-

o
8
S
&
o
8
a
E
e
8
@
o
=
S
B
2
=3
3
3
3
<]
=
g
o
g
=
8
I
@
o
©
o
8
°
8
k-l
8
S
=
H
8
a

CrossMark
& click for updates

Disulphide-reduced psoriasin is a human apoptosis-
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The unexpected resistance of psoriasis lesions to fungal infections
suggests local production of an antifungal factor. We purified Tri-
chophyton rubrum-inhibiting activity from lesional psoriasis scale
extracts and identified the Cys-reduced form of S100A7/psoriasin
(redS100A7) as a principal antifungal factor. redS100A7 inhibits
various filamentous fungi, including the mold Aspergillus fumigatus,
but not Candida albicans. Antifungal activity was inhibited by
Zn?*, suggesting that redS100A7 interferes with fungal zinc ho-
meostasis. Because S100A7-mutants lacking a single cysteine are
no longer antifungals, we hypothesized that redS100A7 is acting
as a Zn?*-chelator. Inmunogold electron microscopy studies
revealed that it penetrates fungal cells, implicating possible intra-
cellular actions. In support with our hypothesis, the cell-penetrating
Zn?**-chelator TPEN was found to function as a broad-spectrum
antifungal. Ultrastructural analyses of redS100A7-treated T. rubrum
revealed marked signs of apoptosis, suggesting that its mode of
action is induction of programmed cell death. TUNEL, SYTOX-green
analyses, and caspase-inhibition studies supported this for both
T. rubrum and A. fumigatus. Whereas redS100A7 can be generated
from oxidized S100A7 by action of thioredoxin or glutathione, ele-
vated redS100A7 levels in fungal skin infection indicate induction of
both S100A7 and its reducing agent in vivo. To investigate whether
redS100A7 and TPEN are antifungals in vivo, we used a guinea pig
tinea pedes model for fungal skin infections and a lethal mouse
Aspergillus infection model for lung infection and found antifungal
activity in both in vivo animal systems. Thus, selective fungal cell-
penetrating Zn?*-chelators could be useful as an urgently needed
novel antifungal therapeutic, which induces programmed cell death
in numerous fungi.

antifungal | innate immunity | epithelial defense | psoriasin | S100A7

Fungi cause emerging infectious diseases that increasingly
threaten human health (1-3). Superficial fungal infections
affect 20-25% of the global population and opportunistic fungal
infections cause serious medical problems, with high morbidity
and mortality, particularly in immunocompromised patients (3, 4).
Filamentous fungi are composed of a conidium, an asexual spore,
and a hypha, a long, branching filamentous structure. Conidia,
which are ubiquitously spread in soil and air, represent the pri-
mary infectious unit of fungi. Therefore, it is amazing that the
permanent exposure and colonization of our body surfaces by
various fungi (5) does not usually cause infections in healthy in-
dividuals. Surprisingly, it is largely unknown how and why human
body surfaces resist fungal pathogens.

Healthy human lungs are highly efficient at clearing airborne
fungal spores without causing lung inflammation, suggesting that
innate defense strategies to control fungal pathogens do exist in
the epithelium (6). Epithelial antimicrobial peptides are the
candidate effector molecules that could play a role in defending

WWww.pnas.org/cgi/doi/10,1073/pnas. 1511197112

the body against fungal infections. Although the disulphide-
reduced form of human p-defensin-1 (hBD-1) shows—apart from
its bactericidal activity—strong activity against Candida albicans
(7), there is no systematic study investigating antifungals with
human epithelial origin that might control the growth of fila-
mentous fungi at body surfaces.

To address this important question, we analyzed lesional skin
from patients with psoriasis—a skin disease with an unexpected
resistance to fungal infections (8)—in an attempt to identify
human antifungals (9, 10).

Results

Identification of Disulphide-Reduced Psoriasin as Antifungal Protein.
Human epithelia show a marked resistance toward bacterial and
fungal infections, particularly skin lesions of psoriasis patients,
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Fungi increasingly cause serious medical problems in immu-
nocompromised populations. Antimicrobial peptides are primary
effector molecules of innate immune systems. Antimicrobial
peptides successfully protect healthy humans from bacterial
infections. However, it is largely unknown how and why hu-
man body surfaces resist fungal infections. We identified the
common epithelial protein, psoriasin (S100A7), in its disulphide-
reduced form (redS100A7) as the principal antifungal factor of
human body surfaces. redS100A7 kills several pathogenic fungi
using a mechanism that differs from conventional antifungal
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standing of human defense systems against fungal infection
and the development of urgently needed novel antifungal
therapeutics.
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Fig. 1. Identification of reduced S100A7 (redS100A7) as an antifungal pro-
tein. (A) Psoriatic scale extracts contain T. rubrum antifungal activity (n = 3
*P < 0.001). (B) SDS/PAGE and Western blot (WB)-analyses of the antifungal
protein purified from the psoriasis scales. (C) redS100A7 is a potent antifungal
protein compared with oxS100A7, reduced and alkylated S100A7 (red/
alkS100A7), and S-sulfito-S100A7 (sulfS100A7). *P < 0.01, **P < 0.007
and ***P < 0.001. (D) redS100A7 decreases cell viability in T. rubrum
dose-dependently. Viable fungi were detected by the MTT tetrazolium salt
colorimetric assay. n = 3 independent experiments. Mean + SD is shown. *P <
0.008. (E) Partial ascorbic acid (AA) sequences of redS100A7 and the three mu-
tants. (F) Whereas antifungal activity is absent in all three Cys-Ala-mutants (*P <
0.002), antibacterial activity is still present. A minimum of three independent ex-
periments was performed and the average + SD is plotted.

which are unexpectedly rarely affected (8, 10). We hypothesized
that antifungal activity is generated in psoriasis lesions. We an-
alyzed psoriatic scale extracts and found Trichophyton rubrum
growth inhibiting activity (Fig. 14). The antifungal agent was
purified by several HPLC steps to homogeneity (Fig. S1).

SDS/PAGE, Western blot analyses (Fig. 1B), protein-sequencing,
and MALDI-MS analyses revealed that the antifungal protein
was the reduced form of psoriasin, SIO0A7. Inhibition of an-
tifungal activity by psoriasin antibodies (Fig. S1G) excluded a
copurifying contaminant.

Two Free Cysteines of S100A7 Are Essential for Antifungal Activity.
Different bands upon SDS/PAGE analyses revealed easy air oxi-
dation of S10047 (Fig. 1B). Reduction of the single disulphide
bridge in 0xS100A7 results in two free-thiol groups of the cysteine
residues, Cys46 and Cys95. To elucidate the involvement of these
thiol groups in the antifungal effect, we analyzed the reduced and
alkylated S100A7 (red/alkS100A7) and found very low antifungal
activity (Fig. 1C), suggesting that free thiols are essential. Viability
tests after redS100A7-treatment of 7. rubrum indicated that it acts
as a fungicidal agent (Fig. 1D). We then generated S100A7 mu-
tants, in which either one or both cysteines were substituted with
alanine (Fig. 1E). All three mutants, the Cys95Ala-S100A7 (mu-
tant 1), Cys46Ala-S100A7 (mutant 2), and Cys46Ala, Cys95Ala-
S100A7 (mutant 3) did not show any inhibition of T. rubmum
growth (Fig. 1F). Interestingly, the growth of Escherichia coli was
similarly inhibited, as seen with 0xS100A7 (11) (Fig. 1F), cor-
roborating that both free thiols are essential for antimycotic but
not bactericidal activity.

redS100A7 Chelates Zn** lons in Fungi. 0xS100A7 is highly abun-
dant on healthy human skin and several mucosal surfaces (11-13).
Its antibacterial activity is Zn2 -sensitive, acting via a histidine-
coordinated low-afﬁmty Zn**-binding site (14). Correspondingly,
we found that Zn>* completely inhibited the antifungal activity of
redS100A7 (Fig. 24), whereas other divalent ions did not reduce
antifungal activity.

With few exceptions, protein zinc-binding sites are Cys, His, or
Glu/Asp (15). To elucidate whether opening the disulphide bond of

13040 | www.phas.org/cgi/doi/10.1073/pnas. 1511197112

0xS100A7 causes secondary structure changes, we performed circular
dichroism (CD) spectroscopy. Without exposure to Zn>*, redS100A7
displayed a CD spectrum of a-helical structural elements which is
similar to that of oxS100A7 (16) (Fig. 2B). However, Zn>*-exposure
causes a shift of the CD spectrum (Fig. 2B), supporting the
hypothesis that Zn** produces a conformation change. Because
the low-affinity Zn**-binding site of 0xS100A7 is formed via four His
of an 0xS100A7 dimer (14), we analyzed Zn**-treated redS100A7
through electrospray ionization-mass spectrometry (ESI-MS) and
found a mass of 22,958 Da, corresponding to a redS100A7 dimer
plus Zn**ions (Fig. S1H). This finding supports the hypothesis that
four thiols in two redSlOOA7 molecules bind Zn**, suggesting for-
mation of a new Zn>*-binding site in redSlOOA7 "This hypothesis
was corroborated by the finding that Ca®* augmented the antlfun%al
efficacy of redS100A7 (Fig. S24), because Ca”* increases the Zn
binding affinity of the SI00A8/A9 complex calprotect]n 7).

To examine whether redS100A7 chelates Zn>* in fungi, we
incubated redS100A7-treated 7. rubrum w1th Zinquin, a cell-
permeable fluorescent probe specific for Zn** ions (18, 19), and
observed an alteration in Zinquin staining pattern (Fig. 2C). This
finding suggests that redS100A7 results in altered subcellular
distribution of labile zinc. Together with the data presented 1n
Fig. 2 A and B, this suggests that redS100A7 acts as a natural Zn
chelator. To test this hypothesis, we investigated synthetlc Zn**
chelators, and identified the cell-membrane—permeable Zn® -chelator
TPEN [N,N,N',N’-Tetrakis(2-pyridylmethyl)- ethylenediamine] (20)
as a potent antifungal (Fig. 2D).

redS1007 and TPEN Are Broad-Spectrum Fungicides. Next we ana-
lyzed the effects of redS100A7 on other fungi. redS100A7
inhibited the growth of several filamentous fungi and yeasts, such
as Aspergillus fumigatus, Malassezia furfur, Microsporum canis,
Rhizopus oryzae, Saccharomyces cerevisiae, and Trichophyton
mentagrophytes with a 90% minimal inhibitory concentration
(MICqyp) of ~2 uM (Fig. 34). However, the yeast C. albicans was
not affected at concentrations up to 20 pM, which is surprising

100
I 1edS100A7 —~ 1000 — redS100A7
= (2 um) = ----redS100A7 + Zn2*
3 g
[= % 0
o
s 3 pH 5.4
% 50 g
£ S 10,000
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Fig. 2. redS100A7 sequesters Zn>* ions in fungal cells. (A) redS100A7 anti-
fungal activity is inhibited by addition of Zn®* (*P < 0.05, **P < 0.001 vs.
0 uM Zn?*). (B) CD spectroscopy of redS100A7 at pH 5.4 in the presence or
absence of Zn?*. Note changes in a-helical content characterized by a deep
minimum between 209 and 222 nm. (C) In redS100A7-treated T. rubrum,
intracellular liable Zn®>* are stained with a specific fluorescent probe, Zinquin.
(Magnification: 300x.) (D) Antifungal activity (T. rubrum) of different Zn**
-chelators. TPEN is a cell-permeable chelator, and DTPA and EDTA are cell-
impermeable chelators (*P < 0.002, **P < 0.001). A minimum of three in-
dependent experiments was performed and the average + SD is plotted.
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because C. albicans is killed by calprotectin in a Zn>*-dependent
fashion (21). We identified TPEN (20) as a broad-spectrum
antifungal agent that kills a high variety of filamentous fungi and
yeasts, including C. albicans, at a MICy, of ~2 pM for all tested
fungi (Fig. 3B), which supports our hypothesm that redS100A7
acts as a natural fungus cell-penetrating Zn**-chelator.

redS100A7 and TPEN Kill Fungi by Inducing Apoptosis-Like Cell Death.
To analyze the mechanism underlying redS100A7 antimycotic ac-
tivity, redS100A7-treated 7. rubrum conidia were analyzed for in-
tracellular reactive oxygen species (ROS) levels. Levels increased in
a dose-dependent manner (Fig. 3C) and inhibition of the activity by
a ROS-inhibitor ascorbic acid (Fig. S2C) suggest that antifungal
activity is at least in part ROS-mediated. We excluded the fungal
copper/zinc superoxide dismutase (Cu/Zn-SOD) (22), the SOD
enzyme (Fig. S2D), and the fungal sterol biosynthesis (Fig. S2E), as
primary targets of redS100A7 antifungal action.

To investigate whether redS100A7 causes apoptosis in
fungal cells, DNA degradation was visualized using a TUNEL
assay. After 4 h of exposure, redS100A7-treated 7. rubrum and
A. fumigatus showed TUNEL" phenotypes representing apoptotic
DNA breaks (Fig. 3D, Left). In T. rubrum cells, 24-h exposure to
redS100A7 affected the plasma membrane integrity, as evidenced
by a strong, intact plasma membrane-impermeable SYTOX-green
nucleic acid staining in mycelia (Fig. 3D, Right). Similar findings
were obtained when 7. rubrum and A. fumigatus were treated with
TPEN (Fig. 3 D and E).

redS100A7- and TPEN-Treated Fungi Show Signs of Apoptosis-Like
Cell Death. Further support of apoptosis induction in fungal
cells by both redS100A7 and TPEN came from ultrastructural
analyses by transmission electron microscopy (TEM). We found
dark nuclei with dilated nucleolemmal cisterns, degraded mito-
chondria, electron-dense depositions, lipid droplets, and blebs in
the plasma membrane in 7. rubrum treated with redS100A7 for
24 h (Figs. 3F and 4C).

— & =PBS

— i redS100A7 (2 uM)

—e——redS100A7 (8 uM)

== @==12dS100A7 (8 uM)
+AA

We then investigated the ultrastructure of redS100A7- and
TPEN-treated A. fumigatus by scanning electron microscopy
(SEM). redS100A7 and TPEN treatments cause shrunken fila-
ments and damaged fungal spores (conidia), premature conidia,
and open-ended amphora-like conidia-producing phialides (Fig.
3 G and H and Fig. S3).

To confirm whether redS100A7 induces apoptotic cell death
in fungi, we coincubated redS100A7 with a cell-permeant
pan caspase inhibitor (Z-VAD-FMK) (23) and found dose-
dependent inhibition of the redS100A7-induced cell death in
T. rubrum, suggesting that redS100A7 kills fungi via a cas-
pase-dependent apoptosis pathway (Fig. 3I).

Next, we determined the target location of redS100A7-treated
T. rubrum and A. fumigatus. These fungi were incubated with
S100A7 antibodies and then analyzed using immunofluorescence
(IF) confocal microscopy and immunogold TEM. IF-S100A7 was
seen to accumulate at the surface of and within conidia
of T. rubrum (Fig. 44), as well as in the conidia and along the
hyphae of A. fumigatus (Fig. 4B). Ultrastructural analyses by
immunogold TEM revealed redS100A7 along the outer surface
of the cell wall, as well as penetrating the fungal cell near a
conidium or within conidia (Fig. 4C and Fig. S4). Thus, it sug-
gests that redS100A7 first accumulates at the conidium surface
and then penetrates fungal membranes close to the conidium,
corroborating that conidia are the primary target of redS100A7.

redS100A7 Is Generated During Dermatophyte Skin Infection. To
investigate whether redS100A7 acts in vivo, we investigated
S100A7 levels in the stratum corneum of healthy and dermato-
phyte-infected skin. The amounts of SI00A7 increased threefold
in the dermatophyte-infected patients (Fig. S54). To determine
the redox status of S100A7, stratum corneum extracts from both
groups were immediately alkylated and then analyzed by MALDI-
MS. Markedly increased amounts of redS100A7, compared with
healthy controls, were seen in lesional dermatophyte-infected skin
(Fig. S5B), indicating an induction and local reduction of 0xS100A7
to redS100A7 in response to fungal infections.

Fig. 3. Action mechanism of redS100A7. (A) Broad-
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M redS100A7 (2 uM)

spectrum antifungal activity of redS100A7 against
various fungi. (B) Broad-spectrum antifungal activity
of TPEN. (C) Intracellular ROS (determined with
the fluorescent probe carboxy-H2DCFA) were dose-
dependently raised in redA100A7-treated conidia.
The ROS-inhibitor AA prevented the ROS-generation
(4 h, *P < 0.0003, n = 3 independent experiments).
(D) TUNEL assay (to observe DNA fragmentation)
and SYTOX-green staining (to observe disintegrated
plasma membrane) of redS100A7-treated (4 pM)
T. rubrum. (Scale bars, 20 um.) (E) TUNEL assay and
SYTOX-green staining of redS100A7-treated (4 pM)
A. fumigatus. (Scale bars, 20 pm.) (F) TEM images of
redS100A7 (4 uM)-treated T. rubrum. Arrows indicate
electron-dense depositions and arrowhead represents
dilated nucleolemmal cisterns. (Scale bars, 0.2 pm.)
(G and H) SEM analyses of redS100A7-treated (4 pM)
A. fumigatus (G) and controls (H). Note destroyed
fungal spores (conidia), premature conidia and conidia-
producing phialides (circle). (Scale bars, 2 pm.) CM, cell
membrane; CW, cell wall; M, mitochondria; N, nucleus;
R, ribosomes; V, vacuole. (/) A cell-permeant pan
caspase inhibitor blocks the antifungal activity of
redS100A7 in a dose-dependent manner. (n = 3 in-
dependent experiments, *P < 0.02.)
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Fig. 4. Target localization of redS100A7. (A) redS100A7-immunofluores-
cence visualization (arrows) on T. rubrum by confocal laser microscopy. Note
redS100A7 accumulation on conidia (arrows). (Scale bars, 50 pm.) (B) Confocal
laser microscopy of 2 h (Left) or 4 h (Center)-treated A. fumigatus. Arrows
indicate the location of redS100A7 on conidia at 2 h and hyphae at 4 h.
(Scale bars, 50 um.) (C) Immunogold labeling electron microscopy (Upper
and Lower). Arrows point toward gold particles that represent redS100A7
immune complexes. Arrowhead indicates gold particles accumulating within
the conidia. (Scale bars, 0.2 pm.) C, conidium; CM, cell membrane; CW, cell
wall; H, Hyphae; L, lipid droplet; M, mitochondria; N, nucleus; R, ribosomes;
V, vacuole. Independent experiments have been repeated at least three
times and showed similar results.

Thioredoxin and Reduced Glutathione Generate redS100A7. Next we
analyzed the mechanism of redS100A7 generation. Epidermis
has a very high antioxidant capacity because of high levels of
reduced glutathione (GSH) (24) and thioredoxin (TRX) (7, 24).
In gut mucosa and skin, the TRX-reductase (R) system regulates
physiologically relevant oxidoreduction (25, 26). We found that
the TRX-R system dose-dependently increased the amount of
redS100A7 (Fig. S5C). Interestingly, GSH alone also generated
redS100A7 (Fig. S6).

Sulfitation-Dependent Inactivation of Psoriasin Is Reversed by the
TRX System. Dermatophytes are specialized fungi that live in
the stratum corneum, where they subsist on cysteine-rich pro-
teins like keratins. These fungi secrete sulfite to make stratum
corneum proteins digestible, forming S-sulfito-cysteines before
proteolysis (27). As expected, we found the disulphide-bridge
of 0xS100A7 to be cleaved, forming the single thiol-group—
containing S-sulfito-S100A7 during 7. rubrum culture in vitro
(Fig. S7). The S-sulfito-S100A7 showed low antifungal activity
(Fig. 1C), which supports our finding that a single thiol-con-
taining S100A7 mutant is inactive (Fig. 1F). These experiments
indicate that 7. rubrum and other sulfite-generating fungi can
inactivate S100A7. However, S-sulfito-S100A7 was not detected
in the lesional stratum corneum obtained from dermatophyte
skin infections (Fig. S5), which suggests that in vivo the host-
derived redox system converts it to redS100A7. To address this,
we incubated S-sulfito-S100A7 with TRX-R and found its com-
plete reduction toward redS100A7 (Fig. S7).

Surprisingly 0xS100A7 is also an antifungal that requires higher
concentrations than redS100A7, however (Fig. 1C). One would
have expected that complete absence of antifungal activity might

13042 | www.phas.org/cgi/doi/10.1073/pnas. 1511197112

be because of the lack of two free-thiol groups in 0xS100A7.
Therefore, intracellular 0xXS100A7 within the fungal cells and the
endogenously produced intermediate S-sulfito-S100A7 should be
reduced in situ toward redS100A7. IF-analyses with the inactive
Cys46Ala-S100A7 mutant (which is recognized by the S100A7
antibody) indicate that 0xS100A7 should also penetrate fungal cell
membranes (Fig. S4F), which suggests that it is reduced within the
cell. To test this theory, we added increasing amounts of oxidized
GSH (GSSG), a competing disulphide-bond-containing com-
pound, and found a dose-dependent decrease of 0xS100A7 anti-
fungal activity (Fig. S7).

redS100A7 and TPEN Are Protective in a 7. mentagrophytes Guinea
Pig Tinea Pedes Model. To investigate whether redS100A7 and
TPEN also act in vivo, we generated a guinea pig model of
tinea pedis (28). An ablated guinea pig foot was treated with
redS100A7, TPEN, or the vehicle. The foot was then infected with
1.5 x 107 T. mentagrophytes conidia. After 3 d of infection, the in-
fected areas were analyzed microscopically, and with Periodic acid
Schiff (PAS) reagent and Fungiflora Y staining. Fungal invasion into
the stratum corneum was recorded. Both redS100A7 and TPEN
showed a significant protective effect in the guinea model of
T. mentagrophytes infection (Fig. 5 4 and B and Fig. S8).

redS100A7 and TPEN Prevent Death in a Lethal Aspergillus Infection
Mouse Model. Finally, we investigated the in vivo antifungal activity
of redS100A7 in a mouse model of Aspergillus lung infection
(29), in which immunocompromised mice were infected with 2 x 107
A. fumigatus conidia for 2 consecutive days. Whereas all mice in the
control group did not survive the infection, mice in the redS100A7-
or TPEN-treatment survived the invasive fungal infection through-
out the 7-d observation period (Fig. 5C). Numerous A. fumigatus
conidia and hyphae, as well as massive neutrophil infiltrates, were
observed in the untreated control lungs after 3 d (Fig. 5D and Fig.
S9). In contrast, fungal burdens were hardly found in redSO0A7- or
TPEN-treated mice (Fig. 5D and Fig. S9). However, lung histology
showed massive inflammatory infiltrates, possibly as a result of dead
and degenerating hyphae (Fig. 5D and Fig. S9).

Discussion

Lesional psoriatic skin contains the Cys-reduced form of psor-
iasin (S100A7) as a principal antifungal component, which has
antifungal activity against various pathogenic fungi. Although the
Cys-oxidized form also shows antifungal activity, it is markedly
less potent (Fig. 1), a fact that would explain our failure to purify
the oxygen-sensitive Cys-reduced form of psoriasin. The finding
that Cys-thiol-lacking S100A7 derivatives show less antifungal
activity and S100A7 mutants lacking Cys are not fungicidal sug-
gests that free-thiol groups are essential for the antifungal activity
of S100A7 and points toward a unique mode of action of
redS100A7. Antibacterial activity of 0xS100A7 is mainly restricted
toward E. coli; far lower activity was seen against Pseudomonas
aeruginosa and Staznhylococcus aureus (11), and in the oxS100A7 it
is inhibited by Zn“" at pH 7.4 (11). This finding suggests that the
His-based Zn**-binding sites in the 0xS100A7 (14) and in the Cys-
Ala- S100A7 mutants are involved in E. coli-cidal activity at
pH 7.4. However, at pH 5.5, the normal skin pH, where His-based
Zn**-binding sites are inactive, 0xS100A7 is bactericidal with a
different mode of action, targeting the bacterial membrane by
forming pores (16). redS100A7 is a potent antifungal at pH 5.5,
but sensitive toward an alkaline pH (Fig. S1/). A plausible ex-
planation for the antifungal activity of redS100A7 at an acidic pH,
low stability at alkaline pH and Zn>*-sensitivity would be the in-
volvement of a Cys-thiol-based Zn2+-binding site. This, however,
would need the opening of the single disulphide group in S100A7,
causing structural changes upon Zn>*-binding (Fig. 2B). Our
finding that both Cys-thiols in SI00A7 are necessary for activity
(Fig. 1) and redS100A7 forms Zn**-binding dimers at acidic pHs
(Fig. S1) supports the idea that the Zn**-binding site could be of
the (Cys)s-type (15). Indeed, a previous study revealed inhibition
of fungal growth by synthetic zinc chelators and calprotectin
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Fig. 5. In vivo antifungal activity of redS100A7 and TPEN. (A and B) After
applied with vehicle, redS100A7 or TPEN, the plantar of guinea pigs was in-
fected with T. mentagrophytes. Fungal invasion was determined histologically
(A) and by scoring (B) (see SI Materials and Methods). (n = 4, *P < 0.005, **P <
0.0001). (C) Immunocompromised mice were infected with A. fumigatus and
treated with redS100A7, TPEN, or the vehicle. The Kaplan—Meier survival curve
comparing untreated control mice (black) with redS100A7-treated (red) and
TPEN-treated mice (green) (n = 7 for each group, *P < 0.036 and **P < 0.003
vs. controls; log-rank test) is shown. (D) Histopathology and SEM analyses of
mouse lungs infected with A. fumigatus. Arrowheads indicate A. fumigatus.
Grocott's Methenamine Silver (GMS), H&E. A, alveolus; Ad, alveolar duct; B,
bronchiole; R, red blood cell; S, septum. (Magnification: D, GMS and H&E,
200x; SEM, 1,700x.)

(S100A8/A9) (30). Therefore, a synthetic zinc-chelator should
have antifungal activity. We tested three zinc chelators and iden-
tified the cell-penetrating zinc-chelator TPEN as the most potent
antifungal with an EDsy at ~1 pM, similar as that seen for
redS100A7 (Figs. 2 and 3). Because noncell-penetrating zinc
chelators are the least-potent antifungals, this would indicate
that intracellular zinc-chelation could be the mechanism behind
redS100A7-dependent antifungal activity. To test this hypothesis,
we investigated redS100A7-treated fungi with the fluorescent zinc
sensor Zinquin, which allows monitoring of loosely bound, labile
intracellular Zn** and which does not mobilize tightly bound Zn**
from enzymes (18). We saw a stronger vesicle-associated fluores-
cence (Fig. 2C), a phenomenon also seen in apoptotic lympho-
cytes (19), but barely—if any—increase in fluorescence. Perhaps
this unexpected finding is caused by the presence of two zinc
binding sites with different affinities in redS100A7. In such a case
Zinquin fluorescence analyses reveal complicated results, possibly
because of the analyses’ inability to report on two Ky values that
differ by several orders-of-magnitude (31). One may speculate that
redS100A7 enters the fungal cell, sequesters zinc from cytosolic
sources, and then migrates to the endosomal compartments where
zinc is released from redS100A7 (because of the local endosomal
environment), resulting in increased labile zinc, which increases
Zinquin fluorescence. The absence of similar fluorescence signals
in TPEN-treated fungi is a result of TPEN’s higher affinity toward
Zn**, which causes quenching of the Zinquin-fluorescence (18).
We then investigated the mechanism underlying how
redS100A7 kills fungi. redS100A7 has been shown to have
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fungicidal activity (Fig. 1D). Polyene antifungals (e.g., amphoter-
icin B) and azole antifungals (e.g., fluconazole) are commonly
used antifungal agents. Polyene antifungals bind to ergosterol in
the fungal cell membrane, forming transmembrane channels that
lead to monovalent ion leakage (32). Azole antifungals inhibit the
fungal cytochrome P450 enzyme, preventing the formation of
essential ergosterol (32). We observed that redS100A7 neither
interacted with ergosterol nor inactivated fungal Cu/Zn-superoxide
dismutases for its antifungal action (Fig. S2). Instead, ultra-
structural analyses (Fig. 3F) of redS100A7-treated fungi suggest
that it induces apoptosis-like cell death in fungi. Indeed, TUNEL
analyses, SYTOX-green analyses, and inhibition of fungicidal
activity by a caspase inhibitor (Fig. 37), as well as the Zinquin-
experiments (Fig. 2) corroborated the hypothesis that it induces
apoptosis-like cell death in fungi in a zinc-dependent manner.
Zinc plays an important role in the regulation of apoptosis. It has
been shown that the addition of Zn**-chelators leads to apoptosis-
induction in various hepatocytes, as well as in leukemia cells (33,
34). Sequestering inhibitory Zn®* ions in inactive procaspase-3
generates active caspase-3, which subsequently triggers the
downstream effector caspase-6 and induces apoptosis (33). We
also demonstrated that redS100A7-induced fungal cell death is
reversible through a pan caspase inhibitor (Fig. 3I). Therefore, in
contrast to conventional antifungal agents, our data suggest that
redS100A7 induces apoptosis-like fungal cell death, possibly via
activation of the metacaspase system (i.e., the caspase system of
fungi, plants, and protozoa) by sequestering zinc ions. However,
further analyses are needed to prove this hypothesis.

Ultrastructural analyses (Fig. 3 F-H) suggest that the main
target of redS100A7 could be conidia, the asexual nonmotile
spores of a fungus. This finding was supported by both immu-
nofluorescence-staining and immunogold detection of S100A7,
accumulating at or close to conidia in 7. rubrum and A. fumigatus
(Fig. 4). Kinetic analyses revealed that redS100A7 is penetrating
the fungal cell close to a conidium, then diffusing within the cell
and eventually accumulating within the conidium (Fig. 4). It is
tempting to speculate that the highly hydrophobic S100A7 ac-
cumulates at conidia of filamentous fungi because of the pres-
ence of hydrophobins (35, 36). The absence of hydrophobins in
C. albicans (36) would explain the failure of redS100A7 to kill
this yeast. We investigated the sensitivity of a hydrophobin mu-
tant of A. fumigatus (37) but found no difference in sensitivity
(Fig. S10), which suggests that either hydrophobin is not the
target of S100A7 or other hydrophobins are still present.

If redS100A7 is an important antifungal defense component of
human skin, one would expect it to form during fungal infection.
Indeed, stratum corneum of patients with tinea pedes, a der-
matophyte skin infection of the feet, revealed increased amounts
during infection (Fig. S5). This finding was unexpected because
dermatophytes are cleaving disulphide-bridges with sulfite, form-
ing sulfitocysteines (27), as shown in 0xS100A7 (Fig. S7). Skin has
a negative redox potential (24), containing high amounts of re-
duced GSH (24) and TRX (7, 25). Because both redox-com-
pounds are able to convert 0xS100A7 and sulfito-S100A7 into
antifungal redS100A7 (Figs. S5-S7), skin has an efficient counter-
strategy to compensate dermatophyte’s inactivation of S100A7.
Thus, the presence of the TRX-R system, reduced hBD-1 (7), and
GSH (24) in healthy skin suggests that SI00A7 is also present in its
reduced state.

S100A7 Cys-Ala mutants and other derivatives indicate that free
Cys thiols are essential for antifungal activity (Fig. 1). Therefore, it
is surprising that 0xS100A7, which lacks free-thiol groups, is an
antifungal. A possible explanation would be its disulphide-bridge
reduction within the fungal cell by a fungal oxidoreductase. Al-
though direct proof has yet to be collected, this hypothesis is
supported by a dose-dependent inhibition of antifungal activity in
the presence of oxidized GSH as a competing, disulphide-con-
taining substrate (Fig. S7C).

redS100A7 and TPEN were identified as broad-spectrum an-
tifungals in vitro (Fig. 1). To investigate whether both are anti-
fungals in vivo, we developed a guinea pig tinea pedes skin model
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system, allowing us to treat an experimental superficial derma-
tophyte infection with our agents of interest. Our results show
that topical administration of either redS100A7 or TPEN prevents
fungal infection in vivo (Fig. 5 4 and B). In addition, in a mouse
model of Aspergillus lung infection, in which immunocompromised
mice were infected with a lethal dose of A. fumigatus conidia,
redS100A7 or TPEN treatment prevented death from invasive
fungal infection (Fig. 5 C and D). Therefore, redS100A7 and
fungus cell-penetrating zinc chelators might have a therapeutical
potential as novel antifungals. Lethal fungal infections are a
growing threat to humans because of the increasing number of
immunocompromised individuals, such as those with HIV, can-
cer, and transplant recipients (1-4, 38). Many antifungal agents
are limited by a narrow spectrum, as well as by the development
of drug resistance and toxicity, engendering an urgent need for
innovative antifungal agents (1, 38).

In summary, our data represent a previously undescribed
mechanism of action for an antimicrobial protein. We propose
that the Cysteine-reduced form of the ubiquitous epithelial pro-
tein psoriasin (S100A7) acts as a principal human antifungal
protein that induces apoptosis in fun§i by penetrating the fungal
cell membrane and sequestrating Zn* from an intracellular target
via a newly formed thiol-based metal-binding site, which is similar
to that seen with the antimicrobial peptide human defensin 5, hD5
(312. We therefore suggest that in general, fungus-cell-penetrating
Zn""-chelators, like tedS100A7 and TPEN, could be useful as an
important new therapeutic for opportunistic, superficial, or in-
vasive fungal infections.
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Materials and Methods

Collection of human skin material was approved by the ethical committee of
the Shimane University. Written informed consent was obtained from each
human subject involved in this study.

Fungi were cultured in a Sabouraud liquid medium for assaying antifungal
proteins. Fungal growth was photometrically measured at 595 nm. Purification of
the antifungal protein from lesional psoriatic scale extracts was performed by
HPLC (39, 40). Its structural identification as reduced psoriasin (redS100A7) was
performed using MALDI-MS, ESI-MS, amino acid sequencing, and Western blot
analyses. Psoriasin mutants were generated as SUMO-fusion proteins, which
were cleaved by SUMO-protease and further purified by HPLC. Morphological
studies of redS100A7- and TPEN-treated fungi were performed with TEM and
SEM. For immunogold TEM, S100A7 locations in treated T. rubrum were iden-
tified with antibodies. Apoptosis induction was tested with the TUNEL-assay and
SYTOX-green staining. In vivo activities of redS100A7 and TPEN as antifungal
agents were investigated in guinea pig tinea pedis (28) and mouse Aspergillus
lung infection models. All animal manipulations were approved by the ethical
committee of Shimane University, Faculty of Medicine (approval no. 459). See S/
Materials and Methods for full details.
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