPMI-MOPS or F12 Kaighn’s complete growth medium and incu-
bated for 48 h. The MIC for each drug exposure was determined via visual
inspection and light microscopy. In addition, wells containing no cells and cells
incubated with DMSO in RPMI-MOPS alone were included as controls. For
confocal microscopy studies, cells were grown on a sterile glass coverslip in a
24-well tissue culture plate before infection with AF-eGFP as described previ-
ously. Coverslips were then removed and examined under fluorescence micros-
copy. For phagocytosis experiments, cells were treated with 70 mM cytochalasin
D for 1 h preinfection and 48 h postinfection. Inhibition of phagocytosis was
verified by phalloidin staining of microfilaments and fluorescence microscopy as
previously described (19). The activities of all antifungal agent stocks were
validated by performing standard MIC broth microdilution testing in parallel
with cellular inhibition assays.

High-performance liquid chromatography (HPLC). To determine the cell-
associated antifungal concentrations resulting from exposure to voriconazole and
posaconazole, monolayers of A549 pulmonary epithelial cells were prepared and
exposed to antifungal agents as previously described. The drug was then re-
moved, and the cells were washed with dPBS before being collected in 400 �l of
RPMI-MOPS using a cell scraper. Wells were washed with an additional 200 �l
of RPMI-MOPS to collect residual cells, and the resulting cell suspension was
processed for HPLC.

Concentrations of drugs were determined in samples by high-performance
liquid chromatography with UV detection at 260 nm using a validated method
(10) with some modifications. All samples were collected in microtubes and
stored at �20°C until analysis. Samples were deproteinated with an acetonitrile
solution containing 1.25 �g/ml of internal standard (phenacetin for voriconazole
analysis and voriconazole for posaconazole analysis). Isocratic separations were
carried out on a C18 column (150 by 3 mm [inner diameter] Synergi Fusion-RP
4� 80 A; Phenomenex). The eluent was a 53:47 (vol/vol) mixture of ammonium
phosphate buffer (0.04 M, pH 6.00) and acetonitrile. With a flow rate of 0.8
ml/min the retention times of phenacetin, voriconazole, and posaconazole were
1.7, 2.6, and 6.7 min, respectively. The method proved to be linear, accurate, and
precise in the range of 0.5 to 10 �g/ml. For voriconazole analysis, the interassay
precision values (coefficient of variation [CV]) were 7.5 and 7.7% at 1.5 �g/ml
and 6.0 �g/ml, respectively. The lower limit of quantification for voriconazole
was 0.3 �g/ml. For posaconazole analysis, the interassay precision values (CV)
were 12.5 and 9.2% at 1.5 �g/ml and 6.0 �g/ml, respectively. The lower limit of
quantification for posaconazole was 0.2 �g/ml.

Cell-associated antifungal concentrations were then calculated using the pre-
viously published method of Conte et al. (4).

Pharmacokinetics and determination of threshold of inhibition. To determine
posaconazole decay kinetics, A549 epithelial cell monolayers grown in 6-well
plates were exposed to various concentrations of posaconazole (1, 2, and 4
�g/ml) for 4 h. Free drug was aspirated, and the cell monolayer was washed with
dPBS and then incubated with fresh drug-free F12 Kaighn’s complete culture
medium. Every 6 h, cells were collected by scraping in RPMI-MOPS and the
concentration of cell-associated posaconazole was determined by HPLC. In
order to define the cellular threshold concentration that could inhibit A. fumiga-
tus growth, a parallel set of A549 cells was grown in 100-mm dishes and loaded
with posaconazole as described above. Directly after drug removal, and at 6-h
intervals, monolayers were infected with 106 A. fumigatus conidia. To quantify
the kinetics of A. fumigatus hyphal growth, culture supernatants were collected
from infected wells at 6-h intervals postinfection and diluted 1:10 to 1:1,000 in
RPMI. The galactomannan content was then determined using the Platelia
Aspergillus EIA (Bio-Rad), according to the manufacturer’s instructions.

Time-kill assays. To determine the fungistatic activity of posaconazole, A549
cells grown in 6-well culture dishes were exposed to a range of posaconazole (0
to 8 �g/ml) drug concentrations for 4 h. Cells were infected with 5 � 105 A.

TABLE 1. Primers used in this study

Name Sequence (5� to 3�)

Af-PgpdA-F .........................................................................................ATA ATA GGG CCC GAA TTC ACA TCA TCT GGT ATC TAC GCA
Af-PgpdA-R.........................................................................................GAA CGG CAC TGG TCA ACT TGG CCA TTG TGT AGA TTC GTC T
Phleo-F.................................................................................................GCT CAG TAC CAG ACG AAT CTA CAC AAT GGC CAA GTT GAC C
Phleo-R ................................................................................................ATA ATA GGG CCC TCA GTC CTG CTC CTC GGC CA
GFP-F...................................................................................................ATA TCC ATG GAT ATC GCG GCC GCG ATG GTG AGC AAG GGC G
GFP-R..................................................................................................AGC AGC ACT AGT TTA CTT GTA CAG CTC GTC CAT GCC G
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fumigatus conidia and, in parallel, conidia were inoculated into wells containing
free posaconazole. Every 6 h, wells were scraped and conidia were centrifuged
and resuspended in PBS with 0.1% Tween 80. Conidial viability was then deter-
mined by quantitative culture.

Epithelial cell injury. To determine the ability of cell-associated antifungal
agents to protect epithelial cells from Aspergillus-induced injury, we used a
modification of our previously described A549 cell damage assay (21). Briefly,
A549 cells were loaded with chromium by incubating monolayers grown in
24-well tissue culture plates with 3 �Ci of 51Cr at 37°C in 5% CO2 for 24 h.
Excess chromium was removed by washing with Hanks balanced salt solution
(HBSS). The labeled A549 cells were then exposed to antifungals for 4 h as
described previously and then infected with 5 � 105 conidia in 1 ml serum-free
DF12K medium. After 16 h of incubation, the medium above the cells was
retrieved. The cells were then lysed with 6 N NaOH, and the lysate was collected.
The 51Cr content of the medium and lysates was then measured in a gamma
counter, and the degree of epithelial cell damage was calculated. Results are
reported as the percentage of total cellular chromium that was released into the
supernatant after correction for spontaneous chromium release by uninfected
epithelial cells.

Subcellular fractionation. To determine the compartmentalization of po-
saconazole within A549 epithelial cells, A549 cells were fractioned as previously
described (9, 18). Briefly, A549 epithelial cell monolayers were grown in 100 mm
tissue culture-treated dishes and treated with posaconazole as described previ-
ously. Drug-exposed cells were then washed with PBS and then resuspended in
an equal volume of hypotonic solution containing protease inhibitors (20 mM
Tris, pH 7.5, 10 mM KCl, 1 mM dithiothreitol [DTT], 0.5 mM phenylmethylsul-
fonyl fluoride [PMSF], 0.1 mM Na orthovanadate, 1 �g/ml leupeptin, 1 �g/ml
aprotinin). The A549 cells were lysed using a Dounce homogenizer, and lysis was
verified with trypan blue staining. Centrifugation at 2,000 � g for 3 min
separated the cytoplasmic fraction from the nuclear fraction. Ultracentrifu-
gation (100,000 � g for 1 h) allowed for separation of the membrane fraction
from the cytoplasmic fraction. The protein content of each fraction was
determined by Bradford assay, and the resulting fractions were assayed by
Western blot to ensure their composition. An enolase-specific primary antibody
(Santa Cruz) was used to identify the cytosolic fraction, whereas a pan-cadherin
antibody (Abcam) was used to identify the membrane fraction. Samples were
then diluted for HPLC assay as described above, and the posaconazole content
was normalized to the protein concentration of each fraction.

RESULTS

Posaconazole- and itraconazole-exposed cells inhibit the
growth of Aspergillus fumigatus. To test if cell-associated anti-
fungal agents were able to inhibit the growth of A. fumigatus,
monolayers of the A549 pulmonary epithelial cell line were
exposed to a range of concentrations of multiple antifungal
agents. These included amphotericin B deoxycholate, lipo-
somal amphotericin B, caspofungin, voriconazole, and po-
saconazole. After a 4-h exposure to antifungal agents, the free
drug was removed and the cells were washed to eliminate any
residual drug within the wells. Drug-exposed cells were then
infected with conidia of A. fumigatus strain Af293 and exam-
ined for fungal growth after 48 h. In the presence of non-drug-
exposed epithelial cells, A. fumigatus grew more robustly than
in medium alone and produced more floating colonies within
the wells. A. fumigatus growth was not inhibited by epithelial
cells exposed to voriconazole at concentrations up to 128
�g/ml (Fig. 1) and to the nonazole antifungals, including am-
photericin B deoxycholate (0 to 16 �g/ml), liposomal ampho-
tericin B (0 to 8 �g/ml), and caspofungin (0 to 128 �g/ml) (data
not shown). However, growth of A. fumigatus was inhibited for
at least 48 h by exposure of epithelial cells pretreated with
posaconazole at concentrations higher than 1 �g/ml (Fig. 1).
No significant fungal growth inhibition was found when po-
saconazole was incubated in empty tissue culture wells (data
not shown), suggesting that there was no significant adsorption
of posaconazole to the tissue culture well plastic. These obser-

vations strongly suggest that it is the posaconazole present
within the epithelial cells that inhibits fungal growth. Since
posaconazole is derived from the parent molecule itracona-
zole, we tested the ability of cell-associated itraconazole to
mediate inhibition of A. fumigatus growth. Cells exposed to
concentrations of itraconazole �2 �g/ml also inhibited growth
of A. fumigatus (Fig. 1), suggesting this effect is specific to this
class of large lipophilic azoles. In light of their common use in
antifungal prophylaxis, we selected posaconazole and vori-
conazole as representative azoles for further study.

Since patients may also be exposed to actively germinating
conidia or begin antifungal prophylaxis when germinating
conidia are present already within their lungs, we examined the
effects of cell-associated posaconazole and voriconazole on the
growth of germinated conidia. Cells exposed to posaconazole
but not voriconazole were also able to inhibit the growth of
germinated conidia to the same extent as resting conidia, sug-
gesting that this inhibition is not specific to dormant conidia
only (data not shown).

Cellular levels of antifungals after in vitro exposure. We
next confirmed that concentrations of cell-associated po-
saconazole that were associated with the inhibition of fungal
growth were similar to those reported in patients receiving
therapy with posaconazole. High-performance liquid chroma-
tography (HPLC) was used to determine the concentration of
voriconazole and posaconazole found within epithelial cells
after exposure to a range of antifungal concentrations (Fig. 2).
Consistent with previous reports (5), we found that voricona-
zole was only minimally concentrated within the epithelial cells

FIG. 1. Growth inhibition of A. fumigatus by cells exposed to
azoles. Wells contained either A549 cells exposed to antifungals for 4 h
or free drug at the indicated concentrations. These wells were then
infected with AF293 conidia. Photographs were taken 48 h postinfec-
tion. No growth inhibition was observed with cells exposed to vori-
conazole even at higher concentrations up to 128 �g/ml (data not
shown). Only posaconazole- and itraconazole-exposed cells were able
to inhibit fungal growth.
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and reached a maximum level at an exposure concentration of
16 �g/ml. In contrast, the cellular concentration of posacona-
zole was 50-fold higher than the exposure concentration. A
linear relationship was observed between exposure concentra-
tion and intracellular concentration of posaconazole in any
single experiment. Although differences in epithelial cell con-
fluence resulted in absolute interexperiment differences, the
linear correlation was conserved in all experiments. In aggre-

gate, these experiments suggested that an in vitro exposure of
2 �g/ml posaconazole resulted in a cellular concentration of 80
to 90 �g/ml, the level previously reported in alveolar cells
recovered by bronchoalveolar lavage from patients treated
with posaconazole (5). We therefore used this concentration
for all further experiments. To control for the higher serum
levels reported in patients receiving voriconazole, we used a
4-fold-higher exposure level of voriconazole (8 �g/ml) as a
comparator in these experiments.

Epithelial cell- and macrophage-associated posaconazole
inhibits fungal growth. In order to confirm the macroscopic
findings of fungal growth inhibition by posaconazole-exposed
cells and to examine the level at which posaconazole-loaded
cells could inhibit fungal growth, confocal microscopy was per-
formed. To permit visualization of A. fumigatus, we con-
structed a strain of A. fumigatus with constitutive expression of
enhanced green fluorescent protein (Af293-eGFP). Pulmonary
epithelial cells exposed to posaconazole at 2 �g/ml but not
voriconazole at 8 �g/ml inhibited fungal germination and sub-
sequent growth (Fig. 3). To extend these results, we also ex-
amined the ability of cell-associated posaconazole to inhibit
the growth of other medically relevant fungi. Pulmonary epi-
thelial cells exposed to 2 �g/ml of posaconazole for 4 h also
completely inhibited the growth of a clinical isolate of Asper-
gillus niger, Fusarium oxysporum, and Rhizomucor sp. In con-
trast, exposure of epithelial concentrations of voriconazole of 8
�g/ml had no effect on growth of any of these isolates (data not
shown).

To determine if concentration of antifungals within other
cell types could also mediate antifungal effects, RAW 264.7
macrophages were exposed to either posaconazole or vori-
conazole and then infected with A. fumigatus conidia. As
was observed with epithelial cells, macrophages exposed to

FIG. 2. Relationship of exposure concentration to cell-associated
concentrations of azoles. A549 cells were exposed to posaconazole and
voriconazole at the indicated concentrations for 4 h. Free drug was
removed by washing; then the cells were collected and the respective
azole drug concentrations determined using HPLC. Individual assay
results for each exposure concentration are shown graphically, and the
mean drug concentration � standard error of the mean is shown in the
table below. All results are the aggregate of results from at least three
independent experiments.

FIG. 3. Effects of azoles on germination and growth of A. fumigatus. A549 epithelial cells and RAW 264.7 macrophages were exposed to no
drug, 2 �g/ml posaconazole, or 8 �g/ml of voriconazole for 4 h; then the free drug was removed by washing. Drug-loaded cells were then infected
with an eGFP-producing strain of A. fumigatus, and images were taken 6 and 30 h postinfection using confocal microscope. Only posaconazole-
exposed cells were able to inhibit fungal germination and growth.
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voriconazole were unable to inhibit fungal growth while cells
exposed to posaconazole at 2 �g/ml resulted in a marked
inhibition of fungal growth (Fig. 3). These results indicate
that posaconazole concentrates within both phagocytic and
nonphagocytic pulmonary cells to levels sufficient to inhibit
the growth of medically relevant fungi.

Transient exposure to therapeutic levels of cell-associated
posaconazole inhibits the germination and growth of A. fu-
migatus conidia for at least 48 h. To quantify the kinetics of
fungal growth suppression by cell-associated posaconazole, we
performed pharmacokinetic studies to determine the decay
kinetics of cell-associated posaconazole and the threshold con-
centration at which cell-associated posaconazole inhibits the
germination and growth of A. fumigatus conidia. After removal
of extracellular drug, concentrations of cell-associated po-
saconazole exhibited an initial rapid decline in concentration
that was complete by 6 h after drug removal (Fig. 4A). This
decay pattern was similar for all exposure concentrations
tested. Following the rapid decline phase, levels of posacona-
zole within cells remained unchanged for at least 48 h, after
which the cell cultures became overgrown and further mea-
surement of drug concentrations was not possible.

To determine the threshold concentration that mediates in-
hibition of fungal germination and growth, epithelial cell cul-
tures exposed to posaconazole for 4 h were infected at 6-h
intervals after drug removal, and the effects on A. fumigatus
growth inhibition were quantified by measuring galactoman-
nan production (Fig. 4B to D). Galactomannan is produced
only by actively growing hyphae and has been used as a surro-
gate measure of fungal growth in pharmacodynamic assays
(15). Using this experimental approach, we found that even a
brief exposure of A. fumigatus to posaconazole cellular con-

centrations above 80 to 100 �g/ml resulted in a sustained
inhibition of fungal growth for at least 48 h, as indicated by
visual inspection and galactomannan levels (Fig. 4B to D).

To determine if cell-associated posaconazole was fungicidal
under these conditions, we performed time-kill studies com-
paring cell-associated posaconazole with free drug in solution.
Conidia were exposed to cell-associated or free antifungals and
were then recovered from wells by scraping. Conidia were then
washed to remove antifungal agents and incubated in antibi-
otic-free medium. Free posaconazole in solution at concentra-
tions greater than 1 �g/ml resulted in near-complete killing of
A. fumigatus conidia by 24 h of exposure (Fig. 5). In contrast,
when conidia were exposed to cell-associated posaconazole
there was only a minor initial reduction in conidial viability,
and the majority of conidia remained viable up to 48 h after
infection despite the absence of any evident fungal growth
within the wells.

Collectively, these results not only confirm that the clinically
reported steady-state cellular posaconazole concentrations are
associated with inhibition of fungal growth but also suggest
that host cell-associated posaconazole exerts a significant post-
antifungal effect even after cellular concentrations of the azole
have declined below the threshold required to inhibit fungal
growth (Fig. 4B to D).

Epithelial cells exposed to posaconazole not only inhibit
fungal growth but protect against damage caused by A. fumiga-
tus. In order to establish whether cell-associated voriconazole
or posaconazole is able to protect against cell injury caused by
A. fumigatus, we assessed the degree of epithelial cell injury
after infection using a chromium release assay. Epithelial cells
exposed to posaconazole were completely protected from dam-
age by A. fumigatus infection (Fig. 6A). In contrast, voricona-

FIG. 4. Posaconazole kinetics within epithelial cells and the effects on fungal growth inhibition. (A) A549 cells were exposed to posaconazole
for 4 h and then harvested every 6 h after drug removal. The cellular posaconazole concentration at each time point was then determined using
HPLC. The dotted line indicates the threshold concentration above which A. fumigatus growth was inhibited (see panels B to D). (B to D) In
parallel, A549 cells exposed to the indicated concentration of posaconazole, as in panel A, were infected with A. fumigatus conidia at each of the
6-h intervals. Fungal growth was quantified by serial sampling of the culture supernatant for galactomannan determination. The inset indicates the
time between free drug removal and infection of cells with conidia.
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zole failed to reduce epithelial cell injury after infection with A.
fumigatus.

Endocytosis is not required to mediate the inhibition of
fungal growth by cell-associated posaconazole. After adhering
to pulmonary epithelial cells, conidia are endocytosed and
germinate within the intracellular space. Therefore, we next
determined whether endocytosis of conidia is required for in-
hibition of A. fumigatus growth by cell-associated posacona-
zole. Posaconazole-loaded cells were exposed to cytochalasin

D, which inhibits microfilament formation and endocytosis of
conidia by pulmonary epithelial cells (19). Cytochalasin D ac-
tivity was verified by phalloidin staining, and confocal imaging
of microfilaments around endocytosed conidia (data not
shown). As described previously, 70 mM cytochalasin D pre-
vented endocytosis of conidia but had no effect on fungal
growth inhibition by cell-associated posaconazole (Fig. 6B).
These data demonstrate that contact with epithelial cells alone
is sufficient to expose conidia to fungistatic concentrations of

FIG. 5. Time-kill studies of A. fumigatus conidia exposed to free or cell-associated posaconazole. A. fumigatus conidia were incubated with free
posaconazole or A549 cells exposed to posaconazole at the indicated concentrations. At the indicated time intervals, conidia were collected, washed
to remove posaconazole, and then quantitatively cultured in drug-free medium.

FIG. 6. Effects of posaconazole on A. fumigatus induced cell injury and localization of posaconazole within host cells. (A) A549 cells were
loaded with 51Cr and then exposed to the indicated antifungal agents for 4 h before being infected with A. fumigatus conidia. The extent of epithelial
cell damage was determined by measuring the amount of 51Cr released by the infected cells. Data are the mean � standard deviation of results
of three experiments, each performed in triplicate. (B) A549 cells were exposed to various concentrations of posaconazole, with or without
cytochalasin D. These cells were then infected with eGFP-expressing A. fumigatus conidia and visualized after 30 h growth using confocal
microscopy. (C) A549 cells exposed to 8 �g/ml posaconazole for 4 h were separated into membrane and cytosolic fractions by differential
centrifugation. Aliquots of each fraction were assayed using Western blotting to confirm the purity of each sample. An anti-pan-cadherin antibody
was used for the cell membrane fraction, and an anti-enolase antibody was used for the cytosolic fraction. (D) Subcellular fractions from panel C
were then assayed for posaconazole concentrations using HPLC. Posaconazole content was then normalized to total protein concentrations.
Results are the mean concentrations obtained from three separate experiments on three independent occasions.
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posaconazole and that exposure to intracellular posaconazole
is not required to inhibit fungal growth.

Posaconazole is associated predominately with cellular
membranes leading to extremely high local drug concentra-
tions. The inability of cytochalasin D to prevent the antifungal
activity of cell-associated posaconazole combined with po-
saconazole’s lipophilic properties suggests that posaconazole
may be concentrated within the cell plasma membrane, rather
than within the cytoplasm. To test this hypothesis, cell frac-
tionation experiments were performed using posaconazole-ex-
posed cells in order to separate the cytosol from cellular mem-
branes. Western blotting for cytosolic-specific (enolase) or
membrane-specific (cadherin) proteins was performed to con-
firm the purity of each fraction (Fig. 6C). These fractions were
then assayed by HPLC in order to determine the levels of
posaconazole. Using this approach, the concentrations of po-
saconazole were found to be approximately 10-fold greater in
the membrane fraction than in the cytosolic fraction (Fig. 6D).
Collectively, these results suggest that posaconazole is concen-
trated within cellular membranes, leading to very high local
concentrations of drug that are both fungistatic and cytopro-
tective.

DISCUSSION

The results of this study provide the first demonstration of
the ability of host cell-associated antifungal agents to mediate
protection against fungal growth and cellular injury. Of all the
antifungal agents tested, only posaconazole was able to inhibit
fungal growth and mediate significant cytoprotection after re-
moval of the extracellular drug. Complete and durable fungal
inhibition and cellular protection were observed with even
transient exposures of fungi to cellular concentrations of po-
saconazole at or above 80 to 100 �g/ml, the steady-state con-
centration found in pulmonary epithelial cells isolated from
patients treated with posaconazole. Further, this protection
was observed for up to 48 h after the removal of extracellular
drug, suggesting that the threshold for inhibition of fungal
infection can be achieved in patients treated with posacona-
zole. High cellular levels of posaconazole may therefore pro-
vide an explanation for the observation that posaconazole is
highly effective in the prevention of invasive mold infections in
the face of lower serum levels. In addition, the results of our
pharmacokinetic and challenge experiments suggest that a
transient exposure to these levels of posaconazole can result in
longer-term fungal growth inhibition by a postantifungal effect.
Collectively, our results support a model whereby the cell-
associated fraction of posaconazole plays an important role in
the prevention of fungal infections.

The mechanism and location whereby cell-associated po-
saconazole mediates fungal growth suppression and cytopro-
tection remain to be defined. Our fractionation studies suggest
that posaconazole partitions strongly to cellular membrane
compartments. As conidia of Aspergillus are highly hydropho-
bic, one hypothesis is that passive diffusion of posaconazole
can occur between the conidia and the host cell membrane
upon adherence of the organism. Indeed, concentration of
posaconazole within fungal cell membranes could explain the
postantifungal inhibition of fungal growth observed in our in
vitro experiments. Our original hypothesis was that endocytosis

exposed conidia to membrane-bound posaconazole within the
endocytic vesicle. However, since inhibition of endocytosis
does not impair fungal killing, it seems that posaconazole pres-
ent within the plasma membrane is sufficient to mediate inhi-
bition of fungal growth, although continued exposure also
likely continues after endocytosis and during the intracellular
phase of fungal growth.

The findings of extremely high membrane concentrations of
posaconazole in the face of relatively low exposure concentra-
tions strongly suggest that we may need to reassess our ap-
proach to therapeutic drug monitoring for this agent. In par-
ticular, the pharmacokinetics of the membrane compartment
will need to be better defined, as they likely do not mirror the
serum concentration. Although we observed a linear correla-
tion between exposure concentrations and cellular concentra-
tions of posaconazole, this was in a single-dose static system
and these results may vary in the host, where serum concen-
trations vary depending on dosing frequency and absorption. A
similar divergence between serum and cellular concentrations
of an antimicrobial agent has been reported for the macrolide
azithromycin (13). After administration, this weakly basic an-
tibiotic is rapidly taken up into the phagolysosome of cells
where it undergoes protonation. This modification enhances
cellular retention of the drug in the face of low serum levels,
and it is thought to mediate activity against intracellular patho-
gens. It is unknown if posaconazole undergoes similar proto-
nation; however, the results of our studies would suggest that
a similar mechanism of cellular accumulation may be found
with this agent. Studies to define the subcellular membrane
localization of posaconazole are under way.

In experimental models of posaconazole treatment of inva-
sive aspergillosis, recent reports have identified an AUC/MIC
ratio of 167 as being associated with a half-maximal antifungal
effect and near maximal survival at an AUC/MIC of 1,000 (15,
20). The authors estimate that serum AUC/MIC levels for
patients receiving 800 mg of posaconazole per day are �100 to
150 (15). However, the prolonged persistence of high cellular,
and by extension, membrane levels of posaconazole identified
in our study suggests that the AUC/MIC ratio within epithelial
cells may be several hundred-fold higher than that found in
serum and well within the maximally effective range. Persis-
tence of membrane-associated posaconazole may therefore
impart a protective effect after serum levels decline, although
this requires validation in vivo. The persistence of high levels of
cell-associated posaconazole and the prolonged fungistatic ef-
fect observed in vitro also suggest that less-frequent dosing of
posaconazole may be an effective strategy in prophylaxis, al-
though clinical data on such regimens is lacking at this time.

Although the results of our study provide a compelling ra-
tionale for the efficacy of posaconazole in antifungal prophy-
laxis, caution should be exercised in extending our results to
the treatment of established infection. During established in-
vasive aspergillosis, hyphae are found within both the extracel-
lular space as well as the intracellular compartment. Further,
the extensive tissue necrosis observed around fungal lesions
may reduce the exposure of the organism to the plasma mem-
brane of host cells. In this event, serum or extracellular fluid
concentrations of antifungals may be a more important pre-
dictor of antifungal efficacy.

Collectively, the results of this study suggest that cellular

5738 CAMPOLI ET AL. ANTIMICROB. AGENTS CHEMOTHER.



accumulation and membrane partitioning of antifungal agents
may present a novel pharmacokinetic paradigm that influences
the efficacy of these agents in the prevention of fungal infec-
tions. Future studies are required to determine the relative
contribution of this mechanism versus extracellular lung fluid
and serum levels in the protection against fungal disease. A
reinterpretation of serum therapeutic drug monitoring may be
required for agents such as posaconazole or itraconazole that
exhibit pharmacokinetic differences between the serum and
cellular or subcellular compartments, particularly for fungal
prophylactic strategies. Further, measurements of the pharma-
cokinetics of the cellular and membrane compartments may
allow us to refine our dosing strategies to maximize the activity
of antifungals during prophylaxis while minimizing antifungal
exposure.
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