
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Oct. 2011, p. 4670–4681 Vol. 55, No. 10
0066-4804/11/$12.00 doi:10.1128/AAC.00319-11
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Endocytosis-Mediated Vacuolar Accumulation of the Human ApoE
Apolipoprotein-Derived ApoEdpL-W Antimicrobial Peptide

Contributes to Its Antifungal Activity in Candida albicans�†
Tristan Rossignol,1,2§ Bridie Kelly,3 Curtis Dobson,3‡ and Christophe d’Enfert1,2*
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The 18-amino-acid cationic, tryptophan-rich ApoEdpL-W peptide derived from human ApoE apolipoprotein
was shown to have antifungal activity against pathogenic yeasts of the Candida genus (except C. glabrata).
ApoEdpL-W was active against planktonic cells and early-stage biofilms but less active against mature
biofilms, possibly because of its affinity for extracellular matrix beta-glucans. Moreover, ApoEdpL-W absorbed
to medically relevant materials partially prevented the formation of biofilms on these materials. The exposure
of C. albicans cells to sublethal doses of ApoEdpL-W triggered a transcriptional response reminiscent of that
associated with the inactivation of the MYO5 gene required for endocytosis as well as the upregulation of amino
acid transporter genes. A fluorescent derivative of ApoEdpL-W accumulated at the cytoplasmic membrane and
subsequently was translocated to the vacuole. Strikingly, the inactivation of MYO5 or addition of latrunculin,
an inhibitor of endocytosis, prevented the vacuolar accumulation of fluorescein-labeled ApoEdpL-W and
reduced the antifungal activity of ApoEdpL-W. This, together with the insensitivity of ApoEdpL-W to altera-
tions in membrane fluidity and high salt, suggested that the ApoEdpL-W mode of action was dependent upon
vacuolar targeting and differed significantly from that of other antifungal peptides, such as Histatin-5 and
Magainin 2.

The increasing number of immune-suppressed patients or
patients in intensive care for extended time periods leads to an
inflating incidence of opportunistic Candida infections (55).
Moreover, the tolerance of Candida biofilms to usual antifun-
gals such as azoles makes infections associated with invasive
medical procedures and the use of medical devices (such as
catheters, prostheses, and implantable ports) a recurring prob-
lem in health care settings (11). Today there is an urgent need
for new antifungal therapy, and antimicrobial peptides have
emerged as a possible alternative (32). This class of molecules
has been identified from a large panel of organisms, ranging
from invertebrates to amphibians to humans (32). They are
considered to be less subject to the possible emergence of
resistance (32) and can have a broad spectrum of anti-infective
activity. The latter property is essential when addressing Can-
dida infections, as infections by Candida species other than
Candida albicans species are becoming increasingly prevalent,
and the ability of a drug to target the most pathogenic Candida
species is a prerequisite for development (53, 55).

Several antimicrobial peptides have been extensively studied
for their efficacy toward various pathogenic species, including

fungi. In particular, histatins, a family of low-molecular-weight
histidine-rich cationic peptides present in saliva (52), have
been the focus of numerous studies (66). Other antifungal
peptides, such as Magainin 2, a natural antibiotic from frog
skin (67), or derivatives of the human salivary mucin MUC7
(23) also are well documented. Recent progress has been made
in understanding the mode of action of Histatin-5 (Hst-5), a
member of the histatin family of antifungal peptides that shows
the highest antifungal activity toward C. albicans (66). Briefly,
Hst-5 has been shown to bind C. albicans cell wall components,
including beta-glucans and the heat shock protein Ssa2, prior
to being internalized at specific sites on the plasma membrane
(30, 31, 38, 60). Hst-5 internalization is thought to trigger ionic
imbalance through ionic efflux, resulting in cell death (30),
although it also has been proposed that Hst-5 entry ruptures
the plasma membrane (42). As a consequence of this mode of
action, altering Ssa2 or reducing cell wall beta-glucans through
treatment with echinocandin antifungals, increasing the rigid-
ity of membranes through ATP depletion with sodium azide or
carbonyl cyanide m-chlorophenylhydrazone (CCCP), or in-
creasing osmolarity with external NaCl protects against Hst-5
antifungal activity (30, 60). Noticeably, Hst-5 appears to accu-
mulate in the cytoplasm and in the vacuole, the latter through
both endocytosis and autophagy (30, 42). However, altering
the vacuolar accumulation of Hst-5 does not interfere with its
antifungal activity, which is consistent with an activity of Hst-5
being mainly associated with cytosolic translocation (30). In
contrast, the mode of action of other cationic antifungal pep-
tides (CAFPs) is less well understood and appears to involve
cytoplasmic membrane permeabilization by pore-forming
mechanisms and/or the targeting of intracellular components
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(reviewed in reference 9). It is becoming increasingly clear that
CAFPs, and antimicrobial peptides in general, have different
modes of action that are or are not correlated with the sharing
of some important features, such as their high content of cat-
ionic amino acids and amphipathy.

Human-derived antimicrobial peptides have attracted inter-
est as, intuitively, they should have reduced toxicity, thus rep-
resenting promising leads for drug development. Kelly et al.
(35) recently described a series of peptides with low hemolytic
activity and a broad spectrum of antimicrobial and antiviral ac-
tivities. These peptides were derived from the receptor-binding
region of human apolipoprotein E (ApoE), which has been
shown to possess anti-infective properties (13). One of these pep-
tides, ApoEdpL-W, an 18-mer highly cationic and tryptophan-
rich peptide (WRKWRKRWWWRKWRKRWW), proved to be
particularly effective against C. albicans, the most prevalent
clinical Candida species. To obtain an exhaustive view of the
antifungal spectrum of this new class of antimicrobial peptides,
we first investigated the antifungal properties of ApoEdpL-W
against planktonic and sessile forms of C. albicans as well as its
efficacy against clinical strains of the most prevalent Candida
species. To get insight into the mode of action of ApoEdpL-W,
we used microarray analysis to compare the transcript profiles
of planktonic C. albicans cells left unexposed or exposed to
sub-MIC concentrations of ApoEdpL-W. Additionally, we
used a fluorescein-labeled ApoEdpL-W derivative as well as C.
albicans mutant strains or chemical inhibitors in an attempt to
characterize the mode of action of ApoEdpL-W at the cellular
level. The transcriptional and physiological responses of
ApoEdpL-W-exposed C. albicans cells suggest that endocytosis
and the vacuolar accumulation of the peptide are necessary
for optimized antifungal activity. Overall, responses to
ApoEdpL-W differ from those to other CAFPs, such as Hst-5
and Magainin 2, suggesting that ApoEdpL-W has a distinct
mode of action.

MATERIALS AND METHODS

Strains and media. All C. albicans laboratory strains used in this study are
listed in Table 1. Ninety-one clinical Candida strains from a subset of the
CandiRea collection (8) (see Table S1 in the supplemental material) were used

for MIC determination. Strains were routinely grown at 30°C on YPD medium
(1% yeast extract, 2% peptone, 2% glucose) or SD minimal medium (0.67%
yeast nitrogen base without amino acids [Difco] plus 0.4 or 2% glucose) supple-
mented with uridine (40 mg/liter), arginine (20 mg/liter), or histidine (20 mg/
liter), when needed, and 2% agar for solid media. RPMI 1640 (Gibco) medium
complemented with 2% glucose and buffered with 0.165 M morpholinepropane-
sulfonic acid (MOPS), pH 7, as recommended for the EUCAST method (17) was
used for MIC determination and checkerboard assays. SD with 2% glucose at pH
7 (SD medium with 0.165 M MOPS buffered at pH 7 with NaOH) was used for
MIC determination and fluorescence microscopy experiments. Overexpression
experiments were performed in S-casa medium (0.67% yeast nitrogen base
without amino acids [Difco], 2% Casamino Acids). RPMI 1640 (Gibco) medium
buffered with 50 mM HEPES was used for biofilm experiments in 96-well plates.

C. albicans strain construction. The C. albicans RTA2 deletion strain is derived
from strain BWP17U (Table 1). The lithium acetate procedure was used to
transform C. albicans as described previously (65). The replacement of the entire
open reading frames (ORFs) of both alleles of RTA2 was performed through
sequential transformation using PCR-generated ARG4 and HIS1 disruption cas-
settes flanked by 100 bp of target homology region as described by Gola et al.
(21). Primers RTA2S1 and RTA2S2 (Table 2) were used for generating disrup-
tion cassettes using the pFA-HIS and pFA-ARG plasmids as templates (21). The
occurrence of the appropriate gene replacements in transformants was verified
by PCR using primers V5-RTA2 and V3-RTA2 (Table 2).

The C. albicans RTA2 overexpression strain was constructed according to the
procedure of Cabral et al. (10). The RTA2 ORF was amplified using oligonu-
cleotides RTA2overF and RTA2overR (Table 2). The PCR product was cloned
in plasmid pDONR207 and transferred by Gateway-mediated recombination
into plasmid CIp10::PCK1p-GTW-TAPtag (10), a derivative of the C. albicans
CIp10 integrative plasmid (46), thus placing the RTA2 ORF under the Casamino
Acid-inducible promoter of the C. albicans PCK1 gene (37) and in frame with a
sequence encoding a TAP tag (58). The resulting RTA2 overexpression plas-
mid was linearized with StuI to promote targeting at the C. albicans RPS1
locus and transformed into C. albicans strain CEC161 (16), yielding strain
CEC1088 (Table 1).

Peptides and antifungals. ApoEdpL-W (WRKWRKRWWWRKWRKR
WW), fluorescein-labeled ApoEdpL-W (ApoEdpL-W-Fluo), Histatin-5 (DSHA
KRHHGYKRKFHEKHHSHRGY), and Magainin 2 (GIGKFLHSAKKFGKA
FVGEIMNS) used in this study were manufactured by Alta Bioscience
(Birmingham, United Kingdom). According to the supplier’s data, all peptides
had a purity ranging from 95 to 99% and molecular masses validated by mass
spectrometry. Peptides were solubilized in 5% dimethylsulfoxide (DMSO) at a
final concentration of 1 mM.

Evaluation of ApoEdpL-W antifungal activity on planktonic cells. The MICs
at which 90% of the isolates tested were inhibited (MIC90s) were determined in
microtiter plates according to the EUCAST method (17) with an inoculum of
1 � 105 cells/ml, and plates were read 24 h after exposure. MICs were evaluated
in several laboratory media. For MICs determined in PPB (10 mM potassium
phosphate buffer, pH 7), 1 � 105 cells/ml were washed in 10 mM PPB, exposed

TABLE 1. Strains used in this study

Strain Genotype Reference
or source

SC5314 C. albicans wild type 20
BWP17U ura3�::�imm434/URA3 arg4�::hisG/arg4�::hisG his1�::hisG/his1�::hisG 44
BWP17AHU ura3�::�imm434/URA3 arg4�::hisG/ARG4 his1�::hisG/HIS1 18
CEC361 ura3�::�imm434/URA3 arg4�::hisG/arg4�::hisG his1�::hisG/his1�::hisG YAK1/yak1�::HIS1

RPS10/rps10::CIp10-URA3
22

CEC161 ura3�::�imm434/ura3�::�imm434 his1::hisG/HIS1 arg4::hisG/ARG4 16
CEC1088 ura3�::�imm434/ura3�::�imm434 his1::hisG/HIS1 arg4::hisG/ARG4 RPS1/RPS1::CIp10::(URA3

PCK1p-RTA2-TAPtag)
This study

CEC1545 ura3�::�imm434/URA3 arg4�::hisG/arg4�::hisG his1�::hisG/his1�::hisG rta2�::HIS1/rta2�::ARG4 This study
CAI4 ura3�::�imm434/ura3�::�imm434 19
CEC915 ura3�::�imm434/ura3�::�imm434 RPS1/rps1::CIp10::URA3 5
COU73 ura3�::�imm434/ura3�::�imm434 myo5::hisG/myo5::hisG::(URA3 MYO5) 50
COU46 ura3�::�imm434/ura3�::�imm434 myo5::hisG/myo5::hisG 50
ssa2� ura3�::�imm434/ura3�::�imm434 SSA1/ssa1::FRT �ssa2/ssa2::FRT 38
ssa2�/SSA2 ura3�::�imm434/ura3�::�imm434 SSA1/ssa1::FRT �ssa2/ssa2::FRT/RPS10::SSA2 38
CEC290 ptr21�::HIS1/ptr21�::ARG4 ura3�::�imm434/URA3 arg4�::hisG/arg4�::hisG his1�::hisG/his1�::hisG 7
CEC305 can1�::HIS1/can1�::ARG4 ura3�::�imm434/URA3 arg4�::hisG/arg4�::hisG his1�::hisG/his1�::hisG 7
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for 1 h to peptides, diluted 200 times in phosphate-buffered saline (PBS), and
plated on YPD plates for CFU counting (28). When applied, P values for MIC
differences were calculated using Wilcoxon’s test using the R program.

To test the fungicidal capacity of ApoEdpL-W, an overnight culture of C.
albicans strain SC5314 was diluted to an optical density (OD) of 0.05 and grown
to an OD of 0.4 in SD 2% glucose medium, and the culture was treated with
increasing concentrations of the ApoEdpL-W peptide or an equal volume of
solvent. Cells were sampled at various times, diluted 1 � 105 times, and plated
on YPD plates for CFU counting.

The potential of NaN3 to protect C. albicans against the antifungal activity of
ApoEdpL-W was tested as follows. An overnight culture of C. albicans strain
SC5314 was diluted to an OD of 0.05, grown to an OD of 0.4 in SD 2% glucose
medium, washed in 10 mM PPB, and exposed to 10 mM NaN3 for 1 h before
being exposed to ApoEdpL-W for an additional hour. For testing the salt sen-
sitivity of the ApoEdpL-W antifungal activity, cells of C. albicans strain SC5314
in 10 mM PPB as described above were exposed to various concentrations of the
ApoEdpL-W peptide and to 0, 10, and 100 mM NaCl for 1 h. These tests were
performed by adding the ApoEdpL-W peptide and then salt, or vice versa. To
evaluate whether beta-glucans had a protective effect, various amounts of the
ApoEdpL-W peptide were incubated with 5 mg � ml�1 laminarin (Sigma) for 1 h
in 10 mM PPB. C. albicans SC5314 cells obtained as described above and
resuspended in 10 mM PPB were added to the peptide-glucan mix for 1 h. For
each test, cells were diluted 1 � 105-fold and plated on YPD plates for CFU
counting. Each test was performed in duplicate using independent cultures of C.
albicans. Growth inhibition kinetics by latrunculin was performed by coincubat-
ing cells with 10 to 50 �M latrunculin A (Sigma) and ApoEdpL-W at various
concentrations. Growth was performed in 96-well plates at 30°C with agitation,
and ODs at 600 nm were recorded every 20 min using a microtiter plate reader
(Tecan) for 18 h.

Checkerboard assays were performed by serial dilutions of the two antimicro-
bial agents in a microtiter plate using ApoEdpL-W in conjunction with flucona-
zole (Sigma), amphotericin B (Sigma), and caspofungin (Merck). The fractional
inhibitory concentration (FIC) index and synergy or antagonist effects were
calculated as described in reference 43.

Evaluation of ApoEdpL-W antifungal activity on biofilm cells. C. albicans
biofilms were developed in 96-well plates as described previously (59).

ApoEdpL-W was added at different times after C. albicans cells had been ad-
hered to the surface, and the metabolic activity of treated and untreated biofilms
was quantified using the FDA method 24 h after peptide addition (59). Biofilms
on squares of materials were obtained as follows. One-centimeter squares of
polyurethane (PU) and polydimethylsiloxane (PDMS), two materials used for
medical devices, were soaked overnight in a 200 �M solution of ApoEdpL-W for
coating. Coated materials were washed and submerged in a culture of C. albicans
strain SC5314 diluted to an OD of 1 for 1 h to promote C. albicans adherence.
Materials were washed to remove nonadherent cells, placed in 12-well culture
plates with fresh SD medium, and incubated at 37°C with gentle agitation for
72 h. Biofilm formation was evaluated by direct observation after 24 and 72 h.
Materials then were washed to remove nonattached cells, and biofilm quantifi-
cation was performed using the FDA method (59). Experiments were performed
in duplicate separately.

Microarray experiments. Total RNA was isolated using an RNeasy minikit
(Qiagen) according to the manufacturer’s instructions. The concentration, pu-
rity, and integrity of the isolated RNA were evaluated using a Nanodrop spec-
trophotometer and an Agilent 2100 Bioanalyzer. Ten �g of total RNA was used
for cDNA synthesis using the Superscript indirect cDNA labeling kit (Invitrogen)
according to the manufacturer’s instructions. cDNA samples were labeled with
Cy3 or Cy5 dye (Amersham Biosciences). Purified fluorescent cDNAs were
hybridized to C. albicans oligonucleotide microarrays (Eurogentec) according to
the manufacturer’s instructions. Arrays were scanned with an Axon 4000A scan-
ner (Molecular Devices), and data were acquired and analyzed using Genepix
Pro 5.0 (Molecular Devices). For each comparison, two biological replicates
were used, and each biological replicate was subjected to technical replicates
with dye swaps. Data normalization (Lowess) and statistical analysis (Student t
test) were performed using Genespring GX 7.3 (Agilent Technologies). Genes
regulated by at least a 1.5-fold with a P value of �0.05 were considered signif-
icant. Microarray data have been deposited at ArrayExpress under accession
number E-MEXP-3084. Normalized data are available in Table S2 in the sup-
plemental material. Gene ontology analyses were performed using tools available
at the Candida Genome Database (2). Pearson correlation coefficients between
ApoEdpL-W and myo5� microarrays experiments were calculated using R soft-
ware based on ratios of all genes for which a ratio was available for each
experiment.

qRT-PCR experiments. Total RNA was isolated using an RNeasy minikit
(Qiagen) according to the manufacturer’s instructions and treated with Turbo
DNase kit (Ambion, Applied Biosystems) to ensure the absence of genomic
DNA contamination. The concentration, purity, and integrity of the isolated
RNA were evaluated using a Nanodrop spectrophotometer and an Agilent 2100
Bioanalyzer. cDNA was synthesized from 2 �g of purified RNA using the Su-
perScript II reverse transcriptase kit (Invitrogen). Quantitative reverse transcrip-
tion-PCR (qRT-PCR) was carried using a Mastercycler EP Realplex real-time
PCR system (Eppendorf) with SYBR green fluorescence probes (Applied Bio-
systems). Cycling was for 2 min at 50°C and then 10 min at 95°C, followed by 40
cycles (95°C for 15 s, 60°C for 1 min, and 95°C for 15 s), and finally 15 s at 95°C,
20 s at 60°C, and 15 s at 95°C. For each condition, two to three biological
replicates were used. Relative expression levels were calculated using the ��CT
method, using CEF3 transcripts levels for normalization. All oligonucleotides
used for qRT-PCR are listed in Table 2.

Fluorescence microscopy. Fluorescence microscopy was performed using a
Nikon Eclipse E 600 microscope with 4�,6�-diamidino-2-phenylindole (DAPI),
Texas Red, and a fluorescein isothiocyanate (FITC) filter or a Leica DRMXA
with DsRed and an FITC filter. Images were taken using 40� or 100� objectives.
C. albicans strain SC5314 was exposed to ApoEdpL-W-Fluo in SD 2% glucose
(pH 7) or RPMI medium at different concentrations for various durations. For
nucleus staining, cells were observed in Vectashield mounting medium contain-
ing DAPI at 1.5 �g/ml (Vector Laboratories). Vacuole staining was performed
using the FM4-64 dye (Molecular Probes) with a pulse-chase method. One �l of
1 �g/ml of FM4-64 was added to 50 �l of cells at an OD of 5 for 30 min at 30°C
with agitation for the pulse. One ml of medium then was added, and cells were
centrifuged, resuspended in 5 ml of medium, and incubated at 30°C for 90 min
under agitation for the chase. After 90 min of chase, ApoEdpL-W-Fluo was
added and cells were observed by fluorescence microscopy after an extra 30 min
of incubation. For evaluating cell permeability, cells were exposed to ApoEdpL-
W-Fluo in the presence of propidium iodide (PI) at 10 �g/ml (Sigma) and
visualized after 1 h at 30°C. The percentage of cells with different peptide
accumulation profiles and colabeled with PI were calculated on at least 100 cells.
The inhibition of endocytosis was performed by preincubating cells with 10 to 50
�M latrunculin A (Sigma) for 1 h prior to exposure to ApoEdpL-W-Fluo or by
coincubation.

TABLE 2. Oligonucleotides used in this study

Name Sequence (5�–3�)

RTA2S1 .......................TGACTTTTTTCTAGCCAACCTAGAGTATTAGATT
TGTTTCTCCATCATCAACAACTAAGAAACTTT
TCTTGGTGTACCAGTTCATTCCCACCCTTCAA
CTGAAGCTTCGTACGCTGCAGGTC

RTA2S2 .......................GACAAATATCGAAATTGGTCCTAATATTAACTC
TATCAGAATAAAAACTGTTTATTGCATTTACT
ATCTATCTAGAACAATACTTAATCTAATGCAT
AACTCTGATATCATCGATGAATTCGAG

V5-RTA2 .....................TCAGGATCACCACAAACACAG
V3-RTA2 .....................TGGTTGCTTTTGCTGGATCT
RTA2overF..................GGGACAAGTTTGTACAAAAAAGCAGGCTTGAT

GAGTGAAATCTTGAATTATTTATCTTCG
RTA2overR .................GGGACCACTTTGTACAAGAAAGCTGGGTTAACT

TACTATTTAAACAATGTATGTCATT
CEF3_F........................GATCACAATTGGGTCCAAGG
CEF3_R .......................AGCAGCGGCAATCTTGTTAC
FRE7_F........................TCGTTACGCCGATACTTGTG
FRE7_R.......................AATCTCCGTTTGCACCCTTC
MET15_F.....................GGAGATTGCCTCAAACTTGG
MET15_R ....................TGGTAACACCAGAAGCCAAC
LYS4_F ........................CGAAAACCAAACCAGGTGAC
LYS4_R .......................TGTGGCTGCTTGTTCTCTTG
GNP1_F .......................CGACTGATGCATTGGGTTAC
GNP1_R.......................AGCATCTGGTTTGGAAGCAC
GAP1_F .......................ATGGCACCTAAATGGACAGG
GAP1_R.......................TGAAAGCAACCACCTGTTTC
CAN1_F.......................GCCTTTACTGCTGCATTTGG
CAN1_R ......................TGAGATTAACCCTGCGGTTG
RTA2_F .......................GGGGTGGATATTTGTTCACG
RTA2_R.......................ACCCAAACTGGATGGAATGG
PTR2_F........................GGGTTCATGTTTGGATCTGG
PTR2_R .......................AACATGGACCGGCTTTGTAG
orf19.1799_F................TATCTGTGGGGTCATCATCG
orf19.1799_R ...............AGCACGATCAACGTATCCAC
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Microarray accession number. Microarray data have been deposited at
ArrayExpress under accession number E-MEXP-3084.

RESULTS

Antifungal activity of ApoEdpL-W on planktonic Candida.
Previous reports have shown that ApoEdpL-W has a strong
antiviral and antibacterial activity (35). Here, we investigated
the antifungal activity of ApoEdpL-W toward the C. albicans
standard laboratory strain SC5314 by determining the MIC
using the broth dilution method in RPMI medium and SD 2%
glucose medium, with or without buffering to pH 7. Results
summarized in Table 3 showed MIC90s ranging from 3.75 to
7.5 �M in these media, suggesting that medium and pH had
little influence on the antifungal activity of ApoEdpL-W.
These MICs were compared to those of other CAFPs, namely,
Hst-5 and Magainin 2. Because of their salt sensitivity, Hst-5
and Magainin 2 are inefficient in usual laboratory media, such
as SD 2% glucose or RPMI (27, 63, 66). Therefore, MICs were
determined through the incubation of C. albicans SC5314 cells
in 10 mM PPB with increasing concentrations of peptides fol-
lowed by CFU counting. Results presented in Table 3 showed
that, under these conditions, the MIC90 of ApoEdpL-W was
similar to those in growth media and was four to eight times
lower than MIC90s obtained for Hst-5 and Magainin 2. For
these peptides, MIC90s of 10 to 20 �M were obtained, similarly
to what has been reported by others (24, 29, 56). In addition,
ApoEdpL-W was fungicidal to C. albicans cells. Indeed, killing
curves showed that, at the MIC90, killing was very rapid, with
more than 95% of the C. albicans cells being killed after 5 min
of incubation and no viable cells being detected after 30 min of
exposure (Fig. 1). In contrast, when the concentration was
reduced 2-fold, ApoEdpL-W remained fungistatic (Fig. 1).

ApoEdpL-W also was tested for its efficacy toward a panel of
91 clinical strains of various pathogenic Candida species (C.
albicans, Candida parapsilosis, Candida tropicalis, and Candida
glabrata) with a wide range of resistance/sensitivity to antifun-
gals in clinical use (see Table S1 in the supplemental material)
(8). Results presented in Table 4 showed that ApoEdpL-W
was effective against a majority of the tested strains. However,
ApoEdpL-W was much less effective against C. glabrata, with
most of the MICs against these isolates being more than 20 �M
(Table 4), whereas C. tropicalis isolates appeared to be exqui-
sitely sensitive to ApoEdpL-W. Overall, a chi-square test con-
firmed a significant difference in MIC distributions between
species (P � 2.2 � 10�16). However, no correlation with the
MICs of the antifungals in clinical use already determined for

these strains (8) was observed. Taken together, these data
showed that ApoEdpL-W was fungicidal against C. albicans
and other pathogenic yeasts, with the exception of C. glabrata,
and was more potent than other antifungal peptides, such as
Hst-5 and Magainin 2.

Antifungal activity of ApoEdpL-W on Candida albicans bio-
films. Biofilm formation by Candida species represents a major
threat in the clinical setting. Thus, the antifungal activity of
ApoEdpL-W was tested on C. albicans preformed biofilms.
Biofilms developed for 1, 5, or 18 h in microtiter plates in the
absence of antifungal peptide were exposed to increasing levels
of ApoEdpL-W for an additional 24 h. When applied on ad-
hesion-stage biofilms for 1 h, ApoEdpL-W was able to com-
pletely inhibit biofilm growth at concentrations equal to or
above the MIC90 determined for planktonic cells (data not
shown). On early-stage biofilms after 5 h, ApoEdpL-W was
able to partially inhibit biofilm formation (Fig. 2A). The bio-
film metabolic activity measured after 24 h of incubation with
ApoEdpL-W was reduced to 60% of the control at the plank-
tonic MIC90 and down to 40% by increasing the concentration
to four times the planktonic MIC90. The exposure of mature
biofilms after 18 h to ApoEdpL-W resulted in a slight reduc-
tion of biofilm metabolic activity, corresponding to 80% of the
control when four times the planktonic MIC90 was used (data
not shown).

ApoE-derived antimicrobial peptides could be a promis-

TABLE 3. MIC90 of various antifungal peptides on
C. albicans strain SC5314

Peptide

MIC90
b (�M)

ApoEdpL-W ApoEdpL-
W-Fluo

Histatin
5

Magainin
2

SD 2% glucose 3.75 ND ND ND
SD 2% glucose (pH 7) 5 7.5 ND ND
RPMI 2% glucose (pH 7) 7.5 5 ND ND
10 mM PPBa 2.5 ND 10–20 10

a MICs were determined by CFU counting.
b ND, not done.

FIG. 1. ApoEdpL-W peptide is fungicidal to C. albicans at concen-
trations above the MIC90. C. albicans strain SC5314 cells were exposed
to solvent (black squares), 2.5 �M ApoEdpL-W (black triangles), 5
�M ApoEdpL-W (gray circles), or 20 �M ApoEdpL-W-Fluo (gray
squares) for the indicated times, and the number of cells remaining
viable in each sample was determined through plating on YPD me-
dium. Data are average values obtained from two independent exper-
iments, with bars indicating the range of values.

TABLE 4. Distribution of ApoEdpL-W MIC90s on a panel of
clinical Candida strains

Species Strain
no.

No. of strains in each ApoEdpL-W MIC90
distribution groupa

�20 �M 20 �M 10 �M 5 �M 2.5 �M

C. albicans 42 2 9 30 1 0
C. glabrata 28 24 3 1 0 0
C. tropicalis 11 0 0 0 8 3
C. parapsilosis 10 2 6 1 1 0

a MICs were determined twice per strain.
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ing antimicrobial coating agent for medical devices such as
catheters. Thus, the antifungal activity of ApoEdpL-W on
biofilms formed on two polymer materials used in medical
devices, namely, polyurethane (PU) and polydimethylsilox-
ane (PDMS), also was tested. These materials were coated
with ApoEdpL-W as described in Materials and Methods and
used as substrates for C. albicans biofilm formation. After 24 h
of incubation, macroscopic observation revealed that C. albi-
cans strain SC5314 was able to form a biofilm on the coated
materials, but the biofilms had a strong tendency to detach
(data not shown). After 72 h of incubation, an increased ten-
dency of the biofilms to detach from the coated materials was
observed (Fig. 2B, lower panel). This was apparent in the 3- to
5-fold reduction of the metabolic activity of biofilms formed on
the ApoEdpL-W-coated materials relative to uncoated mate-
rials (Fig. 2B). Therefore, the coating of PU and PDMS with
ApoEdpL-W appeared to promote the formation of loose C.
albicans biofilms rather than fully prevent biofilm formation.
Similar experiments were performed with an FITC-labeled

derivative of ApoEdpL-W (ApoEdpL-W-Fluo) without cells to
evaluate the possible release of the fluorescent peptide from
the materials. Fluorescent quantification revealed a stable flu-
orescence of the materials after up to 48 h, even if the release
of the peptide in the medium was observed (data not shown).
This suggested that ApoEdpL-W remained attached mainly on
the materials during the course of incubation but did not rule
out a possible role of released peptides in the observed biofilm
detachment.

Usual antagonists of antifungal peptide activity do not affect
ApoEdpL-W efficiency. The antifungal activity of Hst-5 is sus-
ceptible to a variety of treatments that interfere with its bind-
ing to the cell wall, cytoplasmic translocation, or eventual kill-
ing of C. albicans cells through ionic imbalance (14, 30, 36, 60,
66). These treatments also have been shown to interfere with
the activity of other CAFPs. Therefore, we tested whether they
influenced ApoEdpL-W antifungal activity.

The binding of Hst-5 to both cell wall beta-glucans and the
cell wall-bound Ssa2 heat shock protein has been shown to
contribute to its activity, as C. albicans SSA2 knockout mutants
and caspofungin-treated C. albicans cells show decreased sen-
sitivity to this CAFP (30, 60). ApoEdpL-W MICs against a C.
albicans SSA2 knockout mutant (ssa2�) (Table 1) and a com-
plemented strain (ssa2�/SSA2) (Table 1) were determined.
They were similar to those obtained for wild-type C. albicans
strains (data not shown), suggesting that Ssa2 did not contrib-
ute significantly to C. albicans susceptibility to ApoEdpL-W. In
contrast, the preincubation of ApoEdpL-W with laminarin
beta-(1,3)-glucan prior to incubation with C. albicans cells fully
inhibited the antifungal activity of ApoEdpL-W (Fig. 3). Lam-
inarin was more potent at inhibiting ApoEdpL-W activity than

FIG. 2. ApoEdpL-W peptide prevents biofilm formation. (A) Bio-
films of C. albicans strain SC5314 were developed in 96-well microtiter
plates (1 h of adherence followed by 4 h of growth), exposed to
increasing concentrations of ApoEdpL-W, and incubated for 24 h. The
metabolic activities of biofilms were quantified using the FDA method
and are shown. Data presented are from three to five replicates. Means
and standard deviations are displayed. (B) Biofilms of C. albicans
strain SC5314 were developed on ApoEdpL-W-coated or noncoated
polyurethane and polydimethylsilloxane squares for 72 h and quanti-
fied using the FDA method. Biofilms were washed prior to quantifi-
cation. Photographs show examples of the biofilms prior to washing.

FIG. 3. ApoEdpL-W antifungal activity is insensitive to treat-
ments that impair histatin-5 antifungal activity. C. albicans strain
SC5314 was incubated with 10 �M ApoEdpL-W or 5 �M Histatin-5
(Hst-5) in the presence of 100 mM NaCL, 10 mM NaN3, or 5 mg/ml
laminarin for 1 h, and cells were plated on YPD, except for cells
treated with laminarin, where ApoEdpL-W was preincubated with
laminarin for 1 h and the mixture was subsequently added to cells
and incubated for 1 h. The ratios obtained for treated versus un-
treated cells are shown. Data are averages obtained from two in-
dependent experiments, with bars indicating the range of values.
These data are representative of the protective effect observed in
other experiments performed individually.
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Hst-5 activity (Fig. 3), and the inhibition was dose dependent,
with increased levels of laminarin required to inhibit in-
creased levels of ApoEdpL-W (data not shown). Importantly,
ApoEdpL-W showed some synergy with caspofungin, an inhib-
itor of cell wall beta-glucan synthesis (FIC of 0.465). This was
in contrast to what has been observed for Hst-5, whose activity
is impaired by caspofungin treatment (30), suggesting that beta-
glucans contribute to trap ApoEdpL-W in the cell wall rather
than provide a path for ApoEdpL-W entry into C. albicans
cells.

Results presented above suggested that ApoEdpL-W was
less susceptible to physiochemical variations than other
CAFPs, as it was active in a variety of media (Table 3). There-
fore, the impact of known antagonists of CAFP activity on
ApoEdpL-W activity was tested. Results presented in Fig. 3
showed that ApoEdpL-W antifungal activity was not prevented
by 100 mM NaCl, while this was the case for Hst-5 activity (14,
66), suggesting that ionic imbalance was not a determining
factor for ApoEdpL-W antifungal action on C. albicans
cells. Similarly, NaN3, which has been proposed to protect
against Hst-5 by triggering ATP depletion and altering mem-

brane fluidity (36), did not have a protective effect against
ApoEdpL-W (Fig. 3). Taken together, these data suggested
that the mode of action of ApoEdpL-W differed from that of
Hst-5 and possibly that of other CAFPs.

Intracellular localization of ApoEdpL-W. To investigate the
mode of action of ApoEdpL-W, we assessed its localization
in C. albicans cells using ApoEdpL-W-Fluo, which showed
MIC90s similar to those of native ApoEdpL-W against C. al-
bicans SC5314 (Table 3). C. albicans SC5314 cells were ex-
posed to subinhibitory concentrations of ApoEdpL-W-Fluo (5
�M) for different durations and were observed by fluorescence
microscopy. The fluorescent peptide was shown originally to
bind to the cell surface, accumulate within intracellular organ-
elles after 30 min for 33% of the cells, reaching 66 to 87% after
60 min, and be exclusively localized to these organelles after
2 h (Fig. 4A). Increasing concentrations of ApoEdpL-W-Fluo
resulted in the faster accumulation of the peptide within these
organelles but did not modify the overall intracellular distri-
bution of the peptide. Only when the concentration was above
20 �M could we observe that 10 to 25% of the cells showed
cytoplasmic labeling after 60 min of incubation (data not

FIG. 4. ApoEdpL-W is targeted to vacuoles through endocytosis. (A) Kinetic localization of ApoEdpL-W-Fluo in C. albicans SC5314 cells
exposed to 5 �M ApoEdpL-W-Fluo. Images are representative of labeling distribution at each time point. (B) C. albicans SC5314 cells exposed
to ApoEdpL-W-Fluo (40 �M) and stained with FM4-64. (C) C. albicans MYO5/MYO5 or myo5�/myo5� cells exposed to ApoEdpL-W-Fluo (5 or
20 �M) for 30 to 60 min. In the laminarin panel, ApoEdpL-W-Fluo was preincubated with 5 mg/ml laminarin for 1 h prior to being applied to cells.
In the NaN3 panel, cells were incubated with 10 mM NaN3 for 1 h prior to being exposed to ApoEdpL-W-Fluo. In the latrunculin A panel, cells
were incubated with 50 �M latrunculin A for 1 h prior to being exposed to ApoEdpL-W-Fluo.
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shown). Noticeably, a majority of the cells with cytoplasmic
ApoEdpL-W-Fluo labeling showed intense propidium iodide
staining, while cells with vacuolar ApoEdpL-W-Fluo staining
did not show PI labeling (data not shown). Intracellular
ApoEdpL-W-Fluo did not colocalize with the nucleus stained
with DAPI (data not shown). In contrast, colocalization with
FM4-64 was observed (Fig. 4B), indicating that the structures
where ApoEdpL-W-Fluo accumulated were vacuoles. There-
fore, ApoEdpL-W-Fluo appeared to localize to the vacuole
following binding to the cell surface irrespective of the con-
centration used. As shown in Fig. 4C, laminarin was able to in-
hibit the vacuole accumulation of ApoEdpL-W-Fluo, whereas
NaN3 was not, in agreement with their respective abilities to
protect against ApoEdpL-W. Overall, these data indicated that
ApoEdpL-W was targeted to the vacuoles independently of
cytoplasmic membrane permeabilization, suggesting that the
antifungal activity of ApoEdpL-W was not primarily by dis-
rupting membrane homeostasis.

Transcriptional analysis of C. albicans exposed to sub-MIC
concentrations of ApoEdpL-W. To get further insights into the
antifungal mode of action of ApoEdpL-W, we performed a
gene expression analysis of C. albicans SC5314 planktonic cells
exposed to ApoEdpL-W. Exponentially growing C. albicans
SC5314 cells in SD 2% glucose medium at 30°C were exposed
to 2.5 �M ApoEdpL-W, and samples were collected after 10
and 30 min for transcript profiling. The concentration of
ApoEdpL-W that was used was sublethal, i.e., it led to a re-
duction in the C. albicans growth rate but did not result in any
massive cell killing (Fig. 1), thus minimizing changes in gene
expression due to cell death and enabling us to focus our gene
profiling study on cellular responses elicited by ApoEdpL-W.

A comparison of the transcriptomes of ApoEdpL-W-treated
an untreated cells identified 63 genes upregulated and 47 genes
downregulated after 10 min of exposure to ApoEdpL-W (see
Table S2 in the supplemental material). After 30 min of expo-
sure, 48 genes were upregulated and 26 were downregulated in
response to ApoEdpL-W (see Table S2). Fifteen genes were
upregulated and five were downregulated at both time points
and are listed in Table 5. Gene ontology analysis of the differ-
entially regulated genes indicated a statistically significant
overrepresentation of genes encoding amino acid transporters.
These genes represented one-third of the genes upregulated at
both time points (GAP6, CAN1, GNP1, ORF19.4940, and
GAP1) and were among the genes that showed the highest
upregulation in response to ApoEdpL-W (Table 5). PTR2, a
putative oligopeptide transporter, also was strongly induced at
both time points, as well as RTA2, which encodes a putative
long-chain base (LCBs) floppase translocating LCBs from the
inner to the outer leaflet of the plasma membrane, and it may
have a role in membrane integrity (33). Noticeably, 27 of the 63
genes upregulated after 10 min of exposure to ApoEdpL-W, 26
of the 48 genes upregulated after 30 min of exposure, and 9 of
the 15 genes upregulated at both time points were predicted
to encode a protein with at least one membrane-spanning
domain. The upregulation of CAN1, GAP1, GAP6, PTR2,
and RTA2 was confirmed by qRT-PCR after 10, 30, and 60
min of exposure to 2.5 �M ApoEdpL-W (Fig. 5). These data
suggested that sublethal concentrations of ApoEdpL-W ex-
erted a major effect on the expression of genes encoding
membrane proteins. Interestingly, none of the published
studies that have analyzed the transcriptional response of C.
albicans to cationic peptides have observed an upregulation

TABLE 5. Genes identified as regulated at both 10 and 30 min in response to ApoEdpL-Wd

Gene name and
regulation status Name

Regulation at: myo5�/�
expression

ratioc
Description

10 mina 30 minb

Upregulated
orf19.675 11.970 2.745 23.279 Similar to cell wall proteins
orf19.2959.1 6.862 3.214 10.169 ORF predicted by annotation working group
orf19.6659 GAP6 6.470 28.310 0.909 Putative general amino acid permease
orf19.4082 DDR48 5.568 1.897 31.251 Immunogenic stress-associated protein
orf19.6937 PTR2 5.199 12.830 0.729 Putative oligopeptide transporter
orf19.24 RTA2 4.543 2.230 17.373 Putative floppase
orf19.97 CAN1 3.209 4.484 0.980 Amino acid permease, transports basic amino acids
orf19.6877 3.107 2.181 4.479 Predicted ORF in assemblies 19, 20, and 21
orf19.1193 GNP1 2.762 9.543 1.242 Protein described as similar to asparagine and glutamine permease
orf19.2125 2.534 2.146 13.254 Predicted ORF in assemblies 19, 20, and 21
orf19.4940 2.188 5.554 0.964 Putative histidine permease
orf19.4304 GAP1 2.084 5.618 0.796 General amino acid permease
orf19.3548.1 WH11 2.020 1.886 17.890 Cytoplasmic protein expressed specifically in white-phase yeast-form cells
orf19.986 GLY1 1.686 2.365 1.129 L-Threonine aldolase
orf19.1353 1.659 3.013 0.806 Predicted ORF in assemblies 19, 20, and 21

Downregulated
orf19.6844 ICL1 0.663 0.442 1.766 Isocitrate lyase
orf19.541 0.536 0.591 0.814 Predicted ORF in assemblies 19, 20, and 21
orf19.2693 0.503 0.622 1.572 Increased transcription is observed upon benomyl treatment
orf19.4063 GPT1 0.365 0.458 1.134 GABA/polyamine transporter
orf19.1608 0.300 0.304 1.033 Predicted ORF in assemblies 19, 20, and 21

a Fold expression change for cells exposed to subinhibitory concentrations of ApoEdpL-W after 10 min versus unexposed cells.
b Fold expression change for cells exposed to subinhibitory concentrations of ApoEdpL-W after 30 min versus unexposed cells.
c Fold expression change of the myo5�/� mutant to the wild type.
d Only genes regulated by a factor of 1.5 with a P value of �0.05 have been considered.
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of genes encoding membrane proteins, again suggesting that
ApoEdpL-W has a specific mode of action.

The upregulation of genes encoding amino acid transporters
upon exposure to ApoEdpL-W could reflect peptide degrada-
tion and assimilation by C. albicans, as the concentration that
was used in transcript profiling experiments was sublethal. In-
deed, it has already been shown that C. albicans is able to
degrade CAFPs such as Hst-5 through the Sap9-secreted as-
partyl protease (41). However, protease- or peptidase-encod-
ing genes as well as genes related to nitrogen catabolite re-
pression and amino acid biosynthesis, with the exception of
methionine biosynthesis genes, did not show any differential
gene expression in response to ApoEdpL-W. The transcription
of some amino acid transporter genes increased when arginine
but not tryptophan was added to the medium to a concentra-
tion equivalent to what is present in ApoEdpL-W (data not
shown). However, the inability of the C. albicans arginine-
auxotrophic strain CEC361 to grow in the absence of arginine
and the presence of sublethal levels of ApoEdpL-W indicated
that the degradation of the peptide was unlikely to account for
the upregulation of amino acid transporters (data not shown).

The CAN1, PTR2, and RTA2 genes do not contribute to
tolerance or resistance to ApoEdpL-W. As mentioned above,
several of the amino acid transporter-encoding genes, namely,

CAN1, PTR2, GAP1, and GAP6, were upregulated in response
to ApoEdpL-W or arginine. In contrast, RTA2 appeared in-
duced upon ApoEdpL-W exposure and, to a lower extent,
Hst-5, but not in response to arginine (data not shown). There-
fore, we tested whether RTA2 could contribute to modulate
the susceptibility of C. albicans to ApoEdpL-W. Strains with a
deletion of the two RTA2 alleles or overexpressing RTA2 were
constructed and tested for their susceptibility to ApoEdpL-W
(strains CEC1545 and CEC1088, respectively). ApoEdpL-W
MICs for these strains were similar to those obtained for wild-
type C. albicans strains, suggesting that RTA2 did not contrib-
ute to C. albicans susceptibility to ApoEdpL-W. In addition,
strains deleted for both alleles of CAN1 or PTR2 (CEC290 and
CEC305, respectively) (7) did not show any increased resis-
tance or sensitivity to ApoEdpL-W, indicating that neither
CAN1 nor PTR2 contributed to C. albicans susceptibility to
ApoEdpL-W on their own (data not shown).

Endocytosis of ApoEdpL-W contributes to its antifungal
activity. Localization data presented above suggested that
ApoEdpL-W was endocytosed and targeted to the vacuole.
Interestingly, half of the most upregulated genes upon the
exposure of C. albicans cells to ApoEdpL-W showed a strong
upregulation upon the inactivation of the MYO5 gene (Table
5) that encodes a class I myosin necessary for efficient endo-
cytosis in C. albicans (49). Moreover, the overall microarray
data at 10 min showed a positive correlation with myo5 mutant
transcriptome experiments (Pearson correlation coefficient,
0.33; P � 2.2 � 10�16) (51), which was particularly obvious for
the most upregulated genes. However, genes encoding amino
acid or oligopeptide transporters were not regulated in the
myo5 mutant. Therefore, we tested the susceptibility to
ApoEdpL-W of a C. albicans strain defective for the MYO5
gene (COU46) (Table 1). The MIC90 of ApoEdpL-W against
this strain was 2-fold increased (P 	 0.046) relative to that
against strain COU73, which harbors a functional MYO5 gene
(Table 1). Moreover, ApoEdpL-W-Fluo persisted at the cell
surface and did not accumulate in vacuoles of the COU46
strain (Fig. 4C). This was in contrast to what was observed with
COU73 and SC5314 strains that accumulated ApoEdpL-W-
Fluo in the vacuole following binding to the cell surface. How-
ever, a limited number of cells of the COU46 strain showed the
accumulation of ApoEdpL-W-Fluo in the vacuole (data not
shown). However, the fluorescence intensity associated with
the vacuole in these cells was lower than that in the MYO5-
complemented COU73 cells or in the wild-type SC5314 cells.
These results suggested that Myo5-dependent processes are
necessary for vacuolar targeting and the efficient antifungal
activity of ApoEdpL-W.

Latrunculin A is an inhibitor of actin polymerization and is
known to inhibit endocytosis in yeasts. As shown in Fig. 6,
latrunculin A protected C. albicans SC5314 cells against the
antifungal activity of ApoEdpL-W. Even though the doubling
time of C. albicans incubated in the presence of 5 �M
ApoEdpL-W and 50 �M latrunculin A was higher than that of
cells grown in the absence of ApoEdpL-W, the final cell den-
sities of the two cultures were identical. Moreover, a dose-
dependent protection of ApoEdpL-W by latrunculin A was
observed (Fig. 6). Consistently with this observation, when
cells were incubated with 10 or 50 �M latrunculin A for 1 h and
subsequently exposed to ApoEdpL-W, the ApoEdpL-W

FIG. 5. C. albicans amino acid transporter genes are upregulated
upon exposure to ApoEdpL-W. Shown are qRT-PCR results for genes
identified as upregulated by ApoEdpL-W by microarray experiments,
exposed to 2.5 �M ApoEdpL-W, and sampled at 10, 30, and 60 min of
exposure. Fold changes were determined by the ��CT method, using
CEF3 transcript levels for normalization.
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MIC90 increased by 2-fold. Similarly to what was observed
upon the genetic alteration of endocytosis, ApoEdpL-W-Fluo
did not accumulate in vacuoles of latrunculin A-treated cells,
and only a faint staining of the cell surface was observed (Fig.
4C). Thus, blocking endocytosis through latrunculin A treat-
ment prevented the accumulation of ApoEdpL-W-Fluo in vac-
uoles and provided partial protection against the antifungal
effect of ApoEdpL-W.

DISCUSSION

Although antimicrobial peptides have long been thought to
exert their antimicrobial activity through insertion into biolog-
ical membranes and their subsequent permeabilization, in-
creasing amounts of evidence suggest that they act through
other mechanisms targeting intracellular components (9). In
this regard, several antifungal peptides have been shown to
associate primarily with mitochondria (26), vacuoles (30, 42),
or the nucleus (45), suggesting that the alteration of membrane
homeostasis could be secondary to the action of these peptides
on intracellular targets. However, the precise modes of action
of the different antifungal peptides remain to be elucidated. In
this study, we have investigated a novel antifungal peptide
derived from human apoliprotein E. Strikingly, the sensitivity
or resistance of ApoEdpL-W to a variety of treatments sug-
gests that its mode of action is significantly different from that
of other cationic antifungal peptides (CAFPs) that have been
investigated in detail, such as Hst-5, Magainin 2, or MUC7-20.
Indeed, we have shown that ApoEdpL-W activity does not
require binding to the cell wall heat shock protein Ssa2 and to
beta-glucans, and it is insensitive to azide, high salt, and
changes in pH. Furthermore, we have shown that ApoEdpL-W
accumulates primarily in vacuoles, and that vacuolar targeting
contributes to ApoEdpL-W activity. This is in marked contrast
to observations made with Hst-5, which requires binding to
glucans or Ssa2 (15, 30, 38, 60) and shows azide, salt, and pH

sensitivity (3, 36, 62). Finally, Hst5 targeting to the vacuole is
observed at low concentrations only and is not required for
activity (30, 42). These requirements for Hst-5 activity are all
thought to reflect its mode of action at the plasma membrane.
Therefore, the differences in behavior that we have observed
between Hst-5 and ApoEdpL-W suggest in particular that
ApoEdpL-W uses other routes than Hst-5 to reach the plasma
membrane, to penetrate cells, and to exert its antifungal activ-
ity. This also appears to be the case for other antifungal pep-
tides. While Magainin 2 and Muc7-20 also show salt sensitivity,
other antifungal peptides, such as arenicin, proved to be salt
insensitive (54). Differences also are observed regarding azide
sensitivity, with arenicin being sensitive (54) and Muc7-20 be-
ing insensitive, even though it is translocated intracellularly
(6). Finally, human 
-defensins (hBD) show fungicidal activity in
an energy-dependent manner and are salt sensitive but do not
cause membrane disruption (64). Moreover, an additional en-
ergy-independent antifungal mechanism has been revealed at
higher concentrations of hBD-3 (64). Taken together, these
data underscore the heterogeneity of behaviors of antifungal
peptides and show that ApoEdpL-W is not an exception. This
might reflect differences in the amino acid content, the positive
charge, and the hydropathy of the different CAFPs at physio-
logical pH, even though rules still need to emerge. Noticeably,
ApoEdpL-W is composed mainly of tryptophan, arginine, and
lysine residues and is likely to have a higher net positive charge
than Hst-5 or Magainin 2.

Another major difference between Hst-5 and ApoEdpL-W
lies in their apparent targeting to different cellular compart-
ments, which is exemplified through the use of fluorescently
labeled derivatives. While Hst-5 was shown to accumulate in
the vacuole at low, nonlethal concentrations, it is targeted to
the cytoplasm at higher concentrations (42). This contrasts
with ApoEdpL-W, which we have shown to associate with the
cell surface and subsequently be targeted to the vacuole at all
concentrations tested, even though we cannot formally exclude
that the observed fluorescence is not due in part to free fluo-
rescent label released from degraded ApoEdpL-W. Moreover,
our data using a C. albicans strain defective for the MYO5 gene
and consequently endocytosis or latrunculin A, an inhibitor of
actin-mediated endocytosis, have shown that endocytosis is
necessary for ApoEdpL-W targeting to the vacuole and full
activity, while it is not needed for Hst-5 activity. A role of
active endocytosis in the internalization of the Tat(47-58) pep-
tide of HIV by mammalian cells has been proposed (57).
Tat(47-58) is another arginine-rich, lysine-rich, highly cationic
peptide that does not form pores in artificial liposomes and
whose antifungal activity against Trichosporon beigelii is insen-
sitive to azide and salt, similarly to what we have observed for
ApoEdpL-W in C. albicans (34). Binding to the cell surface,
possibly through interaction with phosphomannan, followed by
vacuolar targeting, also has been observed for another antifun-
gal peptide, namely, dermaseptin S3(1-16) (25). However, the
results of a fitness profiling study using a collection of Saccha-
romyces cerevisiae deletion mutants showed that impairing vac-
uolar function increased the toxicity of dermaseptin S3(1-16),
suggesting that vacuolar targeting is more likely to provide S.
cerevisiae cells a defense mechanism toward this peptide. Sim-
ilar results have been obtained through fitness profiling in S.
cerevisiae of Magainin 2 (45) and MUC2-7 (39), suggesting that

FIG. 6. Latrunculin A prevents the antifungal activity of
ApoEdpL-W. Shown are the growth kinetics in 96-well microtiter
plates of C. albicans strain SC5314 exposed to 5 �M ApoEdpL-W plus
0 �M (black circles), 10 �M (black squares), or 50 �M (gray circles)
latrunculin A. Results for cells exposed to 50 �M latrunculin A only
(gray triangles) and for untreated cells (black triangles) are shown as
well. For clarity, only one-third of the values are represented on the
graph. Preincubation for 1 h with latrunculin A before exposure to
ApoEdpL-W gave similar profiles.
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peptide degradation in the vacuole represents a frequent de-
fense mechanism against antifungal peptides, even though it is
not used to protect cells against ApoEdpL-W, as indicated by
the decreased rather than increased sensitivity of C. albicans
cells to this peptide when vacuolar targeting is impaired.

The transcript profiling of ApoEdpL-W-exposed C. albicans
cells revealed additional specificities to the mode of action of
this antifungal peptide. Indeed, the exposure of C. albicans to
ApoEdpL-W triggered the upregulation of a range of genes
encoding plasma membrane amino acid transporters (GAP1,
MEP2, PTR2, and CAN1) as well as transcriptional responses
similar to those resulting from the inactivation of C. albicans
MYO5 and, consequently, endocytosis. Among those genes
that are upregulated in response to ApoEdpL-W, DDR48 and
RTA2 showed elevated expression in C. albicans strains resis-
tant to amphotericin B and fluconazole (4), while orthologues
of GAP1 and MEP2 are induced in response to different classes
of antifungal drugs (ketoconazole, 5-fluorocytosine, amphoter-
icin B, and caspofungin) in S. cerevisiae (1). The induction of
these genes in response to ApoEdpL-W might reflect a general
and nonspecific stress response. However, the upregulation of
these genes in response to other antifungal peptides has never
been reported, possibly indicating an original mode of action
for ApoEdpL-W. However, the inactivation of CAN1, PTR2,
and RTA2 or the overexpression of RTA2 did not alter the
sensitivity of C. albicans to ApoEdpL-W, suggesting that the
change in expression of only one of these genes does not
explain ApoEdpL-W toxicity. Transcript profiling of C. albi-
cans cells exposed to other antifungal peptides has revealed a
variety of responses. For instance, the exposure of C. albicans
cells to MUC7-20 resulted in the activation of the calcineurin
pathway and the 20S and 26S proteasome and in the down-
regulation of genes involved in iron metabolism (40), with the
latter also being observed in ApoEdpL-W-treated cells. On the
other hand, Morton et al. (45) have shown that the exposure of
C. albicans cells to Magainin 2 triggered the upregulation of
genes related to DNA replication and repair. Finally, the ex-
posure of C. albicans cells to Hst-5 triggered the expression of
genes involved in adaptation to osmotic stress and the general
stress response (63). Again, these data underscore the hetero-
geneous behavior of antifungal peptides, even though differ-
ences might in part reflect the use of concentrations below or
above the MIC in transcript profiling experiments.

Our study does not provide a definitive mode of action for
ApoEdpL-W but suggests that one component of this mode of
action is at the level of the vacuole. Indeed, we have shown that
ApoEdpL-W is preferentially targeted to the vacuole through
endocytosis, and that the exposure of C. albicans cells to
ApoEdpL-W triggers a transcriptional response that is remi-
niscent of that of an endocytosis-defective mutant. The addi-
tional upregulation of genes encoding amino acid transporters
that are subject to endocytosis-dependent recycling might re-
flect a general stress response or the consequence of an alter-
ation of endocytosis triggered by the interaction between
ApoEdpL-W and plasma membrane components. However,
blocking the endocytosis of ApoEdpL-W is not sufficient
to fully prevent its antifungal activity, suggesting that
ApoEdpL-W penetrates cells through means other than endo-
cytosis. We speculate, based on the observation that most
propidium iodide-positive cells show cytoplasmic rather than

vacuolar ApoEdpL-W, that the accumulation of ApoEpL-W in
the vacuole facilitates its subsequent release in the cytoplasm,
where it exerts its antifungal activity. This does not exclude that
the antifungal activity of ApoEdpL-W is exerted in part at the
vacuolar level.

Biofilms play an important role in the persistence of fungal
infections, and antifungal molecules that act on both biofilm
cells and planktonic cells would prove highly useful. Very few
studies have investigated the potential of antifungal peptides
toward biofilms. Here, we have shown that ApoEdpL-W could
prevent biofilm formation when applied at early stages of bio-
film development but was less efficient when applied to mature
biofilms. This relative inefficiency might reflect the affinity of
ApoEdpL-W for beta-glucans. Indeed, it has been shown that
soluble beta-(1,3)-glucans are major constituents of the extra-
cellular matrix of C. albicans biofilms that trap several antifun-
gals, thus contributing to the intrinsic tolerance of biofilms
toward these antifungals (47, 48, 61). Therefore, it is likely that
the same applies to ApoEdpL-W, explaining the tolerance of
mature C. albicans biofilms to this CAFP. Another application
of antifungal peptides could be in the coating of medical de-
vices. Here, we have shown that coating with ApoEdpL-W of
polymers used in the design of medical devices, namely, PDMS
and PU, promotes the formation of C. albicans biofilms that
have a strong tendency to detach from the polymer, thus re-
ducing the metabolic activity of the biofilm that remains at-
tached to the material by 60 to 70%. A similar reduction in
biofilm formation has been observed when PDMS grafted with
Hst-5 was used, while a higher reduction was observed when a
derivative of Hst-5 or low-molecular-weight poly-D-lysine was
used (12). Whether a detachment of the biofilm from the
grafted surface was observed in that study is not known. These
data suggest that the coating of materials with cationic anti-
fungal peptides will prove useful.

In summary, we have characterized a novel cationic antifun-
gal peptide that appears to have an original mode of action
relative to other CAFPs, such as Hst-5. The further under-
standing of the mode of action of ApoEdpL-W, in particular
the role of endocytosis and the mechanisms underlying cellular
toxicity, will be necessary to develop further this peptide for
usual antifungal applications as well as the coating of materials
used in the production of medical devices.
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