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Due to the limited number of antifungals and the emergence of resistance, new therapies against invasive aspergillosis are
needed. We show that calcineurin inhibitors are active in vitro against both azole- and echinocandin-resistant Aspergillus fu-
migatus strains. The heat shock protein 90 (Hsp90) inhibitor geldanamycin had modest activity when used alone, but its combi-
nation with caspofungin or tacrolimus (FK506) resulted in fungicidal activity against azole-resistant strains. Targeting the
Hsp90-calcineurin axis is a promising alternative strategy against azole-resistant A. fumigatus strains.

Invasive aspergillosis (IA) is one of the most frequent infectious
causes of death in immunocompromised patients. The triazole
voriconazole is the first-line antifungal agent against IA (1), but
azole resistance in Aspergillus fumigatus has emerged over the last
decade, with a prevalence as high as 5 to 13% in some countries
(2-4). The most common azole resistance mechanism consists of
mutations in the cyp51A gene involved in ergosterol biosynthesis
(4), with increasing evidence to support its association with treat-
ment failure (2, 3). The echinocandins are an optional second-line
therapy for IA (5). Echinocandin resistance has been well docu-
mented in clinical isolates of Candida albicans and results mainly
from mutations in two specific regions of the fksI gene encoding
B-1,3-glucan synthesis (6), but it has been rarely documented in
A. fumigatus (7, 8). Laboratory strains of A. fumigatus with re-
duced susceptibility to echinocandins have been generated by
point mutations of the Af-fksI gene (9, 10), suggesting that the
same mechanism of resistance may develop in A. fumigatus.
Targeting intracellular signaling pathways involved in stress
response represents a novel strategy to counteract the growing
problem of antifungal resistance (11). Our recent work demon-
strated the key role of calcineurin (12-15) and that of heat shock
protein 90 (Hsp90) (16) in the cell wall integrity of A. fumigatus.
The calcineurin inhibitors cyclosporine (CsA) and tacrolimus
(FK506) have in vitro antifungal activity and a positive interaction
with the echinocandin caspofungin against A. fumigatus (17, 18).
Similar effects were recently reported for the Hsp90 inhibitor
geldanamycin (16). In this study, we investigated the role of cal-
cineurin or Hsp90 inhibition as an alternative antifungal strategy
against A. fumigatus azole- and echinocandin-resistant strains.
In vitro antifungal activity of three triazoles, caspofungin,
FK506, and geldanamycin, was assessed for each drugalone and in
combinations against the wild-type AF293 strain and various A.
fumigatus clinical or laboratory isolates with multi-azole or pan-
echinocandin resistance. Multi-azole-resistant clinical isolates
were obtained from the Regional Mycology Laboratory of Man-
chester (RMLM) (a gift from David Denning) (2), with all harbor-
ing various defined mutations of the cyp51A gene with resistance
to triazoles according to the Clinical and Laboratory Standards
Institute (CLSI) and the European Committee on Antibiotic Sus-
ceptibility Testing (EUCAST) epidemiological cutoff values (=1
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pg/ml for voriconazole and itraconazole and =0.25 pg/ml for
posaconazole) (19, 20). A laboratory-generated pan-echinocan-
din-resistant strain harboring the S678P substitution in FksIp
(EMFR-S678P) (a gift from David Perlin) was also tested (10).

Antifungal susceptibility testing was performed according to
CLSI standards (21), and checkerboard dilutions were used for
drug combinations. Antifungal activity was assessed visually and
classified as follows: no activity, morphological abnormalities
(hyphal blunting and impaired branching) with less than 25%
growth reduction, 25 to 50% growth reduction, 50 to 75% growth
reduction, 75 to 90% growth reduction, and >90% growth reduc-
tion. The minimal effective concentration (MEC) was defined as
the lowest concentration of the drug producing morphological
abnormalities and a substantial reduction of hyphal growth (22),
and the MIC was defined as the lowest concentration achieving
near-complete (>90%) growth inhibition. Antifungal checker-
board interactions were assessed by the fractional inhibitory con-
centration index (FICI), which is the sum of the individual frac-
tional inhibitory concentrations (FIC) of each drug (MEC or MIC
of the drug in combination divided by the MEC or MIC of the
drug alone) and classified as synergistic (=0.5), indifferent (>0.5
to 4), or antagonistic (>4) (23). In the visual absence of growth, a
fraction of the liquid medium containing 100 conidia (defined on
the basis of the original inoculum) was plated on glucose minimal
medium (GMM) agar and incubated at 37°C for 72 h, with viabil-
ity expressed as the percentage of growing colonies and fungicidal
activity defined as =97% killing of the inoculum (<3% growing
colonies). Growth on solid medium was also assessed after inoc-
ulation of 5,000 conidia on MOPS (morpholinepropanesulfonic
acid)-buffered RPMI 1640 agar plates containing a defined dose of
each drug.
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TABLE 1 Antifungal susceptibility testing of caspofungin, FK506, geldanamycin, and three triazoles against the wild-type AF293 and various

clinical and laboratory A. fumigatus resistant strains

b c
Strain [amino acid substitution]® MIC (pg/ml) MEC (p.g/ml)
(reference) 1TZ vVCZzZ POS CSP FK506 GDA
AF293 [wild type] 0.25 0.25 0.25 0.5 0.016 4
akuB<V®° (24)7 0.25 0.25 0.25 0.5 0.032 4
F16134 [M220K] (2) >8 4 >8 0.5 0.016 4
F6919 [M220K] (2) >8 2 2 1 0.016 4
F14532 [M220T] (2) >8 1 0.5 1 0.032 4
F14946 [G138C] (2) >8 >8 >8 0.5 0.064 5
F12760 [G138C] (2) >8 0.125 8 1 0.032 5
F7075 [G54E] (2) >8 1 >8 1 0.032 5
F12636 [G54E] (2) >8 0.125 1 1 0.016 4
F14403 [G54R] (2) >8 0.5 >8 0.5 0.016 4
F16216 [L98H+TR] (2) >8 8 2 1 0.016 4
F12776 [Y431C] (2) >8 4 1 1 0.1 5
F13747 [G434C] (2) >8 4 1 1 0.032 5
V044-58 [unknown] >8 4 0.5 1 0.032 5
EMFR-S678P [S678P] (10) 0.25 0.25 0.25 >16 0.032 5

“ The amino acid substitution refers to the gene cyp51A for azole-resistant strains and the gene fksIp for the echinocandin-resistant strain.
b MICs are as reported from the Regional Mycology Laboratory Manchester (RMLM) (2) except for the MICs of AF293, akuBXV*°, and EMFR-S678P (this study). ITZ,

itraconazole; VCZ, voriconazole; POS, posaconazole.

¢ MEC values as assessed in this study (means of triplicates). Of note, the cutoff for the MIC (>90% growth inhibition) was not reached for caspofungin, FK506, and geldanamycin.

CSP, caspofungin; GDA, geldanamycin.
@ akuBRV®* is the reference (genetic background) strain for EMFR-S678P.

Results of antifungal susceptibility testing for caspofungin,
FK506, geldanamycin, and three triazoles are shown in Table 1.
The MECs for caspofungin were within one dilution among the
azole-resistant strains and the wild-type AF293 strain (0.5 to 1
pg/ml). At these concentrations, a growth reduction of about 25
to 75% was observed, while higher concentrations did not result in
improved activity. FK506 showed antifungal activity with an MEC

of 0.016 pg/ml for AF293 and similar values (0.016 to 0.032 g/
ml) for most azole-resistant strains and the echinocandin-resis-
tant strain. At these concentrations, hyphal growth was substan-
tially blunted, with extensive branching as previously described
(15) (Fig. 1). The maximal hyphal-growth-blunting effect of
FK506 was reached at 0.1 wg/ml for all strains (see Fig. 3, row C).
We did not find any correlation between the specific cyp51A mu-

AF293 F16134 EMFR-S678P
(Wild-Type) (Azole-Resistant) (Echinocandin-Resistant)
Vol e T ’ Vi ‘i g ?‘\:wf I s e

FK506 0.016 ng/ml

FK506 0.016 pg/ml

'FK506 0.032 pg/ml

FIG 1 In vitro antifungal activity of FK506 against the AF293 (wild-type), F16134 (multi-azole-resistant), and EMFR-S678P (echinocandin-resistant) strains.
FK506 at the concentration 0f 0.016 to 0.032 pg/ml is active against all three strains, inducing morphological abnormalities (dense, blunted hyphae with extensive
branching) and a substantial hyphal growth defect. Light-microscopy photographs (X 10 magnification) after 24 h of growth at 37°C.
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FIG 2 Assessment of the drug interactions for the combinations of caspofungin and FK506, caspofungin and geldanamycin, and FK506 and geldanamycin
against the AF293 (wild-type) strain and the resistant strains. The antifungal activity of both drugs was assessed visually according to the following criteria: no
effect, morphological abnormalities (hyphal blunting and impaired branching) with <25% growth reduction, 25 to 50% growth reduction, 50 to 75% growth
reduction, 75 to 90% growth reduction, and >90% growth reduction, as illustrated by the gradient of green colors from white (no activity) to dark green (>90%
growth reduction). CSP, caspofungin; GDA, geldanamycin; FICI, fractional inhibitory concentration index; MEC, minimal effective concentration. (A) The
greatest antifungal activity achieved with one single drug (FK506, caspofungin, or geldanamycin, as indicated) is shown for each strain and does not exceed 50
to 75% growth reduction (upper panel). When these drugs are combined at the concentrations associated with their maximal effect (caspofungin, 1 pg/ml;
FK506, 0.1 pg/ml; geldanamycin, 4 pg/ml), only geldanamycin in combination with caspofungin or FK506 substantially increases activity, with near-complete
growth inhibition (>90%) against the majority of the azole-resistant strains. The combination of caspofungin and FK506 is increasingly active against the
wild-type strain AF293 but does not provide a substantial benefit against most of the resistant strains. (B) Results of the checkerboard dilution testing of all three
drug combinations are shown for the representative multi-azole-resistant strain F16134. The same MEC cutoff is observed for each drug when used alone or in
combination (0.5 pg/ml for caspofungin, 0.016 g/ml for FK506, and 4 p.g/ml for geldanamycin). On the basis of this cutoff (MEC), the interaction is described
as indifferent for all three combinations (FICI [MEC] = 2). When a higher cutoff is considered (MIC), this level of activity is achieved only with the combination
of geldanamycin with either caspofungin or FK506, defining these interactions as synergistic (in this case, the FICI is reported as <0.5, as it cannot be assessed
mathematically in the absence of a defined MIC value for the single drugs).

tation and susceptibility to FK506 in the azole-resistant strains. To
determine if this calcineurin inhibition antifungal activity was
unique to FK506, we also treated the resistant strains with CsA and
found antifungal activity (MEC = 2 pg/ml). The Hsp90 inhibitor
geldanamycin had modest antifungal activity against AF293 and
the resistant strains at a concentration of 4 to 5 pg/ml (hyphal
growth reduction = 50%). Higher geldanamycin concentrations
resulted in the formation of drug precipitates and were inactive.
We then tested the effect of various drug combinations against
the azole-resistant strains. The addition of FK506 or geldanamy-
cin to voriconazole did not result in any positive interaction.
Combining various active antifungal agents (caspofungin with
FK506 or geldanamycin and FK506 with geldanamycin) at the
concentrations associated with their maximal effect (i.e., 1 pg/ml
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for caspofungin, 0.1 pwg/ml for FK506, and 4 wg/ml for geldana-
mycin) resulted in various degrees of inhibition according to the
drug combination and the strain tested (Fig. 2A). Overall, the
combinations of geldanamycin and caspofungin or geldanamycin
and FK506 were the most active against the azole-resistant strains,
with a near-complete growth inhibition for more than half of the
strains (Fig. 2A and 3). The fungicidal activity of geldanamycin in
combination with caspofungin or FK506 was confirmed by the
viability assay showing =97% killing. The combination of FK506
and caspofungin provided a similar benefit against the wild-type
strain but did not result in a substantial increase of activity for the
azole-resistant strains (less than 90% growth inhibition) com-
pared to the best antifungal activity achieved with one single drug
(Fig. 2A and 3). Neither FK506 nor geldanamycin was able to
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AF293
(Wild-Type)

F16134
(Azole-Resistant)

F14946
(Azole-Resistant)

EMFR-S678P
(Echinocandin-Resistant)

FIG 3 In vitro antifungal activity of caspofungin (CSP), FK506, and geldanamycin (GDA) alone or in combinations against the AF293 (wild-type) strain and the
resistant strains. Caspofungin, FK506, and geldanamycin were tested alone or in combination at the concentrations at which their maximal antifungal activity was
reached: 1 pg/ml for caspofungin, 0.1 pg/ml for FK506, and 4 pg/ml for geldanamycin. Light-microscopy photographs (X 10 magnification) were taken after
conidia were grown at a concentration of 10*/ml in liquid RPMI 1640 containing the appropriate drug concentration for 24 h at 37°C (left panels in each strain
column). An inoculum of 5,000 conidia was grown on RPMI 1640 agar plates containing the appropriate drug concentration for 72 h at 37°C (right panels in each
strain column). Rows are as follows: (A) untreated; (B) caspofungin alone; (C) FK506 alone; (D) geldanamycin alone; (E) caspofungin and FK506; (F)
caspofungin and geldanamycin; (G) FK506 and geldanamycin. Each drug used alone has only a fungistatic activity. A near-complete lack of growth is achieved
in liquid medium by all three drug combinations against the wild-type AF293. A similar effect is obtained against the azole-resistant strains (F16134 and F14946)
by geldanamycin in combination with caspofungin or FK506, while the combination of FK506 and caspofungin has somewhat less activity. The combination of

FK506 and geldanamycin has the highest antifungal activity against the echinocandin-resistant strain EMFR-S678P.

increase the susceptibility to caspofungin of the echinocandin-
resistant strain. A substantial increase in activity was achieved with
the combination of FK506 and geldanamycin, although residual
growth was observed (less than 90% growth inhibition) (Fig. 2A
and 3). When these combinations were tested in a checkerboard
dilution against the azole-resistant strains, the interaction was
defined as indifferent (FICI = 2) for all three drug combinations,
as the MEC of each drug was unchanged when used alone and in
combination (Fig. 2B). However, considering the cutoff MIC, the
interaction of geldanamycin with caspofungin or FK506 was de-
scribed as synergistic (FICI < 0.5) for the majority of the azole-
resistant strains, as an MIC (=90% growth inhibition) was
achieved for the combination and not for any single drug
(Fig. 2B).

Our results show for the first time that calcineurin inhibitors
are effective against a variety of characterized multidrug-resistant
clinical and laboratory A. fumigatus strains at FK506 concentra-
tions that are clinically achievable in humans (25). The Hsp90
inhibitor geldanamycin had limited antifungal activity when used
alone. However, the combination of geldanamycin with caspo-
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fungin or FK506 had the greatest antifungal activity against the
azole-resistant strains, achieving a fungicidal activity, while the
combination of geldanamycin and FK506 was the most active
against the echinocandin-resistant strain. These findings highlight
distinct and specific potential roles for targeting the Hsp90-cal-
cineurin axis at different levels. The characterization of these in-
teractions was variable according to the criteria used to define the
in vitro antifungal activity of a drug, and the FICI values may not
be appropriate to reflect the spectrum of activity of fungistatic
antifungal drugs. The fact that synergism was able to be assessed
for the requirement of a high cutoff such as that of the MIC, which
is more likely to correlate with clinical efficacy, supports the po-
tential benefit of these interactions. The limitation of this in vitro
combination method to define drug interactions of antifungal
agents has already been highlighted (18, 26), and in vivo studies are
warranted to better define the role of these drug combinations for
the treatment of invasive aspergillosis.

In conclusion, our results show that targeting the fungal
Hsp90-calcineurin pathway may represent an alternative antifun-
gal strategy to combat the increasing antifungal resistance emerg-
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ing against two critical classes of agents. While the currently avail-
able echinocandin or triazole antifungals target the fungal cell wall
or membrane, respectively, this novel approach focused on the
calcineurin-Hsp90 axis may give rise to a new class of antifungals
with a distinct mechanism of action. Both calcineurin and Hsp90
inhibitors have demonstrated their potential for application in
humans. Calcineurin inhibitors are the mainstay of immunosup-
pressive therapy in transplant recipients, and the Hsp90 inhibitors
17-AAG and 17-DMAG have been tested in humans as anticancer
therapy with promising results (27). However, their use as anti-
fungal drugs is currently limited by their lack of fungal specificity,
resulting in immunosuppressive effects (for calcineurin inhibi-
tors) and low toxic thresholds (for Hsp90 inhibitors). The future
of exploiting these important cell signaling pathways lies in the
development of novel fungal-specific inhibitors of calcineurin and
Hsp90 without their current mammalian cross-reactivity.
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