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The Antifungal Activity of Lactoferrin
and Its Derived Peptides:
Mechanisms of Action and Synergy
with Drugs against Fungal Pathogens

Kenya E. Fernandes and Dee A. Carter*

School of Life and Environmental Sciences, University of Sydney, Sydney, NSW, Australia

Lactoferrin is a multifunctional iron-binding glycoprotein belonging to the transferrin
family. It is found abundantly in milk and is present as a major protein in human exocrine
secretions where it plays a role in the innate immune response. Various antifungal
functions of lactoferrin have been reported including a wide spectrum of activity across
yeasts and molds and synergy with other antifungal drugs in combination therapy, and
various modes of action have been proposed. Bioactive peptides derived from lactoferrin
can also exhibit strong antifungal activity, with some surpassing the potency of the whole
protein. This paper reviews current knowledge of the spectrum of activity, proposed
mechanisms of action, and capacity for synergy of lactoferrin and its peptides, including
the three most studied derivatives: lactoferricin, lactoferrampin, and Lf(1-11), as well as
some lactoferrin-derived variants and modified peptides.

Keywords: lactoferrin, lactoferricin, lactoferrampin, Lf(1-11), antimicrobial peptides, natural products, fungi,
synergy

INTRODUCTION

The rising incidence of severe fungal infections, due largely to increased numbers of
immunocompromised patients, has made the discovery of new compounds that have effective
antifungal activity or that support the activity of currently used antifungal agents more important
than ever. Natural products are a significant source of novel antimicrobial compounds, and an
increasing number are being identified from mammalian sources including milk proteins. One
example is the multifunctional iron-binding glycoprotein, lactoferrin (Lf), and its various derived
peptides. This article will focus on the spectrum of antifungal activity shown by Lf when used alone
and in combination with other antifungal drugs, and will review currently proposed mechanisms
of antifungal action for Lf and its derived peptides.

First identified almost 80 years ago in bovine milk (Sorensen and Sorensen, 1939) and later
isolated and purified from humans and cows in 1960 (Groves, 1960), Lf is produced by various
mammals including pigs, goats, dogs, mice, and horses (Lonnerdal and Iyer, 1995; Garcia-Montoya
etal,, 2012). In humans, it is a major protein secreted by the epithelial cells into exocrine fluids such
as tears, saliva, vaginal fluids, gastrointestinal fluids, bile, urine, and sweat (Masson et al., 1968; van
der Strate et al., 2001; Gonzalez-Chévez et al., 2009; Park et al., 2011) but is present at the highest
concentrations in human colostrum and breast milk (Lonnerdal and Iyer, 1995). Lf is involved
in various physiological functions including iron regulation and the innate immune response,
and has been demonstrated to have anti-inflammatory, anti-oxidant, anti-allergic, and anti-cancer
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properties (Conneely, 2001; Kruzel et al., 2006; Actor et al., 2009;
ligo et al., 2009; Burrow et al., 2011; Ogasawara et al., 2014) in
addition to antimicrobial activity against a wide range of fungal,
bacterial, viral, and parasitic pathogens (Jenssen and Hancock,
2009; Lebofte et al., 2009; Berlutti et al., 2011; Giansanti et al.,
2013). The ability to bind and sequester iron is an important
component of the antimicrobial activity of Lf (Jenssen and
Hancock, 2009).

In addition to being an active intact protein, Lf is a rich source
of antimicrobial peptides that are cleaved from the polypeptide
chain by various proteolytic enzymes. As many of these enzymes
are present in various body sites in humans, it is expected that
a number of the cleaved peptides contribute to the normal
functions of Lf in the body (Sinha et al., 2013). An increasing
number of Lf-derived peptides are also being generated and
modified by chemical synthesis (van der Kraan et al., 2005a).
Many Lf peptides exhibit a broad spectrum of antimicrobial
activity, have various different structural elements and modes
of action, and appear to perform numerous functions including
modulation of the inflammatory response, and stimulation of
apoptosis (Farnaud et al., 2004; Sanchez-Gémez et al., 2008; van
der Does et al., 2012).

STRUCTURE AND ANTIFUNGAL ACTIVITY
OF WHOLE LACTOFERRIN

The structure of Lf consists of a single polypeptide chain
containing ~700 amino acids folded into two globular lobes.
These lobes are highly homologous to each other and are
connected by an a-helical residue providing flexibility to the Lf
molecule. Each lobe consists of two domains forming a single
iron binding site, allowing each Lf molecule to strongly bind two
ferric ions (Anderson et al., 1989). The open, iron-free form of
Lf is known as apo-Lf while the closed, iron-rich form is holo-
Lf, which differs in tertiary structure and is more resistant to
proteolysis than apo-Lf (Jameson et al.,, 1998). In addition to
binding Fe**, Lf has also been observed to bind a range of other
compounds including lipopolysaccharides, heparin, DNA, and
metal ions including Cu?t, Zn?*, and Mn?T (Baker, 1994).

Lf is most commonly purified from human (hLf) or bovine
(bLf) milk but it has also been obtained from the milk
and colostrum of several other mammals. Recombinant Lf
(rLf) is increasingly being generated from microbial expression
systems and through transgenic plants and animals (Lonnerdal
and Iyer, 1995). Lf molecules from across species are highly
homologous but have varying antifungal activity owing to small
differences in structure. Furthermore, the level of activity of Lf
with similar purities can vary substantially between different
producers, ranging from reasonably active to inactive in the same
test organism. bLf in particular has well-documented activity
against a range of human and plant fungal pathogens including
yeasts and molds (Table 1). Most widely studied is its activity
on members of the Candida species, with Candida tropicalis,
Candida krusei, and Candida albicans exhibiting the highest level
of susceptibility while Candida glabrata has the lowest (Nikawa
et al., 1993; Xu et al., 1998).

Early studies with Candida species attributed the antifungal
effect of Lf to its ability to sequester iron resulting in a
fungistatic effect (Kirkpatrick et al, 1971), and inhibition of
growth of Candida and Cryptococcus can be rescued by the
addition of iron (Al-Sheikh, 2009; Lai et al., 2016). In Aspergillus
fumigatus, the sequestration of Fe>T by apo-Lf was shown to
be important for host defense (Zarember et al., 2007) indicating
that iron sequestration can play a role in the antifungal action
of Lf in vivo. More recent studies now suggest that the main
antifungal mechanism of Lf is iron-independent and occurs
through a direct interaction of Lf with the fungal cell surface,
leading to cell membrane damage and leakage. Supernatant
protein assays and propidium iodide staining have shown that
Lf alters cell surface permeability in C. albicans, C. krusei, and
Cryptococcus neoformans, leading to cell death (Nikawa et al.,
1993; Wakabayashi et al., 1996; Kondori et al., 2011). Alterations
to the cell surface itself including protein leakage, the formation
of surface blebs, swelling, and cell collapse have been seen in
Candida isolates through scanning electron microscopy (Nikawa
et al., 1993; Wakabayashi et al., 1996; Xu et al., 1998; van der
Kraan et al., 2005b).

The cellular release of potassium ions, cytosolic acidification,
changes in membrane potential, intracellular ROS accumulation,
and chromatin condensation have all been detected in C. albicans
following treatment with Lf indicating the induction of an
apoptotic phenotype (Viejo-Diaz et al., 2004; Andres et al., 2008).
The details by which Lf induces apoptosis-like processes in fungi
remain largely unclear, however, recent studies have examined
this mechanism in significant yeast species. In Saccharomyces
cerevisiae, it was shown that hLf induces cell death in a
mitochondrial and caspase-dependent way that is characterized
by caspase activation, ROS accumulation and cytochrome c
release (Acosta-Zaldivar et al., 2016). Work by the same group
in C. albicans indicated that the proton-translocating ATPase
Pmalp, which is a primary contributor to pH regulation in yeasts,
was the target of hLf, inducing lethal mitochondrial dysfunction
(Andres et al., 2016).

The combined use of Lf with other antifungal drugs has
been increasingly studied in recent years. When combined
with fluconazole, various sources of Lf have been observed
to significantly enhance inhibitory activity and decrease the
minimum inhibitory concentration (MIC) for several Candida
species, including wild type and clinical strains, and ergosterol
biosynthesis and azole-resistant mutants (Wakabayashi et al.,
1998; Kuipers et al., 1999; Naidu et al., 2004; Venkatesh and Rong,
2008; Kobayashi et al., 2011). The mechanism of synergy between
Lfand fluconazole is not yet well-understood and does not appear
to result from an increased intracellular uptake of fluconazole, as
the intracellular concentration of radiolabelled fluconazole was
not affected by the addition of bLf (Kobayashi et al., 2011).

Several other azole drugs, including itraconazole,
clotrimazole, and ketoconazole, as well as 5-fluorocytosine
have been demonstrated to function synergistically with Lf in
C. albicans (Wakabayashi et al., 1996; Kuipers et al., 1999).
The polyene drugs amphotericin B and nystatin exhibited
no interactions with bLf when tested in Candida species
(Wakabayashi et al, 1996) although amphotericin B and
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TABLE 1 | Antifungal spectrum of activity of Lf and derived peptides.

Position in Lf Peptide Source Test organism Inhibitory conc.t References
Whole protein Lactoferrin Bovine Aspergillus niger IC50 = 578 pg/mL Nikawa et al., 1993;
Candida albicans* MIC = 200->6400 pg/mL Wakabayashi et al., 1998; Xu
Candida glabrata* MIC = >6000 pug/mL ftgg'é’; liii;zf:'gﬁrzgggi”Lai
Candida guilliermondii* MIC not determined etal, 2016
Candida krusei* IC50 = 20 pg/mL
Candida parapsilosis* MIC not determined
Candlida tropicalis* MIC not determined
Cryptococcus gattii* MIC = 64 pg/mL
Cryptococcus neoformans* MIC = 64 pg/mL
Phoma exigua IC50 = 821 pg/mL
Rhizoctonia solani IC50 = 121 pg/mL
Saccharomyces cerevisiae MIC = 16 pg/mL
Sclerotium rolfsii IC50 = 231 pg/mL
Sclerotinia sclerotiorum IC50 = 31 pg/mL
Trichoderma viride IC50 = 952 pg/mL
1-11 Lf(1-11) Human Candida albicans MIC not determined Lupetti et al., 2000, 2008
Aspergillus fumigatus MIC = 4.3 puM
16-40 HLBD1 Human Candida albicans MMC = 6.2 pg/ml Kondori et al., 2011
17-26 Peptide 2 Bovine Candida albicans* MIC = 17.3-17.5 uM Ueta et al., 2001
17-30 bLf 17-30 Bovine Candida albicans* MIC = 5-10 uM van der Kraan et al., 2004
17-31 Lfcin B 17-31 Bovine Alternatria sp. MIC = 16 pM Munoz and Marcos, 2006;
Aspergillus nidulans MIC = 4 uM Enrique et al., 2007
Botrytis cinerea MIC = 16 uM
Dekkera bruxellensis* MIC = 3.75-20 M
Fusarium oxysporum MIC =8 pM
Penicillium digitatum MIC = 4 uM
Penicillium expansum MIC =8 pM
Penicillium italicum MIC = 4 M
Pichia membranifaciens MIC not determined
Saccharomyces cerevisiae MIC = 32 uM
Zygosaccharomyces bailii MIC = 8 uM
Zygosaccharomyces bisprous MIC =12 uM
17-31 Lfcin H 17-31 Human Candida albicans MIC = 10 pg/ml Haversen et al., 2010
17-41 Lactoferricin Bovine Absidia corymbifera* MIC = 40 pg/ml Bellamy et al., 1993, 1994;
Aspergillus versicolor MIC = 10 pg/ml Wakabayashi et al., 1996,

Candida albicans*

Candida glabrtata*
Candida guilliermondlii*
Candida kefyr*

Candida kruser*

Candida parapsilosis*
Candida tropicalis*
Cladosporium trichoides*
Cryptococcus albidus
Cryptococcus curvatus
Cryptococcus neoformans*
Cryptococcus uniguttulatus
Epidermophyton floccosum

Exophiala dermatitidis*

MIC = 0.8-400 pg/ml
MIC = 80-120 pg/ml
MIC = 5-40 pg/ml

MIC = 2.5-10 pg/ml
MIC = 10-20 pg/ml
MIC = 7.8-80 pg/ml
MIC = 0.31-1.25 pg/ml

MIC = 5 pg/ml

MIC = 24 pg/ml

MIC =9 pg/ml

MIC = 0.63 pg/ml
MIC =6 pg/ml

MIC = 0.31-2.5 pg/ml
MIC = 2 pg/ml

1998, 1999

(Continued)
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TABLE 1 | Continued

Position in Lf Peptide Source Test organism Inhibitory conc.* References

Fonsecaea pedrosoi MIC =5 pg/ml

Fusarium moniliforme* MIC = 2.5-5 pg/ml

Microsporum canis MIC = 40 pg/ml

Microsporum gypseum MIC = 20-40 pg/ml

Nannizia gypsea MIC = 30 pg/ml

Nannizzia incurvata MIC = 18 pg/ml

Nannizzia otae MIC = 60 png/ml

Paracoccidioides brasiliensis* MIC = 0.63-1.25 pg/ml

Penicillium pinophilum MIC = 45 pg/ml

Penicillium vermiculatum MIC = 45 pg/ml

Phialophora verrucosa* MIC = 5-10 pg/ml

Saccharomyces cerevisiae MIC = 0.63 pg/ml

Sporothrix schenckii MIC = 2-10 pg/ml

Trichophyton mentagrophytes*® MIC = 6.3-45 pg/ml

Trichophyton rubrum®* MIC = 13-60 pg/ml

Trichophyton tonsurans* MIC = 5-40 pg/ml

Trichophyton violaceum™ MIC = 40 pg/ml

Trichosporon cutaneum* MIC = 1.25-18 pg/ml
18-31 Lfcin 18-31 Human Candida albicans MIC = 10 pg/ml Haversen et al., 2010
18-37 Lfcin B-20 Bovine Candida albicans MIC = 8 pg/ml Chen et al., 2006
18-37 Lfcin P-20 Porcine Candida albicans MIC = 32 pg/ml Chen et al., 2006
18-40 Lfpep Human Candida albicans MIC = 18.7 uM Viejo-Diaz et al., 2005

Candida glabrata MIC = 9.3 uM

Candida guilliermondii MIC = 9.3 uM

Candida krusei MIC = 4.7 puM

Candida parapsilosis MIC = 9.3 puM

Candiida tropicalis MIC =9.3 uM
18-42 Lfcin B 18-42 Bovine Candida albicans MIC = 100 pg/ml Wakabayashi et al., 1999

Trichophyton mentagrophytes MIC = 12 pg/ml
19-31 Lfcin 19-31 Human Candida albicans MMC = 200 png/ml Haversen et al., 2010
19-38 Lfcin H-20 Human Candida albicans MIC = 256 pg/ml Chen et al., 2006
20-25 Lfcin B 20-25 Bovine Saccharomyces cerevisiae MIC = >48 uM Munoz and Marcos, 2006;

Dekkera bruxellensis MIC not determined Enrique et al., 2007

Pichia membranifaciens MIC not determined

Zygosaccharomyces baili MIC not determined

Zygosaccharomyces bisporus MIC not determined

Cryptococcus albidus MIC not determined

Penicillium digitatum MIC =8 pM

Penicillium italicum MIC = 8 pM

Penicillium expansum MIC = 16 uM

Penicillium sp. MIC = 32 uM

Aspergillus nidulans MIC =8 upM

Botrytis cinerea MIC = 16 uM

Fusarium oxysporum MIC = 16 uM
20-28 Lfcin B-9 Bovine Candida albicans* MIC = 25-32 pg/ul Wakabayashi et al., 1999;

Trichophyton mentagrophytes MIC =6 pg/ul Chen et al., 2006
20-28 Lfcin P-9 Porcine Candida albicans MIC = 512 pg/ml Chen et al., 2006
20-31 HL10 Human Candida albicans* MMC = 100-200 pg/ml Haversen et al., 2010;

Candida parapsilosis*
Candlida kefyr

MMC = 100-200 pg/ml
MMC = 100 pg/ml

Kondori et al., 2011

(Continued)
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TABLE 1 | Continued

Positionin Lf  Peptide Source Test organism Inhibitory conc.t References

Candida krusei MMC = 100 pg/ml

Candida neoformans* MMC = 50 pg/ml
21-26 Peptide 5 Bovine Candida albicans* MIC = 500 uM Ueta et al., 2001
21-29 Lfcin H-9 Human Candida albicans MIC = 256 ng/ml Chen et al., 2006
30-41 Peptide3 Bovine Candida albicans* MIC = 635 pM Ueta et al., 2001
152-182 Kaliocin-1 Human Candlida albicans MIC = 150 uM Viejo-Diaz et al., 2005

Candida glabrata MIC = 150 pM

Candida guilliermondii MIC = 150 pM

Candida krusei MIC = 150 pM

Candida parapsilosis MIC = 150 pM

Candida tropicalis MIC = 150 uM
259-284 Lfampin 259-284  Bovine Candiida albicans LC50 = 2.3 uM Bolscher et al., 2006
261-284 Lfampin 261-284  Bovine Candida albicans LCs0 =1.8 M van der Kraan et al., 2005a
263-284 Lfampin 263-284  Bovine Candiida albicans LC50 = 0.7 uM van der Kraan et al., 2005a
264-284 Lfampin 264-284  Bovine Candida albicans LCs50 =1.8 uM van der Kraan et al., 2005a
265-278 Lfampin 265-278  Bovine Candida albicans LCs0 = >100 pM van der Kraan et al., 2005a
265-280 Lfampin 265-280  Bovine Candida albicans LCs0 =39 pM van der Kraan et al., 2005a
265-282 Lfampin 265-282  Bovine Candida albicans LCs0 =5.2 uM van der Kraan et al., 2005a
265-284 Lfampin 265-284  Bovine Candlida albicans LC50 = 0.7 uM Bolscher et al., 2006
265-296 Lfampin 265-296  Bovine Candlida albicans LC50 = 0.5 uM Bolscher et al., 2006
266-284 Lfampin 266-284  Bovine Candlida albicans LCs0 = 1.4 uM van der Kraan et al., 2005a
266-286 Cap-LFampinH-K  Human Candida albicans MIC not determined Haney et al., 2009
268-284 Lactoferrampin Bovine Candida albicans MIC = 4.3 pg/ml van der Kraan et al., 2005a
269-286 LFampinH-K Human Candida albicans MIC not determined Haney et al., 2009
270-284 Lfampin 270-284  Bovine Candida albicans LCs0 =26 uM van der Kraan et al., 2005a
Unknown Hydrolysate Human Penicillium sp. MIC = 60-300 pg/mL Liceaga-Gesualdo et al., 2001

*Indicates muiltiple strains were tested within species. I/C5o, Inhibitory Concentration (50% Inhibition); L Csg, Lethal Concentration (50% Mortality); MIC, Minimum Inhibitory Concentration;
MMC, Minimum Microbiocidal Concentration. As different studies have used varying methods and sources of lactoferrin to determine inhibitory concentrations, these values may not

be comparable between studies.

bLf have been found to act synergistically in Cryptococcus
neoformans, Cryptococcus gattii, and S. cerevisiae. The addition
of exogenous iron did not rescue growth of Cryptococcus treated
with amphotericin B and bLf, indicating that the mechanism of
synergy is not solely due to iron chelation (Lai et al., 2016).

STRUCTURE AND ANTIFUNGAL ACTIVITY
OF LACTOFERRICIN—THE MAJOR
PEPTIDE DERIVED FROM LACTOFERRIN

Lactoferricin (Lfcin) is found in the human gut as a natural
breakdown product and was first generated by Bellamy et al.
(1992) through pepsin hydrolysis of intact Lf. Bovine lactoferricin
(bLfcin), comprising residues 17-41 from the N-terminal region
of Lf, is simpler in structure but much more potent than
human lactoferricin (hLfcin), which comprises residues 1-47.
Both Lfcins possess an 18-residue loop region with a disulphide
bridge and many positively charged and hydrophobic residues
(Gifford et al., 2005).

The three dimensional structures of hLfcin and bLfcin differ
from each other and from the homologous regions of the

intact Lf protein, and it is thought these differences determine
their different antifungal efficacies. While bLfcin forms a f-
sheet confirmation in solution that contains a group of aligned
hydrophobic residues well-suited to interactions with biological
membranes, hLfcin forms a coiled structure in solution lacking
the aligned residues and thus having weaker interactions with the
target cell (Farnaud et al., 2004; Hunter et al., 2005; Alexander
etal., 2012). Lfcin shows strongly enhanced antimicrobial activity
compared to Lf and the antifungal efficacy of bLfcin, in particular,
has been observed across a large range of various types of fungi
(Table 1).

The primary antifungal mechanism of action of Lfcin appears
to be through direct interaction with the fungal surface and
disruption of the fungal membrane (Bellamy et al, 1993).
Using confocal scanning laser microscopy, it was observed
that bLfcin molecules were internalized by C. albicans cells
within minutes (van der Kraan et al., 2005b) and that
treatment with Lfcin resulted in dissipation of the proton
gradient across the cell membrane (Gifford et al., 2005). In C.
albicans and in the dermatophyte Trichophyton mentagrophytes,
changes in ultrastructural features and an aggregation of
cytoplasmic materials observed following treatment with Lfcin
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were traced to stimulation of ATP synthesis and extracellular
secretion, resulting in pore formation in the plasma membrane
(Bellamy et al., 1994; Ueta et al, 2001). Lfcin has also
been shown to upregulate host defense via the induction of
reactive oxygen species that stimulate the fungicidal activities
of polymorphonuclear leukocytes (Kullberg et al., 1999). This
ability to mount a combined assault on microbial pathogens is
a common feature of natural host-derived products, most likely
resulting from evolutionary pressures to maintain efficacy and
prevent pathogens from developing resistance (Xu et al., 2009;
Carter et al., 2016).

Synergy between bLfcin and azole antifungal drugs has been
observed in C. albicans. In azole-resistant strains, the addition of
low levels of bLfcin greatly increased inhibition by fluconazole
and itraconazole and was seen to inhibit the growth of fungal
hyphae (Wakabayashi et al., 1998). bLfcin has also been observed
to function synergistically with clotrimazole and ketoconazole
and it significantly reduced the formation of biofilms when
used in combination with voriconazole and amphotericin B
(Wakabayashi et al., 1996). The mechanistic basis of these
synergistic actions remains unknown.

ANTIFUNGAL ACTIVITY OF OTHER
LACTOFERRIN-DERIVED PEPTIDES

Lactoferrampin

Lactoferrampin (Lfampin), comprising residues 268-284 in the
N1 domain of Lf, is located in close proximity to Lfcin in
the tertiary structure of Lf. Identified as a molecule of interest
due to its net positive charge and possession of a hydrophobic
domain, Lfampin is thought to play a role in membrane-
mediated activities of Lf (van der Kraan et al., 2004). Lfampin
has demonstrated antifungal efficacy against C. albicans and is
known to be more potent than Lf but has not yet been tested with
a wide range of fungal organisms (Table 1). Similarly, whether
Lfampin acts synergistically with antifungal drugs has not yet
been determined.

Like Lfcin, the mechanism of action of Lfampin is by binding
to and disrupting the cell membrane, and it was similarly
observed to be internalized within a few minutes by C. albicans,
resulting in membrane permeabilisation and the formation of
vesicle-like structures (van der Kraan et al., 2005b). However,
Lfampin differs greatly from Lfcin in amino acid composition,
structure and orientation. In solution, the first 11 residues of
bovine lactoferrampin (bLfampin) form an a-helical structure
(Haney et al., 2007). A tryptophan residue in the N-terminal
region has been shown to interact with model membranes and
is contained in all varieties of Lfampin from different sources
involved in membrane insertion indicating that it is responsible
for this function (Haney et al., 2007; Sinha et al., 2013).

Lf(1-11)

The Lf(1-11) peptide comprises the first 11 amino acid residues
of the N-terminal region of Lf and exhibits antifungal activity
against C. albicans and A. fumigatus (Table 1; Lupetti et al,
2000). The mechanism of action of Lf(1-11) also appears to
rely on interactions with the fungal membrane, with important

structural features including its highly cationic nature and the
presence of hydrophobic valine (V6) and tryptophan (W8)
residues (Bruni et al., 2016). Lupetti et al. (2000) demonstrated
through residue substitution that the first two arginines at
the N-terminus (R2, R3) are also necessary for the antifungal
action of hLf(1-11) in C. albicans. hLf(1-11) appears to have
immunomodulatory properties during C. albicans infection
where it directs the differentiation of monocytes into dendritic
cells that enhance the polarization of a Th17 response, which is
an important component of the host defense against fungi (van
der Does et al., 2012).

When combined with fluconazole, a synergistic antifungal
effect has been seen across various Candida species including C.
glabrata, C. krusei, C. parapsilosis, C. tropicalis, and fluconazole-
resistant strains of C. albicans. At sub-inhibitory concentrations,
these yeasts were seen to be killed when preincubated with hLf(1-
11) before introducing fluconazole but not when fluconazole
was introduced first, indicating that hLf(1-11) is responsible
for initiating candidacidal activity while fluconazole acts
synergistically during a later stage (Lupetti et al., 2003).

Synthetic Peptides Based on Lactoferrin

A wide variety of other derivatives of varying size and location
have been generated from the whole Lf protein (Table1). A
number of these peptides were created in an attempt to facilitate
the discovery of other antimicrobial sequences composed of short
core residues within Lf. As an example of this, Chen et al.
(2006) created and tested a range of short synthetic derivatives
of human, bovine, and porcine Lfcins in an attempt to discover
other antimicrobial sequences comprising core residues within
Lf. This enabled them to find the antimicrobial domain in Lfcin
of porcine origin, and to compare its potency to Lfcins of human
and bovine origin.

Lf derivatives have also been designed to help clarify the
relationship between structure and function of particular Lf-
derived peptides. In one study, by testing a collection of peptides
obtained by extending and/or truncating the C- or N- terminal
ends of Lfampin, it was demonstrated that the highest level of
antimicrobial activity corresponded with strongest membrane
interactions and greatest ability to form an a-helix (Adao et al,,
2011). In another study, a significant increase in candidacidal
activity was seen in an extended form of Lfampin due to
an increased positive charge near the C-terminal end (Haney
et al., 2009). These studies demonstrate that there is capacity
to optimize the activity of Lf-derived molecules by careful
consideration of their sequence and structural properties.

Modified and Lactoferrin-Like Peptides

In recent years, an increasing number of studies have taken the
path of modifying the original amino acid sequence of Lf peptides
in order to develop more potent antifungal activity than in the
parent peptides (Table 2). Various strategies designed to alter
properties related to antifungal activity have been employed in
the construction of these novel peptides such as modifying the
length, net charge, and hydrophobicity of the peptide.

Frontiers in Microbiology | www.frontiersin.org

January 2017 | Volume 8 | Article 2


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Antifungal Activity of Lactoferrin and Its Peptides

Fernandes and Carter

“UORIUBIUOD [BPIOOIGOIIN WNWIUIN “DNIN UORBAUSIUOD Aloyquyu) wnwiuln "D (LomaqIyul %0S) uoneueouod Aoyqiyu) 050 Sej10ads ulyim peise} iem Suies ejdiynu sejeolpuy,

/b ZL = oA

SUBULIOJOBU SNO2000AAID

/b Z1 = oA 18y BpIpURD
qw/bM Z L= DN 19Sn.f BPIPUBD
w/br Gz-z L = ONWIN .Sisojisdesed epipue)
‘sploe
Jw/BM 00y < = O «BIeIqelb epipueD oulwe ojgoydoipAy pue pebieyo yum uoRNsaNs
L 10Z “'[e 1o Lopuo w/bM Gz-z L = OININ SUBDIG[E BPIPUBD HAMHNVYEINMOLHO AQ palipow | L £-0g Senpisal {1y Wo peausq UewnH 21doH
NHOOMOLHHNOAIAIHY 00 '3 Ul ApueuIquIoDas passaldxe
Zhog “feje Busg /Bl g = 059 SsuBdIGIe BPIPUBD OTIMMHMOMHHOM ‘uireuBy) Yym Uisloid UoISN) ‘Ui g Wol peals( /00 '3 celdT
HSHNMOIMFOVMSTIMMING ‘Aireoneyiuis peressust epided (¥82-592)
€102 “e 1e eAIS paulusiep J0u OIN sueaiqre epipued H-DTIAMNGMOMEHOMS uoisny tuidwies] pue (02 1) UIofa wolj penuag ONOYIUAS BIOWIYOS]
Jw/b gz = OIN sisojisde.sed epipue)
qw/bM gz = OIN eRIqE|6 BOIPUBD
Jw/bM gz = OIN 18SN.Yf BIPUBD
] "AioigoydoipAy Jo siseq
qw/B1 00k-G"2k = OIN «Spojdo epueD aUj} UO SPIo. OUILLE JO UonNIsans snoBojoLuoy
€10C e 18 BIYSIN qw/bM 001-G2F = OIN «SUBDIq[E BPIpUED MATOMYAM A08]9S AQ PaIIPOW 8—| Senpisal 10 WOolj paAus( suinog oLl
WY 0z = OIN jebleq uojodsoyoL |
NY 0Z2-0F = DIN NNy Bizesse[ep
‘(Aenwis
oL = o SisoisOia/Ed EpPLED %Y v€) Yoreas X1Sy1g Ad punoy isepadiued
€10z e ® 104D AT oL = OIN sueo(qfe epipueD IVMHOUM LNGFOSAHHNO TMMINY 4O S8IPOQ BJOYM BU} WO dpidad 8i-uioyTq suenw s °S d1a1
ZHN ‘padded sjeuiwie}-0 pue -N
-HHHHESHHAMHNNGOMOS “uonoeBJSUI SUBIGUISW 8}e}[IOB) O} PUS [BUILLISL-O
910z “le 10 wiolg qu/br g = oI sueajqle epipue) -y Y1 01 peppe H1ow You-Bly ‘Uiof Yy woij paAleqd uewnH JLYTH
S90UaI9)9Y + "0U0d fiouqiyuy wisjuebuo 3sal aouanbas ploe oulwy uonesyIpon 22inog apndad

"sapidad 31|47 10 PaALISP-§] PARIPOW JO AIAIOE Jo wnujoads [ebunmuy | Z I1avL

January 2017 | Volume 8 | Article 2

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Fernandes and Carter

Antifungal Activity of Lactoferrin and Its Peptides

By the selective substitution of amino acids based on
hydrophobicity in groups of residues derived from the N-
terminal end of hLf, Kondori et al. (2011) and Mishra et al.
(2013) created HLopt2 and LI10, respectively. Bjorn et al.
(2016) subsequently developed HLRIr from hLfcin by the
addition of an Arg-rich motif designed to facilitate membrane
interactions, together with capping of the N- and C- terminals
to make them neutral. These three peptides demonstrated potent
antifungal action against Candida species that was substantially
greater than that of the corresponding residues from the
native Lf peptide. Taking another approach, fusion peptides
have been generated synthetically from the combination of
multiple bioactive peptides: Lfchimera, a fusion of bLfcin and
Lfampin, and LFT33, a fusion of bLfcin and the insect-derived
antimicrobial peptide thanatin (Feng et al., 2012; Silva et al.,
2013).

In addition to modifications of the natural peptide, the
sequence of Lf has been used to search for other naturally
occurring peptides with high homology in order to facilitate
discovery of novel potential antifungals. The utility of this
approach was demonstrated by the discovery of LBLP, a peptide
with 34.4% similarity to bLfcin and produced from the bodies of
centipedes, which was found to have strong antifungal activity
against strains of Candida, Malassezia, and Trichosporon (Choi
et al., 2013).

SUMMARY AND CONCLUSIONS

Lf and its major naturally cleaved peptide, Lfcin, have proven
broad-spectrum antifungal action, with Lfcin exhibiting greater
potency than the intact protein. The less well-characterized
peptides including Lfampin and Lf(1-11) have also been seen to
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