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Milbemycins: More than Efflux Inhibitors for Fungal Pathogens
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Existing antifungal agents are still confronted to activities limited to specific fungal species and to the development of resistance.
Several improvements are possible either by tackling and overcoming resistance or exacerbating the activity of existing antifun-
gal agents. In Candida glabrata, azole resistance is almost exclusively mediated by ABC transporters (including C. glabrata
CDRI [CgCDRI] and CgCDR2) via gain-of-function mutations in the transcriptional activator C¢PDRI or by mitochondrial
dysfunctions. We also observed that azole resistance was correlating with increasing virulence and fitness of C. glabrata in ani-
mal models of infection. This observation motivated the re-exploitation of ABC transporter inhibitors as a possible therapeutic
intervention to decrease not only the development of azole resistance but also to interfere with the virulence of C. glabrata. Mil-
bemycins are known ABC transporter inhibitors, and here we used commercially available milbemycin A3/A4 oxim derivatives
to verify this effect. As expected, the derivatives were inhibiting C. glabrata efflux with the highest activity for A3 oxim below 1
pg/ml. More surprising was that oxim derivatives had intrinsic fungicidal activity above 3.2 pg/ml, thus highlighting effects ad-
ditional to the efflux inhibition. Similar values were obtained with C. albicans. Our data show that the fungicidal activity could
be related to reactive oxygen species formation in these species. Transcriptional analysis performed both in C. glabrata and C.
albicans exposed to A3 oxim highlighted a core of commonly regulated genes involved in stress responses, including genes in-
volved in oxidoreductive processes, protein ubiquitination, and vesicle trafficking, as well as mitogen-activated protein kinases.
However, the transcript profiles contained also species-specific signatures. Following these observations, experimental treat-
ments of invasive infections were performed in mice treated with the commercial A3/A4 oxim preparation alone or in combina-
tion with fluconazole. Tissue burden analysis revealed that oxims on their own were able to decrease fungal burdens in both
Candida species. In azole-resistant isolates, oxims acted synergistically in vivo with fluconazole to reduce fungal burden to levels
of azole-susceptible isolates. In conclusion, we show here the potential of milbemycins not only as drug efflux inhibitors but also
as effective fungal growth inhibitors in C. glabrata and C. albicans.

uperficial and life-threatening systemic fungal infections have

been increasing over the last 2 decades. The majority of sys-
temic fungal infections are caused by Candida, Aspergillus, and
Cryptococcus species, but Candida albicans and non-albicans Can-
dida species still account for most of the infections. A few treat-
ment options exist in medical practice, including the use of at least
four antifungal chemical classes (azoles, candins, pyrimidine an-
alogues, and polyenes). Emergence of antifungal resistance is a
consequence of long-term use of these agents, which is occurring
in most immunocompromised patients with HIV or undergoing
organ transplants or cancer chemotherapy (1). Clinical criteria
can define antifungal resistance, and this has been achieved by the
setting of Clinical Break Points (CPB) which indicate a drug con-
centration for a given fungal pathogen above/under which failure/
success of a therapy can be expected (2). For example and accord-
ing to these criteria, antifungal resistance for azoles is currently the
highest for C. glabrata among other Candida spp. and accounts for
10 to 20% of the C. glabrata population (3, 4). This yeast species is
ranked as second after C. albicans among bloodstream isolates.
Recent studies report in several institutions an epidemiological
shift of C. glabrata at the expense of C. albicans, but the reasons
behind this phenomenon are still unexplained (4).

Antifungal resistance involves different mechanisms, includ-
ing principally enhanced drug efflux and target alterations by ac-
tive-site mutations or overexpression (5). In C. glabrata, one of the
prominent resistance mechanisms invokes the participation of
multidrug transporters of the ABC transporter family (C¢CDRI,
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CgCDR2, and CgSNQ?2) (6-8). We and others have found that
these transporters are upregulated in azole-resistant isolates with
an MIC higher than 16 pg/ml for fluconazole. The upregulation is
associated with mutations, so-called gain-of-function (GOF) mu-
tations, in a transcription factor of the Zn2-Cys6 family, C¢PDRI
(1,9-13).1In C. albicans, antifungal resistance is multifactorial and
involves the participation of efflux transporters, target mutations,
compensatory mutations, and genome rearrangements (5). As in
the case of C. glabrata, mutations in the transcription factors
TACI1, MRR1, and UPC2 result in the upregulation of target genes
participating to the development of azole resistance (14—18). The
resistance levels achieved by C. glabrata and C. albicans address the
need to overcome and avoid this phenomenon. Several concepts
have been proposed in the past and utilize as basic principle the
combination of one antifungal with another compound in order

Received 11 October 2012 Returned for modification 3 November 2012
Accepted 25 November 2012

Published ahead of print 3 December 2012
Address correspondence to Dominique Sanglard, dominique.sanglard@chuv.ch.
LV.S.and M.S. contributed equally to this article.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AAC.02040-12.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AAC.02040-12

aac.asm.org 873


http://dx.doi.org/10.1128/AAC.02040-12
http://dx.doi.org/10.1128/AAC.02040-12
http://dx.doi.org/10.1128/AAC.02040-12
http://aac.asm.org

Silva et al.

to increase antifungal activity (19, 20). Given the importance of
ABC-transporters for the development of azole resistance both in
C. glabrata and C. albicans, one possible option to tackle resistance
could be the use of transporter inhibitors. In cancer research, hu-
man P-gp, which are functional homologs of fungal ABC trans-
porters, are important mediators of resistance to many anticancer
drugs. A wide range of P-gp-inhibitory compounds identified in-
clude natural and synthetic polymers, P-gp substrates (such as
FK506), calcium channel modulator (verapamil), calmodulin in-
hibitors, and quinine analogs (21). Consequently, implementing
the concept of combination therapy using an efflux inhibitor in
order to increase the activity of fluconazole, a drug still widely
used to treat fungal infections, seems an adequate strategy for
overcoming resistance development in C. glabrata.

Drug resistance acquisition can also be associated to fitness
costs in several microbial systems (22). In C. glabrata, however, we
found that azole resistance was on the contrary resulting in en-
hanced virulence and fitness in animal models. This feature was
dependent on the presence of a GOF mutation in CgPDRI (9).
Recently, we found that this effect could be mediated partially by
the ABC transporter CgCDRI, which is upregulated to variable
levels in azole-resistant isolates in C. glabrata (23).

Since C¢gCDRI plays an important role in the development of
azole resistance and that it can also contribute to increase viru-
lence and fitness of C. glabrata, we reasoned that ABC transporters
inhibitors such as milbemycins could be of potential therapeutic
interest. We demonstrate here that specific milbemycin deriva-
tives not only exhibit expected activities as efflux inhibitors but
also that they possess intrinsic antifungal and fungicidal activities.
Here we show that experimental treatments of C. glabrata infec-
tions by combination therapy are feasible and expanded this idea
to C. albicans infections. Lastly, we perform transcriptional pro-
filing of both Candida species exposed to milbemycins in order to
understand the basis for their unexpected antifungal activity.

MATERIALS AND METHODS

Strains, media, and drugs. The C. albicans strains used in the present
study are listed in Table 1. Yeast strains were grown in liquid YEPD com-
plete medium (1% Bacto peptone [Difco], 0.5% yeast extract [Difco], 2%
glucose [Fluka]). To grow the strains on solid media, 2% agar (Difco) was
added. Escherichia coli DH5a was used as a host for plasmid construction
and propagation. DH5a cells were grown in Luria-Bertani (LB) broth or
on LB plates, which were supplemented with ampicillin (0.1 mg/ml) when
required. Fluconazole was obtained from Sigma. Milbemycins were ob-
tained from Novartis Animal Health (Basel, Switzerland).

Drug susceptibility testing. Susceptibility assays were performed ac-
cording to the standard broth microdilution protocols Edef. 7.1 (Sub-
committee on Antifungal Susceptibility Testing of the ESCMID European
Committee for Antimicrobial Susceptibility Testing [AFST-EUCAST])
(28). Briefly, serial 2-fold dilutions of fluconazole in RPMI 1640 broth
(with L-glutamine, without bicarbonate and with phenol red as the pH
indicator; Sigma), supplemented with 2%, (wt/vol) of b-glucose for Edef.
7.1, were distributed in 50-pl volumes at four times the final desired
concentration into the wells of flat-bottom microtiter plates. Fluconazole
final concentrations ranged from 128 to 0.25 pg/ml. Cell suspensions
were prepared in sterile saline solution from overnight cultures of yeast
strains at 35°C in Sabouraud dextrose agar plates. The suspensions were
diluted in the test medium and added in 150-pl volumes to the drug
solutions in the microtiter plates to yield final inoculum sizes of 0.5 to
2.5 X 10 cells/ml. Drug-free cultures and sterility controls were included
in each microtiter plate. The plates were incubated at 35°C, and the MIC
values were read after 24 h by measuring the absorbance using a spectro-
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TABLE 1 Strains used in this study

Fluconazole Source or

Isolate Characteristics MIC (pg/ml)*  reference

SC5314 Wild type C. albicans isolate 0.25 24

DSY294 Clinical C. albicans isolate, azole 0.5 25
susceptible

DSY296 Clinical C. albicans isolate, azole 128 25
resistant

DSY2321  Clinical C. albicans isolate, azole ~ 0.25 26
susceptible

DSY2323  Clinical C. albicans isolate, azole 32 26
resistant

DSY741 Clinical C. albicans isolate, azole ~ 0.25 27
susceptible

DSY742 Clinical C. albicans isolate, azole 16 27
resistant

DSY562 Clinical C. glabrata isolate, azole 4 9
susceptible

DSY565 Clinical C. glabrata isolate, azole 128 9
resistant

DSY529 Clinical C. glabrata isolate, azole 8 6
susceptible

DSY530 Clinical C. glabrata isolate, azole 128 6
resistant

DSY726 Clinical C. glabrata isolate, azole 4 9
susceptible

DSY727 Clinical C. glabrata isolate, azole ~ 128 9
resistant

“ MICs were measured by the EUCAST protocol (28) as described in Materials and
Methods.

photometric microdilution plate reader set at 450 nm. Checkerboard tests
were performed with a similar procedure but including serial dilutions of
milbemycins in a 50-ul volume at four times the final desired concentra-
tion for each fluconazole-containing well and with final concentrations
ranging from 0.8 to 25.6 pg/ml. Milbemycins were first diluted in di-
methyl sulfoxide (DMSO) and diluted accordingly. DMSO concentration
in final suspensions was 0.8%. The cell suspensions were added in 100- .1
volumes to the drug solutions to obtain final inoculum sizes 0f 0.5 to 2.5 X
10° cells/ml.

The fractional inhibitory concentration (FIC) index for a drug com-
bination in the checkerboard method is the minimum XFIC obtained
with the following equation: 3FIC = FIC, + FICy = (Cy; /MICy, ) +
(Cyva/MICyyy), where MICy, - and MIC,; are the MICs of fluconazole
and the tested milbemycin when tested alone, and Cp; - and Cy;, are the
concentrations of fluconazole and the tested milbemycin resulting in at
least 50% growth inhibition in a given well in the 96-well microtiter plate.
Interactions were categorized according to the method of Te Dorsthorst et
al. (29) by the following rules: synergism (FIC, =0.5), additivity (FIC,
>0.5 to =1), and indifference (FIC, >1 to <4).

Efflux of rhodamine 6G. A whole cells rhodamine 6G (R6G) efflux
assay, adapted from a previously developed protocol, was used to measure
the drug efflux capacity of C. albicans and C. glabrata isolates (30). Each
fungal species required a specific procedure for cell preparation. For C.
albicans, cell cultures grown overnight in YEPD were diluted in 5 ml of
fresh medium and allowed to grow at 30°C under constant agitation to a
density of 2 X 107 cells/ml. Cells were centrifuged, washed in 5 ml of
phosphate-buffered saline (PBS; pH 7), and resuspended in 2 ml of PBS.
These suspensions were incubated for 1 h at 30°C under constant agitation
to energy-deprived cells, and R6G was next added at a concentration of 10
pg/ml. The incubation was continued for 1 h to allow R6G accumulation.
After this incubation time, cells were sedimented by centrifugation,
washed with PBS at 4°C, and resuspended in a final volume of 300 pl of
PBS. For C. glabrata, overnight cultures were diluted to 2 X 10 cells/mlin
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50 ml of YEPD and agitated for 4 h at 30°C. Cells were next washed twice
with PBS and resuspended in PBS at a 2% (wet weight) concentration.
R6G was added to a 10 uM end concentration together with 2 mM deoxy-
glucose. After 1 h of incubation at 30°C, the cells were washed twice with
PBS and resuspended to a concentration of 10® cells/ml.

Fifty-microliter portions of individual suspensions were diluted in 150
.l of PBS and divided into aliquots into a 96-well microtiter plate, which
was then placed in a SpectraMax Gemini fluorimeter (Molecular Devices,
Sunnyvale, CA, USA) with a temperature control set at 30°C. Baseline
emission of fluorescence (excitation wavelength, 344 nm; emission wave-
length, 555 nm) was recorded for 5 min as relative fluorescence units
(RFU), and p-glucose was next added to each strain at a final concentra-
tion of 1% (wt/vol) to initiate R6G efflux. As negative controls, no glucose
was added to a series of separate aliquots of each strain. The data points
were recorded in duplicate for 60 min in 1-min intervals.

Efflux inhibition with milbemycins was carried out by adding the dif-
ferent compounds to each yeast sample. The milbemycin-yeast cell mix-
ture was incubated for 10 min at room temperature before initiation of
efflux experiments.

MitoSOX Red staining. Intracellular reactive oxygen species (ROS)
production was examined using MitoSOX Red (Molecular Probes).
MitoSOX Red is a lipid soluble cation that accumulates in the mitochon-
drial matrix, where it can be oxidized to a fluorescent product by super-
oxide. Yeast strains from initial concentration of 2 X 10° cells/ml were
grown in RPMI medium containing 10 g of A30x/ml. After 1 h of incu-
bation, 500-wl aliquots were washed twice with PBS and incubated in the
dark for 20 min in 2.5 pM MitoSOX Red. The cells were washed three
times with PBS and resuspended in PBS, and the percentage of cells pos-
itively stained with MitoSOX Red was determined by fluorescence mi-
croscopy using a Zeiss Axioplan 2 fluorescence microscope. Images were
recorded using a Visitron Systems HistoScope Camera and VisiView Im-
aging Software. Fluorescence of cells was also determined using a FLUO-
star OMEGA microplate reader (BMG) with excitation and emission
wavelengths of 510 and 580 nm, respectively.

Construction of Candida microarrays. C. glabrata microarrays were
designed according to the Agilent eArray Design guidelines as previously
described (23), and custom arrays were manufactured in the 8X15 K
format by Agilent Technologies. C. albicans microarrays were also manu-
factured by Agilent Technologies; however, the array design (design ID
037331) was obtained from Synnott et al. (31). A total of 6,101 genes
(including 12 mitochondrial genes) are represented by two sets of probes,
both spotted in duplicate. Four copies of each array were printed on a
4X44 X format.

cRNA synthesis, one-color labeling, and array hybridization. Sam-
ple preparation was performed on biological quadruplicate cultures of the
C. glabrata strain DSY562 and biological triplicate for the C. albicans
strain SC5314. Log-phase cultures at 35°C with agitation in RPMI 1640
medium with 2% p-glucose were treated for 1 h in the same conditions
with either 10 g of milbemycin A3 oxim/ml or the DMSO solvent. Total
RNA was extracted after mechanical disruption of the cells with glass
beads by a phenol-chloroform-lithium chloride procedure, as previously
described (32). The integrity of the input RNA template was determined
prior to labeling or amplification using an Agilent RNA 6000 Nano
LabChip kitand 2100 BioAnalyzer (Agilent Technologies). Agilent’s One-
Color Quick Amp labeling kit (Agilent Technologies) was used to generate
fluorescent cRNA as previously described (32). Briefly, a spike mix and T7
promoter primers were added to 400 ng of total RNA from each sample.
c¢DNA synthesis was promoted by Moloney murine leukemia virus reverse
transcriptase in the presence of deoxynucleoside triphosphates and
RNaseOUT. Next, cRNA was produced from this first reaction with T7
RNA polymerase, which simultaneously amplifies target material and in-
corporates cyanine 3-labeled CTP. The labeled cRNAs were purified with
an RNeasy minikit (Qiagen) and quantified using a NanoDrop ND-1000
UV/VIS spectrophotometer. A total of 600 ng of Cy3-labeled cRNAs from
each sample were fragmented and hybridized for 17 h at 65°C to specific
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subarrays of the 8X15 K or 4X44 K format using a gene expression hy-
bridization kit (Agilent Technologies) and a gasket slide.

Microarray data analysis. Slides were washed and processed accord-
ing to the Agilent 60-mer Oligo microarray processing protocol and
scanned on an Agilent microarray scanner G2565BA (Agilent Technolo-
gies). The data were extracted from the images with feature extraction
(FE) software (Agilent Technologies). Each slide was processed with spike
quality controls to establish the dynamic range of signals which fitted a
minimum R value of 0.99. The FE software flags outlier features (the
percentages ranged from 0.01 to 0.15% of signals overall for cRNA hy-
bridizations) and detects and removes spatial gradients and local back-
grounds. The data were normalized using a combined rank consistency
filtering with Lowess intensity normalization. The gene expression values
obtained with FE software were imported into GeneSpring 11 software
(Agilent Technologies) for preprocessing and data analysis. For inter-
array comparisons, a linear scaling of the data was performed using the
quantile normalization of one-color signal values of noncontrol probes
on the microarray. The expression of each gene was normalized by its
median expression across all samples. Statistical analyses were performed
using unpaired ¢ tests and a corrected P value of 0.05 was chosen as the
cutoff for significance. Changes in expression for each gene of at least
2-fold between treated and nontreated samples were considered signifi-
cant. Microarray data can be retrieved at the Gene Expression Omnibus
NCBI site under the accession number GSE40232. Validation of gene
expression results from microarray analysis was performed by quantita-
tive real-time PCR (qPCR) as detailed below.

qPCR. RNA sample preparation was performed as described above for
microarray experiments. RNA samples were treated with RNase-free
DNase (DNA-free; Ambion) to remove any contaminating genomic DNA
and reverse transcribed using random hexamers as the priming method
(Transcriptor First-Strand cDNA synthesis kit; Roche). Expression levels
of C. glabrata target genes (ERG4, MET3, YPSI, and YPS3) and the C.
albicans genes (HXT6, WORI, and OPT5) were determined by a SYBR
green-based quantitative real-time PCR (MesaBlue qPCR kit for SYBR
assay; Eurogentec) in a StepOne Plus real-time thermal cycler (Applied
Biosystems). Primers used for YPSI and YPS3 quantification were previ-
ously described (23). Primers used for quantification of the remaining
genes are listed in Table 2. Relative gene expression in milbemycin A3
oxim-treated samples in comparison to nontreated controls was deter-
mined from CgTEF3-normalized expression levels for C. glabrata and
ACT1 for C. albicans.

Animal experiments. Female BALB/c mice (20 to 25 g) were pur-
chased from Harlan Italy S.r.l (San Pietro al Natisone, Udine, Italy) and
inbred in-house. The mice were housed in filter-top cages with free access
to food and water. To establish C. glabrata infection, mice were injected
into their lateral vein with saline suspensions of the C. glabrata strains
(each in a volume of 200 pl).

Groups of 10 mice were established for each yeast strain. For tissue
burden experiments, immunocompetent mice were inoculated with 4 X
107 CFU of each C. glabrata strains and 7 X 10* CFU of each C. albicans
strains. After 7 days, mice were sacrificed by use of CO, inhalation, and
target organs (spleen and kidney) were excised aseptically, weighted indi-
vidually, and homogenized in sterile saline by using a Stomacher 80 device
(Pbi International, Milan, Italy) for 120 s at high speed. Organ homoge-
nates were diluted and plated onto YPD. Colonies were counted after 2
days of incubation at 30°C, and the numbers of CFU g of organ™ ' were
calculated. CFU counts were analyzed with nonparametric Wilcoxon
rank-sum tests. A P value of <0.05 was considered to be significant.

The milbemycin injectable solution was prepared by adding 1 volume
of PEG 400 to 2 volumes of a milbemycin DMSO solution (0.2 mg/ml) in
order to obtain a 0.1-mg/ml solution with DMSO/PEG 400 ratio of 2:1.
The DMSO/PEG solution was injected in a 100-pl volume intraperitone-
ally each day. Fluconazole was injected intraperitoneally at dosages of 100
mg/kg/day dosage for C. glabrata and of 3 mg/kg/day for C. albicans.
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TABLE 2 Primers usedin this study

Source or
Primer Sequence (5'-3") reference
CgMET3-F GGACGCCATCCAGCTGCCA This study
CgMET3-R AGCGGCACGCACGGTCAA This study
CgERG4_F ATTGACCCACTTGAAGA This study
CgERG4_R GGCACAAGTCATTATTCT This study
CgTEF3-F CGGTGGTAAGAAGAAGAA This study
CgTEF3-R AGAAACGTAAGCATCACC This study
CgYPSla CCTCCGCCAGATTGTGGCATG 23
CgYPS1b CTCGAACAGAGCCGGTTACTA 23
CgYPS3a CGACGACCCATCCCCAGGCTC 23
CgYPS3b ACTTAGCTCTTCATGGTAACG 23
CgACTla GTGTGAATAACCGCTGCGATACT 23
CgACT1b TGCCCACCACTCCTAACTCATAAT 23
WORI1-qPCR-F TCCCGACGACGAGTACGACCA This study
WORI1-qPCR-R CCAGTCGCAAGCAACATTGGACC This study
TNAI1-qPCR-F TGCTGCCTCGGGAGCCATTG This study
TNA1-qPCR-R AGAATGGCGCAACCAGCAGTT This study
OPT5-qPCR-F TCTTGGGTTTGGGCTTTCTGGA This study
OPT5-qPCR-R TGCTTTCACTTCAGGCGACA This study
HXT6-qPCR-F GGGCCTTGTGTTTGCTTGGTGG This study
HXT6-qPCR-R TGCAGGGTCCTCTGGAGAAA This study
ACT1-RT-F GTTCCCAGGTATTGCTGAAC 33
ACT1-RT-R CAATGGATGGACCAGATTCG 33
DSY562
5000 -
4000 1

..!l 0 pg/ml
3000 1 ¢35 0.1 pg/ml
-~ ] I PARR AR A
5, 2000 V.Y vvvv"v"" 0.5 pg/ml
& 1000 - ll..........-....-llllllll.. 1 pg/ml
5 pg/ml
10 pg/ml
0L
-1000 T T T "
1000 2000 3000 4000
-2000 -
Time (seconds)
Glucose 1%
DSY294
20000 -
o 0 pg/ml
i3 o
. 'm|
1 pgulrgnl
5 pg/ml
10 pg/ml
0 T T ]
2000 3000 4000

Glucose 1%

0 x 1000

Time (seconds)

RESULTS

Inhibition profiles with milbemycins. Several milbemycin deriv-
atives are known to exert an inhibition of drug efflux in fungi by
targeting the class of ABC transporters (21). Here, we tested the
properties of two different milbemycin derivatives (milbemycin
A3 and A4), as well as their oxim derivatives which are widely used
in veterinary practice as antiparasitic drugs (34). We used an efflux
assay based on fluorophore rhodamine 6G (R6G)-loaded cells and
areal-time recording of effluxed compound. Milbemycins A3 and
A4 (referred here as A3 and A4) as well as their oxim derivatives
(referred here as A30x and A40x) were used at different concen-
trations to estimate their inhibition capacities. As observed in Fig.
1A and B, R6G efflux in the azole-susceptible isolate DSY562 and
the azole-resistant isolate DSY565, respectively, could be stimu-
lated by glucose addition but was gradually decreased with in-
creasing concentrations of A30x, this derivative taken as an illus-
trative example. One can observe that A30x was more effective at
inhibiting R6G efflux in DSY562 compared to DSY565. This dif-
ference reflects that DSY565 contains higher C¢CDRI levels com-
pared to DSY562 and that higher A30x concentrations are needed
to cause a decrease in effluxed R6G in DSY565. Additional exper-
iments with a mutant lacking C¢CDR1 (DSY1041) confirmed that
the recorded signals were due to R6G efflux (data not shown). To
estimate inhibition kinetics of the four different milbemycins in

DSY565
5000 4
4000 4
3000 4 0 pg/ml
0.1 pg/ml
22000 0.5 pg/ml
o
1 pg/mi
© 1000 b
0L
5 pg/ml
10 pg/ml

-1000

1000 2000 3000 4000

-2000 -

Glucose 1% Time (seconds)

DSY296
20000 -
0 pg/ml
15000
E'; 0.1 pg/ml
& 0.5 pg/ml
o 10000 1 "é‘/?m
5 pg/ml
10 pg/ml
5000 -
0 ]
4000

0 T 1000 2000 3000

Time (seconds)
Glucose 1%

FIG 1 Rhodamine 6G efflux inhibition in C. glabrata and C. albicans. R6G efflux was recorded over 1 h at regular intervals. Experiments were carried out in
triplicates, and mean data (* the standard deviation [SD]) points are shown. Concentrations of A3Ox are shown next to each curve.
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FIG 2 Inhibition characteristics of milbemycins and their oxim derivatives in
C. glabrata and C. albicans. 1C5,s were calculated using GraphPad Prism soft-
ware.

DSY562 and DSY565, V... of R6G efflux calculated from RFU
values over time were plotted against inhibitor concentrations
(Fig. 2). The obtained plots were used to deduce inhibitor concen-
trations decreasing V., values by 50% (ICs,). The obtained ICs,s
with DSY562 showed that oxims derivatives were more potent
than their parent compounds at inhibiting R6G efflux. A30x ap-
peared as the most effective substance (V. IC5, = 0.36 pg/ml).
ICsqs obtained with DSY565 were higher than for DSY562. This
could be expected since C¢gCDRI is overexpressed in this isolate.
However, A30x (V. ICso = 3.1 pg/ml) was also the most potent
inhibitor of R6G efflux for this isolate, although this value is 10-
fold higher than in DSY562.

The same procedures were used to characterize the properties
of milbemycins with the azole-susceptible C. albicans isolate
DSY294 and its azole-resistant parent DSY296. The azole-resis-
tant isolate of this clinical pair upregulates the ABC transporters
CDRI and CDR2, which is one of the mechanisms contributing to
azole resistance (25, 26). As observed in Fig. 1, milbemycins could
decrease R6G efflux in a concentration-dependent manner. V, .
ICs,s revealed that oxim derivatives possessed the highest inhibi-
tion capacity compared to parent compounds (Fig. 2), which was
similar to that observed in C. glabrata.

Taken together, our results demonstrate that milbemycins A3
and A4 and their oxim derivatives were able to inhibit drug efflux
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in C. glabrata and C. albicans and that oxim derivatives exhibited
the highest inhibitory capacity.

Combination of milbemycins with fluconazole in vitro.
Given that A3, A4, and their oxim derivatives can inhibit drug
efflux, we expected that fluconazole MICs could be reduced in
their presence. We therefore undertook checkerboard assays with
fluconazole and each milbemycin compound to estimate frac-
tional inhibitory concentration (FIC) indexes between both
drugs. As shown in Fig. 3, we first observed that A30x had an
antifungal effect on both C. glabrata DSY562 and DSY565 (MIC =
6.4 pg/ml, Table 3). This effect was less pronounced for the parent
derivative A3 (MIC = 25.6 pg/ml, Table 3). A4Ox and A4 were
less active than A3 derivatives, but again the A4Ox was the most
active compound (MIC = 25.6 pg/ml, Table 3). FIC indexes were
calculated for each drug combination (Table 4) and synergistic
and additive effects were made visible in the checkerboard (Fig. 3:
white area: synergistic interactions; red area: additive interac-
tions). The 3-color heat map shown in Fig. 3 illustrates drug com-
binations resulting in cutoff 50% growth reduction (blue color)
compared to drug-free growth (green color) and those with ab-
sence of growth (black color). Inspection of the data shows that
milbemycin-fluconazole interactions were almost exclusively ad-
ditive, with the exception of a synergistic combination with A30x
in DSY562 (Fig. 3 and Table 4). We found the same intrinsic
antifungal activity A3Ox and derivatives in two other pairs of clin-
ical isolates (DSY529/DSY539 and DSY727/DSY728) that were
described elsewhere (see Tables 1 and 3). In addition, A30x-flu-
conazole interaction patterns in these isolates were similar than
those observed in DSY562/DSY565 (Table 4). Therefore, it is likely
that milbemycins act by the same mechanisms in all clinical C.
glabrata isolates.

Milbemycin-fluconazole interactions were tested with the C.
albicans strains DSY294 and DSY296 (Table 3 and 4). With C.
albicans, both the A30x and A40Ox derivative exhibited higher
activity than their parent compounds, which is slightly different
from C. glabrata, in which only the A30x derivative was highly
active. The A30x and A40x MICs in C. albicans had the same
value as measured in C. glabrata (3.2—6.4 pg/ml). On the opposite
to C. glabrata, the combination of milbemycins with fluconazole
resulted mostly in synergistic interactions (Table 4). A30x and
other derivatives had the same range of activity in other pairs of C.
albicans clinical strains including DSY2321/DSY2323 and
DSY741/DSY742 (see Tables 1 and 3). Interestingly, the A30x-
fluconazole interaction was synergistic for DSY2323, while indif-
ferent for DSY742 (Table 4). The likely explanation behind this
opposite behavior is that, even if both isolates are azole-resistant,
one (DSY2323) has acquired resistance by ABC transporter up-
regulation (26) while the other (DSY742) by MDRI upregulation
(27). Since A30x targets ABC transporters, it was expected that
fluconazole potentiation could only be revealed in strains overex-
pressing this type of multidrug transporter.

Milbemycin oxims are fungicidal. Since A3Ox exhibits anti-
fungal activity, we addressed whether this compound could de-
crease survival upon incubation of cells at the supra-MIC of 10
pg/ml. In C. glabrata, A30x exhibited a clear fungicidal effect:
after 24 h of incubation survival of azole-susceptible and azole-
resistant cells decreased by 95% compared to the initial inoculum
(Fig. 4). Combining fluconazole with A30x slightly increased the
fungicidal effect of milbemycin. A30x had a strong fungicidal
effect on the C. albicans DSY294 isolate compared to C. glabrata
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FIG 3 Three-color heat maps of checkerboard MIC tests of A30x and A3 with C. glabrata. Each box corresponds to relative growth (as compared to drug-free
growth) resulting from a specific combination between milbemycins and fluconazole. White-delimited zones correspond to synergistic interactions (FIC index =
0.5). Red-delimited zones correspond to additive interactions (FIC index > 0.5 and = 1). Positive interactions (synergistic or additive) can be visualized when
relative growth is =50% relative to control (blue to black colored wells). MICs were performed according to EUCAST protocols.

and fluconazole increased this effect substantially. In the azole-
resistant C. albicans isolate DSY296, A30x exhibited still a fungi-
cidal effect (78% decrease in survival compared to inoculum),
however it could be still increased by fluconazole, even though this
azole had almost no inhibitory effect when used as single drug at
the subinhibitory concentration of 64 pg/ml. In conclusion, our
data show that A30x has fungicidal effect, that the extent of this
effect is species-dependent and that fluconazole-A30x combina-
tions enhance milbemycin fungicidal effect.

TABLE 3 MICs of C.glabrata and C. albicans against fluconazole and

milbemycins
MIC (pg/ml)

Isolate Fluconazole A30x A40x A3 A4

C. glabrata
DSY562 4 6.4 25.6 >25.6 >25.6
DSY565 128 6.4 25.6 25.6 >25.6
DSY529 8 6.4 25.6 >25.6 >25.6
DSY530 128 6.4 25.6 25.6 >25.6
DSY726 4 6.4 25.6 25.6 >25.6
DSY727 128 6.4 25.6 >25.6 >25.6

C. albicans
DSY294 0.5 6.4 6.4 25.6 25.6
DSY296 128 6.4 3.2 >25.6 12.8
DSY2321 0.25 6.4 6.4 25.6 25.6
DSY2323 32 6.4 3.2 >25.6 >25.6
DSY741 0.25 6.4 6.4 25.6 25.6
DSY742 16 6.4 3.2 >25.6 >25.6
SC5314 0.25 6.4 6.4 25.6 25.6
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Given the fungicidal properties of A30x, we tested the forma-
tion of reactive oxygen species (ROS) during A30x exposure us-
ing MitoSOX Red, a specific indicator of ROS in mitochondria. As
described by Batova et al. (35), the fluorescence intensity of this
dye can also distinguish between dead cells (bright fluorescence)
and actively ROS-producing cells (low fluorescence). Figure 5A
illustrates that ROS could be detected both in C. glabrata and C.
albicans. Quantification of fluorescence signals with MitoSOX
Red (Fig. 5B) indicated that A3Ox treatments in both yeast species
induced cell death and ROS production. Thus, it is likely that the
fungicidal effect of A3Ox involves at some point the formation of
ROS, which then could promote the killing of C. glabrata and C.
albicans.

Experimental treatment of invasive candidiasis with milbe-
mycins. Milbemycin oxims (A30x and A40x) are commercially
available. The single substances in the mixture are usually con-
tained in a 2.5:7.5 proportion. We used this commercial prepara-
tion since pure substances were available in limited quantities
only. Given the efflux-inhibiting capacity of A30x and A40x, as
well as the fungicidal properties of the A30x derivative, we tested
their potential therapeutic effect in experimental infections in sin-
gle treatment or in combination with fluconazole. The properties
of milbemycin oxims could also have an impact on the virulence
of C. glabrata, since ABC transporters participate to this pheno-
type, as described above-mentioned. Animal experiments were
carried out with immunocompetent animals and with two differ-
ent milbemycin regimens, i.e., 0.5 and 2.5 mg/kg/day. Fluconazole
was used at a dosage of 100 mg/kg/day. Quantification of milbe-
mycin serum levels at day 7 ranged from 5 to 10 pg/ml (see Fig. S1
in the supplemental material).
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TABLE 4 FIC indexes of combination of fluconazole with milbemycins
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Milbemycin derivative”

A30x A40x A3 A4
Isolate Index Drug effect Index Drug effect Index Drug effect Index Drug effect
C. glabrata
DSY562 0.4 Synergism 0.8 Additivity 1 Additivity 1 Additivity
DSY565 0.6 Additivity 0.4 Synergism 0.8 Additivity 0.6 Additivity
DSY529 0.5 Synergism - - - - - _
DSY530 0.6 Additivity - - - - - —
DSY726 0.4 Synergism - - - - - —
DSY727 0.6 Additivity - - - - - _
C. albicans
DSY294 0.4 Synergism 0.4 Synergism 0.3 Synergism 0.3 Synergism
DSY296 0.1 Synergism 0.2 Synergism 0.6 Additivity 0.2 Synergism
DSY2321 0.6 Additivity - - - - - _
DSY2323 0.1 Synergism - - - - - _
DSY741 0.6 Additivity - - - - - —
DSY742 1.1 Indifference - - - - - _

@ Index, FIC indexes were calculated as described in Materials and Methods. Drug effect, interpretation corresponded to the following definitions: synergism, FIC index < 0.5;

additivity, FIC index >0.5 and =1; and indifference, FIC index >1 and <4. —, Not tested.

Figure 6 shows results of tissue burdens obtained after 7 days
experiments in spleen and kidneys with a 2.5-mg/kg/day milbe-
mycin regimen. Treatment at 0.5 mg/kg/day had similar effects
(see Fig. S2 in the supplemental material). Single drug treatments
had the following effects on tissue burden (including spleen and
kidneys) in infected mice: (i) azole treatment significantly de-
creased CFU counts only in mice infected with the azole-suscep-
tible isolate DSY562 and (ii) milbemycin treatment decreased
CFU counts in mice infected with the two fungal isolates. Com-
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bined treatments increased both the milbemycin and fluconazole
antifungal effect in animals infected with both strain types. Inter-
estingly, milbemycin and fluconazole treatment reduced tissue
burdens of animals infected with the azole-resistant isolate
DSY565 to levels comparable to the azole-susceptible isolate
DSY562, thus highlighting the power of drug combinations in this
animal model.

Similar experiments were carried out with C. albicans infec-
tions in mice. Both 0.5- and 2.5-mg/kg/day milbemycin regimens
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FIG 4 Time-kill curves of A30x in C. glabrata and C. albicans. Each value is the mean of two separate experiments.
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FIG 5 ROS production following A30x treatment. (A) Microscopy pictures of C. glabrata and C. albicans under phase contrast and under fluorescence. The cells were
incubated with RPMI or RPMI containing 10 pg of A30x/ml at 35°C under constant shaking. Next, the cells were stained with MitoSOX Red (2.5 pg/ml) for 20 min at room
temperature, centrifuged, and washed two times with PBS and observed under microscopy. Cells with high fluorescence (HF) are dead cells, while those with low fluorescence
(LF) produce ROS. (B) Quantification of MitoSOX Red staining. Approximately 200 cells were counted for each experimental condition (untreated and A3Ox treated).

were applied; however, only the 2.5-mg/kg/day results are shown
in Fig. 7 (the 0.5-mg/kg/day results are shown in Fig. S3 in the
supplemental material). Fluconazole was used at a dosage of 3
mg/kg/day. As in the case of C. glabrata, single drug regimen re-
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duced CFU counts in selected organs, with the exception of flu-
conazole treatment of the azole-resistant isolate DSY296, which
could be expected. Combining both drugs resulted in a sharp de-
crease of CFU counts of the azole-resistant isolate (Fig. 7). This
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FIG 6 Fungal tissue burdens of mice infected with C. glabrata DSY562 and DSY565 and treated with fluconazole (FLC) and commercial milbemycins (Mil: A30x/A40x
mix, 2.5:7.5) or their combination. The regimens for milbemycin and FLC were 2.5 and 100 mg/kg/day, respectively. Each data point corresponds to one animal, and the
origin of tissue (kidney or spleen) is shown for each diagram. Geometric means are indicated by horizontal bars, and asterisks indicate statistically significant differences
(*, P < 0.05; %%, P < 0.01; ***, P < 0.001; ****, P < 0.0001). NS, no significance (P > 0.05). CFU counts were analyzed with nonparametric Wilcoxon rank-sum tests.
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FIG 7 Fungal tissue burdens of mice infected with C. albicans DSY294 and DSY296 and treated with fluconazole (FLC) and commercial milbemycins (Mil:
A30x/A40x mix, 2.5:7.5) or their combination. The regimens for milbemycin and FLC were 2.5 and 100 mg/kg/day, respectively. Each data point corresponds
to one animal, and the origin of tissue (kidney or spleen) is shown for each diagram. Other figure details are explained in Fig. 6.

combination was however as efficient as the single azole regimen
for the azole-susceptible isolate DSY294.

Microarray analysis of milbemycin exposure in C. albicans
and C. glabrata. In order to better understand the effect of mil-
bemycin on C. albicans and C. glabrata, we subjected both yeast
species (azole-susceptible isolates) to a 1-h treatment at supra-
MICs (10 pg/ml) to clearly observe their effects and analyzed their
transcriptome by microarrays. The conventional laboratory C. al-
bicans isolate SC5314 was chosen in these experiments to enable
transcriptomic comparisons with experimental data from other
laboratories. SC5314 also exhibited the same A30x MIC values
than DSY294 (Table 3, 6.4 g/ml). A 2-fold variation in any gene
as a result of A30x exposure was used as regulation threshold.
Microarray data were validated by qPCR with a few genes in C.
albicans and C. glabrata (see Fig. S4 in the supplemental material).

C. glabrata. A30x treatment resulted in a 2-fold gene expres-
sion variation for 887 genes (421 up- and 466 downregulated
genes, respectively). GO term analysis of upregulated genes re-
vealed enrichment of genes involved in oxido-reductive processes
and sulfur amino acid biosynthesis (see File S1 in the supplemen-
tal material). This observation is consistent with ROS production
induced by A30x. This was also confirmed by the upregulation of
cytochrome ¢ oxidase subunits (COX13, COX5B, and COX7),
which participate to ROS production from electron transport ac-
tivities (36). Strikingly, among the most upregulated genes were
those encoding heat shock proteins (SSA3, HSP104, HSP42, and
HSP30) and BNT2 encoding for a v-SNARE binding protein that
facilitates specific protein retrieval from a late endosome to the
Golgi. Together with the expression of the above-mentioned
chaperones, BNT2 has been shown to be upregulated in stressed
cells in S. cerevisiae to promote the sorting of misfolded proteins
(37). In relation with this observation, several genes involved in
protein ubiquitination (UBI4, UBP7, UBP9, UBX3, and UBX7)
were upregulated by A30x treatment. Thus, this expression pro-
file confirms that A3Ox imposes a stress in C. glabrata, which itself
perturbs protein processing. As a matter of fact, several genes im-
plicated in protein targeting to the vacuole (VPS genes) were up-
regulated by A30x treatment, including VPS8, VPS70, VPS38,
VPS27, and VPS21. VPS genes are part of ESCRT system and are
involved in the degradation of ubiquitylated proteins via the for-
mation of multivesicular bodies (38).
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We also observed that several genes of the calcineurin pathway
were upregulated by A30x treatment, including CCHI, MID2
CMK2, CRZI1, and CMP2. The calcineurin pathway has been
shown to be critical for responding to chemical stress in several
yeast species and thus upregulation of this system might represent
a mechanism by which C. glabrata protects itself against A30x
toxicity (5, 39, 40). Interestingly, A30x treatment seems to up-
regulate several peroxisomal enzymes (PEX13, PEX18, and PEX6)
and among them those involved in the glyoxylate cycle (ICLI and
MLS]I).

C. albicans. A30x treatment resulted in a 2-fold gene expres-
sion variation for 1,809 genes (1,438 up- and 371 downregulated
genes, respectively), thus indicating large perturbations of this
substance in the C. albicans transcriptome. GO term analysis of
upregulated genes showed enrichment of genes involved in pro-
teolytic and ubiquitination processes and involving proteasome
assembly (see File S2 in the supplemental material). Thus, A30x
treatment had a similar outcome as in C. glabrata reflecting a stress
situation and enhancement of protein degradation. GO terms
analysis of upregulated genes revealed enrichments in genes in-
volved mitochondrial electron transport (NAD6, NADI, NAD2,
NAD3, NAD4, NAD5, and NAD4). The fact that the mitochon-
drial electron transport chain is stimulated upon A30x treatment
and that cytochrome c oxidase subunits COX2 and COX3B, as well
as the mitochondrial F1F0 ATP synthase subunits ATP6, ATPS,
and ATP9, were upregulated may be related to a stimulus of mi-
tochondrial respiration and consequent ROS production in C.
albicans as described above measured. Consistent with these ob-
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A4: R=CH,CH,

H A3 oxim: R=CH,
A4 oxim: R=CH,CH,

FIG 8 Chemical structures of milbemycins A3/A4 (left) and oxim derivatives
(right).
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servations, orf19.148, orf19.639.1, and orf19.2438 (encoding for
mitochondrial large ribosomal subunits MRPL31, MRPL44, and
MRPS12, respectively) were upregulated in A3Ox-treated cells.
We observed that upregulated genes were also enriched in oxi-
doreductive functions, especially those related to peroxide detox-
ification (URE2, CCPI, GTTI2, orf19.4436, PRXI, DOTS5,
orf19.584, TTR1, CAT1, TSAI, and GPX1), probably reflecting the
enhanced mitochondrial activity upon A30x treatment. GO
terms analysis of upregulated genes also revealed enrichments in
genes involved in cell wall biogenesis, including, for example,
DIT1, PHR3, PHR2, CSK1, CHS2, CDA2, and ROM2. Several
genes encoding GPI-anchored proteins (PGA11, PGA14, PGAIS,
PGA17, PGA19, PGA22, PGA23, PGA25, PGA27, PGA28, PGA30,
PGA31, PGA39, PGA41, PGA42, PGA44, PGA46, PGA49, PGA5S,
PGA60, and PGA63) were also upregulated by A30x treatment.
We noticed that MKC1 encoding for a mitogen-activated protein
(MAP) kinase involved in cell wall integrity was upregulated by
A30x, thus raising the possibility that A3Ox is sensed by the cell
wall integrity pathway, the activation of which results in upregu-
lation of several cell wall genes, including those above listed (41).
Interestingly, several genes encoding heat shock and chaperone
proteins (ASRI, HSP104, HSP30, HSP31, and HSP70) were up-
regulated upon A30x treatment and thus highlight that C. albi-
cans is under stress as in the case of C. glabrata.

Intriguingly, we noticed a strong upregulation of WORI, a
master regulator of white-opaque switching in C. albicans (42)
upon A30x treatment. White and opaque cells show dramatic
differences in terms of cell shape, gene expression profile, drug
permeability, and virulence (42—46). It is known that ectopic ex-
pression of this master regulator in the background of C. albicans
isolates homozygous for the mating type locus (MTLa or MTLa)
results in a massive conversion of white cells to the opaque state
(47). We found that 50 of 214 genes upregulated in the opaque
phase as published by Tsong et al. (46) were also upregulated by
A30x. Normally, WORI is repressed in the strain SC5314 (which
was used here in microarray experiments) heterozygote for the
mating locus but this repression can be released by inhibition of
the al/a2 homeobox transcriptional complex. Thus, A30x was
capable to release this complex directly or indirectly and thus fa-
vored the upregulation of WORI and its targets. We verified that
A30x could induce white-opaque switching using a A30x disk
assay onto Lee’s medium. Opaque cells could be observed around
the disk zone, thus confirming that A30x could stimulate white-
opaque switching (see Fig. 4S in the supplemental material). The
stimulation of the opaque state upon exposure to toxic environ-
ments has been documented in the past (48). This stimulation is
the consequence of growth inhibition in the background of cells
homozygous for the mating locus (48).

Other genes regulated by A30x treatment were reminiscent of
stress conditions consequent of exposure to exogenous toxic com-
pounds: we noticed upregulation of genes involved in DNA repair
(RAD genes), upregulation of MCA]1, a caspase-like gene, and also
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genes involved in drug resistance such as the transcription factor
MRRI. The upregulation of MRRI is accompanied by upregula-
tion of some of its target genes (35 out of 84 target genes), among
which MDRI, a multidrug transporter of the major facilitator
family (49). MRRI upregulation by A30x is consistent with a
response of C. albicans to metabolic inhibitors.

DISCUSSION

In this work, we demonstrated that milbemycins are effective
agents to treat C. albicans and C. glabrata infections in combina-
tion with fluconazole in animal models and even reverse azole
resistance to levels of wild-type isolates. We showed that milbe-
mycins A3 and A4 and especially their oxim derivatives have po-
tent drug efflux inhibition activities. Several studies already estab-
lished that this family of substances inhibit fungal ABC
transporters (20, 21, 50); however, it is the first time, to our knowl-
edge, that this is demonstrated for oxim derivatives. These sub-
stances are active components of commercial antiparasitic drugs
and thus are easy to obtain in large quantities.

One of the most remarkable properties of milbemycin oxims
was their antifungal and fungicidal activities both in C. albicans
and C. glabrata, which to our knowledge has not been reported yet
for other efflux inhibitors. This activity seems to be mediated by
the oxim prosthetic group, since A4 and A3 were not exhibiting
the same activity. Furthermore, A30x was the most potent com-
pound in both Candida species. Thus, both the difference in
chemical structure between A3 and A4 (Fig. 8, one ethyl and
methyl group at position 25, respectively) and the addition of an
oxim group (Fig. 8, at position 5) (51) conferred a strong antifun-
gal activity. Milbemycin oxims carry two activities, one including
the inhibition of drug efflux at low concentration (efflux inhibi-
tion was detectable starting from 0.1 pg/ml) and the other includ-
ing antifungal activity at higher drug concentrations (3.2 to 6.4
pg/ml). The antifungal activity is independent of the presence or
absence of ABC transporters, since mutants lacking major ABC
transporters involved in azole resistance (CgCdr1/CgCdr2, Cdr1,
and Cdr2) exhibit similar A30x MIC values to wild-type isolates
(data not shown). Interestingly, efflux inhibition is more potent
against drug-resistant C. albicans than C. glabrata, as reflected by
the respective inhibition of R6G efflux (V,,,, ICsos are >20-fold
higher for C. glabrata, Fig. 2). This is possibly due to structural
differences of ABC transporters between the two species which
may result in different inhibitor affinities. The intrinsic antifungal
activity of A30x, on the other hand, shows no difference between
the two types of isolates, therefore highlighting that it is mediated
by an ABC-transporter-independent mechanism of action.

With the idea to better understand how the fungicidal effect of
A30x was exerted on C. albicans and C. glabrata, we performed
whole-genome transcript profiling with the same drug concentra-
tion and experiment duration. The results obtained revealed, as
expected, several features common to drug stress that include the
mobilization of oxidoreductive processes, of chaperoning of mis-

FIG 9 Cluster analysis of coregulated and ortholog genes between C. albicans and C. glabrata. Gene orthologues were obtained from data available at Candida
Genome database (CGD) and were extracted from data available on Files S1 and S3 in the supplemental material. Genes were clustered with the CLUSTER 3.0
software using centroid linkage preset. The data were viewed with TreeView (version 1.1.6r2). Gene symbols contain the C. albicans with the corresponding C.
glabrata ortholog and the attached gene name. Three subclusters are shown. (A) Genes upregulated in C. albicans and C. glabrata; (B) genes downregulated in C.
albicans and down-/upregulated in C. glabrata; (C) genes upregulated in C. albicans and downregulated in C. glabrata. “Fold-Ca” and “Fold-Cg” indicate the fold
change expression in the presence of A30x compared to untreated controls. Arrows indicate genes assigned by GO term analysis to oxidoreductive processes (see
File S3 in the supplemental material for details). The colored scale corresponds to the fold changes in gene expression ranging from <3.5-fold to >3.5-fold.
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folded proteins and of protein degradation pathways. The upregu-
lation of the caspase-like gene MCAI in C. albicans could be re-
lated to the fungicidal effect of A30x. It has been shown that a
striking caspase activity pattern can occur in C. albicans during
oxidative stress-induced programmed cell death (PCD) (52). To-
gether with the ROS-producing activity of A30x, MCA1 upregu-
lation suggests that A3Ox has the capacity to induce PCD in C.
albicans, although it can be expected that cell necrosis would be an
important readout of A30x exposure.

One surprising observation was the apparent divergent tran-
scriptional response of both Candida species upon A30x expo-
sure. We found that 204 gene orthologs between C. glabrata (of
887 genes) and C. albicans (of 1,809 genes) were commonly regu-
lated by A30x, which reflects a common response mechanism,
but also demonstrated quite different effects of this drug on the
transcriptome of the two yeast species (see File S3 in the supple-
mental material). The cluster analysis of these 204 regulated genes
showed that 62 were regulated in the opposite way between the
two yeast species (Fig. 9). The remaining genes that were com-
monly up- and downregulated could constitute a common core of
genes responding to A30x in a species-independent way. The GO
term analysis of the 144 coregulated genes revealed enrichments of
genes involved in oxidoreductive processes and in oxidative stress
response, which is consistent with a stress situation (see File S3 in
the supplemental material). From the annotated genes involved in
oxidoreductive processes, 75% belonged to genes commonly up-
regulated by A30x between both species (Fig. 9). Oxidative stress
is a signature common in response to xenobiotics in yeast (53-55),
and our transcript profile analyses therefore underline a similar
effect for A30x. In addition to this oxidative stress response, the
presence of chaperone genes (HSP gene family), of genes involved
in protein ubiquitination process, and of genes involved in ESCRT
vesicle trafficking was reminiscent of the response signature in-
volving protein damage (55). Interestingly, MAP kinases from
both C. albicans (MKC1I) and C. glabrata (SLT2) were also upregu-
lated upon A30x treatment. Besides the role of these kinases in cell
wall integrity as described above, it has been suggested that at least
MKCI participates to oxidative stress response (56), which is
again in agreement with the idea that A30x stress responses in-
volve oxidative processes.

At this stage, it is not possible to predict direct cellular targets of
this substance in addition to efflux transporters in the tested Can-
dida isolates. A few studies comparing the effect of the same drug
on different yeast species using microarrays are available. These
studies have investigated the effect of antifungal drugs on fungal
metabolism and generally could identify common response pat-
terns between the different investigated species (1). Here, we iden-
tified a limited overlap of gene expression between C. glabrata and
C. albicans, thus suggesting species-specific response signatures.
This could be due to the evolutionary distance between both yeast
species, which determines how a specific pathogen behaves in con-
tact with exogenous substances. However, even if species are more
closely related, drug response can be still different as illustrated by
transcriptome comparisons between C. glabrata and S. cerevisiae
in the presence of benomyl (57). The same conclusion was drawn
for the response of diverse yeast species to azoles (58).

Testing efflux inhibitors in animal models has been achieved in
a few occasions. For example, Hayama et al. (59) have used the
D-octapeptide derivative RC21v3, a Cdrl inhibitor, in the treat-
ment of murine oral candidiasis caused by azole-susceptible and
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azole-resistant C. albicans clinical isolates. RC21v3 potentiated the
therapeutic efficacy of fluconazole for mice infected with either
strain. Sorensen et al. (60) reported that milbemycin a, could
potentiate fluconazole in an experimental systemic pyelonephritis
with C. albicans. We showed here that milbemycin oxims could
potentiate fluconazole efficacy both in C. albicans and C. glabrata
using a systemic model of infection, and thus we expand the con-
cept of drug combination to both of these important fungal
pathogens. We have used different milbemycin regimens ranging
from 0.5 to 2.5 mg/kg/day in mice without signs of toxicity. These
dosages correspond to those given in animal care (61). A higher
dosage (5 mg/kg/day) exhibited slight toxicity effects in treated
mice without increasing fluconazole efficacy (data not shown).
The serum levels obtained after 7-day treatments reached concen-
trations near to the MIC measured in C. glabrata and C. albicans.
This could explain why milbemycin oxims on their own could
decrease fungal burden in tissues infected with C. glabrata and C.
albicans. On the other hand, we have shown in previous studies
that the ABC transporter C¢CDRI could participate to C. glabrata
virulence (23). Thus, inhibition of this transporter by milbemy-
cins could also impact on C. glabrata virulence and therefore
could contribute to the decrease of tissue burden upon inhibitor
treatment.

Whether or not milbemycin oxims with fluconazole can be
used in human is an open question. The primary targets of the
substance are glutamate sensitive chloride channels in neurons
and myocytes of invertebrates, leading to hyperpolarization of
these cells and blocking of signal transfer. These glutamate chan-
nels are specific for invertebrates and are not expressed in mam-
malian hosts (62). Some milbemycin derivatives have been used in
humans already. For example, Cotreau et al. (63) reported the use
of moxidectin to treat onchocerciasis (river blindness). Onchocer-
ciasis is a parasitic disease caused by the helminth Onchocerca
volvulus and is transmitted to humans through the bite of a black
fly of the genus Simulium. This study showed that such substances
have low toxicity in humans when administered in the 3- to 36-mg
range. Our preliminary data show that moxidectin acts synergis-
tically with fluconazole in C. glabrata and C. albicans as in the case
of milbemycin A30x. Therefore, the use of milbemycin for treat-
ing Candida infections is potentially possible in humans. Candida
infections, and especially C. glabrata infections, are rising in di-
verse countries and, together with azole resistance levels reached
nowadays by C. glabrata, alternative therapeutic approaches
should be proposed in the future (4).
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