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Fungal infections have increased dramatically in the last 2 decades, and fighting infectious diseases requires innovative ap-
proaches such as the combination of two drugs acting on different targets or even targeting a salvage pathway of one of the
drugs. The fungal cell wall biosynthesis is inhibited by the clinically used antifungal drug caspofungin. This antifungal activity
has been found to be potentiated by humidimycin, a new natural product identified from the screening of a collection of 20,000
microbial extracts, which has no major effect when used alone. An analysis of transcriptomes and selected Aspergillus fumigatus
mutants indicated that humidimycin affects the high osmolarity glycerol response pathway. By combining humidimycin and
caspofungin, a strong increase in caspofungin efficacy was achieved, demonstrating that targeting different signaling pathways
provides an excellent basis to develop novel anti-infective strategies.

Invasive fungal infections are characterized by diagnostic diffi-
culties and high mortality with fatality rates ranging from 30%

to 80% in neutropenic patients (1, 2). The yeast Candida albicans
and the filamentous fungus Aspergillus fumigatus are by far the
most important causes of life-threatening invasive mycoses (3).
To combat this life-threatening infection, only a limited number
of antifungal agents are available. Among them, the most fre-
quently used are amphotericin B (AMB) and triazole drugs like
itraconazole (ITZ), fluconazole, and voriconazole, targeting er-
gosterol in the fungal cell membrane (4). The echinocandins are
the most recent class of antifungal agents. They inhibit the synthe-
sis of �-(1,3)-D-glucan in the fungal cell wall, which is not present
in mammalian cells. The first clinically applied echinocandin was
caspofungin (CAS) (Cancidas, caspofungin acetate) (5). How-
ever, after introduction of CAS in clinical trials, no decrease in the
mortality rate of patients with invasive aspergillosis was reported
(6). Apparently, there are at least two drawbacks: (i) the increasing
resistance against CAS (7) and (ii) the so-called paradoxical effect
leading to attenuated activity of echinocandin antifungals at high
concentrations (8, 9). However, echinocandins still show promis-
ing features as the basis for a combined antifungal therapy because
they are poor substrates for cytochrome (CYP) P450 enzymes and
P-glycoproteins (10).

The alarming number of cases of life-threatening mycoses and
the lack of effective drugs have driven the search for new, broad-
spectrum fungicidal agents, including reformulation of existing
antifungals as well as the search for synergistic compounds or
compounds able to potentiate the effects of known antifungal
drugs that can be used for treatment and prophylaxis (11).

In this study, using high-throughput screening (HTS) against
A. fumigatus (12), we discovered that extracts of the actinomycete
Streptomyces humidus F-100.629 were able to inhibit the growth of
A. fumigatus and C. albicans when combined with a sublethal dose
of CAS. Bioassay-guided fractionation of these extracts led to the

isolation of the novel compound humidimycin, structurally re-
lated to the class I lasso peptides siamycins I and II and RP71955/
aborycin, all ribosomally synthesized and posttranslationally
modified peptides (RiPPs) produced by different strains of Strep-
tomyces (13, 14). Here, we also analyzed the effect of caspofungin
and humidimycin on A. fumigatus at the transcriptome level, con-
firming that they act on different targets. Further analysis of signal
transduction mutants, combined with biochemical determination
of the phosphorylation status of mitogen-activated protein
(MAP) kinases, revealed that the high osmolarity glycerol (HOG)
pathway drives the response to humidimycin. This finding led to
the discovery of a potential salvage pathway acting during the CAS
stress response, which can be used as a novel target to potentiate
CAS activity.
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MATERIALS AND METHODS
HTS and isolation of humidimycin. The 20,000 natural product extracts
used in the screening against A. fumigatus were obtained from Fundación
MEDINA’s natural product collection and corresponded to microbial ex-
tracts from actinomycetes and fungal strain fermentations prepared as
previously described. The HTS was performed in 96- and 384-well plates
as described by Monteiro et al. (12).

The test plates contained a volume of 150 �l of RPMI 1640 modified
medium/well, including 2.5 � 104 conidia/ml, 0.002% (wt/vol) resazurin,
and 7 �l of extract. Each extract was tested with and without a sublethal
dose of CAS (0.015 �g/ml). The sublethal dose of CAS was chosen as
one-eighth of the minimal effective concentration (MEC) found for this
antifungal. Each microtiter plate contained a set of control wells, includ-
ing growth and no-growth controls and an amphotericin B dose-response
curve (from 2 to 0.25 �g/ml). Plates were incubated at 37°C for 30 h, and
growth inhibition was quantified by measuring fluorescence (excitation,
570 nm; emission, 615 nm) using a VICTOR2 multilabel counter
(PerkinElmer).

The percentages of resazurin reduction and growth inhibition were
calculated using the following equations: % reduction� 100 � [(fluores-
cence intensity of test agent � fluorescence intensity of untreated con-
trol)/(fluorescence intensity of reduced resazurin � fluorescence inten-
sity of untreated control)] and % inhibition � 100 � % reduction.
Screening data for the resazurin assay were analyzed using the Genedata
Screener program (Genedata AG, Switzerland).

The activity of the extracts tested with CAS was subtracted from the
activity of the extracts without CAS, and an extract was considered syner-
gistic when this value was �60%. The fractional inhibitory concentration
index (FICI) was not used because the extracts were not active without the
sublethal dose of the antifungal. The RZ= factor was determined in all
experiments.

The activity of the positive extracts was confirmed by analysis of titration
curves. The extracts presenting good dose-response curves were analyzed by
liquid chromatography-mass spectrometry (LC-MS), and the result was
compared with MEDINA’s in-house database and with commercial natural
product databases (Chapman & Hall Dictionary of Natural Products; http:
//dnp.chemnetbase.com) in order to detect already known compounds.
Those extracts with no match in the databases were selected for scale-up
fermentation of the producing strain, extraction and fractionation using
SP207ss resin, and preparative high-performance liquid chromatography
(HPLC), following a bioassay-guided process in order to isolate the pure
compounds responsible for the observed biological activity.

Humidimycin was identified as a secondary metabolite produced by
the strain Streptomyces humidus F-100,629 isolated from a soil collected in
Almería, Spain. The acetone extract of a culture broth of strain F-100,629
grown in liquid medium for 7 days at 28°C was subjected to bioassay-
guided fractionation using SP207ss chromatography (gradient elution
with H2O-acetone mixtures) and reversed-phase C-8 preparative HPLC
(H2O-CH3CN gradient with 0.1% trifluoroacetic acid [TFA] in both
phases; see the supplemental material for further details) to yield humi-
dimycin as the molecule responsible for the observed biological activity.

Biological activity. (i) Strains, media, antifungal compounds, and
reagents. The fungal strains used in this study were Candida albicans
MY1055, Aspergillus fumigatus ATCC 46645 (wild-type strain), CEA17
(wild-type strains), and CEA17 mutants. The media used in this work
were (i) RPMI 1640 modified medium containing 10.4 g/liter of RPMI
1640 medium (R8755; Sigma), 6.7 g/liter of yeast nitrogen base (YNB)
(BD Biosciences), 1.8% (wt/vol) glucose, and 40 mM HEPES (pH 7.1); (ii)
yeast extract-peptone-dextrose broth (YPDB)-KCl medium (2% [wt/vol]
peptone, 1% [wt/vol] yeast extract, and 4% [wt/vol] KCl), sterilized by
autoclaving, and then supplemented with 2% (wt/vol) glucose and 4
�g/ml adenine; (iii) Sabouraud dextrose agar (SDA) (65 g/liter; BD Bio-
sciences); and (iv) potato dextrose agar (PDA) (39 g/liter; BD Biosci-
ences). The chemicals resazurin (R7017; Sigma), Tween 80 (Merck), ITZ
(I16657; Sigma), CAS (Merck Sharp & Dohme), and dimethyl sulfoxide

(DMSO) (Merck) were used. Aspergillus minimal medium (AMM) was
prepared as previously described (15).

(ii) Viability assays. Cell viability of A. fumigatus was measured using
resazurin as described previously (12). In the case of C. albicans, yeast
suspensions from cryovials were streaked on SDA plates and incubated for
18 h at 37°C, and colonies were inoculated in 10 ml Sabouraud dextrose
broth (SDB). The overnight culture was adjusted to an optical density
(OD) of 0.25 at 660 nm in RPMI 1640 modified medium, diluted 1:10 (�2
to 5 � 105 cells/ml), and kept on ice until use. After inoculation, 96-well
microtiter plates were statically incubated at 37°C for 20 to 24 h. Resazurin
was added to the microtiter plates at a final concentration of 0.002% 3 to
4 h before the fluorescence was measured as described above.

(iii) Potentiation assay conditions. The potentiation assay was per-
formed in 96-well plates, and humidimycin was tested with and without a
sublethal dose of clinically used antifungal compounds. The sublethal
doses of CAS were 0.015 �g/ml for A. fumigatus and 0.03 �g/ml for C.
albicans. A sublethal dose of ITZ (0.06 �g/ml) was used to test A. fumiga-
tus and C. albicans. The sublethal doses were defined as one-eighth of the
MEC/MIC obtained for each antifungal compound.

The test plates contained a final volume of 150 �l/well of the inocu-
lum. Culture plates were incubated at 37°C for 30 h. The variation of the
color of resazurin was visually observed after the incubation of the plates,
and the growth inhibition was quantified by measuring the fluorescence as
described above (12). All of the experiments were performed in triplicate.
The RZ= factor obtained in all the experiments was between 0.85 and 0.95.

(iv) Checkerboard tests for antifungal interactions in vitro. The
checkerboard tests were performed in 96-well plates (16, 17). To obtain
data for the interactive effects of CAS and humidimycin against A. fumiga-
tus, we determined dose-response curves and measured growth inhibition
in 96-well microdilution plate assays with the aid of the redox indicator
resazurin. The in vitro drug interaction was evaluated by a two-dimen-
sional, two-agent broth microdilution checkerboard technique, using 96-
well flat-bottomed microtitration plates. Interactions were finally deter-
mined by checkerboard layouts of doubling dilutions of CAS and
humidimycin at 10 final concentrations from 0.24 to 0.0018 �g/ml of CAS
(10 columns of the microdilution plate) and 8 final concentrations (8 to
0.015 �g/ml) of humidimycin (8 rows of the same microdilution plate).
All of the assays were performed in triplicate.

Flow cytometry experiments. Flow cytometry (FC) assays were per-
formed with the C. albicans strain treated with the following compounds
(concentration ranges): humidimycin (8 to 0.06 �g/ml), CAS (1.0 to
0.004 �g/ml), CAS at a sublethal dose (0.03 �g/ml), ITZ at a sublethal
dose (0.06 �g/ml), humidimycin (8 to 0.06 �g/ml) plus CAS at a sublethal
dose, and humidimycin (8 to 0.06 �g/ml) plus ITZ at a sublethal dose.
Propidium iodide (PI) was used as a probe to determine cell viability and
membrane permeability (18). Cells that were not treated, with and with-
out the probe, and AMB curves were used as controls. The C. albicans
inoculum was incubated for 6 h with agitation at 37°C until the exponen-
tial growth phase was reached in order to obtain a homogeneous popula-
tion. The assay was performed in 96-well plates containing C. albicans cells
(2.5 � 106 cells/ml), and after addition of the different compounds to be
tested, plates were incubated overnight at 37°C. After incubation, cells
were washed three times with phosphate-buffered saline (PBS) 1� solu-
tion and then incubated for 30 min with 100 �l/well of 50 mM PI solution
at 37°C in the dark. Plates were then read in a BD Accuri C6 flow cytom-
eter (BD Biosciences) at the wavelengths defined for PI (535 nm/617 nm),
with 10,000 events recorded per well. The experiments were performed in
triplicate.

Susceptibility tests of A. fumigatus mutants. Microdilution assays
were performed following the EUCAST standard methodology (19). Hu-
midimycin was used to determine the MEC in broth microdilution. The
assay was performed in 96-well microtiter plates. The concentrations
tested ranged from 8 to 0.015 �g/ml in serial double dilutions. The A.
fumigatus strains used in this study are listed in Table 1. Plates were incu-
bated for 24 to 48 h at 37°C, and the endpoint for humidimycin was
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determined as the concentration that produced a visible change in the
morphology of the hyphae compared with the growth in control wells
(MEC). For plate susceptibility assays, the experiments were performed as
previously reported (20).

Western blot analysis. Conidia (106/ml) of wild-type and �mpkA and
�sakA mutant strains were cultured for 16 h, and the resulting mycelia
were treated with humidimycin (1 �g/ml), CAS (0.1 �g/ml), and humi-
dimycin and CAS together. The mycelia were harvested at different time
points and immediately frozen in liquid nitrogen. Protein extraction and
Western blot analysis were carried out as previously described (20).

Cytotoxicity and cardiotoxicity assays. Cell growth and incubation
conditions for evaluation of cytotoxicity were similar to those reported
previously (21, 22). The cell line Fa2N-4 used in this study was obtained
from Xenotech. The healthy Fa2N-4 cells (immortalized hepatocyte cell
line) were cultured in MFE essential support medium F with MFE culture
medium supplement A. The cell culture was kept at 37°C under a humid-
ified atmosphere of 5% CO2. The methylthiazolyldiphenyl-tetrazolium
bromide (MTT) assay test that measures the rate of reduction of MTT as
an indicator of the functional integrity of mitochondria was used to de-
termine the cellular viability of the Fa2N-4 cell line. For the in vitro cyto-
toxicity assay, we used 10,000 cells per well in 96-well plates. Humidimy-
cin was tested at concentrations ranging from 5 to 0.01 �g/ml, with and
without the sublethal doses of CAS of 0.015, 0.03, and 0.1 �g/ml. Absorp-
tion at 570 nm (OD570) was measured in a Victor2 Wallac spectrofluo-
rometer (see Table S2 in the supplemental material).

Cardiotoxicity was determined by measuring the activity on the po-
tassium ion channel human ether-à-go-go-related gene (hERG) using the
FluxOR thallium flux assay. The cell line used in this study was obtained
from B’SYS GmbH (Hek293 transfected with the hERG channel). The
FluxOR potassium channel assay was performed as outlined in the Invit-
rogen information sheet in a FLIPR Tetra system (Molecular Devices).

Sequence accession number. RNA-seq raw data are accessible
through the Gene Expression Omnibus (GEO) under accession number
GSE55663.

RESULTS
Isolation and structure elucidation of humidimycin (MDN-
0010). An HTS approach was used to test, in combination with
CAS, 20,000 microbial natural product extracts from actinomyce-
tes and fungi (available from the Fundación MEDINA collection)
(12). The result was that 0.94% of extracts analyzed displayed a
CAS-enhancing activity against the two A. fumigatus wild-type
strains tested, ATCC 46645 and CEA17�akuB (inhibition cutoff
of �60%) (23, 24). The extracts showing a good dose-response
curve (36.5%) were further characterized, and pure compounds
were identified after bioassay-guided fractionation of freshly re-
grown microorganisms. One of the most promising compounds
found in this screen was the new class I lasso peptide humidimy-
cin. By use of different chromatographic methods, the compound
was isolated from a fermentation broth of the strain Streptomyces
humidus F-100,629. The structure of humidimycin was closely
related to those of the known lasso peptides siamycins I and II and

RP71955, isolated as well from strains of Streptomyces (13, 14)
(Fig. 1A). A molecular formula of C98H132N22O27S4 was proposed
for the compound after extensive analysis of the electrospray ion-
ization-time of flight mass spectrometry (ESI-TOF MS) spectra
acquired in positive mode (m/z 2194.8839 [M 	 NH4]	, calcu-
lated for C98H136N23O27S4

	, 2194.8853; m/z 1097.9453 [M 	 H 	
NH4]2	, calculated for C98H137N23O27S4

2	, 1097.9463) and neg-
ative mode (m/z 1087.4124 [M � 2H]2�, calculated for
C98H132N23O27S4

2�, 1087.4174). This molecular formula only
differed from that of siamycin II in the replacement of a nitrogen
atom by oxygen in humidimycin. Indeed, the 1H and 13C nuclear
magnetic resonance (NMR) spectra (see Table S1 in the supple-
mental material) confirmed the peptidic nature and revealed the
complex structure of the molecule. Detailed analysis of the one-
dimensional (1D) and two-dimensional (2D) NMR spectra dem-
onstrated nearly identical chemical shifts for all the amino acid
residues in humidimycin and siamycin II. Reduction of the two
disulfide bridges of the molecule and sequencing by tandem mass
spectrometry (MS/MS) allowed us to propose an identical struc-
ture for the C terminus of both peptides, from Phe10 to Trp21.
The replacement of Asn 8 in siamycin II by Asp in humidimycin
was confirmed by a small upfield shift of the 13C signal of the CH2

of the Asp residue in humidymicin compared to that of siamycin
II (25) and the absence of primary amide signals in the 1H NMR
spectra. The absolute configuration of all the amino acid residues
present in the molecule was assumed to be L, the same as in sia-
mycin II, due to the similarity in chemical shifts and the negative
value of its optical rotation.

Potentiation of the antifungal effect of CAS and itraconazole
by humidimycin (MDN-0010). The potentiation of the antifun-
gal effect was determined by simultaneous testing of humidimycin
with and without a sublethal concentration of CAS. Dose-re-
sponse curves were obtained using the starting concentrations of 8
�g/ml of humidimycin (compound 1) and tested against the two
major human pathogens, A. fumigatus and C. albicans. The min-
imal effective concentration (MEC) measured indicates the con-
centration that produced a change in the morphology of hyphae
compared with that for the control. The sublethal dose of CAS
(0.015 �g/ml) was about 1/10 of the MEC for A. fumigatus (0.12
�g/ml) and the MIC for C. albicans (0.25 �g/ml). Doses up to 1 to
2 �g/ml of humidimycin potentiated the CAS antifungal effect
against A. fumigatus with a decrease in the CAS MEC from 0.12 to
0.015 �g/ml and against C. albicans with a drop in the CAS MIC
from 0.25 to 0.03 �g/ml (Table 2).

Once the potentiating effect of CAS against A. fumigatus and C.
albicans was demonstrated, these microorganisms were used to
test humidimycin in combination with antifungal agents other
than CAS. The strongest synergistic effect was obtained with the

TABLE 1 A. fumigatus strains used in this study

Strain Deleted gene Assigned function Genetic background Genotype Reference

ATCC 46645 Wild type 23
CEA17 Wild type 40
CEA17�akuB AFUA_2G02620 Ku DNA helicase CEA17 akuB::pyrG; PyrG	 24
�mpkA AFUA_4G13720 MAP kinase (MpkA) CEA17 �akuB akuB; mpkA::ptrA; Ptr	 20
�sakA AFUA_1G12940 MAP kinase (Osm1) CBS 144.89 sakA:: hph; HygR 30
�skn7 AFUA_6G12520 response regulator ATCC 46645 skn7::ptrA; Ptr	 27
�yap1 AFUA_6G09930 bZIP trans. factor ATCC 46645 yap1::hph; HygR 28

Synergistic Potentiation of Antifungal Drugs
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combination of humidimycin and itraconazole (ITZ) (0.06 �g/
ml) against A. fumigatus. This result characterized humidimycin
as an antifungal enhancer (Table 2).

In order to find the optimal combination of the enhancer com-
pound and the clinically used antifungal drug, checkerboard tests
were performed. Curves of humidimycin (8 to 0.015 �g/ml) were
crossed with curves of CAS (0.24 to 0.002 �g/ml) or ITZ (0.5 to
0.004 �g/ml) against A. fumigatus and C. albicans. The optimal
drug concentration of each compound and the maximum poten-
tiation effect were determined. The results presented in Table 2
and illustrated in Fig. 1B and C show that humidimycin enhanced
by 4.5-fold the antifungal effect of CAS against A. fumigatus and C.
albicans. The potentiation was calculated as the CAS 50% inhibi-
tory concentration (IC50)/humidimycin-CAS IC50 ratio and rep-
resents the number of times the CAS IC50 was reduced in the
presence of humidimycin. The potentiation for ITZ was compar-

atively weaker against C. albicans, whereas ITZ exhibited similar
values against A. fumigatus.

Flow cytometry (FC) experiments using C. albicans were per-
formed to determine that membrane permeability and cell viabil-
ity were not affected by the sublethal doses of the antifungal drugs
and by humidimycin itself (Fig. 2). These experiments were not
performed with A. fumigatus due to the large size of the fungal
hyphae, which are not suitable for flow cytometry. The results
obtained with this assay permit disregarding of any membrane
damage involved in the mode of action of humidimycin and also
established that sublethal doses of CAS do not affect the mem-
brane permeability (Fig. 2). Therefore, the potentiation effect ob-
served is not a consequence of the sensitization of the strain in the
presence of the compounds but must be due to some other mech-
anism of interaction that takes place when the two compounds are
combined.

FIG 1 Humidimycin structure and activity. (A) Humidimycin structure related to those of siamycins I and II. (B and C) Dose-response curve effect of
humidimycin (8 to 0.015 �g/ml) in combination with CAS against A. fumigatus (CAS, 0.015 �g/ml) and C. albicans (CAS, 0.03 �g/ml).
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Lack of toxicity of the compounds. The compounds humidi-
mycin (8 to 0.015 �g/ml) and CAS (8 to 0.015 �g/ml) alone or in
combination (humidimycin [8 to 0.015 �g/ml] plus CAS at 0.015
�g/ml, 0.03 �g/ml, or 0.09 �g/ml) were tested on the human
hepatocyte cell line Fa2N-4 using the MTT assay (Table 3). The
lack of cytotoxicity of humidimycin alone and in combination
with CAS adds value to the molecule and to its possible use as a
synergistic compound with CAS. In addition, it is well established
that CAS is a poor substrate for the CYP P450 enzyme system and
does not appear to inhibit major CYP 450 isozymes. Thus, drug
interactions based on alterations in CYP-mediated metabolism
are unlikely to occur with caspofungin (10).

To assess any potential cardiac liability, we tested the interac-
tion of humidimycin with the cardiac hERG ion channel and in
the presence of three different sublethal doses of CAS (0.015, 0.03,
and 0.1 �g/ml). The results show the lack of activity of humidi-
mycin as well as its combinations with CAS on the cardiac ion
channel tested. The absence of hERG channel blocker activity is
particularly relevant for drug candidates and potential drug devel-
opment.

Transcriptome analysis using RNA-seq revealed drug-in-
duced genes. In order to get insights into the mode of action
underlying the synergistic effect of CAS and humidimycin on A.
fumigatus, mycelia were grown in liquid medium and stressed by
addition of these compounds alone or in combination. RNA se-
quencing (RNA-seq) analysis indicated that 668 genes were differ-
entially regulated in response to CAS, 140 in response to humidi-
mycin, and 571 in response to the combination of both
compounds (see Fig. S1 in the supplemental material). The differ-
entially regulated genes appeared overall quite scattered. It was
not possible to group them in defined categories, and the majority
of the known cell wall biosynthetic genes were not affected by the

treatments. Additionally, almost half of the detected genes were
classified as hypothetical proteins. However, the analysis high-
lighted at least that CAS stress (0.1 �g/ml) led to differential reg-
ulation of genes involved in carbohydrate metabolism, which play
a possible role in cell wall biosynthesis, indicating that CAS trig-
gered cell wall stress. Another interesting aspect revealed by this
experiment was that CAS affects expression of many (about 50)
major facilitator superfamily (MFS) transporters, which were
globally downregulated.

To further investigate the effects of humidimycin, A. fumigatus
was incubated with 1 �g/ml of drug in liquid culture, which was
determined in preliminary experiments to be optimal (Table 2).
The number of differentially expressed genes induced at this con-
centration was rather low (see Fig. S1 in the supplemental mate-
rial), and also in this case more than half were classified as hypo-
thetical proteins.

When both drugs were combined, the same scenario was ob-
served. What was clear from this experiment was that the total
number of differentially expressed genes was lower than that upon
CAS treatment alone (see Fig. S1 in the supplemental material),
implying that humidimycin reduced the A. fumigatus stress re-
sponse against CAS. This assumption was confirmed by gene-
clustering analysis (see Fig. S2). However, even if this analysis
revealed the presence of a group of genes putatively involved in
cell wall biosynthesis that were more significantly regulated dur-
ing CAS stress and less when both drugs were used together, a
common denominator among them was not found.

Sensitivity of A. fumigatus signaling mutants to CAS and
humidimycin. To further analyze the mode of action of humidi-
mycin, four A. fumigatus mutants (�mpkA, �skn7, �sakA, and
�yap1) displaying deletions in the central regulators of the cellular
stress response were tested for sensitivity against CAS and humi-

TABLE 2 Checkerboard assays of compound humidimycin in combination with CAS and ITZ against A. fumigatus and C. albicansa

Treatment A. fumigatus C. albicans

CAS Humidimycin (�g/ml) CAS in combination
(IC50, �g/ml)

Humidimycin
(�g/ml)

CAS in combination
(IC50, �g/ml)

A. fumigatus (IC50, 0.027 �g/ml) 8 0.0059 8 0.0131
4 0.0063 4 0.0104
2 0.0070 2 0.0085
1 0.0137 1 0.0069

C. albicans (IC50, 0.03 �g/ml) 0.5 0.0177 0.5 0.0210
0.25 0.0213 0.25 0.0213
0.125 0.0237 0.125 0.0202
0.0625 0.0220 0.0625 0.0449
0.0313 0.0272 0.0313 0.0254
0.0156 0.0273 0.0156 0.0398

ITZ Humidimycin (�g/ml) ITZ in combination
(IC50, �g/ml)

Humidimycin
(�g/ml)

ITZ in combination
(IC50, �g/ml)

A. fumigatus (IC50, 0.264 �g/ml) 8 0.0649 8 0.0124
4 0.0670 4 0.0109
2 0.0656 2 0.0119
1 0.0649 1 0.0113

C. albicans (IC50, 0.031 �g/ml) 0.5 0.0663 0.5 0.0117
0.25 0.0783 0.25 0.0119
0.125 0.1080 0.125 0.0119
0.0625 0.1108 0.0625 0.0119
0.0313 0.1115 0.0313 0.0123
0.0156 0.2646 0.0156 0.0131

a Different concentrations of humidimycin were tested in combination with different concentrations of CAS or ITZ. The most active drug combinations are marked in bold.
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dimycin (Table 1). Among other functions, the MAP kinase
MpkA represents the main element in the regulation of the cell
wall integrity (CWI) pathway and of the oxidative stress re-
sponse (26). Skn7 and Yap1 are transcription factors contrib-
uting to the oxidative stress response. Skn7 can also act as a
nuclear response regulator in the two-component-like phos-
phorelay system, contributing to the control of cell wall biosyn-
thesis and osmoregulation (27–29). The MAP kinase SakA plays a
role in osmotic and oxidative stress responses and is the major
regulator of the HOG pathway (30). The wild-type strains ATCC
46645 and CEA17�akuB were used as controls (23, 24). The MECs
were measured after 24 to 48 h of static incubation at 37°C. The
�mpkA mutant was highly sensitive to CAS, while the �skn7 and
�sakA mutants showed moderate growth defects (Table 4). Con-
cerning humidimycin, the MECs of the �mpkA and �yap1 mu-
tants were identical to the value for the wild-type control strains (8
�g/ml) (Table 4). In contrast, the A. fumigatus �skn7 and �sakA
mutants exhibited MECs considerably lower than those of the
wild type and the other mutant strains tested.

To further determine the role of central MAP kinases, different
spore concentrations of the �mpkA and �sakA mutant strains
were inoculated on agar plates supplemented with increasing con-
centrations of CAS (Fig. 3A). As expected, the �mpkA strain did
not grow in the presence of CAS even at low concentrations (0.05
�g/ml). The growth of the �sakA strain was only inhibited by CAS
concentrations of 
0.1 �g/ml. However, as observed for the wild-
type strain, a further increase in the CAS concentration led to the
paradoxical effect exerted by this drug, which was also observed
for the �sakA mutant. This experiment indicated that the SakA
signaling pathway is most likely involved in the CAS response, but

FIG 2 Flow cytometry assays with C. albicans to determine cellular viability by
changes in membrane permeability using PI as a probe. The assays were per-
formed with C. albicans and demonstrated that neither the sublethal dose of
CAS nor the compound humidimycin itself (used at concentrations below 8
�g/ml) affected the cellular viability. (A) Normal population; (B) background
of fluorescence emitted. (1) Nontreated cells. (2) Cells treated with 1 �g/ml of
CAS (panel A shows the damaged population and panel B confirmed that PI
was able to enter into the cell). (3) Cells treated with amphotericin B (AmB) at
4 �g/ml used as a control. (4) Cells treated with a sublethal dose (sub) of CAS
(0.015 �g/ml) (panels A and B) presented the same profile as the nontreated
cells (healthy cells). (5) Cells treated with 8 �g/ml of humidimycin (HMD)
were also not affected. (6) Cells treated with a sublethal dose of CAS plus
humidimycin at concentrations from 8 to 2 �g/ml presented the same damage
profile as cells treated with 1 �g/ml of CAS (2). (7) Cells treated with a sub-
lethal dose of CAS 	 humidimycin at concentrations of �2 �g/ml were not
affected.

TABLE 3 Cytotoxicity assay with humidimycin, CAS, and the
combination of both on human hepatocyte cell line Fa2N-4 measured
by an MTT test

Treatment
IC50 (mM) for Fa2N-4
cell line

Humidimycin (from 8 to 0.015 �g/ml) 
5
CAS (from 8 to 0.015 �g/ml) 
5
Humidimycin (from 8 to 0.015 �g/ml)

	 CAS (0.015 �g/ml)

5

Humidimycin (from 8 to 0.015 �g/ml)
	 CAS (0.03 �g/ml)


5

Humidimycin (from 8 to 0.015 �g/ml)
	 CAS (0.09 �g/ml)


5
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even when the sakA gene was deleted, CAS still acted fungistati-
cally.

To clarify the role of MpkA and SakA in the response to humi-
dimycin and CAS, the phosphorylation status of both kinases was
investigated by Western blot analysis in a wild-type strain stressed
by these compounds alone or in combination. Addition of CAS to
the medium decreased the phosphorylation levels of MpkA and
SakA at the early time point (10 min after stress induction). How-
ever, the phosphorylation levels of both kinases increased 30 min
after induction, confirming that the activation of both kinases was
associated with the stress response against CAS. At 60 min after
CAS induction, MpkA was still phosphorylated, while the SakA
phosphorylation level was decreased. On the other hand, the ad-
dition of humidimycin alone reduced the MpkA and SakA phos-
phorylation levels, but only the SakA phosphorylation level then
increased at a later exposition time (Fig. 3B). When both com-
pounds were simultaneously given, the MpkA activation induced
by CAS was not affected by the presence of humidimycin, while
the SakA activation was inhibited at all time points (Fig. 3B).

DISCUSSION

The search for compounds to increase the activity of the clinically
used CAS against A. fumigatus and C. albicans led to the discovery
of humidimycin. Compounds with CAS-enhancing activity are of
high interest not only for their potential application in the clinic to
improve current therapies but also in basic research to reveal sal-
vage pathways against CAS. It was reasonable to assume that sal-
vage pathways can be identified by a combination of transcrip-
tome analyses and the use of mutants defective in various signal
transduction pathways. The analysis of transcriptomic data did
not reveal any possible target for humidimycin. Additionally, the
resulting data were not clear enough to draw a picture about the
modes of action of the compounds used. However, this approach
at least showed that the global response of A. fumigatus to CAS
stress was reduced by the presence of humidimycin. Consistently,
the absolute number of differentially regulated genes induced by
CAS decreased in the presence of humidimycin, suggesting that
potential salvage pathways were affected.

Inhibition assays demonstrated that the A. fumigatus mutant
�mpkA is far more susceptible to CAS than the wild type. This
result was not surprising because the cell wall is the primary target
of echinocandins like CAS, and MpkA is the major regulator of the
CWI pathway (20, 26). Consistently, the addition of CAS to cul-
ture broth affected the phosphorylation of MpkA. Similarly, the
�skn7 and �sakA mutant strains displayed enhanced sensitivity to
CAS. Because �skn7 and �sakA mutant strains are also more sen-
sitive against oxidative stress (27, 28, 30), it was conceivable that
CAS induced this type of stress. However, this assumption was
excluded because the �yap1 mutant, which lacks one of the major
regulators of the fungal response against reactive oxygen interme-
diates, did not display enhanced susceptibility to CAS (28).

Humidimycin belongs to the group of siamycins, which were

TABLE 4 Minimal effective concentrations of humidimycin and CAS
for the A. fumigatus mutant strains testeda

A. fumigatus strains

MEC (�g/ml)

CAS (24–48 h) Humidimycin (24–48 h)

ATCC 46645 0.038–0.550 
8, 
8
CEA17�akuB 0.034–0.435 
8, 
8
�mpkA 0.008–0.010 
8, 
8
�skn7 0.014–0.315 0.015–0.180
�sakA 0.013–0.235 0.015–0.020
�yap1 0.012–0.440 
8, 
8
a Data are geometric mean values of at least two independent determinations.

FIG 3 Sensitivity of the �sakA and �mpkA strains to different CAS concentrations and Western blot analysis. (A) The indicated numbers of conidia were spotted
on AMM agar plates with or without different concentrations of CAS. (B) The wild-type strain was stressed by humidimycin and CAS alone or in combination,
and samples were collected at the indicated time points (minutes after stress). The anti-phospho p42-44 antibody was used to detect the phosphorylated form of
MpkA, while the anti-phospho p38 antibody was used for SakA phosphorylated forms. As negative controls, proteins extracted from the �sakA and the �mpkA
strains under nonstressed condition were used. �-Tubulin was used as a control (Anti �-tub).
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shown to have strong antimicrobial activities against Gram-posi-
tive bacteria and also to possess anti-HIV activity (31, 32). In a
noncompetitive way siamycin I inhibits the autophosphorylation
of membrane sensor kinases in Enterococcus faecalis (33). Sensor
kinases are members of two-component systems, which were dis-
covered in prokaryotes and later found in some eukaryotes, but
not in the animal kingdom. This is one of the reasons why they are
considered good candidates for antifungal targets (34). In fungi,
sensor kinases belong to a hybrid form consisting of both histidine
kinases and response regulator receiver domains. Such hybrid his-
tidine kinases are responsible for the activation of the HOG path-
way via a two-component-like phosphorelay system (29). The
yeast Saccharomyces cerevisiae encodes a single histidine kinase,
Sln1, which regulates the histidine-containing phosphotransfer
protein Ypd1. Ypd1 has a dual function: it activates Skn7 in re-
sponse to oxidative or cell wall stress (35) and inhibits the MAP
kinase Ssk2, which is an element of the HOG pathway (29). In S.
cerevisiae, deletion of sln1 caused constitutive activation of the
HOG pathway, which is lethal for yeast cells (36). The increased
phosphorylation of SakA, the major kinase of the HOG pathway,
during incubation with humidimycin suggested that this drug also
affected histidine kinase two-component systems. In A. fumigatus,
the �sakA and the �skn7 mutant strains showed increased sensi-
tivity to humidimycin compared to that for the wild-type strains.
Both components are supposed to work downstream of putative
histidine kinases. However, this observation needs to be further
clarified to better assign a function to these two genes. Addition-
ally, A. fumigatus encodes 14 putative hybrid histidine kinases
(29), which makes it difficult to predict whether humidimycin
only inhibits a specific histidine kinase or several kinases.

As shown here, the combination of CAS and humidimycin led
to the activation of MpkA, but not of SakA. Our data thus support
a scenario in which the synergistic effect exerted by the drug com-
bination is caused by the misbalancing of the HOG signaling path-
way, which leads to a reduced response against both CAS and
humidimycin. The increased sensitivity of the sakA deletion mu-
tants against CAS is in line with this hypothesis.

As a second hypothesis, the possibility that elements of the
hybrid histidine kinase family can be involved in the CAS stress
response and that the inhibition of their activity can decrease the
global stress response must be considered. The active involvement
of histidine kinases in the cell wall stress response was already
demonstrated in S. cerevisiae (37). This hypothesis is suggested by
the decrease in the total number of differentially expressed genes
detected by using the two drugs in combination in comparison to
the response induced by CAS alone. However, all sensor kinases
studied so far in filamentous fungi are mainly involved in mor-
phology and differentiation, but none of them was related to stress
sensing, besides some role in osmosensing (38). Therefore, the
role of hybrid sensor kinases in stress sensing in filamentous fungi
remains to be elucidated.

We hypothesized that the synergistic effect of combining hu-
midimycin and ITZ is likely due to the involvement of the CWI
pathway in the azole stress response. It was previously reported
that A. fumigatus mutants having a defective cell wall signaling
pathway are more sensitive to azole derivatives (39); thus, it is not
surprising that this compound potentiates the activity of ITZ in
vitro.

In conclusion, we discovered the novel natural product humi-
dimycin, which enhances the activity of CAS and ITZ. As shown

here, it is an appropriate strategy to increase antifungal activity
of clinically used drugs by targeting potential compensatory
mechanisms. Moreover, since humidimycin did not exhibit its
antifungal effects alone, it is unlikely that resistance against such a
compound will emerge. The lack of in vitro cytotoxicity of humi-
dimycin against a human hepatocyte cell line suggests promising
utilization for the potential development of a combined treatment
of invasive fungal infections.
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