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Host defense peptides are naturally occurring molecules that play essential roles in innate immunity to infection. Based on prior
structure-function knowledge, we tested two synthetic peptides (RP-1 and AA-RP-1) modeled on the conserved, microbicidal
a-helical domain of mammalian CXCLA4 platelet kinocidins. These peptides were evaluated for efficacy against Leishmania spe-
cies, the causative agents of the group of diseases known as leishmaniasis. In vitro antileishmanial activity was assessed against
three distinct Leishmania strains by measuring proliferation, metabolic activity and parasite viability after exposure to various
concentrations of peptides. We demonstrate that micromolar concentrations of RP-1 and AA-RP-1 caused dose-dependent
growth inhibition of Leishmania promastigotes. This antileishmanial activity correlated with rapid membrane disruption, as
well as with a loss of mitochondrial transmembrane potential. In addition, RP-1 and AA-RP-1 demonstrated distinct and signifi-
cant in vivo antileishmanial activities in a mouse model of experimental visceral leishmaniasis after intravenous administration.
These results establish efficacy of RP-1 lineage synthetic peptides against Leishmania species in vitro and after intravenous ad-

ministration in vivo and provide further validation of proof of concept for the development of these and related systemic anti-
infective peptides targeting pathogens that are resistant to conventional antibiotics.

Leishmaniasis, a group of vector-borne diseases caused by the
protozoan parasite Leishmania, is one of the 13 core tropical
diseases that affect the poorest people of the world (17). Infection
is associated with at least 50,000 deaths per year and 2.4 million
disability-adjusted life years lost (8, 41). There are three basic
forms of clinical disease, primarily determined by the infecting
species: self-limiting, yet deforming cutaneous leishmaniasis; mu-
cocutaneous leishmaniasis, which destroys mucosal tissue; and
visceral leishmaniasis, which can be fatal if left untreated. Leish-
mania parasites exist in two distinct forms during their life cycle:
motile, rod-shaped forms called promastigotes, and nonmotile
spherical forms called amastigotes. Promastigotes exist in the
midgut of infected sandflies and are inoculated into the mamma-
lian host through the skin during a blood meal. Infective metacy-
clic promastigotes are phagocytosed by macrophages in the host,
where they transform into amastigotes, and subsist intracellularly
inside parasitophorous vacuoles to establish infection and evade
host immune responses (13). Disease expression and response to
treatment are influenced by variables unique to both the infecting
species and the human host, and include nutrition, age, and im-
munogenetic variations influencing immune responses (14, 32).
Current treatments include pentavalent antimonials, liposomal am-
photericin B, and miltefosine, but all suffer from some combination
of high toxicity, prohibitive cost, and/or parasite resistance.

Host defense peptides (HDPs) are naturally occurring, ribo-
somally derived molecules that contribute to first-line immune
defense against invading pathogens (18). A predominant mecha-
nism of HDP action is via interaction with microbial plasma
membranes. Peptide structure, amino acid composition, cationic
charge, and amphipathicity affect specific interactions with target
membranes and mediate antimicrobial activity (48). HDPs can
also induce pathogen membrane alteration and destabilization to
allow intracellular entry of HDPs and other factors, leading to the
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collapse of metabolic and bioenergetic pathways and culminating
in autophagic, necrotic, or apoptotic cell death (26). Development
of microbial resistance to HDPs is considered to be uncommon or
less likely than to conventional antibiotics, ostensibly reflecting
the significant changes in structure and phospholipid composi-
tion that would be necessary to prevent peptide interactions (18).
The diversity of HDPs and their targets has been well documented,
and many specific peptides have been demonstrated to have both
in vitro and in vivo antiprotozoan activity in prior studies (1, 29,
30), including plant HDPs (3), various animal-derived HDPs (4,
9, 15, 22, 26, 33, 34), human salivary HDPs (24), and defensin-,
magainin-, and cathelicidin-type HDPs (12, 21, 25).

Platelet microbicidal proteins (PMPs) are an unusual class of
HDPs released directly into the bloodstream from activated plate-
lets in response to tissue injury or infection. They have been iden-
tified in humans and rabbits and exhibit rapid and potent in vitro
microbicidal activity against Gram-positive bacteria, Gram-
negative bacteria, and fungi (38, 39, 47-49). In addition to direct
antimicrobial activity, certain PMPs have been identified as
chemokines (e.g., CXCL4 or platelet factor-4). Such microbicidal
chemokines have been termed kinocidins. Kinocidins can initiate
the migration of neutrophils, granulocytes, and monocytes to in-
jury sites and interact with other blood-derived molecules to reg-
ulate defense processes (11). Their basic structure consists of an
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N-terminal extended domain containing the chemokine motif, a
7y-core structural domain, and a C-terminal a-helical domain, the
latter of which is primarily responsible for microbicidal activity.

We previously designed a synthetic peptide, called RP-1, mod-
eled in part on a-helical domains of mammalian CXCL4 kinoci-
dins (46). RP-1 and congener peptides such as AA-RP-1 exert
potent microbicidal efficacy in complex blood and blood-derived
matrices, with minimal cytotoxicity against erythrocytes and en-
dothelial cells (5, 46). We describe here the antiprotozoan activity
of RP-1 and its analogue AA-RP-1 evaluated for specific leish-
manicidal activity, mechanisms of action, and efficacy in a mouse
model of experimental visceral leishmaniasis. To our knowledge,
this is the first report of any synthetic kinocidin or PMP derivative
molecule with direct antimicrobial activity against Leishmania
spp. The results presented here validate the antileishmanial effi-
cacy of RP-1 lineage peptides after intravenous administration in
vivo and support the development of these and related systemic
anti-infective peptides targeting pathogens resistant to traditional
antibiotics.

MATERIALS AND METHODS

Parasites. Three species of Leishmania were evaluated in the present
study: Leishmania major, Leishmania braziliensis, and Leishmania chagasi,
now thought to be the same species as Leishmania infantum (27) and
referred to here as L. infantum chagasi. Luciferase-expressing L. major
promastigotes (a gift from Stephen Beverley, Washington University, St.
Louis, MO) were maintained at 26°C in medium 199 (powder; Sigma)
supplemented with 1 M HEPES (pH 7.4), 10 mM adenine, 0.1% biotin,
0.25% hemin, 1% penicillin-streptomycin, 10% fetal bovine serum, and
0.25 mg of biopterin/ml. For all infection experiments, stationary-phase
L. major promastigotes grown for 5 days in culture were used. Virulent
luciferase-expressing L. infantum chagasi promastigotes (strain MHOM/
BR/00/1669; a gift from Mary Wilson, University of Iowa) were main-
tained by successive passage in golden hamsters. Isolated parasites were
cultured at 26°C for 7 days to reach stationary phase in hemoflagellate-
modified minimal essential medium supplemented with 10 mg of VAT
antibiotic/ml, sodium pyruvate, glucose, sodium bicarbonate, sodium hy-
droxide, para-amino benzoic acid, 1 M HEPES, 10% fetal bovine serum,
hemin, folic acid, adenosine, biopterin, and biotin. L. (Viannia) brazilien-
sis parasites (isolated from a cutaneous leishmaniasis patient from Rio de
Janeiro, Brazil) were maintained by successive passage in golden ham-
sters. Isolated parasites were cultured at 26°C for 5 days to obtain
stationary-phase parasites in Schneider’s medium (Gibco) supplemented
with 20% fetal bovine serum, 2% human urine, and 0.1% penicillin-
streptomycin.

Synthetic host defense peptides. The synthetic host defense peptide
RP-1 is an 18-amino-acid peptide (N-ALYKKS-FKKKL!'0-LKSLK'>-
RLG!8-C; mass, 2,163 Da) modeled in part upon a-helical C-terminal
microbicidal domains of mammalian CXCL4 kinocidins (5). AA-RP-1 is
an anthryl-alanine-substituted (position 2) congener of the parent pep-
tide RP-1. Peptides were synthesized with a Symphony multiplex synthe-
sizer (Rainin, Woburn, MA) and authenticated by mass spectroscopy and
amino acid analysis (5, 46). Purified peptides were lyophilized and resus-
pended in sterile phosphate-buffered saline (PBS) for use in the assays. A
“scrambled” peptide of equivalent mass and sequence length but different
composition was used as a negative control for preliminary experiments.
Peptide stocks were prepared at a concentration of 1 mg/ml and stored at
20°C.

In vitro Leishmania quantitation assays. (i) Direct enumeration. L.
braziliensis promastigotes were incubated at 26°C in the presence of vari-
ous doses of 10 to 200 g of AA-RP-1 and RP-1/ml or 100 g of scrambled
peptide/mlas a control. After 72 h, viable parasite counts were determined
using a hemocytometer following trypan blue dye exclusion.
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(ii) Luciferase assay. Logarithmic-phase L. major and L. infantum cha-
gasi promastigotes were washed in PBS, resuspended in their respective
media to a final concentration of 2 X 10°/ml, and plated in 96-well flat-
bottom plates. Triplicate wells were treated at 26°C with RP-1 and AA-
RP-1 at concentrations ranging from 1 to 50 pug/ml or at 100 pg of scram-
bled peptide/ml. There were also untreated control wells. Aliquots of 50 ul
from each well were collected each day and assessed for luciferase activity
as described in the manufacturer’s protocol (Promega). Luminescence
was read using a Synergy2 Multimode Microplate Reader (Biotek, Win-
ooski, VT) and recorded in relative light units (RLU).

(iii) MTT viability assay. Late-logarithmic-phase L. major promasti-
gotes were resuspended in modified, phenol red-free Dulbecco modified
Eagle medium (Gibco) supplemented with 10% heat-inactivated fetal bo-
vine serum, 400 mM L-glutamine, and 5% penicillin-streptomycin (10).
Parasites were seeded in sterile culture tubes and exposed to increasing
concentrations of RP-1 and AA-RP-1 (10 to 100 wg/ml). The tubes were
incubated at 26°C for 4 h, centrifuged at 3,500 rpm for 15 min, resus-
pended in 100 ul of fresh medium, and treated with 10 ul of 5 mg of MTT
(Molecular Probes, CA)/ml according to the manufacturer’s protocol.
Absorbance was read at 540 nm using a Synergy2 Multimode microplate
reader to determine the amount of formazan production, which corre-
lates with relative cell viability.

Microscopy. Logarithmic-phase L. infantum chagasi promastigotes
were exposed to 100 ug of RP-1 or AA-RP-1/ml or PBS. At various times
postexposure, 10 ul of each sample was air dried on a glass slide, fixed with
methanol, and stained with Giemsa.

Annexin V/PI staining. The ApoScreen annexin V apoptosis kit
(Southern Biotech, AL) is an assay optimized to determine the frequency
of apoptotic cells. Exponential-phase L. major promastigotes were incu-
bated at 37°C humidified air with peptides for different time intervals.
After each time point, the parasites were washed twice, centrifuged (3,500
rpm for 15 min), and then resuspended in binding buffer. Cells were
labeled with annexin V-fluorescein isothiocyanate (FITC) and/or pro-
pidium iodide (PI) according to the manufacturer’s protocol. Flow cy-
tometry analysis was performed using a LSRII flow cytometer (BD Biosci-
ence, San Jose, CA) using single laser excitation at 488 nm. The data were
analyzed by using FCS Express V3 software (De Novo Software, Los An-
geles, CA).

Mitochondrial membrane potential. To detect changes in the mi-
tochondrial transmembrane potential (AW, ), a MitoPT JC-1 mito-
chondrial permeability transition detection kit (ImmunoChemistry
Technologies, MN) was used. JC-1 (5,5',6,6'-tetracholor-1,1",3,3"-
tetraethylbenzamidazolocarbocyanin iodide) is a lipophilic dye that
forms aggregates inside healthy cells at high concentrations and emits
red fluorescence at 585 nm. When mitochondrial membrane potential
collapses, JC-1 de-aggregates, disperses throughout the cell, and loses
red fluorescence. Cells were labeled with JC-1, incubated for 1 h at
37°C, and washed according to the manufacturer’s protocol. The data
were acquired using a LSRII flow cytometer and was analyzed using
FCS Express V3 software.

In vivo therapeutic antileishmanial activity. Female BALB/c mice, 6
to 8 weeks old, were purchased from the Jackson Laboratory (Sacramento,
CA) and maintained in a regulated animal care facility. All studies were
done with the approval of the Los Angeles Biomedical Research Institute
Institutional Animal Care and Use Committee. Three groups of 10 age-
matched mice were inoculated intravenously in the tail vein with 5 X 107
stationary-phase L. infantum chagasi promastigotes. After 7 days, each
group was treated every other day with synthetic peptide RP-1 or AA-
RP-1 or with PBS. Mice received 0.25 mg of peptide in sterile PBS, which
was equivalent to ~12.5 mg/kg per mouse. A total of seven doses were
administered to each mouse. On day 20, all mice were euthanized. Whole
spleens and livers were removed and homogenized, and genomic DNA
was isolated using an UltraClean tissue DNA isolation kit (MoBio Labo-
ratories Inc., Carlsbad, CA). Parasitemia was determined by quantitative
PCR using a 7900HT Fast Real-Time PCR system (Applied Biosystems,
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FIG 1 RP-1and AA-RP-1 inhibit the growth of promastigotes of Leishmania species in vitro. (A) L. braziliensis promastigotes were cultured in media with various
concentrations of peptide (or scrambled peptide as a control) as indicated, and the numbers of viable parasites were determined after 72 h. Bars represent the
means * the SD of triplicate wells. *, P = 0.05; ##, P =< 0.01. (B) Luciferase-expressing L. infantum chagasi promastigotes were cultured in media with various
concentrations of peptide (or scrambled peptide as a control) as indicated. Luciferase activity (indicated in relative light units [RLU]) was measured after 72 h.
Bars represent the mean * the SD of duplicate samples. *#, P < 0.005; **, P = 0.0005. (C) Luciferase-expressing L. major promastigotes were cultured in media
with various concentrations of peptide (or 100 ug of scrambled control peptide/ml or PBS) as indicated, and the luciferase activity (in RLU) was measured at
various time points. Bars represent the means = the SD of duplicate samples. All experiments were performed at least twice with similar results.

Foster City, CA) by measuring levels of the Leishmania gene GP63. GP63
cycle threshold (C;) values were converted to absolute parasite counts by
using previously determined standard curves and were normalized to the
amount of tissue DNA in each sample as determined by RPLPO (single-
copy mouse gene) C; values, as previously described (6). The data were
analyzed using SDS v2.4 software.

Statistical analysis. Results and graphs are presented as means * the
standard deviations (SD) or means * the standard error of the mean
(SEM), as indicated. Differences among control and peptide-treated sam-
ples were analyzed with an unpaired Student ¢ test using GraphPad Prism
v5 (San Diego, CA). P values of <0.05 were considered significant.

RESULTS

Inhibition of in vitro growth of Leishmania by synthetic pep-
tides. Synthetic PMP-based peptides such as RP-1 and analogues
have previously been shown to have antimicrobial effects against
bacteria and fungi in vitro, ex vivo, and in vivo (5, 46). We inves-
tigated the effects of RP-1 and AA-RP-1 on the in vitro growth of
three different species of Leishmania. L. major is mainly associated
with cutaneous leishmaniasis in the Old World, and L. braziliensis
and L. infantum chagasi are representative New World strains that
cause predominantly mucocutaneous and visceral disease, respec-
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tively (16). We cultured promastigotes at 26°C in the absence or
presence of various concentrations of synthetic peptides in the
growth media. Both RP-1 and AA-RP-1 caused a dose-dependent
decrease in the number of L. braziliensis parasites after 72-h expo-
sure, with significant inhibition of parasite growth at 10 pg/ml for
AARP-1 and at 50 pg/ml for RP-1 and maximal inhibition at 200
pg/ml for both peptides (Fig. 1A). We used transgenic, luciferase-
expressing strains of L. infantum chagasi and L. major to assess the
sensitivity of these species to the study peptides. Exposure of L.
infantum chagasi parasites to increasing concentrations of RP-1
and AA-RP-1 resulted in a dose-dependent decrease of luciferase
activity after 72 h of culture (Fig. 1B). Luciferase expression of L.
major parasites similarly declined over the course of 4 days of
culture. Both RP-1 and AA-RP-1 (Fig. 1C) exhibited dose-
dependent effects compared to a scrambled control peptide,
which was equivalent to PBS treatment. AA-RP-1 consistently ex-
hibited a more pronounced decrease in measured luciferase activ-
ity of L. major compared to RP-1 at doses of 10 pg/ml and higher.

To determine the effect of peptides on Leishmania promastig-
ote metabolic activity, we used the MTT assay to assess the num-
ber of metabolically active cells in culture (31). These assays dem-
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FIG 2 RP-1 and AA-RP-1 inhibit metabolic activity of Leishmania promasti-
gotes in vitro. L. major promastigotes were cultured in media with various
concentrations of peptide (or PBS) as indicated. MTT assays were performed
after 4 h to determine metabolic activity. Absorbance readings representing
formazan production are shown. Bars represent the mean = the SD of tripli-
cate samples. Experiment shown is representative of at least three independent
experiments. *, P = 0.005; s, P = 0.0005.

onstrated a concentration-dependent effect of both RP-1 and AA-
RP-1 on L. major viability at similar doses (Fig. 2). Similar dose-
response experiments with longer incubation times (24 and 48 h)
showed similar results (data not shown).

Peptide-induced morphological changes of promastigotes.
To visualize the effects of RP-1 and AA-RP-1 on Leishmania pro-
mastigotes, we used direct microscopy. Treatment of promasti-
gotes with these peptides led to immediate and profound mor-
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phological changes. Giemsa-staining of healthy, live L. infantum
chagasi promastigotes normally reveals thin, elongated cells with a
unipolar flagellum, and a clearly visible nucleus and kinetoplast.
As early as 5 min after exposure to either peptide, a majority of
promastigotes exhibited rounding and swelling of cell bodies, with
clear disruption of the cellular membrane accompanied by a re-
lease of cytoplasmic contents into the culture medium. (Fig. 3).
After 24 h of exposure, nearly 100% of the RP-1-treated promas-
tigotes had lost their elongated form and appeared in various
states of disintegration, with high levels of amorphous staining
that was likely released cellular material (Fig. 3, lower middle
panel). AA-RP-1-treated promastigote cultures, however, consis-
tently had less background staining but displayed clumping pat-
terns in which many parasites clustered together (Fig. 3, lower
right panel). Therefore, both RP-1 and AA-RP-1 induced rapid,
obvious morphological changes in promastigotes but also exhib-
ited discernible differences in their effects on target organisms in
vitro.

Membrane perturbation induced by peptide treatment. Uni-
cellular protozoa can undergo phenotypic changes similar to
those observed during mammalian cell apoptosis (programmed
cell death), including phosphatidylserine (PS) exposure and mi-
tochondrial membrane depolarization (2, 7, 35, 36, 50). We uti-
lized several biochemical approaches to further characterize the
changes induced by study peptides in Leishmania. The external-
ization of PS from the inner side to the outer layer of the mem-
brane is a key early step that signals the initiation of apoptosis (7).
We costained peptide-treated L. major promastigotes with an-
nexin V-FITC (a Ca?*-dependent phospholipid-binding protein
with affinity for PS), and PIL. PI permeates cells and binds to cel-
lular DNA only if a loss of plasma membrane integrity occurs,
such as during necrosis or late-stage apoptosis. Staurosporine
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FIG 3 RP-1and AA-RP-1 exposure causes morphological changes in Leishmania promastigotes. Untreated or peptide-treated L. infantum chagasi promastigotes
were Giemsa stained after 5 min or 24 h exposure to 100 ug of peptide/ml. The magnification is X 1,000 for the top row and X400 for the bottom row.
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FIG 4 RP-1 and AA-RP-1 exposure leads to increased membrane permeability and phosphatidylserine exposure. L. major promastigotes were cultured in
medium with or without 100 ug of RP-1 or AA-RP-1/ml or 1 ug of staurosporine (STS)/ml for the various times indicated. Cells were then stained with annexin
V-FITC and propidium iodide and analyzed by flow cytometry. The results are representative of at least three independent experiments.

(STS) is a protein kinase inhibitor that induces an apoptosis-like
programmed death in L. major (2, 35) and was used as a control
reference. Similar staining patterns indicating immediate loss of
plasma membrane integrity were observed after only 1 min of
either RP-1 or AA-RP-1 exposure (data not shown). However,
much higher levels of annexin V+ and PI+ staining (upper right
quadrant) were evident following 15 min of exposure to AA-RP-1
compared to either RP-1 or staurosporine (Fig. 4). After 24 h, the
number of parasites staining positive for annexin V but negative
for PI (lower right quadrant) was significantly increased com-
pared to control after treatment with either AA-RP-1 or STS, but
much less so following RP-1 treatment. These various levels of
annexin V* PI™ cells, which are more typical of early-stage apop-
tosis, demonstrate that RP-1 and AA-RP-1 have distinct and qual-
itatively discernible effects on L. major promastigotes in terms of
membrane permeability and PS accessibility.

We next characterized the effects of study peptides on promas-
tigotes by measuring the loss of mitochondrial membrane poten-
tial (AW,)). In many models of apoptosis, a collapse in the elec-
trochemical gradient across the mitochondrial membrane is a key
indicator of the initiation of programmed cell death (7, 36, 40, 50).
JC-1is a unique fluorescent cationic dye that fluoresces red upon
aggregation within intact, negatively charged mitochondria. Once
the transmembrane potential collapses, the dye disperses
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throughout the cell and loses its red fluorescence. As with mem-
brane perturbation, exposure of JC-1-stained L. major promasti-
gotes to either RP-1 or AA-RP-1 for as little as 1 min led to a
decrease in red fluorescence intensity compared to untreated pro-
mastigotes (Fig. 5). This finding suggests that RP-1 and AA-RP-1,
to various degrees, both induce a rapid loss of membrane electro-
chemical gradient in the mitochondria. However, this shift was
more pronounced in AA-RP-1-treated promastigotes compared
to RP-1-treated promastigotes for all of the time points analyzed.

Antileishmanial activity of RP-1 and AA-RP-1 in vivo. Ulti-
mately, any therapy targeting Leishmania spp. must be effective
against the parasite in live mammals without causing significant
toxicity. For visceral leishmaniasis, the therapy must be delivered
systemically to reach parasites in the bloodstream, liver, bone
marrow, and spleen. Thus, we evaluated the ability of RP-1 and
AA-RP-1 to alter parasite burden in established leishmaniasis in
vivo. BALB/c mice were injected intravenously with stationary-
phase L. infantum chagasi promastigotes to establish systemic in-
fections. Experimental visceral leishmaniasis in BALB/c mice re-
sults in asymptomatic infection, most closely modeling the
subclinical form of human disease. Parasite loads in the liver and
spleen are commonly used as correlates of protection (42). Start-
ing 1 week after challenge, mice were administered RP-1 or AA-
RP-1 by intravenous injections every other day for a total of seven
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FIG 5 RP-1and AA-RP-1 exposure leads to depolarization of the mitochondrial membrane. L. major promastigotes were cultured in media with 100 ug of RP-1
(dotted line), AA-RP-1 (solid line), or dimethyl sulfoxide/ml as a negative control (gray shaded) for the various times indicated. Cells were stained with JC-1 dye
(which emits red fluorescence when aggregated in intact, polarized mitochondria) and analyzed by flow cytometry. The results are representative of two

independent experiments.

doses. After 2 weeks of treatment, the spleens and livers were har-
vested to determine the parasite loads in each organ. We observed
significant hepatomegaly and splenomegaly upon organ dissec-
tion as expected, but we detected no significant differences in liver
and spleen weights among the different groups (data not shown).
Mice treated with either RP-1 or AA-RP-1 had significantly fewer
parasites in the liver compared to control mice treated with PBS
(Fig. 6A). In the spleen, where mice typically harbor a lower par-
asite load than in the liver after 3 weeks of infection, treatment
with AA-RP-1, but not RP-1, led to fewer numbers of parasites
(Fig. 6B). These results demonstrate that both RP-1 and AA-RP-1
can lead to a significant reduction of parasite load in an in vivo
model of visceral disease. These findings also suggest the anthryl-
alanine substitution in the parental RP-1 amino acid sequence is
associated with enhanced antileishmanial activity in vivo.

DISCUSSION

In this study we demonstrate the intrinsic antileishmanial activity
of two synthetic peptides based in part on the a-helical domain of
CXCL4 family platelet kinocidins. These peptides were designed
to recapitulate the antimicrobial properties of this class of mam-
malian host defense protein. The addition of either of these syn-
thetic peptides to in vitro promastigote cultures led to dose-
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dependent inhibition of three distinct species of Leishmania (L.
braziliensis, L. infantum chagasi, and L. major), each of which is
generally associated with a different manifestation of disease in
humans. We observed small but significant differences in the effi-
cacy of the two peptides, as AA-RP-1 consistently demonstrated
growth inhibition at slightly lower concentrations than RP-1. In
addition to growth patterns, we quantified metabolic activity of
peptide-treated parasites, using both direct and indirect methods.
Inhibitory effects of the peptides correlated with changes induced
in promastigotes at the membrane level, including increased per-
meability, phosphatidylserine externalization, and the collapse of
mitochondrial membrane potential. These studies revealed spe-
cific differences between RP-1- and AA-RP-1-induced effects,
suggesting that the two molecules have distinct impacts on target
promastigote structures and functions. In addition, in vivo exper-
iments demonstrated significant therapeutic efficacy of both RP-1
and AA-RP-1 against experimental visceral leishmaniasis in mice,
with only AA-RP-1 treatment significantly impacting the small
numbers of parasites measured in the spleen after 3 weeks of in-
fection. The single amino acid difference (at position 2) between
AA-RP-1 (anthryl-alanine) and RP-1 (alanine) thus correlated
with subtle differences in antileishmanial activities, both in vitro

30 -

25 1

20 A

parasites/spleen (x10%)

PBS RP-1 AA-RP-1

FIG 6 RP-1and AA-RP-1 display therapeutic efficacy against established visceral leishmaniasis in mice. BALB/c mice infected with L. infantum chagasi for 1 week
were therapeutically administered sterile PBS, RP-1, or AA-RP-1 for an additional 2 weeks, every other day. Total DNA was then isolated from livers (A) and
spleens (B), and quantitative PCR was performed to determine the amount of parasites/organ. Bars represent the means % the SEM of 10 mice/group. *, P = 0.01;

sk, P << 0.005. The results are representative of two independent experiments.
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and in vivo; however, the structure/function basis for these differ-
ences is not currently understood.

In general, PMPs, kinocidins, and derivatives thereof—specif-
ically RP-1—have been shown to have minimal toxicity to mam-
malian cells (48). Even so, our data suggest that the eukaryotic
membranes of Leishmania promastigotes are susceptible to these
peptides. The surfaces of promastigotes of all Leishmania species
are characterized by a thick anionic glycocalyx made up of glyco-
conjugates and glycosylphosphatidylinositol-anchored proteins,
the most predominant being lipophosphoglycan. Another major
molecule on the promastigote surface is a metalloproteinase called
GP63, or leishmanolysin, that may be protective against naturally
occurring HDPs by proteolytic degradation (28). Leishmanolysin
knockout mutants of L. major were more susceptible to various
alpha- and theta-defensins, magainins, and cathelicidins and un-
derwent pexiganan-mediated apoptosis more readily than wild-
type parasites (20). Leishmanolysin is known to be expressed by all
pathogenic Leishmania species (44), including the strains in our
study, which suggests that kinocidin-derived peptides maintain
antileishmanial activity even in the presence of leishmanolysin on
the surface. There are, however, at least three different known
isoforms of leishmanolysin expressed at different stages of parasite
development and at various expression levels (37, 45). Further
characterization of the interaction between leishmanolysin and
other parasite peptidases and this class of host defense peptides
will be interesting to pursue in future studies.

Many studies demonstrating the in vitro activity of HDPs
against Leishmania species have focused on molecules from spe-
cies that are not natural hosts of the parasite, such as plants, frogs,
aquatic animals, and certain insects (23, 28, 30). The synthetic
peptides in the present study were engineered to recapitulate cer-
tain properties of mammalian kinocidins, including enhanced an-
timicrobial activity in physiologically relevant settings, such as
blood (46). RP-1 has previously demonstrated amplified activity
against E. coli within human blood, plasma, and serum biomatri-
ces, compared to artificial media (43, 46). RP-1 also has staphylo-
cidal activity characterized by membrane permeabilization and
inhibition of DNA and RNA synthesis (43). Although we did not
examine the leishmanicidal activities of RP-1 and AA-RP-1 in
blood matrices ex vivo, each peptide had significant efficacy
against established visceral infections, suggesting that intracellular
parasites in their amastigote form are susceptible to peptide action
in vivo. These in vivo effects on organ parasite load may reflect
significant antileishmanial properties of these peptides distinct
from their in vitro properties, since established visceral infections
are composed predominantly of intracellular amastigotes, as op-
posed to extracellular promastigotes. It is possible, based on prior
observations, that peptide efficacy in physiologic settings might be
influenced and/or amplified by blood components that potentiate
antileishmanial effects. Such an outcome could contribute to syn-
ergy with other immune mechanisms such as phagocytosis, other
endogenous HDPs or free radicals (34). Further studies will help
to define whether the mechanisms of peptide-mediated antipro-
mastigote activity are relevant to the in vivo mechanisms that re-
duce amastigote burdens.

The binding of annexin V to exposed phosphatidylserine is a
tool commonly used to identify mammalian cells undergoing
apoptosis. Both staurosporine (which induces apoptosis-like cell
death in protozoans) (35) and AA-RP-1 rapidly induced a large
subpopulation of promastigotes that stain positively for annexin
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V. Initially (15 min to 2.5 h after treatment), these promastigotes
also stained positive for PI, signifying that their membranes had
been permeabilized to allow DNA staining. Interestingly, by 24 h
the majority of annexin V* cells stained negative for PI, thus re-
sembling a more typical “early apoptotic” stage in which PS resi-
dues are exposed, and the plasma membrane is not permeabilized.
Whether these annexin V* PI ™~ cells initially stained positively for
PI, or whether they arose from the double-negative population, is
unknown. In contrast to AA-RP-1, treatment with RP-1 led to a
relatively small population of annexin V-staining promastigotes
compared to PBS controls. This dichotomy suggests a qualitative
difference in the mechanisms by which each peptide acts on pro-
mastigotes, a difference that was also apparent using mitochon-
drial membrane potential (AW, ) as a readout of peptide-induced
changes. In such experiments herein, we also observed an in-
creased activity of AA-RP-1 compared to RP-1 with regard to the
levels of AW . This mechanistic difference caused by the substi-
tution of an anthryl-alanine single amino acid is currently being
explored.

In summary, the present findings establish that RP-1 and AA-
RP-1 have significant antileishmanial effects against three differ-
ent Leishmania species. Both peptides triggered immediate and
rapid effects in vitro, manifesting changes in membrane permea-
bility and phospholipid orientation, mitochondrial membrane
depolarization, and parasite morphology. These observations sug-
gest a complex structural basis behind the antileishmanial effects
of these peptides. In addition, the ability of RP-1 and AA-RP-1 to
reduce established visceral Leishmania infection in vivo is sugges-
tive of mechanisms beyond direct microbicidal activity against
promastigotes. Future experiments will address the effects of these
peptides on infected macrophages and dissect the basis for the in
vivo reduction in parasite number that we report here. Ultimately,
effective treatment of leishmaniasis in human patients may in-
volve not only leishmanicidal activity but also modulation of the
host immune system. The abilities of such synthetic peptides to act
directly against target organisms and potentiate endogenous im-
mune mechanisms, such as host cell migration and the control of
pro- and anti-inflammatory cytokine release, may reflect the di-
verse roles that endogenous antimicrobial peptides play in host
defense (19). The mechanisms by which peptides, both endoge-
nous and engineered, can reduce established Leishmania burdens
will be important to understand as we develop translatable novel
therapies for this important class of neglected tropical diseases.
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