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ABSTRACT Aspergillus fumigatus is the most common opportunistic fungal patho-
gen and causes invasive pulmonary aspergillosis (IPA), with high mortality among
immunosuppressed patients. The fungistatic activity of all-trans retinoic acid (ATRA)
has been recently described in vitro. We evaluated the efficacy of ATRA in vivo and
its potential synergistic interaction with other antifungal drugs. A rat model of IPA
and in vitro experiments were performed to assess the efficacy of ATRA against
Aspergillus in association with classical antifungal drugs and in silico studies used to
clarify its mechanism of action. ATRA (0.5 and 1mM) displayed a strong fungistatic
activity in Aspergillus cultures, while at lower concentrations, synergistically potenti-
ated fungistatic efficacy of subinhibitory concentration of amphotericin B (AmB) and
posaconazole (POS). ATRA also enhanced macrophagic phagocytosis of conidia. In a
rat model of IPA, ATRA reduced mortality similarly to posaconazole. Fungistatic effi-
cacy of ATRA alone and synergistically with other antifungal drugs was documented
in vitro, likely by inhibiting fungal heat shock protein 90 (Hsp90) expression and
Hsp90-related genes. ATRA treatment reduced mortality in a model of IPA in vivo.
Those findings suggest ATRA as a suitable fungistatic agent that can also reduce dos-
age and adverse reactions of classical antifungal drugs and add to the development
of new therapeutic strategies against IPA and systemic fungal infections.

KEYWORDS trans-retinoic acid, Aspergillus, invasive pulmonary aspergillosis, ATRA,
aspergillosis, pneumonia

Invasive fungal infection (IFI) is a critical complication in hematologic and neoplastic
patients, leading to severe morbidity and mortality (1). IFIs are estimated to be re-

sponsible for approximately 1.5 to 2.0 million deaths every year (2). Over the last deca-
des, the incidence of IFIs has increased due to the concurrent growth of immunocom-
promised patients, the broad use of antibiotics and chemotherapies, bone marrow and
organ transplants, and corticosteroids (2). Aspergillus fumigatus is among the most inva-
sive opportunistic pathogens in immunocompromised patients, and the incidence of
Aspergillus-related IFIs is progressively growing (3). The genus Aspergillus includes 4
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subgenera (Aspergillus, Circumdati, Fumigati, and Nidulantes) and 20 sections, includ-
ing 339 recognized species (4). Nevertheless, only a few well-known species (includ-
ing Aspergillus fumigatus and Aspergillus flavus) are considered important opportunis-
tic pathogens in both humans and animals (5). In humans, Aspergillus fumigatus is the
most common and life-threatening airborne opportunistic fungal pathogen, with par-
ticular significance among immunosuppressed hosts (5). Aspergillus fumigatus causes
invasive pulmonary aspergillosis (IPA), which is associated with severe morbidity and
mortality (5). Despite the high IPA-related mortality, the most used three classes of
antifungal drugs (polyenes, azoles, and echinocandins) display limited clinical efficacy
and are often unsuccessful, despite the noteworthy side effects associated with their
long-term use, the critical pharmacokinetic profile, and, lastly, the drug-drug interac-
tions (6). An important challenge for the future is to discover novel drugs that can
also interact with specific fungal targets or modify the existing ones by optimizing
their antifungal action by reducing dosages and consequently side effects.

In the last decades, the role of vitamin A in the regulation of the immune response
has been confirmed by several studies, and its deficiency is associated with increased
susceptibility to severe infectious diseases (7). Vitamin A is a nutrient obtained through
the diet either as provitamin A (carotenoids) or as preformed vitamin A (retinol and ret-
inyl esters), and liver dehydrogenases convert retinol into retinoic acid, its biologically
active metabolite (7). Retinoids are key modulators of cell growth, differentiation, and
apoptosis through their receptor-regulated signaling pathways (8). In particular, reti-
noic acid controls the normal immune system development as a modulator of both
innate and adaptive immune responses (9). We recently documented that the topical
use of the retinoid derivative tazarotene favors rapid healing of fungal nail infections
(10); moreover, all-trans retinoic acid (ATRA) demonstrated fungistatic activity in vitro
(11). Based on this evidence, we sought to evaluate ATRA synergistic interaction with
conventional antifungal drugs such as amphotericin B and posaconazole in in vitro
studies and its therapeutic efficacy in a preclinical model of IPA.

RESULTS
ATRA displays fungistatic activity on Aspergillus fumigatus germination in vitro.

At 0.5 to 1mM concentration, ATRA exerted a strong inhibitory effect on swelling and
germination of Aspergillus conidia in vitro (Fig. 1A and B) as previously reported (11).
After 18 h of treatment with lower ATRA concentrations (0.25 and 0.125mM),
Aspergillus conidia appeared swollen (Fig. 1C and D) and similar to control, but without
the development of short germ tubes typical of control cultures (Fig. 1E). The inhibitory
effect on conidial germination was maintained until 30 h (Fig. 1F and G). At that time,
ATRA at concentrations lower than 0.5mM did not interfere with Aspergillus conidia
germination, although the development of germ tubes appeared delayed (Fig. 1H and
I). Only control Aspergillus cultures (Fig. 1L) displayed elongated hyphal structures. The
fungistatic effect of ATRA was reversible since conidia were able to germinate and to
grow in the hyphal form 7 days after ATRA removal (data not shown).

ATRA exerts a synergistic fungistatic activity with amphotericin B and
posaconazole in vitro. In order to investigate the synergistic fungistatic activity of
ATRA with standard antifungal drugs, we determined a subinhibitory concentration of
amphotericin B (AmB). As shown in Fig. 2A, 3.15mg/ml was the minimal AmB concen-
tration capable of inhibiting Aspergillus conidia germination, while at 1.57mg/ml con-
centration, AmB did not interfere with germination (Fig. 2B), and only a delayed hyphal
growth was observed. Interestingly, the association of low and noneffective doses of
ATRA (0.25 or 0.125mM; Fig. 2C and D) with that subinhibitory dose of AmB (1.57mg/
ml) displayed a synergistic efficacy against Aspergillus conidial swelling and germina-
tion after 24 h (Fig. 2E and F), To confirm the synergism of ATRA in combination with
AmB or posaconazole (POS), currently used as primary therapy against aspergillosis,
antifungal susceptibility tests were also performed in vitro. As shown in Table 1, the
lowest concentration of ATRA that caused prominent growth inhibition (MIC$ 50) of
the fungus was 75mg/ml (0.25mM), while MIC values of AmB and POS were 3.15mg/ml
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and 0.0018mg/ml, respectively. Of note, both the antifungal drugs showed a synergistic
inhibitory effect toward A. fumigatus in combination with a low ineffective dose of
35mg/ml (0.125mM) of ATRA. Notably, this synergistic interaction was more remarkable
with POS. Indeed, the MIC values of AmB and POS combined with ATRA were one dilu-
tion and three dilutions lower, respectively, than the MICs of the drugs alone (MIC of
AmB plus ATRA, 1.5mg/ml [versus MIC of AmB alone, 3.15mg/ml]; MIC of POS plus
ATRA, 0.00022mg/ml [versus MIC of POS alone, 0.0018mg/ml]). These results suggest a
promising interaction in vivo and the therapeutic possibility of reducing classical anti-
fungal drug dosage.

ATRA reduced mortality in a rat model of invasive pulmonary aspergillosis. We
investigated the efficacy of ATRA in a rat model of IPA, also in comparison with the

FIG 1 ATRA inhibits germination of Aspergillus fumigatus conidia. Representative images of the effect
of different ATRA concentrations on Aspergillus fumigatus conidia germination. The conidia
germination was followed using an optical microscope with a �40 magnification objective lens.
Microscopic images were recorded 18 and 30 h after the treatments. One of three representative
experiments is shown. Bars indicate 50mm.
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antifungal drug posaconazole, commonly used in clinical practice against IPA. Thirty
rats were divided into three experimental groups (n=10), including control, ATRA
treated, and posaconazole treated. ATRA dosage and administration protocol (2mg/kg
intraperitoneally), starting 8 days before the infection, were established in a preliminary
study (data not shown). Posaconazole treatment (4mg/kg per os) started concurrently
with the infection (12). As shown in Fig. 3, both drugs impacted IPA progression com-
pared to the control group. In particular, 100% of ATRA-treated rats were alive 6 days
after the infection. During the second week, ATRA and posaconazole displayed a very
similar effect on survival, with 60% of rats alive at the end of the study (P, 0.05 versus
control). Those in vivo findings further supported ATRA efficacy as promising for IPA

FIG 2 Synergic effect of ATRA and amphotericin B on Aspergillus fumigatus conidia germination. (A)
Representative images of the effect of AmB and ATRA alone and in combination on Aspergillus
fumigatus conidia germination, followed using an optical microscope with a �40 magnification
objectives lens. Microscopic images were recorded 30 h after the treatments. One of three
representative experiments is shown. Bars indicate 50mm.

TABLE 1 Activity of ATRA alone and combined with amphotericin B or posaconazole on A.
fumigatus growtha

Substance MIC (mg/ml)
ATRA 75
AmB 3.15
POS 0.0018
ATRA plus AmB 1.57
ATRA plus POS 0.00022
aThe MIC is the lowest concentration of ATRA, AmB, or POS alone or in combination at which a prominent
decrease in turbidity is observed compared with the drug-free control ($50% growth inhibition) after 24 h of
incubation. In the combination antifungal treatments, ATRA was used at a suboptimal dose of 37.5mg/ml.
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therapy.
ATRA enhances macrophage phagocytosis of Aspergillus conidia in vitro.

Macrophages play a major role in controlling Aspergillus infection (13). In the present
study, we also evaluated the capability of ATRA of modulating macrophage phagocytic
activity in vitro. As reported in Fig. 4A, ATRA significantly increased conidia phagocyto-
sis by U-937 human macrophages compared to control (at 5 or 10mM, around 20 and
40%, respectively). Image analysis of macrophage phagocytosis (Fig. 4B) confirmed the
increased phagocytosis and adherent macrophage-conidia complex after ATRA treat-
ment (5 and 10mM). Those data suggested ATRA improves macrophage phagocytosis
that likely contributes to antifungal activity against IPA in vivo.

ATRA inhibits Aspergillus Hsp90 expression and Hsp90-related genes in vitro.
To confirm whether ATRA is an inhibitor of heat shock protein 90 (Hsp90),
Aspergillus conidia were cultured in ATRA-supplemented medium for 24 h.
Immunoblot analysis showed that after 24 and 48 h of ATRA (1mM) treatment,
Hsp90 protein expression was almost suppressed (Fig. 5A and B). In the presence of
the reduced density and growth rate of Aspergillus conidia, quantitative real-time
reverse transcription-PCR (qRT-PCR) documented, in the ATRA-treated group, a
strong decrease (about 70%; P, 0.05) of Hsp90 transcripts compared to untreated
Aspergillus conidia (Fig. 5C). It was previously reported that the expression of the
conidiation-specific genes AbaA and WetA is reduced in the presence of Hsp90 inhib-
itor (14). To confirm that fungistatic activity of ATRA is Hsp90 related, we also quan-
tified the expression of AbaA and WetA; qRT-PCR analysis showed that ATRA-
induced and ATRA-reduced conidia formation associates with the inhibition of
Hsp90 expression and decreased AbaA (about 60%) and WetA (about 60%) tran-
scripts in Aspergillus cultures (Fig. 5D). Similar results were also observed at 62mM
ATRA concentration (data not shown). Hsp90 is also reported to interact with the
catalytic subunit of calcineurin (15), necessary for correct hyphal growth (16). We
investigated ATRA-induced inhibition of the calcineurin pathway and quantified the
expression of CrzA, a major signaling component of the zinc finger transcription fac-
tor. CrzA expression was strongly reduced (about 40%) in the presence of ATRA (Fig.
5D). Those data demonstrated that ATRA is a potent inhibitor of fungal Hsp90
expression and Hsp90-related genes and that its inhibition likely contributes to the
fungistatic activity of ATRA against Aspergillus in vitro.

Heat shock protein 90 ATP-binding site is a target of ATRA. Hsp90 is a chaperone
protein required for the activation and stabilization of a wide variety of client proteins,
many of them involved in crucial cellular pathways (17). In the absence of A. fumigatus
Hsp90 X-ray structure, the crystal structure of Hsp90 from Saccharomyces cerevisiae,
with PDB ID 2CG9 (18), whose sequence shares around 78% of identity and 95% of
query cover with A. fumigatus, has been used as a template to generate the A. fumiga-
tus Hsp90 model structure (Fig. 6A). A structural bioinformatic analysis was performed
to investigate whether Hsp90 may be an ATRA-specific pharmacological target against
Aspergillus growth. The ATRA structure, as observed with the ATP molecule, completely

FIG 3 ATRA and posaconazole show a similar efficacy in a rat model of invasive pulmonary
aspergillosis. Kaplan-Meier analysis of overall survival of 10 rats/group treated with ATRA (2mg/kg
i.p.), posaconazole (4mg/kg per os), or vehicle (control group). Statistical significance of ATRA and
posaconazole treatments versus control group was evaluated by log-rank test analysis; *, P= 0.05.
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filled the Hsp90 ATP-binding site in the N-terminal domain of the Aspergillus fumigatus
model structure (Fig. 6B and C). In particular, the trimethylcyclohexene moiety was
located at the bottom of the ATP-binding site, fully stabilized by hydrophobic contacts
with the residues (Fig. 6B and C) (19), while the carboxyl-terminal group was involved
in hydrogen bonds with residue Arg98 located at the external border of the ATP-bind-
ing site. The interaction energy, evaluated by molecular docking simulation, was
around 28.9 kcal/mol, a value only slightly below that obtained using the same proce-
dure with the ATP molecule (29.7 kcal/mol). These results strongly supported that
ATRA molecule may be considered a competitive inhibitor of the Hsp90 ATP-binding
site, in particular at high concentrations, and further confirm Hsp90 as a target of
ATRA-induced fungistatic activity.

DISCUSSION

Over the last decades, the incidence of IFIs constantly increased. Moreover, the use

FIG 4 Effect of ATRA on macrophage phagocytosis of Aspergillus fumigatus conidia in vitro. (A)
Representative image of bar graph showing an increased phagocytosis of Aspergillus fumigatus
conidia by human macrophage cell line U-937 incubated overnight with DMSO (control) or different
concentrations of ATRA and exposed to unopsonized Aspergillus conidia., Data collected from three
independent experiments and expressed as percentage of control. Student's t test was used to
determine the significance of values in experimental groups and defined as P, 0.05. *, P, 0.05; **,
P, 0.01. (B) Representative image of macrophage phagocytosis also performed in 24-well plates. All
images of the cell culture plates were recorded at the end of the incubation period using an optical
microscope with a �40 magnification objective lens. One of three representative experiments was
shown. Bars indicate 50mm.
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of fungicidal drugs in the treatment of fungal diseases led to the development of resist-
ance burden (20). Here, we documented that ATRA displayed a strong fungistatic activ-
ity in Aspergillus cultures and reduced mortality in a model of IPA in cortisone acetate-
immunosuppressed rats. Our preliminary data also showed that the therapeutic benefit
of ATRA is dose dependent and, most importantly, the outcome comparable to that
obtained with posaconazole, used as the current standard care for the treatment of
IPA. Our in vitro and in vivo findings help to explain some observations previously
reported in the clinical practice. In leukemic patients treated with ATRA and other
drugs, a lower occurrence of overall fungaemic events has been observed (21, 22).
Thus, the low clinical incidence of fungal infections is likely linked to the ability of ATRA
to rapidly differentiate leukemic promyelocytes (23) but, more importantly, to its direct
antifungal and immunomodulatory properties. In this light, we also documented a syn-
ergistic therapeutic activity of suboptimal doses of ATRA combined with the subinhibi-
tory concentration of the antifungal drug amphotericin B against Aspergillus conidia
germination. This promising interaction could provide an important potential advant-
age with the use of ATRA in clinical practice, allowing for reduction of the dosage of
classic antifungal drugs with a greater control of their side effects as well as a potential
better control of the development of fungal drug resistance. However, further experi-
mental in vivo studies are required to establish an optimal therapeutic protocol for the
use of ATRA in association with antifungal drugs against IPA and systemic Aspergillus
infections.

It is well-known that conidial germination represents a crucial step in the pathoge-
nesis and progression of IPA. Alveolar macrophages are the first important line of the
host’s immune defense against Aspergillus conidia. In healthy individuals, lung resident
macrophages are able to rapidly engulf and kill inhaled conidia and are not capable of
internalizing hyphal cells (24). In immunocompromised patients, nonphagocytosed
conidia produce germ tubes that elongate into hyphae in the lung tissue, causing a

FIG 5 ATRA inhibits the heat shock Hsp90 protein and mRNA expression of Aspergillus. Representative blots (A)
and bar graphs (B) of densitometric evaluation of Hsp90 protein expression on Aspergillus conidia treated with
ATRA. Aspergillus conidia were cultured in L15 with 2% FCS at 37°C for 24 h in the presence of 1 mM ATRA. The
average and SEM of triplicate experiments are shown. Significant changes are reported as P, 0.001 (***)
(Student's t test). (C) Hsp90 mRNA expression level assessed by qRT-PCR and normalized to untreated
Aspergillus conidia. (D). CrzA, WetA, and AbaA mRNA levels assessed by qRT-PCR and normalized to untreated
Aspergillus conidia. The expression ratios were normalized to elongation factor 1a expression and were
calculated according to the threshold cycle (DDCT) method. All experiments were performed in triplicate, and
data were presented as the mean 6 SEM. **, P, 0.01; ***, P, 0.001; Student's t test.
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systemic infection for their capacity to invade blood vessels. Here, we demonstrated
that ATRA increases, in a dose-dependent manner, the number of adherent and inter-
nalized resting Aspergillus conidia by macrophages, suggesting its modulatory action
on innate immunity. Our results were in line with previous studies showing that ATRA
is able to enhance macrophage phagocytosis against Candida yeasts and to favor

FIG 6 Heat shock protein 90 is a pharmacological target of ATRA. (A) Structural model of Aspergillus
fumigatus Hsp90 dimeric structure. Magnification of Aspergillus fumigatus ATP-binding site, including
the ATP molecule from the template, colored by atom type (right). (B) Schematic view of the best
molecular docking complexes between Hsp90 Aspergillus fumigatus. ATP (left) and ATRA molecule
(right). The hydrogen bonds have been indicated with green dashed lines between the interaction
partners. The residues composing the active sites that are in proximity of the molecules are shown.
Images have been produced using the LigPlot1 software. (C) Best molecular docking complexes
between Aspergillus fumigatus Hsp90 with ATP (left) and ATRA molecules (right). The a-helices and
loops are shown as light blue spirals and wires, respectively. The molecular surface is shown, and the
ligand molecules, hosted in the Hsp90 ATP-binding site, are depicted by sphere representations.
Panels A and C have been produced using the Chimera program.
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healing of pneumonia by Pneumocystis carinii in an affected patient (23, 25). ATRA, by
suppressing the conidial germination and hyphal growth, could exert a crucial role in
facilitating the conidia uptake and their elimination by phagocytic cells, preventing the
spread of infection as well as host tissue damage caused by hyphal invasion.
Considering the crucial role of macrophages in Aspergillus conidia clearance and that
the phagocytic activity is impaired in severely immunocompromised patients, the
impact of ATRA on phagocytic activity of macrophages is quite relevant. Recent studies
also support the hypothesis that efficacy of vitamin A and ATRA alone or in combina-
tion with other drugs is related to the capacity to stimulate the monocyte-mediated
immune response (26).

Recent works indicate that fungal Hsps are implicated in several processes, including
pathogenicity, phase transition, and antifungal drug resistance (27). The function of
Hsp90 in Aspergillus has been also investigated, and genetic and pharmacologic studies
indicate an important role of Hsps in conidiation and in cell wall stress-compensatory
mechanisms (27). Here, we report a reduced Hsp90 expression in ATRA-treated
Aspergillus conidia cultures. Thus, Hsp90 could represent an important target for inhibi-
ting replication and controlling fungal drug resistance. It was demonstrated that Hsp90
itself is subjected to posttranslational modification in a cell cycle-dependent manner. In
S. cerevisiae, during the S phase of the cell cycle, the tyrosine kinase Swe1 phosphoryl-
ates a residue in the N terminus of Hsp90 that facilitates chaperone interaction with
numerous client proteins (28). A role for Hsp90 in Candida albicans cell cycle progres-
sion has been also established and a molecular link between Hsp90, cell cycle regula-
tion, and morphogenesis defined, identifying Hsp90 as an important player in cell cycle
progression (29). Besides Hsp90, our results showed that ATRA downregulates tran-
scription of other genes, in particular, AbaA and WetA. Their inhibition is reported in
association with decreased conidia formation (30). We documented the downregula-
tion of CrzA expression in ATRA-treated Aspergillus cultures. CrzA is involved in the cal-
cineurin pathway and hyphal growth (31).

In order to better elucidate how ATRA targets the expression of Hsp90, molecular
docking demonstrated that ATRA can fit the Hsp90 ATP-binding site in the N-terminal
domain of the Aspergillus fumigatus model structure. Hsp90 is an ATP-dependent mo-
lecular chaperone which is essential in eukaryotes. Hsp90 is required for the activation
and stabilization of a wide variety of client proteins, and many of them are involved in
important cellular pathways (32). Structurally, Hsp90 is a flexible dimeric protein com-
posed of three different domains which adopt structurally distinct conformations. ATP
binding triggers directionality in these conformational changes and leads to a more
compact state. Posttranslational modifications of Hsp90, such as phosphorylation and
acetylation, may provide another level of its regulation. Phosphorylation and acetyla-
tion influence the conformational cycle, cochaperone interaction, and interdomain
communications (33). Targeting Hsp90 to reduce stress response compensatory path-
ways with fungal-specific inhibitors of ATRA may represent an attractive novel antifun-
gal strategy (34).

In conclusion, we documented the efficacy of ATRA in a rat model of IPA and its syn-
ergistic capacity to improve the efficacy of antifungal agents in vitro. ATRA, for its direct
fungistatic action targeting the expression of fungal Hsp90, combined with
its immunoadjuvant effect against opportunistic fungi, may represent a promising
novel candidate in the armamentarium of systemic therapeutic strategies for the treat-
ment and/or prophylaxis of IPA and IFIs, either alone or in association with conven-
tional antifungal drugs.

MATERIALS ANDMETHODS
Microorganism and fungal cultures and treatments. The Aspergillus fumigatus strain obtained

from a clinical isolate, according to routine hospital laboratory procedures, was grown on Sabouraud
dextrose agar (SDA) (Difco, Detroit, MI) supplemented with chloramphenicol. Resting conidia were
obtained from the SDA-grown fungal culture as previously described (11). For in vitro studies, ATRA (cata-
log no. R2625; Sigma-Aldrich, Milan, Italy) and amphotericin B (Fungizone) (Sigma-Aldrich, Milan, Italy)
were tested in the range of 1 to 0.06mM (300 to 37.5mg/ml) and in the range of 50 to 0.09mg/ml,
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respectively. To investigate the potential synergistic interaction between ATRA and AMB on the conidial
germination, resting conidia were plated at the density of 1� 105 in 96-well microplate in RPMI 1640
with 10% fetal calf serum (FCS; Euroclone, Milan, Italy), supplemented with penicillin (100 U/ml) and
streptomycin (100mg/ml) and treated with different concentrations of ATRA or AmB, alone or in combi-
nation. In the combined treatment, ATRA was given 30min before amphotericin B. Fungal cultures were
maintained at 37°C and monitored during the first 30 h after the treatments.

Evaluation of fungistatic activity. Aspergillus fumigatus development was followed using an optical
microscope (Carl Zeiss, UK) with a �40 magnification objectives lens. Aspergillus conidia vitality was eval-
uated microscopically by the trypan blue dye exclusion method.

In vitro antifungal susceptibility testing. The synergistic antifungal activity of ATRA in combination
with the antifungals AmB or POS (Sigma-Aldrich) against Aspergillus fumigatus was also assessed using
the broth microdilution method as described in M38-A2, a document produced by the Clinical and
Laboratory Standards Institute (35). RPMI 1640 2% glucose with L-glutamine (Sigma-Aldrich, St. Louis,
MO, USA) buffered to pH 7.0 was used as fungal culture medium. A. fumigatus strain was grown on
Sabouraud dextrose agar (Difco Laboratories, Detroit, MI, USA) supplemented with chloramphenicol.
Resting conidia were harvested by washing the slant cultures with sterile saline as previously described
(11). Aspergillus inoculum was set to 0.4� 104 to 0.5� 105 CFU/ml, standardized spectrophotometrically.
We added 100ml of this suspension to 96-well flat-bottom plates. Twofold serial dilutions of ATRA (from
150 mg/ml to 37.5 mg/ml), AmB (from 50 mg/ml to 0.09 mg/ml), and POS (4 mg/ml to 0.00005 mg/ml)
were prepared in RPMI 1640 medium. Aspergillus conidia were treated with 100ml of each antifungal
drug either alone or in combination with ATRA. Positive (100ml of RPMI medium with 100ml of conidia)
and negative controls (200ml of RPMI containing ATRA alone or in association with the antifungals with-
out conidia) were included in all experiments. The plates were incubated with agitation at 30°C for 24 h.
The MIC was determined spectrophotometrically at 510 nm with an enzyme-linked immunosorbent assay
(ELISA) reader. For each compound, the MIC was defined as the lowest drug concentration that produced
a significant inhibition (MIC$ 50) of fungal growth compared with the drug-free control. The MICs were
tested in three independent experiments carried out in triplicate.

Animals, fungal infection, and treatment. Sprague-Dawley rats (Envigo, Huntingdon, UK) were
immunosuppressed by cortisone 21-acetate (catalog no. C3130; Sigma-Aldrich, St. Louis, USA) treatment
subcutaneously administered at 150mg/kg body weight 7 days before the day of infection; immunosup-
pression was maintained with 80mg/kg of cortisone 21-acetate for 3 days a week until the end of the
experiment. As the immunosuppression treatment started and throughout the study, rats received a
low-protein (8%) diet, as well as drinking water containing tetracycline hydrochloride antibiotic (260mg/
liter; catalog no. T3383; Sigma-Aldrich), supplied ad libitum. Rats were then infected with 5� 105

Aspergillus conidia in 0.1ml of saline solution by oropharyngeal aspiration. For treatment, ATRA (Sigma-
Aldrich) was resuspended in 100% dimethyl sulfoxide (DMSO) at 50mg/ml and stored at 220°C in the
dark. Before using, ATRA was diluted in peanut oil (catalog no. P2144; Sigma-Aldrich) in order to obtain a
2-mg/kg/2ml suspension ready for in vivo administration. The posaconazole oral suspension was
obtained by diluting the clinical drug Noxafil in water at a concentration of 4mg/10ml (Merck Sharp &
Dohme, Kenilworth, NJ, USA). Posaconazole treatment started concurrently with the infection (day 0),
and it was administered for 5 days a week until the end of the study. As a negative control, the vehicle
was prepared by adding 2% DMSO in peanut oil and 5% glucose to water. In the prophylaxis schedule
optimization experiment, three groups of rats (n=10) were treated with ATRA by intraperitoneal (i.p.)
injection for 7 days before infection (day 0) and then for 5 days a week up to the end of the study.

The mortality rate was recorded daily until the end of the studies. All animal procedures were carried
out in accordance with the standards established by the Animal Ethical Committee of Takis.

Phagocytosis assay. For phagocytosis assay (36), human macrophages U-937 (1� 106 cells/ml) were
incubated overnight in 6-ml polypropylene tubes in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Milan, Italy) supplemented with 2% (vol/vol) FCS, 2mM L-glutamine, 100 IU/ml penicillin, and 100mg/ml
of streptomycin with vehicle (DMSO) or different ATRA concentrations (1, 5, and 10mM). After overnight
incubation, the cells were incubated for an additional 1 h at 37°C with unopsonized resting Aspergillus
conidia at an effector-to-fungal cells ratio of 1:10 before being evaluated for internalization and visual-
ized by light microscopy. Phagocytic cells were separated from nonphagocytosed A. fumigatus by centrif-
ugation on a fetal serum gradient. A 0.1-ml sample of the harvested phagocytic cells was used for cyto-
spin preparation. After Diff-Quik staining, fungal cell internalization was expressed according to the
following formula: percentage of internalization = number of cells containing one or more fungal cells/
100 cells counted. In parallel, macrophage phagocytosis was also performed in 24-well plates for a real-
time analysis of phagocytosis by microscopy. U-937 macrophages cultured at 1� 106 cells/ml were
treated overnight with ATRA and incubated for an additional 1 h at 37°C with Aspergillus conidia as
described above.

Western blot analysis. For Western blot analysis, after extraction, 20mg of total proteins was blotted
onto nitrocellulose membranes and incubated with rabbit anti-Hsp90 (1:1,000; Cell Signaling
Technologies, Danvers, MA, USA) and rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(1:20,000; Gentex, Zeeland, MI, USA), followed by incubation with horseradish peroxidase (HRP)-conju-
gated anti-rabbit IgG (1:2,500; Santa Cruz Biotechnology, Dallas, TX, USA). Revelation and densitometric
blots were performed in three different experiments.

RNA extraction and real-time reverse transcription-PCR. A sample of frozen biomass was placed
into a 2-ml extraction tube containing beads and disrupted using TissueLyser. RNA was isolated using
TRI reagent (Sigma-Aldrich) according to the manufacturer’s instructions. To verify the general purity of
the RNA, a NanoDrop instrument was used. One microgram of total RNA was reverse transcribed by a
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QuantiTect reverse transcription kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions.
qRT-PCR analyses were performed using 20 ng cDNA per well in triplicate with the SYBR Green master
mix (Applied Biosystems, Foster City, CA USA) (37, 38) according to the manufacturer’s instructions.
Reactions were run on 7900HT system (Applied Biosystems).

Heat shock protein 90 simulation methods. Protein-ligand molecular docking has been used to
evaluate binding mode and energy between A. fumigatus Hsp90, ATRA [2E,4E,6E,8E)-3,7-dimethyl-9-
(2,6,6-trimethylcyclohexen-1-yl) nona-2,4,6,8-tetraenoic acid] and ATP, its natural cofactor. The docking
simulations have been executed using the AutoDock Vina 1.1.2 program through the AutoDock Vina
PyMOL plugin (https://www3.mpibpc.mpg.de/groups/de_groot/dseelig/adplugin.html) (PyMOL molecu-
lar graphics system version 1.5.0.4; Schrödinger, LLC) (39). The ATRA and ATP structural files (sdf files)
have been obtained from the PubChem compound database (https://pubchem.ncbi.nlm.nih.gov) and
have been converted into mol2 files and filled with hydrogens using the Open Babel program (https://
openbabel.org). The crystal structure of Hsp90 from S. cerevisiae has been used as a template to generate
the A. fumigatus Hsp90 model structure. The model has been generated using the SWISS-MODEL protein
modeling tool (https://www.swissmodel.expasy.org) (40). After a structural check, the model has been
used as a receptor for the molecular docking simulations of ATP and ATRA in the ATP-binding site.
Thirteen side chains (Leu34, Asn37, Lys44, Asp79, Ile82, Met84, Asp88, Lys102, Gln103, Phe124, Val136,
Thr171, and Ile173) belonging to the Hsp90 ATP-binding site have been considered rotatable to improve
the conformational search during the docking simulations.

Statistical analysis. For in vitro experiments, statistical analysis was performed using an unpaired
two-tailed t test between control and experimental groups. For in vivo studies, survival curves were
determined by the Kaplan-Meier method, and the log-rank test was used to conduct comparisons
between the groups. Test of statistical significance was two-sided; a value of P, 0.05 was considered to
be statistically significant.

ACKNOWLEDGMENTS
We thank Mariachiara Minerva and Daniela Stoppoloni for their technical assistance.
We declare no conflicts of interest.

REFERENCES
1. Brown GD, Denning DW, Levitz SM. 2012. Tackling human fungal infec-

tions. Science 336:647. https://doi.org/10.1126/science.1222236.
2. Roemer T, Krysan DJ. 2014. Antifungal drug development: challenges,

unmet clinical needs, and new approaches. Cold Spring Harb Perspect
Med 4:a019703. https://doi.org/10.1101/cshperspect.a019703.

3. Pfaller MA, Diekema DJ. 2010. Epidemiology of invasive mycoses in North
America. Crit Rev Microbiol 36:1–53. https://doi.org/10.3109/104084109032
41444.

4. Samson RA, Visagie CM, Houbraken J, Hong S-B, Hubka V, Klaassen CHW,
Perrone G, Seifert KA, Susca A, Tanney JB, Varga J, Kocsubé S, Szigeti G,
Yaguchi T, Frisvad JC. 2014. Phylogeny, identification and nomenclature
of the genus Aspergillus. Stud Mycol 78:141–173. https://doi.org/10.1016/
j.simyco.2014.07.004.

5. Kwon-Chung KJ, Sugui JA. 2013. Aspergillus fumigatus–what makes the
species a ubiquitous human fungal pathogen? PLoS Pathog 9:e1003743.
https://doi.org/10.1371/journal.ppat.1003743.

6. Cornely OA, Böhme A, Buchheidt D, Einsele H, Heinz WJ, Karthaus M,
Krause SW, Krüger W, Maschmeyer G, Penack O, Ritter J, Ruhnke M,
Sandherr M, Sieniawski M, Vehreschild J-J, Wolf H-H, Ullmann AJ. 2009. Pri-
mary prophylaxis of invasive fungal infections in patients with hemato-
logic malignancies. Recommendations of the Infectious Diseases Working
Party of the German Society for Haematology and Oncology. Haemato-
logica 94:113–122. https://doi.org/10.3324/haematol.11665.

7. Clagett-Dame M, Knutson D. 2011. Vitamin A in reproduction and devel-
opment. Nutrients 3:385–428. https://doi.org/10.3390/nu3040385.

8. Doldo E, Costanza G, Ferlosio A, Pompeo E, Agostinelli S, Bellezza G,
Mazzaglia D, Giunta A, Sidoni A, Orlandi A. 2015. High expression of cel-
lular retinol binding protein-1 in lung adenocarcinoma is associated
with poor prognosis. Genes Cancer 6:490–502. https://doi.org/10
.18632/genesandcancer.89.

9. Hall JA, Grainger JR, Spencer SP, Belkaid Y. 2011. The role of retinoic acid
in tolerance and immunity. Immunity 35:13–22. https://doi.org/10.1016/j
.immuni.2011.07.002.

10. Campione E, Paternò EJ, Costanza G, Diluvio L, Carboni I, Marino D, Favalli
C, Chimenti S, Bianchi L, Orlandi A. 2015. Tazarotene as alternative topical
treatment for onychomycosis. Drug Des Devel Ther 9:879–886. https://doi
.org/10.2147/DDDT.S69946.

11. Campione E, Gaziano R, Marino D, Orlandi A. 2016. Fungistatic activity of
all-trans retinoic acid against Aspergillus fumigatus and Candida albicans.
Drug Des Devel Ther 10:1551–1555. https://doi.org/10.2147/DDDT.S93985.

12. Marra E, Sousa VL, Gaziano R, Pacello ML, Arseni B, Aurisicchio L, De Santis
R, Salvatori G. 2014. Efficacy of PTX3 and posaconazole combination in a
rat model of invasive pulmonary aspergillosis. Antimicrob Agents Chemo-
ther 58:6284–6286. https://doi.org/10.1128/AAC.03038-14.

13. Schaffner A, Douglas H, Braude A. 1982. Selective protection against coni-
dia by mononuclear and against mycelia by polymorphonuclear phago-
cytes in resistance to Aspergillus: observations on these two lines of
defense in vivo and in vitro with human and mouse phagocytes. J Clin
Invest 69:617–631. https://doi.org/10.1172/jci110489.

14. Seo YH, Kim S-S, Shin K-S. 2015. In vitro antifungal activity and mode of
action of 2’,4’-dihydroxychalcone against Aspergillus fumigatus. Mycobi-
ology 43:150–156. https://doi.org/10.5941/MYCO.2015.43.2.150.

15. Onyewu C, Wormley FL, Perfect JR, Heitman J. 2004. The calcineurin tar-
get, Crz1, functions in azole tolerance but is not required for virulence of
Candida albicans. Infect Immun 72:7330–7333. https://doi.org/10.1128/IAI
.72.12.7330-7333.2004.

16. Juvvadi PR, Fortwendel JR, Pinchai N, Perfect BZ, Heitman J, Steinbach WJ.
2008. Calcineurin localizes to the hyphal septum in Aspergillus fumigatus:
implications for septum formation and conidiophore development.
Eukaryot Cell 7:1606–1610. https://doi.org/10.1128/EC.00200-08.

17. Biebl MM, Buchner J. 2019. Structure, function, and regulation of the
Hsp90 machinery. Cold Spring Harb Perspect Biol 11:a034017. https://doi
.org/10.1101/cshperspect.a034017.

18. Ali MMU, Roe SM, Vaughan CK, Meyer P, Panaretou B, Piper PW,
Prodromou C, Pearl LH. 2006. Crystal structure of an Hsp90-nucleotide-
p23/Sba1 closed chaperone complex. Nature 440:1013–1017. https://doi
.org/10.1038/nature04716.

19. Laskowski RA, Swindells MB. 2011. LigPlot1: multiple ligand-protein inter-
action diagrams for drug discovery. J Chem Inf Model 51:2778–2786.
https://doi.org/10.1021/ci200227u.

20. Fracchiolla NS, Sciumè M, Orofino N, Guidotti F, Grancini A, Cavalca F,
Freyrie A, Goldaniga MC, Consonni D, Mattiello V, Pettine L, Cortelezzi A.
2019. Epidemiology and treatment approaches in management of inva-
sive fungal infections in hematological malignancies: results from a sin-
gle-centre study. PLoS One 14:e0216715. https://doi.org/10.1371/journal
.pone.0216715.

21. Pagano L, Stamouli M, Tumbarello M, Verga L, Candoni A, Cattaneo C,
Nadali G, Mitra ME, Mancini V, Nosari A, Garzia MG, Delia M, Storti S,
Spadea A, Caramatti C, Perriello V, Sanna M, Vacca A, De Paolis MR,
Potenza L, Salutari P, Castagnola C, Fanci R, Chierichini A, Melillo L, Picardi

All-trans Retinoic Acid in Aspergillosis Antimicrobial Agents and Chemotherapy

March 2021 Volume 65 Issue 3 e01874-20 aac.asm.org 11

https://www3.mpibpc.mpg.de/groups/de_groot/dseelig/adplugin.html
https://pubchem.ncbi.nlm.nih.gov
https://openbabel.org
https://openbabel.org
https://www.swissmodel.expasy.org
https://doi.org/10.1126/science.1222236
https://doi.org/10.1101/cshperspect.a019703
https://doi.org/10.3109/104084109032<?A3B2 re 3,j?>41444
https://doi.org/10.3109/104084109032<?A3B2 re 3,j?>41444
https://doi.org/10.1016/j.simyco.2014.07.004
https://doi.org/10.1016/j.simyco.2014.07.004
https://doi.org/10.1371/journal.ppat.1003743
https://doi.org/10.3324/haematol.11665
https://doi.org/10.3390/nu3040385
https://doi.org/10.18632/genesandcancer.89
https://doi.org/10.18632/genesandcancer.89
https://doi.org/10.1016/j.immuni.2011.07.002
https://doi.org/10.1016/j.immuni.2011.07.002
https://doi.org/10.2147/DDDT.S69946
https://doi.org/10.2147/DDDT.S69946
https://doi.org/10.2147/DDDT.S93985
https://doi.org/10.1128/AAC.03038-14
https://doi.org/10.1172/jci110489
https://doi.org/10.5941/MYCO.2015.43.2.150
https://doi.org/10.1128/IAI.72.12.7330-7333.2004
https://doi.org/10.1128/IAI.72.12.7330-7333.2004
https://doi.org/10.1128/EC.00200-08
https://doi.org/10.1101/cshperspect.a034017
https://doi.org/10.1101/cshperspect.a034017
https://doi.org/10.1038/nature04716
https://doi.org/10.1038/nature04716
https://doi.org/10.1021/ci200227u
https://doi.org/10.1371/journal.pone.0216715
https://doi.org/10.1371/journal.pone.0216715
https://aac.asm.org


M, Facchini L, Martino B, Di Blasi R, Cesarini M, Offidani M, Vianelli N, Caira
M, Lessi F, Ferrari A, Venditti A, Pavone V, Lo-Coco F, Aversa F, Busca A,
Sorveglianza Epidemiologica Infezioni Fungine in Emopatie Maligne
Group. 2015. Risk of invasive fungal infection in patients affected by acute
promyelocytic leukaemia. A report by the SEIFEM-D registry. Br J Haema-
tol 170:434–439. https://doi.org/10.1111/bjh.13308.

22. Lei G-S, Zhang C, Shao S, Jung H-W, Durant PJ, Lee C-H. 2013. All-trans ret-
inoic acid in combination with primaquine clears pneumocystis infection.
PLoS One 8:e53479. https://doi.org/10.1371/journal.pone.0053479.

23. Lo-Coco F, Avvisati G, Vignetti M, Thiede C, Orlando SM, Iacobelli S,
Ferrara F, Fazi P, Cicconi L, Di Bona E, Specchia G, Sica S, Divona M, Levis
A, Fiedler W, Cerqui E, Breccia M, Fioritoni G, Salih HR, Cazzola M, Melillo L,
Carella AM, Brandts CH, Morra E, von Lilienfeld-Toal M, Hertenstein B,
Wattad M, Lübbert M, Hänel M, Schmitz N, Link H, Kropp MG, Rambaldi A,
La Nasa G, Luppi M, Ciceri F, Finizio O, Venditti A, Fabbiano F, Döhner K,
Sauer M, Ganser A, Amadori S, Mandelli F, Döhner H, Ehninger G, Schlenk
RF, Platzbecker U, Gruppo Italiano Malattie Ematologiche dell’Adulto, Ger-
man-Austrian Acute Myeloid Leukemia Study Group, Study Alliance Leu-
kemia. 2013. Retinoic acid and arsenic trioxide for acute promyelocytic
leukemia. N Engl J Med 369:111–121. https://doi.org/10.1056/
NEJMoa1300874.

24. Shoham S, Levitz SM. 2005. The immune response to fungal infections. Br J
Haematol 129:569–582. https://doi.org/10.1111/j.1365-2141.2005.05397.x.

25. Klassert TE, Hanisch A, Bräuer J, Klaile E, Heyl KA, Mansour MK, Mansour
MM, Tam JM, Vyas JM, Slevogt H. 2014. Modulatory role of vitamin A on
the Candida albicans-induced immune response in human monocytes.
Med Microbiol Immunol 203:415–424. https://doi.org/10.1007/s00430
-014-0351-4.

26. Girmenia C, Lo Coco F, Breccia M, Latagliata R, Spadea A, D'Andrea M,
Gentile G, Micozzi A, Alimena G, Martino P, Mandelli F. 2003. Infectious
complications in patients with acute promyelocytic leukaemia treated
with the AIDA regimen. Leukemia 17:925–930. https://doi.org/10.1038/sj
.leu.2402899.

27. Lamoth F, Juvvadi PR, Fortwendel JR, Steinbach WJ. 2012. Heat shock pro-
tein 90 is required for conidiation and cell wall integrity in Aspergillus fumi-
gatus. Eukaryot Cell 11:1324–1332. https://doi.org/10.1128/EC.00032-12.

28. Mollapour M, Tsutsumi S, Donnelly AC, Beebe K, Tokita MJ, Lee M-J, Lee S,
Morra G, Bourboulia D, Scroggins BT, Colombo G, Blagg BS, Panaretou B,
Stetler-Stevenson WG, Trepel JB, Piper PW, Prodromou C, Pearl LH,
Neckers L. 2010. Swe1Wee1-dependent tyrosine phosphorylation of Hsp90
regulates distinct facets of chaperone function. Mol Cell 37:333–343. https://
doi.org/10.1016/j.molcel.2010.01.005.

29. Senn H, Shapiro RS, Cowen LE. 2012. Cdc28 provides a molecular link
between Hsp90, morphogenesis, and cell cycle progression in Candida

albicans. Mol Biol Cell 23:268–283. https://doi.org/10.1091/mbc.E11-08
-0729.

30. Tao L, Yu J-H. 2011. AbaA and WetA govern distinct stages of Aspergillus
fumigatus development. Microbiology (Reading) 157:313–326. https://doi
.org/10.1099/mic.0.044271-0.

31. Juvvadi PR, Lamoth F, Steinbach WJ. 2014. Calcineurin-mediated regula-
tion of hyphal growth, septation, and virulence in Aspergillus fumigatus.
Mycopathologia 178:341–348. https://doi.org/10.1007/s11046-014-9794-9.

32. Gaziano R, Campione E, Iacovelli F, Marino D, Pica F, Di Francesco P,
Aquaro S, Menichini F, Falconi M, Bianchi L. 2018. Antifungal activity of
Cardiospermum halicacabum L. (Sapindaceae) against Trichophyton
rubrum occurs through molecular interaction with fungal Hsp90. Drug
Des Devel Ther 12:2185–2193. https://doi.org/10.2147/DDDT.S155610.

33. Li J, Buchner J. 2013. Structure, function and regulation of the hsp90 ma-
chinery. Biomed J 36:106–117. https://doi.org/10.4103/2319-4170.113230.

34. Cowen LE, Lindquist S. 2005. Hsp90 potentiates the rapid evolution of
new traits: drug resistance in diverse fungi. Science 309:2185–2189.
https://doi.org/10.1126/science.1118370.

35. Rex JH, Ghannoum MA, Alexander BD, Knapp CC, Andes D, Motyl MR,
Arthington-Skaggs B, Ostrosky-Zeichner L, Brown SD, Pfaller M, Sheehan
DJ, Walsh TJ. 2008. Reference method for broth dilution antifungal sus-
ceptibility testing of filamentous fungi. Approved standard. CLSI M38-A2.
Clinical and Laboratory Standards Institute, Wayne, PA.

36. Bozza S, Gaziano R, Spreca A, Bacci A, Montagnoli C, di Francesco P,
Romani L. 2002. Dendritic cells transport conidia and hyphae of Aspergil-
lus fumigatus from the airways to the draining lymph nodes and initiate
disparate Th responses to the fungus. J Immunol 168:1362–1371. https://
doi.org/10.4049/jimmunol.168.3.1362.

37. Orlandi A, Francesconi A, Cocchia D, Corsini A, Spagnoli LG. 2001. Pheno-
typic heterogeneity influences apoptotic susceptibility to retinoic acid
and cis-platinum of rat arterial smooth muscle cells in vitro: implications
for the evolution of experimental intimal thickening. Arterioscler Thromb
Vasc Biol 21:1118–1123. https://doi.org/10.1161/hq0701.092144.

38. Orlandi A, Ciucci A, Ferlosio A, Genta R, Spagnoli LG, Gabbiani G. 2006.
Cardiac myxoma cells exhibit embryonic endocardial stem cell features. J
Pathol 209:231–239. https://doi.org/10.1002/path.1959.

39. Seeliger D, de Groot BL. 2010. Ligand docking and binding site analysis
with PyMOL and Autodock/Vina. J Comput Aided Mol Des 24:417–422.
https://doi.org/10.1007/s10822-010-9352-6.

40. Biasini M, Bienert S, Waterhouse A, Arnold K, Studer G, Schmidt T, Kiefer F,
Gallo Cassarino T, Bertoni M, Bordoli L, Schwede T. 2014. SWISS-MODEL:
modelling protein tertiary and quaternary structure using evolutionary in-
formation. Nucleic Acids Res 42:W252–258. https://doi.org/10.1093/nar/
gku340.

Campione et al. Antimicrobial Agents and Chemotherapy

March 2021 Volume 65 Issue 3 e01874-20 aac.asm.org 12

https://doi.org/10.1111/bjh.13308
https://doi.org/10.1371/journal.pone.0053479
https://doi.org/10.1056/NEJMoa1300874
https://doi.org/10.1056/NEJMoa1300874
https://doi.org/10.1111/j.1365-2141.2005.05397.x
https://doi.org/10.1007/s00430-014-0351-4
https://doi.org/10.1007/s00430-014-0351-4
https://doi.org/10.1038/sj.leu.2402899
https://doi.org/10.1038/sj.leu.2402899
https://doi.org/10.1128/EC.00032-12
https://doi.org/10.1016/j.molcel.2010.01.005
https://doi.org/10.1016/j.molcel.2010.01.005
https://doi.org/10.1091/mbc.E11-08-0729
https://doi.org/10.1091/mbc.E11-08-0729
https://doi.org/10.1099/mic.0.044271-0
https://doi.org/10.1099/mic.0.044271-0
https://doi.org/10.1007/s11046-014-9794-9
https://doi.org/10.2147/DDDT.S155610
https://doi.org/10.4103/2319-4170.113230
https://doi.org/10.1126/science.1118370
https://doi.org/10.4049/jimmunol.168.3.1362
https://doi.org/10.4049/jimmunol.168.3.1362
https://doi.org/10.1161/hq0701.092144
https://doi.org/10.1002/path.1959
https://doi.org/10.1007/s10822-010-9352-6
https://doi.org/10.1093/nar/gku340
https://doi.org/10.1093/nar/gku340
https://aac.asm.org

	RESULTS
	ATRA displays fungistatic activity on Aspergillus fumigatus germination in vitro.
	ATRA exerts a synergistic fungistatic activity with amphotericin B and posaconazole in vitro.
	ATRA reduced mortality in a rat model of invasive pulmonary aspergillosis.
	ATRA enhances macrophage phagocytosis of Aspergillus conidia in vitro.
	ATRA inhibits Aspergillus Hsp90 expression and Hsp90-related genes in vitro.
	Heat shock protein 90 ATP-binding site is a target of ATRA.

	DISCUSSION
	MATERIALS AND METHODS
	Microorganism and fungal cultures and treatments.
	Evaluation of fungistatic activity.
	In vitro antifungal susceptibility testing.
	Animals, fungal infection, and treatment.
	Phagocytosis assay.
	Western blot analysis.
	RNA extraction and real-time reverse transcription-PCR.
	Heat shock protein 90 simulation methods.
	Statistical analysis.

	ACKNOWLEDGMENTS
	REFERENCES

