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Summary
The diseases caused by trypanosomes are medically and economically devastating to the
population of sub-Saharan Africa. Parasites of the genus Trypanosoma, infect both humans,
causing African sleeping sickness, and livestock, causing Nagana. The development of effective
treatment strategies has suffered from the severe side effects of approved drugs, resistance and
major difficulties in delivering drugs. Antimicrobial peptides are ubiquitous components of
immune defense and are being rigorously pursued as novel sources of new therapeutics for a
variety of pathogens. Here we review the role of antimicrobial peptides in the innate immune
response of the tsetse fly to African trypanosomes, catalogue trypanocidal antimicrobial peptides
from diverse organisms and highlight the susceptibility of bloodstream form African
trypanosomes to killing by unconventional toxic peptides.
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Introduction
African trypanosomes are the causative agents of human African trypanosomiasis (HAT),
also known as sleeping sickness, and Nagana, a wasting disease of livestock (1). The
parasites that infect humans are subspecies of Trypanosoma brucei, Trypanosoma brucei
gambiense and Trypanosoma brucei rhodesiense. The subspecies, Trypanosoma brucei
brucei causes livestock disease as well as Trypanosoma vivax, Trypanosoma congolense and
Trypanosoma evansi. Trypanosomiasis is a medical and socioeconomic burden primarily to
Sub-Saharan Africa, however T. vivax has been introduced into South America (2).
Treatment is difficult for many reasons including the logistics of drug delivery and dosage
requirements in impoverished rural areas, severe side effects, lack of overlapping drug
effectiveness against T. b. gambiense or T. b. rhodesiense and the need to cross the blood-
brain barrier in order to treat advanced HAT.

The lifecycle of African trypanosomes involves several morphologically and physiologically
distinct stages in both a mammalian and insect host, specifically flies of the genus Glossina,
also known as tsetse flies. In order to survive within different hosts, and also within
significantly different tissue environments of the same host, the parasite has evolved
physiological strategies to acquire nutrients and evade destruction by host immune factors.
Perhaps the best understood of these strategies is the successive expression of
glycerophosphatidylinositol (GPI)-anchored variant surface glycoproteins (VSG) in the
mammalian bloodstream form (BSF) trypanosome (3). The developmental forms of African
trypanosomes exhibit multiple physiological differences (4), including non-dividing stages,
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variation in the acyl- and amino acid identity of GPI-anchored surface proteins (5, 6),
differential rates of endocytosis (7) and motility (8) and differences in mitochondrial
structure and function (9, 10).

One potential source of new therapeutic agents is the vast and diverse biological repertoire
of antimicrobial peptides (AMPs) (11). These small, typically cationic molecules are
ubiquitous components of the innate immune system of metazoans and as such have evolved
simple biochemical mechanisms of target cell specificity. The mode of action of many
AMPs involves increasing the permeability of the cell membrane, often through the
formation of transmembrane pores (11). Conventional AMPs with trypanocidal activity have
been identified in multiple phyla, including humans (12), and are specifically involved in the
insect vector's immune response to African trypanosomes (13-19) (table 1). The
unsatisfactory state of pharmacological intervention strategies for HAT has prompted the
identification of natural products and synthetic peptides that exhibit trypanocidal activity
(20-22) (table 1). Additionally, trypanocidal peptides with unconventional modes of action
have been identified from unusual sources, including neuropeptides (23) and secretory
signal peptides (24) (table 1). Antimicrobial peptides and synthetic derivatives with activity
against the related kinetoplast organisms T. cruzi and Leishmania spp. have been identified
and are described in a recent review by McGwire and Kulkarni (25). Here I limit discussion
to the African trypanosomes, specifically the role of antimicrobial peptides in the insect
vector immune response to African trypanosomes, the characteristics of trypanocidal
peptides identified to date and the mechanisms of unconventional trypanocidal peptides
from unusual sources.

Trypanocidal peptides in tsetse immunity
A role for AMPs in the immune response of the insect vector has been well established.
Perhaps surprisingly, only a small percentage (< 5-17 %) of tsetse are infected in endemic
areas (26), only a small number of trypanosomes within a bloodmeal successfully develop
into insect stage procyclic forms (PC) (27) and a large portion of tsetse eliminate the
parasites entirely at around day 3 post infection (28). Additionally, some tsetse species, i.e.
Glossina pallidipes and Glossina palpalis palpalis are more refractory to African
trypanosome infection than the main vector Glossina morsitans. The innate immune
response has been implicated in preventing or limiting the establishment of gut infections
(13, 16). Several AMPs function in tsetse innate immunity and a role for stomoxyn, an
insect gut AMP, in preventing the stable fly Stomoxys calcitrans, a blood-sucking insect
sympatric with tsetse, from being a successful vector of African trypanosomes has been
suggested (29).

Hao et al. (2001) investigated the molecular immune response mounted by tsetse against T.
b. rhodesiense (13). Feeding flies a bloodmeal containing PC trypanosomes resulted in
increased attacin and defensin mRNA in the fat body, an organ that contributes to the
systemic immune response. Bloodstream form trypanosomes also elicited a response but to a
lesser degree. Microinjection of trypanosomes did not elicit a transcriptional response of
these genes (13). Consistent with the molecular data, Boulanger et al. (2002) identified the
defensin and attacin peptides, as well as a cecropin peptide, via mass spectrometry in the
hemolymph of G. morsitans fed a bloodmeal containing PC T. b. brucei (19). A diptericin
transcript was also identified in the fat body, and synthetic diptericin was shown to kill
procyclic T. b. brucei (13). However, time-resolved analysis of mRNA levels indicated that
attacin and defensin transcripts, but not diptericin, were specifically upregulated in response
to trypanosome challenge and maintained during established infections (13). Priming the
immune system with challenge by E. coli results in synthesis of attacin and defensin mRNA
and corresponds with a decrease in parasite establishment (13). Spatial analysis of attacin
and defensin mRNA synthesis revealed that the fat body and proventriculus, a small organ at
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the anterior of the midgut, are the major contributors to the AMP pool produced in response
to trypanosome infection (14).

A physiological role for the tsetse AMP attacin has been established through in vitro killing
assays with recombinant attacin (15), analysis of mRNA synthesis in susceptible and
refractory Glossina spp. (17) and RNAi knockdown of attacin and its upstream immune
signaling molecule relish (16). Recombinant attacin exhibits killing activity against a range
of pathogens including E. coli, but not the Gram-negative tsetse gut symbiont Sodalis
(suggesting a paratransgenic strategy for control of trypanosome transmission, see (15,
30-32)). Insect stage T. b. rhodesiense are highly susceptible to killing by attacin (MIC50 =
0.075 μM). Bloodstream form trypanosomes are also killed by attacin, but are less
susceptible than PC forms (15). Patterns of attacin mRNA synthesis in newly hatched
(teneral) and adult G. morsitans and refractory G. pallidipes and G. palpalis palpalis species
suggest a role in limiting the establishment of trypanosome infection. Refractory Glossina
show a baseline level of systemic (fat body) and locally synthesized attacin mRNA from the
proventriculus and midgut tissue before being fed a bloodmeal. In contrast G. morsitans did
not exhibit baseline or bloodmeal-stimulated attacin mRNA synthesis from the fat body
(17). Teneral G. morsitans did synthesize attacin mRNA in proventriculus and midgut
however transcript levels were significantly lower than in refractory flies. The role of attacin
in mediating refractoriness was demonstrated by RNAi knockdown. Refractory G. pallidipes
depleted of attacin experienced a 45 % infection rate whereas untreated flies showed 11 %
infection rates (17). Similar experiments in G. morsitans gave consistent results. The nature
of the signaling pathway controlling AMP expression was probed by RNAi knockdown of
the NF-κB-related transcription factor relish. Depletion of relish resulted in no mRNA
synthesis of attacin, defensin and cecropin in response to trypanosome challenge.
Interestingly, the relative number of successful gut infections leading to infective metacyclic
stages appearing in the salivary glands was not significantly different between RNAi-treated
and control flies, suggesting that attacin does not function at later time points in the course
of a trypanosome infection (16).

Trypanocidal peptides from mammalian hosts
The α- and β-defensins and the cathelicidins are structurally distinct major classes of AMPs
and mammalian representatives of each have been shown to be trypanolytic. Both AMP
classes are cationic and are generally thought to exert their cytolytic effect via membrane
permeabilization (Figure 1). The major differences in these peptides are apparent in their
expression profiles and structure. The defensins are expressed in a variety of tissues
including neutrophils, Paneth cells and epithelial linings of the gut, lung and skin and are
characterized by several anti-parallel β-sheets cross-linked by two or three disulphide bonds
(33). The cathelicidins are structurally diverse exhibiting linear, cyclic, α-helical and β-turn
structures and are found mainly in neutrophils (34). Cathelicidins can also be induced in
keratinocytes by skin barrier disruption (35).

Relatively high concentrations of human β-defensins (50 μM) exhibit very weak killing of
both PC and BSF T. brucei in vitro. A murine α-defensin, cryptin-4, exhibits similar activity
against PC forms but no activity against BSF T. brucei has been demonstrated (12).

The cathelicidins are typically more potent trypanolytic AMPs than the defensins and
representative peptides from a variety of mammals have been shown to be trypanolytic.
Cathelicidins from human (LL-37), sheep (SMAP-29, OaBAC-5-mini), cattle (BMAP-27,
indolicidin, BAC-CN) and pigs (protegrin-1) kill both PC and BSF forms in vitro (12, 36).
Electron microscopy of PC trypanosomes treated with cathelicidins reveals a crumpled,
rounded morphology with extensive disruption of the plasma membrane and loss of internal
structures (12). Two cathelicidin AMPs have been shown to protect mice in vivo.
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Pretreatment of mice with SMAP-29 or protegrin-1 reduced the parasitaemia and prolonged
the survival of mice challenged with BSF 427 T. brucei (12).

Unlike the tsetse, no direct role for AMPs in immunity to African trypanosomes has been
demonstrated in mammals. It is unlikely that AMPs such as defensins and cathelicidins
contribute to defense against bloodstream parasites in a physiological situation, as they are
restricted from freely circulating in plasma to limit cytolytic damage of host tissues. It may
be plausible that β-defensins and cathelicidins could contribute to reducing parasite burden
from the bite of an infected tsetse due to expression in neutrophils or keratinocytes at the
locality of the bite. However no data exists on the killing of metacyclic form trypanosomes
by either AMP.

Killing of African trypanosomes by synthetic AMPs and natural products
Motivated by the desire to identify novel agents to treat HAT, several groups have identified
synthetic trypanolytic AMPs and AMPs from diverse sources such as insects, fish and soil
microorganisms (20-22, 36). With the exception of the fungal derived AMPs and the cell
penetrating peptide TP10, these peptides are directly derived from known trypanolytic
defensins or cathelicidins.

The peptide antibiotics leucinostatin A and B, alamethicin and tsushimycin are natural
products isolated from fungi. These peptides differ from the canonical AMPs by virtue of
the presence of unusual amino acids, acylation or both. The leucinostatins, named for their
high leucine content, kill trypanosomes in vitro at low nanomolar concentrations (20). The
potency of these peptides might be attributable to pleiotropic effects. Studies with model
liposomes indicate that leucinostatins increase the permeability of lipid bilayers (37). The
leucinostatins have also been shown to inhibit mitochondrial ATP synthesis and uncouple
oxidative phosphorylation (38). The relevance of these activities to killing BSF
trypanosomes is not clear, due to the lack of a functional electron transport chain in this
developmental form, however disrupting the mitochondrial membrane potential may
contribute to toxicity. A comparative analysis with the trypanocidal drug suramin indicates
greater potency of the leucinostatins in mice. However these mycological metabolites
exhibit high oral toxicity (20).

Alamethicin exhibits strong trypanolytic activity in vitro, killing BSF trypanosomes at
nanomolar concentrations (20). The membrane permeabilizing activity of alamethicin has
been well established. Alamethicin monomers orient perpendicular to the lipid membrane
and oligomerize in the bilayer forming cylindrical pores that facilitate the passage of ions
and water (39). Studies in mice indicate that alamethicin does not provide greater in vivo
activity than suramin (20).

The in vitro trypanolytic activity of tsushimycin may be attributed to its structural similarity
to amphomycin, which exhibits activity against T. b. gambiense and T. b. rhodesiense in
mice (40). Amphomycin has been shown to inhibit the formation of dolichol-phosphate-
sugar complexes, molecules that donate sugar moieties for protein glycosylation and GPI-
anchors. This potential mechanism is particularly relevant to African trypanosomes. A
relatively large portion of proteins are GPI-anchored including the VSG coat and it has been
shown that inhibition of GPI-modification is toxic (41). Intraperitoneal administration of 50
mg/kg tsushimycin, 50-fold greater than the dosage of suramin required, over the course of
four days cured mice with established T. b. brucei infections (20).

Several synthetic AMPs have also been shown to be trypanolytic. These peptides are derived
from the active sites of known AMPs and presumably operate through the same
mechanisms. An exception is the shortened analog of the cell penetrating peptide
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transportan, TP10 (42), which lyses BSF T. b. brucei at micromolar concentrations. Cell
penetrating peptides permeate plasma membranes and are thought to exert their toxic effect
through inhibition of GTPases (43). A truncated form of bovine myeloid antimicrobial
peptide-27 (BMAP-27), BMAP-18, is active against both developmental forms of African
trypanosomes, and shows reduced toxicity towards mammalian cells and the tsetse symbiont
Sodalis (again suggesting a paratransgenic control strategy) relative to native BMAP-27
(44). Small synthetic peptides derived from insect defensins have also been shown to exhibit
trypanocidal activity against BSF African trypanosomes and to a lesser degree the PC
developmental forms (21, 22).

Killing of African trypanosomes by unconventional AMPs
The different developmental forms of African trypanosomes exhibit unique physiologies.
These physiological characteristics can contribute to immune evasion, but, as illustrated by
the following examples, also sensitize the parasite to killing by AMPs from unusual sources
that operate through unconventional mechanisms.

The features of many AMPs (amphipathic helices with regions of cationic residues) are also
exhibited by a number of neuropeptides. These similarities led Delgado and colleagues to
investigate the potential trypanocidal activity of several neuropeptides (23). A variety of
neuropeptides exhibit killing activity against BSF trypanosomes at low micromolar
concentrations. Trypanosomes treated with these peptides become swollen, and develop
large cytoplasmic vacuoles and detached flagellum. Susceptibility of BSF trypanosomes can
be attributed to their robust rate of endocytosis. Fluorescently labeled peptides accumulate in
endosomes and colocalize with the lysosomal marker p67 (23) (Figure 1). Procyclic
trypanosomes, which exhibit a significantly reduced rate of endocytosis, do not internalize
and are thus not killed by neuropeptides (23). Dissection of the endocytic trafficking
pathway indicates that neuropeptides exert their cytotoxicity in the acidified lysosome.
Inhibiting endocytosis by incubating cells at 4°C or allowing uptake but blocking endosomal
trafficking to the lysosome at 17°C spares BSF trypanosomes from killing by neuropeptides.
Neutralizing the lysosomal lumen with NH4Cl also inhibits killing, indicating that an acidic
environment is necessary (23). Release of fluorescent dextrans from the lysosome indicates
that the membrane has been compromised. Subsequent cellular events are characteristic of
an autophagic cell death (23).

The trafficking and acidification requirements that result in cell death are not unique to
neuropeptides. The trypanosome lytic factor (TLF) that protects many higher primates from
veterinary pathogenic trypanosomes is a subset of high-density lipoproteins that is
specifically bound and endocytosed by BSF trypanosomes (45-47). Once localized to the
acidic lysosome TLF exerts a membrane disrupting activity that results in cell lysis. Acid pH
facilitates lytic factor-membrane interaction by neutralizing electrostatic repulsion and
allowing TLF to bind the anionic lysosomal membrane (48). This may also be the case for
neuropeptides. Alternatively, or in addition to, it may be that protonation of the peptides
increases their hydrophobicity thus driving intercalation into the lysosomal bilayer.

Trypanosome lytic factor is also the origin of an unusual AMP that kills trypanosomes
through a novel mechanism of membrane rigidification (Figure 1). One unique component
of TLF is haptoglobin-related protein (Hpr). This protein is unusual in that it is secreted
without cleavage of its N-terminal signal peptide (49). Purified, delipidated Hpr is toxic to
BSF trypanosomes (50), however recombinant Hpr that lacks the signal peptide shows no
toxicity (51). Recently we have shown that a synthetic small hydrophobic peptide (SHP-1)
corresponding in sequence to the Hpr signal peptide specifically kills both veterinary and
human pathogenic BSF T. brucei (24). Trypanocidal activity is not limited to SHP-1, the
signal peptide of another apolipoprotein (termed SHP-2), paraoxonase-1, which is entirely
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different in primary structure, but similar in terms of its length, charge and hydrophobicity
profile is also toxic to BSF trypanosomes. The SHPs are not toxic to PC T. brucei or
mammalian cell lines, nor do they induce hemolysis of human erythrocytes at concentrations
orders of magnitude higher than necessary to kill BSF trypanosomes. Studies with model
liposomes suggest that the specificity of SHP-1 is due to the high degree of lipid fluidity in
the BSF plasma membrane. Procyclic trypanosomes have a more rigid plasma membrane,
consistent with the hypothesis that lipid fluidity mediates susceptibility to SHPs (24). The
phenotype of death superficially resembles formaldehyde fixed trypanosomes; cells retain
their slender, elongated shape but are motionless. Death is preceded by dramatic changes in
cell motility, with an initial hyper-activation of the cell followed by decreased motility and
subsequent motionlessness (24). The lack of swelling or intracellular vacuolization suggests
that membrane permeabilization is not involved in the mechanism of killing. A direct effect
of SHP interaction with BSF trypanosomes is rigidification of the plasma membrane (24). It
is likely that membrane rigidification is the mechanism of toxicity. The BSF of African
trypanosomes offers an attractive target for membrane rigidifying peptides as trypanocidal
agents. These cells require a high degree of lateral surface flow of proteins, best exemplified
by the directional sorting of antibody-bound VSG by hydrodynamic forces (52), and high
rates of membrane remodeling during endocytosis. Membrane rigidification may result in
general poisoning of the cell by interfering with these processes.

Conclusion
Antimicrobial peptides are fundamental components of immunity. A role for AMPs in
decreasing or eliminating the parasite load in the tsetse fly vector has been established.
Despite the identification of mammalian AMPs that show trypanocidal activity, it is not
known if these peptides participate in the immune response of the mammalian host.
Antimicrobial peptides with variable activity against BSF and PC African trypanosomes
may serve as valuable tools for probing the physiology of the different developmental forms.
Already work with trypanocidal peptides has highlighted the unusual membrane
composition of BSF African trypanosomes and their susceptibility to toxic compounds
delivered through robust endocytosis and lysosomal localization. The abundance and
diversity of AMPs could offer a vast resource for the development of novel trypanocidal
agents.
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Figure 1.
Schematic representation of the multiple mechanisms of antimicrobial peptide killing of
African trypanosomes. Antimicrobial peptides exhibit several modes of action against
African trypanosomes. Conventional AMPs most likely act through permeabilization of the
plasma membrane (PM) in both BSF and PC developmental forms. Killing of BSF
trypanosomes by neuropeptides requires that the peptides be endocytosed through the
flagellar pocket (FP) and trafficked from the endosomes (EN) to the acidified lysosome (L)
where the peptides disrupt the lysosomal bilayer. Small hydrophobic peptides (SHPs) are
specifically toxic to BSF trypanosomes. Intercalation of SHP into the plasma membrane
results in an increase in lipid bilayer rigidity and non-lytic cell death. (N, nucleus; K,
kinetoplast; F, flagellum.)
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