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Invasive aspergillosis is a deadly infection for which new antifungal therapies are needed. Heat shock protein
90 (Hsp90) is an essential chaperone in Aspergillus fumigatus representing an attractive antifungal target.
Using a thiamine-repressible promoter (pthiA), we showed that genetic repression of Hsp90 significantly
reduced virulence in a murine model of invasive aspergillosis. Moreover, substituting the A. fumigatus hsp90
promoter with 2 artificial promoters (potef, pthiA) and the Candida albicans hsp90 promoter resulted in hyper-
sensitivity to caspofungin and abolition of the paradoxical effect (resistance at high caspofungin concentra-
tions). By inducing truncations in the hsp90 promoter, we identified a 100–base pair proximal sequence that
triggers a significant increase of hsp90 expression (≥1.5-fold) and is essential for the paradoxical effect. Pre-
venting this increase of hsp90 expression was sufficient to abolish the paradoxical effect and therefore optimize
the antifungal activity of caspofungin.
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Invasive aspergillosis, caused by the ubiquitous mold
Aspergillus fumigatus, is a frequent and life-threatening
infection in immunosuppressed patients [1, 2]. Because
of its high mortality rate and the limited number of
therapeutic options, new antifungal strategies are
needed. Heat shock protein 90 (Hsp90) has generated
interest as a target for new antifungal therapies [3–5].
Hsp90 is an essential molecular chaperone in eukaryotes,
controlling a large network of client proteins [6, 7]. The
Hsp90 inhibitor geldanamycin and its derivatives 17-
dimethylaminoethylamino-17-demethoxygeldanamycin
and 17-allylamino-17-demethoxygeldanamycin dem-
onstrated in vitro antifungal activity and a potentiating

effect on both azole and echinocandin antifungals
against Candida albicans [4, 5, 8]. Genetic repression of
Hsp90 was achieved in a murine model of invasive can-
didiasis via a tetracycline-repressible promoter (tetO)
and resulted in complete clearance of the infection [9].
The effect of both azoles and echinocandins was en-
hanced in vivo by loss of the native C. albicans hsp90
promoter, suggesting that Hsp90 is involved in a stress
response to these drugs [5, 8]. Hsp90 inhibitors only
had poor antifungal activity against A. fumigatus, but
they enhanced the activity of the echinocandin drug
caspofungin in vitro and in an invertebrate model of in-
vasive aspergillosis [5, 10, 11]. We have recently shown
that genetic repression of A. fumigatus Hsp90 by a ni-
trogen-dependent promoter (pniiA) resulted in an in
vitro growth and conidiation defect [10], Decreased
1,3-β-D-glucan content of the cell wall and increased
susceptibility to caspofungin, with abolition of the par-
adoxical effect of this drug were also observed after
Hsp90 repression [10].

The echinocandin antifungals (caspofungin, anidu-
lafungin, and micafungin) target the fungal cell wall by
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inhibiting the synthesis of one of its major components, 1,3-β-
D-glucan. The paradoxical effect refers to the attenuation of
echinocandin antifungal activity at elevated concentrations
[12]. This well-described in vitro phenomenon is drug specific
and is not consistently present among fungal species (eg, in A.
fumigatus, only caspofungin displays a paradoxical effect) [12,
13]. An increase in the chitin content of the cell wall after cas-
pofungin exposure has been involved in this compensatory re-
sponse [13, 14]. Calcineurin, a client protein of Hsp90, was
shown to be an important trigger of the paradoxical effect,
whereas the protein kinase C and the high-osmolarity glycerol
pathways have also been implicated in yeasts [13–17]. Although
the clinical significance of the paradoxical effect is unclear, de-
creased efficacy of caspofungin at elevated doses was demon-
strated in a murine model of invasive aspergillosis [18].

In this study, we investigated the potential of targeting
Hsp90 as a new antifungal strategy against A. fumigatus.
Through genetic modifications of the hsp90 promoter, we as-
sessed the effect of Hsp90 repression on A. fumigatus virulence
and the impact of compromising Hsp90-mediated stress re-
sponses under specific stress conditions, such as caspofungin
treatment.

METHODS

Strains and Growth Conditions
Various strains were generated by genetic substitutions and
truncations of the hsp90 promoter of A. fumigatus. To accom-
plish this, a vector was generated from the pBluescript II SK(−)
plasmid containing the hygromycin resistance cassette [19] and
flanking regions of the 1.1-kb noncoding sequence, corre-
sponding to the putative site of the hsp90 promoter (Figure 1A
and Supplementary Figure 1). Other promoters were then
cloned upstream of the start codon of hsp90 to replace the
native hsp90 promoter of A. fumigatus. The promoter of the
thiA gene (Afu6g08360; www.aspergillusgenome.org) was used
for repressible expression of hsp90 in the pthiA-Hsp90 strain
(Figure 1B). This gene is involved in thiamine biosynthesis and
is transcriptionally repressed by thiamine [20]. The otef pro-
moter from the pUCGH plasmid [21] was used for constitutive-
ly active expression of hsp90 in the potef-Hsp90 strain
(Figure 1C). The hsp90 promoter of C. albicans (ie, the 0.3-kb
noncoding sequence located between the hsp90 gene of C. albi-
cans and the next upstream encoding sequence) was used to
generate the pCa-Hsp90 strain (Figure 1D). Truncations of the
native A. fumigatus hsp90 promoter were obtained by cloning
the 1.1-kb noncoding sequence located upstream of hsp90, ex-
cluding (1) the last 100 base pairs (bp; Δp100-Hsp90); (2) the
first 50 bp of this 100-bp sequence, conserving the last 50 bp
(Δp50a-Hsp90); (3) the last 50 bp (Δp50b-Hsp90); and (4) the
entire promoter region, conserving only the last 100-bp (p100-
Hsp90; Figure 1E ).

Primers used in this study are listed in Supplementary
Table 1. Escherichia coli DH5α competent cells (New England
Biolabs) were used for cloning as previously described [10]. All
genetic constructs were verified by sequencing (Eton Bioscienc-
es) for correct integration and absence of mutations. Transfor-
mations were performed in the A. fumigatus akuBKU80 strain,
possessing an increased rate of homologous recombination
compared with the wild-type strain AF293 [22], as described
elsewhere [19, 23]. Homologous recombination of the genetic
constructs in the akuBKU80 strain was verified by polymerase
chain reaction (PCR) (Figure 1).

For phenotypic testing, 104 conidia of each strain were inoc-
ulated on glucose minimal medium (GMM) agar plates [23].
Growth was assessed after 5 days of incubation under basal
conditions (37°C in the absence of any drug) and various stress
conditions, including heat shock (55°C) and exposure to anti-
fungals (caspofungin, voriconazole, FK506, amphotericin B,
and nikkomycin Z). The paradoxical effect of caspofungin was
defined as a substantial increase of fungal growth between cas-
pofungin concentrations of 1 and 4 µg/mL, according to the
radial diameter of the colony.

Gene Expression by Real-Time Reverse-Transcription PCR
Expression of hsp90 was assessed in selected strains in the
absence of any drug and in the presence of caspofungin at dif-
ferent concentrations. Each strain was grown at a concentration
of 106 conidia per milliliter in GMM broth at 37°C for 20
hours in the absence of any drug, and then for 4 hours in the
presence of caspofungin at concentrations of 0, 1, and 4 µg/mL.
RNA extraction, complementary DNA synthesis and real-time
reverse-transcription PCR (RT-PCR) assay were performed as
described elsewhere [13]. The 2−ΔΔCt analytic method [24],
normalized to β-tubulin, was used to calculate expression
changes. Results were expressed as the mean (± SD) of tripli-
cate assays. Statistical significance was defined at P < .05 (un-
paired t test).

Murine Inhalational Model of Invasive Aspergillosis
Virulence of the pthiA-Hsp90 and akuBKU80 strains was com-
pared in 20 male mice (CD1; Charles River Laboratories) in
each group. Mice were immunosuppressed with cyclophospha-
mide (Cytoxan; Bristol-Myers Squibb; 150 mg/kg body weight
given intraperitoneally 2 days before and 3 days after infection)
and triamcilonone acetonide (Kenalog-40; Bristol-Myers
Squibb; 40 mg/kg given subcutaneously 1 day before and 6 days
after infection). Infection was induced by exposure to a 40-mL
aerosolized suspension of 109 conidia per milliliter for each
strain for 30 minutes in a Hinners inhalational chamber, as de-
scribed elsewhere [19, 25].

Mice were housed under sterile conditions and evaluated
daily for mortality. Survival was plotted on a Kaplan-Meier
curve, using the log-rank test for pairwise comparison.
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Histopathological examination of the lungs was performed in 1
mouse from each group, euthanized 7 days after infection.
Lungs were embedded in 10% neutral buffered formalin and
subsequently sectioned and stained with Gomori methenamine

silver and hematoxylin-eosin to assess histological signs of in-
fection. The animal model and experiments were conducted in
accordance with the Animal Care and Use Program of the
Duke University Medical Center.

Figure 1. Schematic representation of the genomic locus of hsp90 and its promoter in the different strains used in this study. A, akuBKU80 strain. In the
wild-type strain, hsp90 is separated from the next upstream gene (black box) by a 1.6-kb noncoding (intergenic) sequence. The putative promoter of hsp90
(phsp90) was defined as the 1.1-kb sequence located upstream of hsp90. A 0.5-kb sequence was conserved for the terminator elements of the upstream
gene. B, pthiA-Hsp90 strain; hsp90 is placed under the control of the 1-kb thiA promoter ( pthiA) after removal of the putative hsp90 promoter. hph, hygrom-
ycin B resistance cassette (used as selection marker). Polymerase chain reaction (PCR) analysis shows the difference in size between the pthiA-Hsp90
strain on the left (5.3 kb) and the Aspergillus fumigatus wild-type strain on the right (4 kb). C, potef-Hsp90 strain. hsp90 is under the control of the 0.9-kb
constitutively active otef promoter (potef ). PCR shows the difference in size between the potef-Hsp90 strain on the left (5.3 kb) and the A. fumigatus wild-
type strain on the right (4 kb). D, pCa-Hsp90 strain. The hsp90 promoter is substituted by the 0.3-kb promoter of Candida albicans hsp90 ( pCa). PCR shows
the presence of a 1.8-kb fragment corresponding to the amplification of a segment including the C. albicans promoter and a proximal sequence of hsp90
(left) that is absent in the wild-type strain (right). E, phsp90 truncations. The approximately 1.1-kb noncoding sequence located upstream of hsp90 and cor-
responding to the putative hsp90 promoter (phsp90) is cloned between the hygromycin resistance cassette (hph) and hsp90 with truncations of the last
100 base pairs (bp) preceding the start codon of hsp90 (Δp100-Hsp90), the first and the last 50 bp of this 100-bp sequence (Δp50a-Hsp90 and Δp50b-
Hsp90, respectively), and the first 1000 bp, conserving the last 100-bp sequence (p100-Hsp90). Parts of the hsp90 promoter that have been removed are
represented as dashed bars, and conserved parts as plain white bars. PCR, performed with 1 primer within the deleted sequence for each strain, confirmed
the absence of these sequences in the transformants (left), compared with the amplification present in the wild-type strain (right). The 100-bp sequence
immediately preceding the start codon of hsp90 ( p100) is shown at the bottom (chromosomal coordinates 1 108 302–1 108 401 on chromosome 5), with pu-
tative calcineurin-dependent response elements underlined.
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RESULTS

Hsp90 Repression and A. fumigatus Virulence
We previously achieved genetic repression of Hsp90 in A. fumi-
gatus via a nitrogen-dependent promoter (pniiA) [10]. Because
ammonium is required to repress Hsp90, this strain was not
suitable for virulence studies in a murine model of invasive as-
pergillosis. To assess the effect of genetically repressing Hsp90
in vivo, we generated a strain in which the native hsp90 promoter
was substituted by the thiA promoter (pthiA-Hsp90; Figure 1B),
which is repressed in the presence of thiamine [20]. The Asper-
gillus oryzae thiA promoter was successfully used in A. oryzae
and Aspergillus nidulans, achieving near-complete genetic re-
pression in vitro at thiamine concentrations between 10 nmol/
L and 10 µmol/L [20, 26]. In the present study, we tested for the
first time the ability of the A. fumigatus thiA promoter to

achieve repression of an essential gene in A. fumigatus. Because
thiamine is present in the blood of mice at variable concen-
trations (100–500 nmol/L) [27, 28], we hypothesized that
this genetic model of repression would be suitable for in vivo
application.

Under standard in vitro growth conditions (GMM agar
without thiamine), the pthiA-Hsp90 strain did not exhibit any
growth defect compared with the control akuBKU80 strain
(Figure 2A). The addition of thiamine in the growth medium
(3 nmol/L) resulted in a complete lack of growth, indicating ef-
fective Hsp90 repression (Figure 2A). Owing to this severe
growth defect, we were not able to analyze the expression of
hsp90 in the presence of thiamine. However, RT-PCR analysis
in the absence of thiamine revealed that hsp90 expression was
9.8-fold (±1.4) lower in the pthiA-Hsp90 strain compared with
the akuBKU80 strain (P < .001; Figure 2B).

Figure 2. Genetic repression of Hsp90 in the pthiA-Hsp90 strain. A, hsp90 under the control of the thiA promoter (pthiA-Hsp90 strain) is repressed by
the addition of thiamine to the growth medium, which results in the complete lack of growth of the pthiA-Hsp90 strain at a thiamine concentration of 3
nmol/L. In comparison, the growth of the wild-type strain (akuBKU80), in which hsp90 is under the control of its native promoter, is unaltered by the pres-
ence of thiamine. Photographs were taken after 5 days of growth at 37°C. B, Real-time reverse-transcription polymerase chain reaction shows an approxi-
mately 10-fold decrease of basal hsp90 expression in the pthiA-Hsp90 strain compared with the akuBKU80 strain. Each strain was grown for 24 hours in
glucose minimal medium in the absence of thiamine. C, In a murine inhalational model of invasive aspergillosis, the survival rate in mice infected by the
pthiA-Hsp90 strain (red line) was significantly higher than that in mice infected by the akuBKU80 strain (black line) (100% vs 20%, respectively; P < .0001).
D, Histopathological examination of the lungs of infected mice at day 7 after infection shows extensive hyphal proliferation and inflammation for the
akuBKU80 strain but not the pthiA-Hsp90 strain with hematoxylin-eosin (top row) and Gomori methenamine silver (bottom row) staining.
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The virulence of the pthiA-Hsp90 strain was investigated in
our inhalational model of invasive aspergillosis. Because very
low thiamine concentrations (below the basal thiamine blood
level in mice) were sufficient to achieve Hsp90 repression, we
did not deliver supplemental thiamine to the mice. At 14 days
after infection, survival among mice infected with the pthiA-
Hsp90 strain was significantly greater than among those infect-
ed with the control strain (100% vs 20%, respectively, P < .0001;
Figure 2C). Extensive hyphal proliferation and inflammation
was observed in lung sections of the mice infected with the
akuBKU80 strain, whereas only minor inflammatory signs and
no obvious hyphae were observed in mice infected with the
pthiA-Hsp90 strain (Figure 2D). We thus demonstrated the im-
portant role of Hsp90 in A. fumigatus virulence, as has been
shown in C. albicans [5, 9].

Loss of the Native Promoter of hsp90 and Resulting
Hypersensitivity to Caspofungin and Abolition of the
Paradoxical Effect
In our previous work, we highlighted the role of Hsp90 in com-
pensatory mechanisms in response to cell wall stress [10]. In
the current study, we assessed the effect of more targeted inhi-
bition of Hsp90 by compromising Hsp90-mediated stress re-
sponses. Various strains with substitutions of the A. fumigatus
hsp90 promoter by other promoters were generated (Figure 1).
These strains did not exhibit any growth defect under basal
conditions despite various degrees of conidiation defects, as
shown by the whitish appearance of the colonies compared
with the wild-type strain (Figure 3A). As expected, heat stress
induced a significant growth defect in all strains (Figure 3A),
confirming the role of Hsp90 in heat stress tolerance. We ob-
served an increased susceptibility to caspofungin, with aboli-
tion of this drug’s paradoxical effect, along with a moderate
increase in susceptibility to voriconazole (Figure 3A); the
effects of amphotericin B, nikkomycin Z, and FK506, however,
remained unaltered (data not shown).

RT-PCR analyses under basal growth conditions revealed a
decrease in hsp90 expression in the potef-Hsp90 and pCa-
Hsp90 strains as observed in the pthiA-Hsp90 strain (fold
decreased compared with the akuBKU80 strain, 7.5 ± 0.3 and
6.9 ± 0.7, respectively; P < .001). Thus, substitution of the native
hsp90 promoter of A. fumigatus by other promoters, including
a constitutively active promoter or an hsp90 promoter from
another pathogenic fungus, resulted in a decrease in hsp90 ex-
pression in all cases with similar phenotypes, with hypersensi-
tivity to caspofungin and loss of the paradoxical effect the most
relevant traits.

Proximal 100-bp Region of the hsp90 Promoter in Regulation of
the Paradoxical Response to Caspofungin
To investigate whether Hsp90 regulates the paradoxical re-
sponse to caspofungin at the transcriptional level, we generated

4 strains with various truncations in the hsp90 promoter
(Figure 1E). Deletion of the 100-bp sequence preceding the
start codon of hsp90 (hereafter referred as p100; Figure 1E) was
sufficient to induce hypersensitivity to caspofungin and the
complete abolition of the paradoxical effect (Figure 3B), but ex-
posure to other stress conditions, such as heat stress and vorico-
nazole, did not result in a substantial growth defect compared
with the control strain (Figure 3B).

We further dissected this promoter region by truncating the
first and the last 50 bp of p100 (Δp50a-Hsp90 and Δp50b-
Hsp90, respectively; Figure 1E ). Only the Δp50b-Hsp90 strain
exhibited increased susceptibility to caspofungin (Figure 3B).
However, the paradoxical response was present in both strains
(Figure 3B), indicating that the key regulatory elements of cas-
pofungin resistance are contained in both the proximal and
distal portions of p100, although the proximal region may be
predominant in this response. To confirm these results, we
then deleted the entire hsp90 promoter except the proximal
100-bp region (p100-Hsp90) and found that the paradoxical
effect was conserved, as was the response to other stress condi-
tions (Figure 3B). We thus have identified a critical region on
the hsp90 promoter that seems essential for the resistance to
caspofungin and the paradoxical effect but not for other
Hsp90-mediated stress responses.

Increased Expression of hsp90 as Requirement for the
Paradoxical Response to Caspofungin
Expression analysis of hsp90 was performed to further charac-
terize the role of p100 in controlling the paradoxical effect of
caspofungin. We first measured hsp90 expression in the
akuBKU80 strain and found a significant increase in hsp90 tran-
script levels after exposure to caspofungin at concentrations of
1 and 4 μg/mL, compared with the untreated condition (fold
increase, 2.04 ± 0.06 and 2.34 ± 0.46-fold, respectively; P < .01;
Figure 4A). We then assessed this caspofungin-induced increase
of hsp90 expression in the Δp100-Hsp90 and p100-Hsp90
strains, as well as in the pCa-Hsp90 strain for comparison with
the C. albicans hsp90 promoter that was not able to generate a
paradoxical response in A. fumigatus.

Both the Δp100-Hsp90 and p100-Hsp90 strains exhibited a
significant decrease in the basal level of hsp90 expression com-
pared with the akuBKU80 strain (fold decrease, 3.94 ± 1.25 and
2.95 ± 0.26, respectively; P < .01) but were able to increase hsp90
transcript levels in the presence of caspofungin (Figure 4A).
However, only the p100-Hsp90 strain showed a substantial in-
crease of hsp90 expression at caspofungin concentrations
ranging from 1 to 4 μg/mL, corresponding to the paradoxical
effect.

Although the C. albicans promoter of hsp90 was able to
respond to the caspofungin stress, hsp90 expression was consid-
erably reduced in this strain and remained below the basal level
of the akuBKU80 strain (Figure 4A). Compared with the basal
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expression level of hsp90 in the wild-type strain, only the
akuBKU80 strain itself and the p100-Hsp90 strain capable of a
paradoxical response demonstrated a significant increase in
hsp90 expression at a caspofungin concentration of 4 μg/mL
(fold increase, 2.34 ± 0.46 and 1.54 ± 0.15, respectively; P < .01;
Figure 4A). These data indicate that an increase in hsp90 ex-
pression by approximately 1.5-fold is required and sufficient
to regulate the paradoxical growth at higher concentrations of
caspofungin.

Because calcineurin is a client protein of Hsp90 and was
shown to have a role in the paradoxical response to caspofungin
[3, 13], we also quantified the expression of the calcineurin A
subunit gene (cnaA) under caspofungin exposure. Despite a
slight decrease of the basal cnaA expression level in our mutant
strains (1.5–2-fold decrease; P≤ .01), all strains were able to
produce a significant increase in cnaA expression in response
to caspofungin that did not correlate with the presence or
absence of the paradoxical effect (Figure 4B). Thus, the

Figure 3. Effect of various stress conditions after genetic substitutions or truncations of the hsp90 promoter of Aspergillus fumigatus. A, Resistance to
caspofungin at high concentrations (>1 μg/mL), known as the paradoxical effect, is observed in the akuBKU80 strain. Substitutions of the native hsp90 pro-
moter of A. fumigatus by the thiA promoter ( pthiA-Hsp90), the constitutively active otef promoter ( potef-Hsp90) and the hsp90 promoter of Candida albi-
cans ( pCa-Hsp90) result in hypersensitivity to caspofungin and loss of the paradoxical growth at high concentrations. Impaired adaptation to the stress
induced by heat shock (55°C) and voriconazole is also observed. B, Truncation of the 100–base pair (bp) sequence (p100) preceding the start codon of
hsp90 (Δp100-Hsp90 strain) induces hypersensitivity to caspofungin and abolition of the paradoxical effect. Removal of only the first 50 bp of p100
(Δp50a-Hsp90) does not alter the susceptibility to caspofungin or the paradoxical effect. Although removal of the last 50 bp (Δp50b-Hsp90) is sufficient to
increase the susceptibility to caspofungin, the paradoxical growth at higher concentrations is still present. The paradoxical effect was also present when
the hsp90 promoter was limited to p100 (p100-Hsp90 strain), which highlights the essential role of this part of the hsp90 promoter in caspofungin resis-
tance. The effect of heat stress and voriconazole stress on these strains is shown in the last column. Compensatory responses to these stress conditions
were conserved in all strains, as shown by the absence of growth defect compared with the akuBKU80 strain, suggesting that p100 does not have an essen-
tial role in hsp90-mediated stress responses other than the caspofungin stress. Parts of the hsp90 promoter that have been removed are represented as
dashed bars, and the conserved parts as plain white bars. Photographs were taken after 5 days of growth at 37°C. The antifungal activity of voriconazole
was tested against the akuBKU80 strain for concentrations ranging from 0.1 to 1 μg/mL, and the concentration of 0.2 μg/mL was chosen for photographs.
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increased hsp90 expression was a major determinant to gener-
ate this compensatory response to caspofungin, independent of
cnaA expression levels.

To further investigate the link between Hsp90 and calcineur-
in in the paradoxical effect, we looked for the presence of calci-
neurin-dependent response elements (CDREs) in p100, which
is suggestive of a transcriptional regulation by the calcineurin-
responsive zinc finger transcription factor crzA [29–31], and we
identified 2 putative CDRE regions in p100 (Figure 1E).

DISCUSSION

In the pursuit of novel antifungal therapies, intracellular pro-
teins involved in signaling pathways and stress compensatory
mechanisms, such as calcineurin and Hsp90, represent attrac-
tive targets [32]. The fact that hsp90 is an essential gene in

eukaryotes is widely recognized. Among fungi, attempts and
failures of hsp90 gene deletion have been reported in the yeast
Saccharomyces cerevisiae [33] and in the molds Neurospora
crassa and A. fumigatus [10, 34]. Our previous model of Hsp90
repression via the pniiA promoter (repressed by ammonium)
resulted in a moderate growth defect under repression condi-
tions [10]. The thiA promoter was used here for the first time
for genetic repression in A. fumigatus and demonstrated better
efficiency in achieving near-complete repression of an essential
gene, as shown by the complete lack of growth of the pthiA-
Hsp90 strain under thiamine exposure. Even in the absence of
thiamine, this strain exhibited a 10-fold repression of hsp90 ex-
pression, but in vitro growth was not affected, which suggests
that hsp90 is expressed at much higher level than required for
basal growth. Hsp90 repression was achieved in vivo for the
first time in A. fumigatus, in our murine model of invasive

Figure 4. Correlation between hsp90 transcript levels and the CSP paradoxical effect. Real-time reverse-transcription polymerase chain reaction (PCR)
analysis was performed on selected strains after conidia were grown for 20 hours in liquid glucose minimal medium (GMM) in the absence of any drug,
with addition of caspofungin at a concentration of 0, 1, or 4 μg/mL for an additional 4-hour incubation. Results are presented as mean fold change
(2−ΔΔCt; ± SD) compared with the untreated condition of the control strain (akuBKU80), with P values determined by unpaired t test. A, Expression of hsp90
significantly increases along with the escalation of caspofungin concentrations in the control akuBKU80 strain. Although all the other strains exhibit various
degrees of decreased basal expression of hsp90, the ability to induce hsp90 expression in response to the stress induced by caspofungin is conserved.
However, only the p100-Hsp90 strain, capable of a paradoxical response, shows a significant increase in hsp90 expression at a high concentration of cas-
pofungin (4 μg/mL), compared with the basal expression of the control strain (akuBKU80 strain, untreated). At this concentration, the expression of hsp90 in
the other strains that do not exhibit the paradoxical effect (Δp100-Hsp90 and pCa-Hsp90) does not exceed the basal expression level of the akuBKU80

strain. B, Increased caspofungin concentrations induce expression of the calcineurin A subunit gene (cnaA) in the akuBKU80 strain, as was observed for
hsp90. Although the basal level of expression of cnaA is slightly decreased in the other strains harboring various modifications of the hsp90 promoter, the
ability to respond to the stress induced by caspofungin with a significant increase in cnaA expression is conserved and cnaA transcript levels do not corre-
late with the presence or absence of the paradoxical effect.
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aspergillosis, significantly decreasing virulence and confirming
that Hsp90 represents an attractive target for novel antifungal
therapies.

Antifungal strategies targeting Hsp90 by competitive inhibitors
have been hampered for 2 main reasons. First, although it is an
essential gene, effective inhibition of Hsp90 is difficult to achieve
because of its very high level of basal expression, as demonstrated
in this study. Second, its highly conserved structure among eu-
karyotes prevents the easy development of drugs that are fungus
specific and thus nontoxic for humans. Indeed, geldanamycin
and its derivatives 17-allylamino-17-demethoxygeldanamycin
and 17-dimethylaminoethylamino-17-demethoxygeldanamycin
have poor antifungal activity as monotherapy against A. fumiga-
tus, and their synergistic effect with caspofungin is obtained at
concentrations above their toxic threshold [5, 10, 11].

For these reasons, we focused on a different approach, target-
ing the hsp90 promoter to alter Hsp90 function in specific com-
pensatory pathways. Our findings show that compromising the
ability of Hsp90 to sense and respond to various stress condi-
tions may represent an alternative strategy to inhibiting the
protein itself. Preventing the relatively modest increase of
Hsp90 to 1.5-fold its basal expression was sufficient to potenti-
ate the effect of caspofungin within its therapeutic range of con-
centrations and completely abolish the paradoxical response.
This effect was attributed to a 100-bp proximal sequence of the
promoter (p100) that was essential for the compensatory re-
sponse to caspofungin but not for basal growth and adaptation
to other stress conditions.

Further analyses to identify the transcription factors binding
to p100 may reveal new antifungal targets rather than Hsp90
itself. The p100 sequence is unique to A. fumigatus and has no
homology in C. albicans. The paradoxical effect was not con-
served after substitution of the A. fumigatus hsp90 promoter by
that of C. albicans, which was not able to boost hsp90 expres-
sion above the threshold required for this response. Whether
Hsp90 repression abolishes the paradoxical effect of caspofun-
gin in C. albicans is unknown. Compromising Hsp90 function
resulted in different effects on antifungal resistance among
fungi. For instance, the role of Hsp90 in azole resistance that
was described in C. albicans [4, 5, 35] was not obvious in our
work on A. fumigatus [10]. We also did not find an additive
effect of Hsp90 inhibition on amphotericin B, as was reported
for Aspergillus terreus [36].

Mechanisms of drug resistance in fungi are multiple and
remain largely unknown. The paradoxical effect of caspofungin
is an example of such complex mechanisms. Although Hsp90
seems essential in this response, other signaling proteins and
pathways have been involved [13, 16, 17], and the role of the
innate immune system in regulating caspofungin activity in a
dose-dependent manner has also been highlighted recently
[37]. The identification of 2 CDREs in p100 further supports
the link between Hsp90 and calcineurin in this response via the

crzA transcription factor. The paradoxical effect was also lacking
in our crzA deletion strain [13], and CDRE sites were identified
in the promoter sequences of the chitin synthases, whose activi-
ty is increased in a calcineurin-dependent manner on exposure
to caspofungin [13]. In our current study, hsp90 expression
level was the decisive trigger of the paradoxical effect, indepen-
dent of cnaA transcript levels. However, results of RT-PCR
analyses do not reflect the interactions between these 2 proteins
at the posttranscriptional level.

Caspofungin is increasingly used as a second-line therapy of
invasive aspergillosis and has the advantage of an excellent
safety profile. Resistance has been rarely documented in A. fu-
migatus clinical isolates [38]. The limited efficacy of this drug
against A. fumigatus seems to be mainly due to an inherent
mode of resistance consisting of cell wall repair mechanisms, as
illustrated by the paradoxical effect. Growing evidence indicates
that caspofungin may require an adjuvant drug to counteract
these compensatory responses and achieve an optimal thera-
peutic efficacy [32]. In our current study, we demonstrated the
key role of Hsp90 in fine-tuning this response via a short regu-
latory element located upstream of the gene. Whereas fungus-
specific inhibition of such an essential and conserved protein as
Hsp90 may be difficult to achieve, preventing the increase of
Hsp90 above a defined threshold is sufficient to optimize the
activity of caspofungin. Further investigating the mechanistic
processes of Hsp90 in the maintenance of the cell wall integrity
may improve our understanding of the mechanisms of antifun-
gal resistance and help identify new antifungal targets.
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