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Antimicrobial peptides (AMPs) are key elements of innate immunity, which can directly kill multiple bacterial, viral, and fungal
pathogens. The medically important fungus Candida albicans colonizes different host niches as part of the normal human mi-
crobiota. Proliferation of C. albicans is regulated through a complex balance of host immune defense mechanisms and fungal
responses. Expression of AMPs against pathogenic fungi is differentially regulated and initiated by interactions of a variety of
fungal pathogen-associated molecular patterns (PAMPs) with pattern recognition receptors (PRRs) on human cells. Inflamma-
tory signaling and other environmental stimuli are also essential to control fungal proliferation and to prevent parasitism. To
persist in the host, C. albicans has developed a three-phase AMP evasion strategy, including secretion of peptide effectors, AMP
efflux pumps, and regulation of signaling pathways. These mechanisms prevent C. albicans from the antifungal activity of the
major AMP classes, including cathelicidins, histatins, and defensins leading to a basal resistance. This minireview summarizes
human AMP attack and C. albicans resistance mechanisms and current developments in the use of AMPs as antifungal agents.

Understanding host-fungus interactions is crucial for efficient
treatment of fungal infections. The human host, upon con-

tact with Candida albicans, utilizes an efficient complex immune
response that leads to production of soluble effectors, including
antimicrobial peptides (AMPs) and cytokines, or to activation of
complement, which can directly damage the pathogen (1). Distur-
bance of human defense systems and activation of fungal viru-
lence traits favor the transition from the commensal stage to the
pathogenic stage of fungal infection (2). C. albicans defends itself
against a multiplicity of innate immune components, including
AMPs (3), to remain a successful commensal organism and even-
tually, to become a human pathogen that causes serious disease.
This minireview summarizes human AMP production triggered
by fungal recognition and C. albicans AMP resistance mechanisms
and discusses novel applications in the use of AMPs as antifungal
agents.

ACTIVITY OF HUMAN AMPs AGAINST C. ALBICANS

AMPs are small soluble defense molecules that kill or block
growth of the pathogen by membrane permeabilization of micro-
bial cells and by inactivation of cytoplasmic targets therein (4).
AMPs are generated by proteolytic processing of one or more
precursor peptides (3). Active peptides consist of 10 to 50 amino
acids and are mostly positively charged because of several lysine
and arginine residues, but they also contain a substantial propor-
tion of hydrophobic residues (�30%) (5). Peptide antimicrobial
agents that can form an amphipathic, �-helical structure are clas-
sified on the basis of their structural characteristics; others, such as
the defensins, are classified by the number of disulfide bonds they
possess (6). At high AMP concentrations, pores are formed lead-
ing to cytoplasmic membrane dysfunction and depolarization by
release of ATP and ions; these events effect osmotic dysregulation
(Table 1) and finally lead to cell death (7). Beside antimicrobial
activity, AMPs also act as immune modulators by promoting mi-
gration of neutrophils and monocytes to the site of infection, by
upregulating tumor necrosis factor alpha (TNF-�) and by che-
moattraction of immature dendritic and T cells to modify the
adaptive immune response (reviewed in reference 8). The major

antimicrobial peptides in humans include the cathelicidin LL-37,
the histatins (Hst), and the defensins (4).

In C. albicans, LL-37 initially associates with the cell wall
and/or the cytoplasmic membrane (9). Treatment of fungal cells
with large amounts of the peptide resulted in a breakdown of the
membrane into discrete vesicles and led to rapid efflux of small
molecules, such as ATP, as well as larger molecules with molecular
masses up to 40 kDa. The C. albicans cell wall �-1,3-exoglucanase
Xog1 has been identified as a LL-37 receptor (10). Xog1–LL-37
interactions led to cell wall remodeling, and Xog1 enzyme activity
was elevated, lowering C. albicans adhesion (10, 11). Subsequent
to cleavage by a serine protease, processed forms of LL-37 were
found at the human skin surface (KS-30 and RK-31) (12). Inter-
estingly, the N-terminally truncated peptide RK-31 accumulated
at the cell boundary but migrated into the cytoplasm over time,
while the C-terminally truncated peptide was exclusively found in
the cytoplasm, inducing leakage of nucleotides and proteins (13).

The fungicidal mechanism of histatin 5 (Hst 5) was reported as
a multistep process (14). First, the peptide binds to the ATPase
domain of cell envelope proteins Ssa1 and Ssa2 of C. albicans (15).
Then, Hst 5 utilizes the C. albicans polyamine influx transporters
Dur3 and Dur31 and accumulates intracellularly (16, 17), where it
induces formation of reactive oxygen species (ROS) and efflux of
ions and ATP, resulting in cell death (18, 19). Hst 5 downregulates
specific mitochondrial proteins involved in C. albicans energy me-
tabolism and upregulates biosynthetic proteins (14), which ulti-
mately leads to a drastic decrease in mitochondrial ATP synthesis.
The role of the candidacidal mechanism of Hst 5 is also discussed
in detail in the accompanying minireview by Puri and Edgerton
(20).

In neutrophils, the physiological concentrations of �-de-
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fensins 1 to 3 (human neutrophil peptide 1 [hNP-1] to -3) are very
high (6 mg/ml). hNP-1 acts on energy metabolism by causing
depletion of intracellular ATP and increasing extracellular ATP
concentrations to kill C. albicans (21). The �-defensins hBD1 (hu-
man �-defensin 1) to hBD3 cause membrane permeabilization,
leading to cell death (22). Interestingly, unlike hBD1 and hBD2,
hBD3 kills C. albicans by energy-independent mechanisms. In ad-
dition to LL-37, hBD3 elevates Xog1 activity, resulting in reduced
C. albicans adherence (10).

Cationic peptides derived from the N-terminal portion of hu-
man mucin MUC7 associate with the fungal plasma membrane
but are also internalized to exert fungicidal activity (23). Like
hBD3, MUC7-derived peptides induce killing of Candida without
affecting cellular metabolic activity.

Besides “professional” AMPs dedicated solely to antimicrobial
defense, humans produce peptides with AMP activity, which are
derived from proteins with different functions. “Moonlighting”
proteins include RNase 7, expressed by human keratinocytes,
which exhibits antimicrobial activity against C. albicans indepen-
dent of its RNase activity (24). AMP activity of RNase 7 is inhib-
ited by a RNase inhibitor protein expressed in epidermal kerati-
nocytes and is in turn activated, when the inhibitor is cleaved by
serine proteases (25). Lactoferrin is a 77-kDa iron-binding glyco-
protein present in different body secretions that is active against C.
albicans. This property is due to a highly basic N-terminal region
containing a 25-amino-acid domain termed lactoferricin (LF)
that elicits antifungal properties (26). Similar to LL-37, lactoferri-
cin mostly affects membrane morphology, resulting in disintegra-
tion of the membrane bilayer, as well as efflux of ATP and proteins
in C. albicans cells (27).

Recently, a peptide derived from human glyceraldehyde-3-
phosphate dehydrogenase (hGAPDH) was also shown to exhibit
antimicrobial activity (28). The hGAPDH peptide killed the fun-
gus by initiating apoptosis and also inhibited Sap1/2 protease ac-
tivity; in addition, the peptide induced secretion of interleukin 8
(IL-8) and granulocyte-macrophage colony-stimulating factor
(GM-CSF) that attracted immune cells to the site of infection (28).

It should be noted that on the one hand, humans produce
many more cationic peptides, with yet undefined AMP activity
(reviewed in reference 29); on the other hand, a myriad of mi-
crobes cohabit the human host, some of which produce AMPs
that inhibit C. albicans (reviewed in reference 30).

REGULATED AMP ACTIVITY AGAINST C. ALBICANS

How does C. albicans influence the synthesis of AMPs? Many ep-
ithelia produce a basal level of AMPs constitutively, which pro-
vides a first line of protection against C. albicans and other patho-

gens (reviewed in references 3 and 31). In a commensal scenario,
continuous but relatively infrequent PAMP-PRR interactions
trigger low levels of NF-�B activation that drive basal transcrip-
tion of AMP-encoding genes. Binding of C. albicans phospholipo-
mannan by Toll-like receptor 2 (TLR2) may be especially impor-
tant for this process in keratinocytes (32). Upon increased
microbial colonization and in case of epithelial damage or inflam-
mation, AMP transcripts increase dramatically (Fig. 1). This
boosted “damage” response is caused predominantly by a strong
upregulation of extracellular signal-regulated kinase (ERK)/Jun
N-terminal protein kinase (JNK) mitogen-activated protein
(MAP) kinase (MAPK) activities and activation of their dedicated
transcription factors (e.g., activator protein 1 [AP-1]) (33). In this
condition, epithelial cells produce proinflammatory lympho-
kines, including IL-1�, IL-6, and IL-8 that activate cohabiting im-
mune cells, of which TH-17 cells producing IL-17, IL-22, and
TNF-� are especially relevant for AMP production (34–36). Hy-
phal formation by C. albicans is a decisive factor for the initial
release of proinflammatory lymphokines through activation of
the inflammosome complex (reviewed in reference 37), but pro-
longed exposure to hyphae downregulates again the production of
�-defensins (38). Inflammatory signaling of epithelial cells is ac-
tivated further by cohabiting neutrophils, which induce upregu-
lation of TLR4 (39), which in normal human skin may already be
upregulated by contact with Gram-positive bacteria (40). TLR4
not only binds O-mannans in the C. albicans cell wall but also the
defensin hBD2, which generates an autostimulatory feedback
loop in epithelial cells; in addition, an autocrine IL-1� loop aug-
ments transcriptional responses (41). Zones of fungal infection
become increasingly inflamed due to the chemoattractive activi-
ties of AMPs that recruit more lymphocytes (reviewed in reference
42). Transcriptional activation in epithelial cells is mediated by tran-
scription factors NF-�B, AP-1, and charged vitamin D receptor
(VDR) that target specific promoter sequences of genes encoding
hBD2 and human CAP18 (18-kDa cationic antimicrobial protein)
(hCAP18) (43). TLR signaling increases CYP27B1 (cytochrome p450
27B1) hydroxylase enzyme activity to promote the conversion of
25(OH)D to 1,25(OH)2D, which in turn binds to VDR to trigger
synthesis of LL-37. The importance of sufficient vitamin D and its
maturation for AMP production by human epithelial cells (but sur-
prisingly not by mouse epithelial cells) provide an example for the
impact of nutrition on antimicrobial defenses.

It should be noted that transcriptional activation does not pro-
ceed equally for all AMPs. For example, increased transcription of
the �-defensin 3 (human �-defensin 3 [hBD3])-encoding gene
requires TNF-�, which is released from its membrane precursor

TABLE 1 Mechanisms of human peptide antimicrobials against C. albicans

AMP Mechanism(s) Reference(s)

LL-37 Association with cell wall and cell membrane by binding to carbohydrates; massive disruption of cell
membrane; ATP efflux

7, 9, 11

Histatin 5 Intracellular accumulation; release of cellular ATP in the absence of cytolysis; induced the formation of reactive
oxygen species (ROS)

18, 89

hNP-1 Cellular ATP efflux 21
hBD1 Membrane association; increasing the membrane permeability 22
Lactoferrin Externalization of phosphatidylserine; DNA degradation; increases ROS production; ATP release 61, 90
hGAPDH Initiating apoptosis; inhibiting C. albicans Sap1/2 (CaSap1/2) protease activity; inducing secretion of IL-8 and

GM-CSF
28
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by the ADAM17 “sheddase”; TNF-� binds to the epidermal
growth factor receptor (EGFR) and thereby, through MAP ki-
nases, activates AP-1 (but not NF-�B) (41, 44). While transcrip-
tional activation is the principal mechanism of C. albicans-in-
duced AMP induction, AMP processing and/or release is also
relevant for cells, including neutrophils, keratinocytes, and Pan-
eth intestinal cells that store precursors or mature AMPs in intra-
cellular vesicles. In neutrophils, azurophil granules accumulate
�-defensins, which fuse with phagosomes to attack ingested mi-
crobes intracellularly (45). On the other hand, Paneth cells release
�-defensins into intestinal crypts, and for unknown reasons, this
secretion is enhanced not by fungi but by bacterial cohabitants
(46). Another described antimicrobial mechanism of neutrophils
is the formation of neutrophil extracellular traps (NETs). These
structures are composed of DNA in association with histones as
well as granular proteins, such as elastase and myeloperoxidase,
and several cytoplasmic proteins (reviewed in reference 47). In-
terestingly, LL37 stimulates the release of NETs by neutrophils via
CD32 (reviewed in reference 48). Immune cells that store the
cathelicidin precursor in granules or lamellar bodies include neu-
trophils, natural killer cells, and mast cells (reviewed in reference

3); upon activation by C. albicans or other microbes, these cells
degranulate and release the inactive hCAP18 precursor into the
extracellular environment, where it is processed and activated.
The human skin is known to be hypoxic in deeper layers with
oxygen levels ranging between 1.5 and 5.0% (49). Cellular adap-
tation to low-oxygen environments is orchestrated by the human
transcriptional regulator hypoxia-inducible factor 1� (HIF-1�),
which also upregulates cathelicidin expression of keratinocytes
(50). Interestingly, by inducing c-Fos and AP-1 activity, some an-
tifungal drugs enhance defensin production in keratinocytes, con-
ceivably contributing to the therapeutic success of such antifun-
gals (51). In conclusion, upregulation of AMP production is
differentially regulated and is initiated by a variety of PAMP-PRR
interactions, as well as by inflammatory signaling and other envi-
ronmental stimuli.

ESCAPE STRATEGIES FROM ANTIMICROBIAL PEPTIDES

It has been suggested that AMPs and AMP resistance mechanisms
have coevolved, leading to a transient host-pathogen balance (5).
Several bacterial AMP resistance mechanisms have been reported.
Examples include the secretion of AMP-binding proteins that re-

FIG 1 Epithelial signaling pathways directing AMP gene expression. Binding of C. albicans PAMPs phospholipomannan (PLM) and O-mannan (O-Man) to
epithelial TLR2/4 proteins leads initially to activation of NF-�B via IkB kinase (IKK). Epithelial proinflammatory lymphokines including IL-1�, IL-6, and IL-8
secreted by epithelial cells trigger cohabiting immune cells to produce IL-1�, IL-17, IL-22, and TNF-�, which boost immune responses of epithelial cells by
binding to their dedicated surface receptors IL-1R (IL-1 receptor), IL-17R, IL10R/IL-22R, and EGFR, respectively. MAP kinases (MAPKs) ERK/JNK activate
AP-1, which binds with NF-�B and STAT3 transcription factors to promoters of AMP genes to enhance their expression. Production and binding of hBD2, as
well as of IL-1�, generates positive-feedback loops in epithelial cells that further increase immune responses. Nutritional input for AMP gene expression is
provided by vitamin D (VitD), which is modified by 1�-hydroxylase (25-OHase) to its hydroxylated form (VitD-OH) that binds and activates the promoter of
the LL-37-encoding gene.
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direct peptide antimicrobials away from microbial structures
(52). As presented below, similar mechanisms were also shown for
C. albicans (53–58).

To overcome antifungal activity of AMPs, C. albicans has de-
veloped a three-phase AMP evasion strategy, including secretion
of peptide effectors, AMP efflux pumps, and regulation of signal-
ing pathways. The first line of fungal defense includes secreted
proteins that inhibit AMP activity by degradation or binding. To
combat antifungal activity of histatin 5, which constitutes the ini-
tial barrier against orally invading pathogens, C. albicans uses the
glycosylphosphatidylinositol (GPI)-anchored proteases Sap9 and
Sap10, which are highly and consistently expressed during oral
infection; cleavage by Sap9 and Sap10 inactivates the salivary pep-
tide (53) (Fig. 2). Degradation of Hst 5 by purified proteases re-
sulted in complete loss of AMP killing capacity. In addition to this
cell surface-associated AMP effector, C. albicans secretes the Msb2
glycoprotein, which is a broad-range protectant against peptide
antimicrobials (54). The precursor of the plasma membrane pro-
tein Msb2 is cleaved, and its extracellular glycodomain is released
in considerable amounts into the fungal environment during
growth in liquid or on a surface. Extracellularly, it acts to protect
the pathogen against AMPs. It is currently debated if secreted
aspartic proteases (SAPs) are responsible for the cleavage and re-
lease of the secreted Msb2 glycodomain, referred to as Msb2* (55,
59). Msb2* inactivates a wide range of AMPs, including the hu-
man cathelicidin LL-37, Hst 5, hNP-1, and hBD1 by tight binding
(Fig. 2). By microscale thermophoresis technology, a high affinity
(73.1 nM) of LL-37 binding to the shed Msb2* glycodomain was

determined (54). In agreement with a protective role of Msb2*,
the C. albicans msb2 mutant was found to be supersensitive to
LL-37. It was shown that effective binding and protection under
normoxia and hypoxia required native folding and correct O-gly-
cosylation of Msb2 by protein-O-mannosyltransferases 1 and 2
(Pmt1/Pmt2) (54, 55). This protective effect was not restricted to
C. albicans, because the mannosylated glycofragment also rescued
Escherichia coli from the action of LL-37 and Hst 5 (55).

Recently, it was shown that AMPs can be actively extruded
from the cytoplasm of fungal cells. The polyamine efflux trans-
porter Flu1, a member of the MDR (multidrug resistance) family,
was found to mediate efflux of Hst 5 in C. albicans, resulting in
reduction of AMP toxicity (60). Concordantly, deletion of FLU1
reduced the efflux of Hst 5 and therefore increased sensitivity to
the AMP. This finding suggests that various AMPs may represent
substrates for fungal efflux transporters, which provide resistance.

Fungal stress response pathways have been shown to be essen-
tial for basal resistance to histatins. Physiological levels of Hst 5
activated the mitogen-activated protein kinase (MAPK) Hog1
(61) in wild-type cells, while hog1 mutants were hypersensitive to
the AMP. Nonhuman AMPs (as discussed below) or human �-de-
fensins were shown to trigger Hog1 activity by interaction with the
upstream MAPK kinase Pbs2 to orchestrate a cell damage com-
pensatory response (56, 62). Accordingly, both hog1 and pbs2 mu-
tants were supersensitive to treatment with the human �-de-
fensins 2 and 3 (56). It has been reported that the high-osmolarity
glycerol (HOG) pathway is involved in regulating ROS produc-
tion and ATP demand by mitochondria (63). On the other hand,

FIG 2 C. albicans mechanisms to evade AMP responses. Histatin 5 (Hst 5) is taken up by the C. albicans influx transporters Dur3 and Dur31 and induces the
formation of reactive oxygen species (ROS); in addition, Hst 5 acts by promoting the efflux of ions and ATP. The Hog1 MAP kinase pathway is activated during
AMP stress and upregulates antioxidative and other response mechanisms to overcome AMP activity. The toxicity of Hst 5 is decreased further by its extrusion
from fungal cells via the polyamine efflux transporter Flu1. The cell wall-anchored protease Sap9 cleaves and inactivates Hst 5 on the outside of fungal cells. In
addition, the shed exodomain fragment of the Msb2 membrane sensor (Msb2*) binds several AMPs extracellularly to provide broad-range protection against
AMPs. P, phosphate.
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ROS production and ATP efflux are often induced by AMPs (Ta-
ble 1). Thus, the HOG pathway may function as a key element in
survival of C. albicans to various AMPs by downregulation of ROS
production and of ATP efflux. Some response pathways, which
mediate basal resistance to host defense peptides, are distinct from
general stress adaptation. The C. albicans RNA-binding protein
Ssd1, a component of the RAM (regulation of Ace2 and morpho-
genesis) pathway, and its downstream transcription factor Bcr1
desensitize susceptibility to AMPs by maintaining mitochondrial
integrity and by reducing membrane permeabilization (57, 64).
Thus, ssd1 mutants were significantly more susceptible to AMPs.
The RAM pathway governs multiple processes such as cell wall
integrity (65); therefore, Ssd1 may regulate cell wall and mem-
brane adaptive modification to adapt to specific AMPs, including
helical cationic polypeptide protamine and hBD-2 (57). The hu-
man salivary mucin MUC7 12-mer activated both the calcineurin
pathway and the activity of the 20S and 26S proteasome. Conse-
quently, inactivation of the calcineurin pathway led to hypersen-
sitivity to MUC7 (58). Interestingly, calcineurin signaling is essen-
tial for protection against membrane perturbations and conveys
tolerance to antifungals (66, 67); therefore, activation of the cal-
cineurin pathway partially protects C. albicans from mucin-de-
rived antimicrobial peptides. In C. albicans, calcineurin, Hog1,
and PKC (protein kinase C) cell wall integrity pathways coordi-
nately regulate chitin synthesis in response to cell wall stress (68).
Peptide antimicrobials, including Hst 5, hNP-1, and short lacto-
ferrin peptides, suppress the synthesis of chitin (69), while stimu-
lation of chitin synthesis was shown to rescue C. albicans from the
action of echinocandin, a glucan synthesis inhibitor (70). There-
fore, upregulation of chitin levels by calcineurin, Hog1, and Mkc1
may increase protection against various peptide antimicrobials.
Thus, activation and regulation of different signaling pathways
mediate a direct fungal response to increase basal AMP resistance.

AMPs are produced by organisms of all types, including in-
sects, vertebrates, plants, and microorganisms (71). Some of these
peptides, e.g., daptomycin and vancomycin, are of clinical impor-
tance, because they are used as reserve antibiotics for the treat-
ment of multiresistant Gram-positive infections (72). Bacterially
produced AMPs, including nisin, contribute to the huge AMP
diversity in the human body (73), and continuous AMP interac-
tions may lead to the evolution of resistance mechanisms in
pathogens. C. albicans exists in many niches in the human body,
where fungi may network with many other microbial species, in-
cluding bacterial pathogens. Fungus-bacterium interactions affect
survival, colonization, and pathogenesis of both organisms (74,
75). Such a beneficial situation is represented by the complex
polymicrobial biofilm formed by C. albicans and Staphylococcus
aureus, in which the bacterial partner is protected from the action
of peptide antibiotics in planktonic and biofilm cohabitation (76).
The shed Msb2* from C. albicans inactivated the lipopeptide an-
tibiotic daptomycin and provided daptomycin salvage for differ-
ent bacterial pathogens, including S. aureus (54). This action also
provided bacterial survival during cohabitation in polymicrobial
C. albicans-bacterium biofilms. Thus, fungal AMP protectants can
improve survival of bacterial pathogens and mediate cross-king-
dom resistance against novel human and therapeutic AMPs. This
mode of resistance was referred to as “quorum resistance” because
it depends on AMP concentrations that depend on C. albicans cell
numbers. A practical consequence of this finding extends to treat-
ment of multiresistant Gram-positive infections with daptomy-

cin. Thus, multiresistant S. aureus infections should be tested for
polymicrobial C. albicans infestation and consequently treated
concurrently with antifungals to guarantee the success of antibac-
terial antibiotic therapy.

AMPs: NEW ANTIFUNGAL AGENTS FOR THERAPY?

At present, treatment of C. albicans infection is primarily based on
antifungal agents of the four distinct major classes azoles, poly-
enes, pyrimidine analogues, and caspofungin/candins (77). Resis-
tance to almost all major antifungal agents, including caspofun-
gin, has been reported in clinical isolates of C. albicans (78, 79).
Unlike currently used antimicrobial agents, peptide antimicrobi-
als show little or no toxicity toward human cells (80). Besides their
direct microbial killing properties, AMPs can neutralize bacterial
lipopolysaccharides and regulate host defense mechanisms, as de-
scribed above (8). Although many AMPs are sensitive to pH and
temperature changes, several AMPs are active over a broad range
of pH values, and some AMPs are temperature stable up to 100°C
(81). The combination of the human broad-spectrum AMP lac-
toferrin with amphotericin B or fluconazole has been reported to
synergistically increase the activity of the antifungals against Can-
dida spp. Furthermore, lactoferrin inhibited hypha formation in
fluconazole-resistant strains of C. albicans (82). Recently, an Hst
5-spermidine conjugate has been developed, which enhanced fun-
gicidal activity compared to nonconjugated Hst 5 (83). It is known
that Hst 5 utilizes the polyamine transporters Dur3 and Dur31 for
its uptake in C. albicans (16); therefore, the Hst 5 peptide (Hst 5
with amino acids 4 to 15 [Hst 54-15]) conjugated with a GGG
linker and spermidine was rapidly taken up, leading to higher in
vitro and in vivo candicidal activity than with nonconjugated Hst 5
(83). Collectively, these results suggest that the development and
investigation of AMP conjugates could lead to promising new
antifungals.

Some antimicrobial peptides are currently in clinical trials or
under development (reviewed in reference 84). Part of commer-
cial AMPs are derived from human peptides such as lactoferrin or
human defensins modified in their structure, e.g., cyclization to
prevent degradation. Alternative AMP-based approaches include
plant defensins, which are active both against phytopathogenic
and also against human-pathogenic fungi such as C. albicans. Be-
sides their antifungal activity, plant AMPs are advantageous be-
cause they are nontoxic to human cells (85). Plant defensins have
a wide variety of functions and differ in their mechanisms of an-
tifungal activity. It was shown that antifungal protein 2 of radish
(Raphanus sativus AFP2 [RsAFP2]) interacts with glucosylcer-
amides in the C. albicans cell wall and induces an intracellular
signaling pathway, which leads to apoptosis of the fungal patho-
gen (86). The defensin NaD1 from Nicotiana alata interacts with
the fungal cell surface and causes membrane permeabilization,
which leads to entry of AMPs into the cytoplasm and to increased
production of ROS (62). The modes of action of plant AMPs com-
pared to human AMP peptides could also reveal new fungal
“Achilles’ heels” for antifungal compounds to be used in therapy.

Recently, synthetic peptide mimics of transmembrane regions
(TMPMs) of the ABC (ATP-binding cassette) efflux pump Cdr1
(Candida drug resistance 1) were found to bind to Cdr1 and to
block the efflux of antifungal agents (87). By optimizing TMPMs
to avoid aggregation of the highly hydrophobic peptides, azole-
resistant C. albicans cells were chemosensitized to azoles. This ap-
proach may possibly be applied to other targets, e.g., secreted as-
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partyl proteases or to the MDR family member Flu1, to inhibit
essential fungal resistance functions. In this scenario, AMPs are
used not to kill the fungal pathogen directly but to inhibit essential
functions in growth, morphogenesis, and resistance of fungi.

CONCLUSIONS

During the last years, the numbers of fungal morbidity and mor-
tality cases caused by C. albicans have increased, not only because
of diagnostics of invasive infections but also because of limited
efficacy of current antifungals. Humans express a large number of
various peptides with antimicrobial and, specifically, antifungal
action that are key effectors of innate immunity. In addition to
their role in combating microbial pathogens by direct killing or
recruitment of immune cells to the site of infection, AMPs are
involved in the processes of wound healing and angiogenesis.
AMPs have many potential uses in treatment of complex infec-
tions, and their mode of action can be exploited for the generation
of novel antifungal molecules. Various applications of human and
nonhuman AMPs show the effectiveness of small peptides against
the human-pathogenic fungus C. albicans (62, 83, 86, 87). Re-
cently, different AMP resistance mechanisms that allow C. albi-
cans to become either a successful commensal or a human fungal
pathogen were discovered (15, 17, 54–56, 61, 88). These fungal
AMP resistance mechanisms include secreted AMP-blocking pro-
teins and proteins regulating signaling pathways, which collec-
tively may prevent AMP-mediated killing. The molecular under-
standing of AMP activity may reveal novel antifungal targets and
aid in the design of new strategies and agents in the fight against
drug-resistant fungi. In future research, it will important to clarify
the molecular details of C. albicans AMP resistance to fully under-
stand interactions between the host and pathogen in fungal dis-
ease. Importantly, novel therapeutic peptide antifungals should be
evaluated in the light of fungal AMP-resistance mechanisms.
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