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Abstract

Iron is essential for many metabolic pathways, but is toxic in excess. Recent identification of the
ferric iron reductase LFR1, the ferrous iron transporter LIT1, and the heme transporter LHR1
greatly advanced our understanding of how Leishmania parasites acquire iron and regulate its
uptake. LFR1and L/71 have close orthologs in plants, and are required for Lefshmania virulence.
Consistent with the lack of heme biosynthesis in trypanosomatids, LHR1 and LABCGS5, a protein
involved in heme salvage from hemoglobin, seem essential for Leishmaniasurvival. LFRI, LIT1
and LHRI are upregulated under low iron availability, in agreement with the need to prevent
excessive iron uptake. Future studies should clarify how Leishmania interacts with the iron
homeostasis machinery of its host cell, the macrophage.

Introduction

Leishmaniasis, which is caused by the intracellular protozoan parasite Leishmania, is
reported to be the ninth largest infectious disease burden worldwide. The World Health
Organization currently estimates that as many as 1.6 million cases of leishmaniasis occur
annually, of which approximately 40,000 result in death [1]. The disease affects humans,
livestock and pets, and the latter two can act as reservoirs for the parasites. The disease's
manifestation, which varies depending upon the infecting species and host, ranges from self-
healing cutaneous lesions to a more severe visceralizing form that can be fatal if left
untreated (Table 1) [2]. Infection is initiated by the bite of an infected sand fly, which
inoculates the host with the infective, metacyclic form of the parasite [3]. Once the infection
is established, the parasites replicate as amastigotes within parasitophorous vacuoles (PV) of
macrophages, which resemble acidic phagolysosomes [4]. Whereas most microorganisms
are destroyed in this harsh environment, the intracellular stages of Leishmaniahave
specialized adaptive mechanisms that allow them to survive and acquire essential nutrients
and minerals from the host cell. One of such essential nutrients, iron, can be obtained within
the PV as inorganic iron or in the form of iron-containing porphyrins such as heme. Recent
studies revealed that Leishmania expresses several membrane proteins that are specialized in
the acquisition of inorganic iron or heme. It is important to note that, due to its redox
potential, iron can be toxic in high amounts; therefore acquisition systems must be tightly
regulated. Although significant strides have been made in determining how Leishmania
acquires and utilizes iron, many questions remain. Here we discuss recent developments in
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this area and their implications for our understanding of the delicate balance that Le/shmania
parasites must achieve in their quest for iron.

Leishmania possess a plant-like system for the acquisition of inorganic

iron

Inorganic iron is largely available as the ferric (Fe3*) form, which is insoluble at
physiological pH. Within the mammalian host, ferric iron (Fe3*) is delivered to cells bound
to the carrier protein transferrin. Upon binding to transferrin receptors (TfR), the iron-
containing holotransferrin is internalized via endocytosis, and Fe3* is released when it
reaches an acidified intracellular compartment [5]. To cross membranes Fe3* must be
reduced to Fe2*, a highly reactive form of iron that must be tightly controlled. Most of the
Fe3* entering cells complexed to tranferrin is reduced to Fe2* by a host ferric reductase and
translocated to the cytosol by Nramp2/DMT1, an endosomal membrane transporter [6].
However, it is believed that a small amount of holotransferrin can keep moving deeper into
the endocytic pathway and reach Leishmania PVs [7], where it becomes available for
acquisition by the parasites.

Initial reports postulated that Leishmania expressed proteins capable of acting as receptors
for transferrin [8], but subsequent studies suggested that these were non-specific interactions
[9]. Experiments with L. chagasi revealed the presence a NADPH-dependent ferric
reductase activity associated with the cell surface of live parasites [9], indicating for the first
time the existence of a potential pathway for direct membrane translocation of Fe2*.
Genome searches based on homology to plant reductases [10] led to identification of LFR1,
the L. amazonensis plasma membrane-associated ferric reductase [11]. LFR1 is a119 kDa
membrane protein that contains FAD- and NADPH-binding sites and putative heme-binding
sites within its transmembrane regions. Similar to its close homologue FRO2 in Arabidopsis
thaliana, LFR1 uses cytosolic NADPH as an electron source and contains heme molecules
that facilitate the transport of electrons across the lipid bilayer, reducing Fe3* to Fe2* [10,
11]. FeZ* is then transported directly to the parasite's cytosol by LIT1, the transmembrane
ferrous iron transporter from the ZIP family first identified in L. amazonensis [10, 12], and
already reviewed elsewhere [13]. Together, LFR1 and LIT1 provide Lefshmania with an
inorganic iron acquisition pathway that has several similarities with the system found in
plants (Figure 1).

Importantly, as in plants, LFRZ and L/T1 are regulated by iron levels, with the expression of
both genes being upregulated under low iron conditions [11, 14, 15]. The LIT1 protein is
only detected on the plasma membrane of iron-deprived promastigotes [10] or intracellular
amastigotes [9]. The ferric reductase activity associated with promastigotes is also elevated
in a low iron environment, presumably reflecting an increase in LFR1 protein levels [11].
LFR1and L/T1 null mutant promastigotes can grow axenically in iron rich media but are
unable to grow as amastigotes within macrophage PVs, unless supplemented with cationic
ferritin as a source of iron [11].

Once iron has been transferred into the cytosol, its subsequent processing and storage is
unknown. In higher eukaryotes, cytoplasmic iron is stored in association with the protein
ferritin [16]. Extensive searches of the published genomes of various Lefshmania species
have so far failed to yield a putative ferritin orthologue candidate. This suggests several
possible scenarios. One is that Lefshmania may not have a system in place to store cytosolic
iron. This possibility may explain the observation that moderate amounts of Fe-NTA (ferric
nitriloacetate) are toxic to Lesshmania[15]. Another possible scenario is that, much like
yeast and brown algae which also lack ferritin, Leishmania may store iron in a mineralized
form within lysosomal compartments [17]. Alternatively, it may utilize frataxin, which
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contains >16 atoms of iron per molecule, to store iron in the mitochondria [18]. This latter
possibility is particularly appealing, since the Leishmania genome includes genes encoding a
frataxin-like protein, and also a mitoferrin-like protein possibly responsible for iron
transport into the mitochondria. Additional studies are needed to clarify the alternative
mechanisms used by Lefshmania for iron storage in the apparent absence of ferritin.

Leishmania express molecules that allow heme acquisition from the host

Heme is an iron-coordinated porphyrin with iron at the center of the molecule, which can
adopt either an oxidized ferric state or a reduced ferrous state [19]. Heme is a critically
important prostetic group that allows proteins to participate in various functions such as
oxidative [20] and lipid metabolism [20, 21], redox homeostasis [22], and iron acquisition
[11]. In metazoans, heme is synthesized in an eight-step pathway with the first and three last
steps occurring within the mitochondria [23]. Genome sequencing revealed that all but the
last three enzymes in the heme biosynthetic pathway are missing in trypanosomatid parasites
[24, 25]. These findings explain the requirement for addition of either hemin or
protoporphyrin IX (PPIX) to growth media used for axenically cultivating Leishmania [26].
In vivo, this auxotrophy explicitly requires Lesshmaniato acquire heme from the host. The
evidence available to date indicates that Lefshmania can acquire heme by two mechanisms,
hemoglobin receptor-mediated endocytosis followed by heme salvage [27-29] and direct
transmembrane transport (Figure 1) [29, 30]. These two pathways are outlined below.

Sengupta et. al. showed that hemoglobin binds to the N-terminal region of a 46 kDa protein
in the flagellar pocket of L. donovani, followed by endocytosis [31]. The hemoglobin-
binding protein was later identified as a hexokinase (LdBPK_210300.1) [27], but it remains
unclear if this has a functional significance as a link between the iron acquisition pathway
and other metabolic processes. Additional work demonstrated that hemoglobin is
internalized by a clathrin-mediated process [28] and traffics along the endocytic pathway to
the parasite's lysosome, in a process mediated by the small GTPase Rab proteins Rab 5 [32]
and Rab 7 [33]. Once in the lysosome hemoglobin is degraded releasing heme, which was
proposed to be salvaged by translocation into the cytosol by the ATP-binding cassette
protein, LABCGS5 [29].

A second, more rapid mechanism for heme acquisition in Lesshmania occurs by direct
transport of extracellular heme into the parasites’ cytosol [30]. The existence of a specific
heme receptor and/or transporter in these parasites was suggested by studies showing
specific binding of heme to L. amazonensis[34] and L. infantum [35], but no specific
protein mediating this process was identified. The molecular machinery responsible for
heme transport was also unknown in higher eukaryotes, until recently when the first bona
fide eukaryotic heme permeases were identified. Genetic screens in C. elegans identified
HRG-1, which exports heme from the lysosome into the cytosol, and HRG-4, which
functions as a heme transporter at the plasma membrane [36, 37]. A genome-wide search of
proteins with similarity to C. elegans HRG proteins led to identification of L. amazonensis
LHR1, a small 20 kDa protein predicted to have four transmembrane domains and  45%
similarity to HRG-4 [30]. LHR1 localizes to both the plasma membrane and lysosomes in L.
amazonensis, controls the size of the parasite intracellular heme pool, and directly promotes
uptake of radioactive heme when expressed in yeast [30]. LHRI nul/ mutants could not be
obtained and thus appear not to be viable, suggesting an essential role for this transporter in
the promastigote stages of L. amazonensis. LHR1 orthologs are present in several
trypanosomatid genomes, and are likely to correspond to the long sought-after heme
transporter previously proposed to exist in several parasite species, including 7rypanosoma
cruzi[38].
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How does Leishmania regulate their iron-responsive genes?

High iron concentrations can generate highly toxic hydroxyl radicals, creating the need for
mechanisms for tightly regulating iron acquisition pathways. In L. amazonensis, a genome-
wide analysis revealed a set of genes that are differentially regulated by iron levels in the
culture medium [15]. Importantly, as expected from their role in iron and heme acquisition,
transcripts from LFR1, L/T1, and LHRI were upregulated in the response to iron
deprivation [11, 14, 15, 30]. Trypanosomatid parasites do not control gene expression
through classic transcriptional promoters, utilizing instead post-transcriptional strategies
such as regulation of mRNA stability or of protein translation initiation. This form of
regulation is thought to be mediated by control elements found within the 5’ and 3’
untranslated regions (UTRs) of mature mRNAs [33-35]. In metazoans, expression of iron-
responsive proteins is controlled by iron response proteins (IRPs) that bind to iron response
elements (IREs), hairpin structures present in the 3’UTR of gene transcripts [39]. A protein
that binds mammalian IREs was identified in L. farentolae [40], but studies in 7. brucer
showed that a protein highly related to a mammalian IRP was not required for regulation of
the iron-responsive transferrin receptor [41]. The latter study led to the suggestion that
trypanosomatids may regulate iron-responsive genes by a mechanism distinct from the IRE/
IRP paradigm. Although potential regulatory motifs have not yet been identified in
Leishmania iron-regulated genes, this goal is likely to be facilitated by the increasing
availability of data on global transcriptional responses to iron [15].

A promising future line of investigation will be to determine whether iron-responsive genes
are differentially regulated in species of Lefishmaniathat cause different forms of clinical
disease. Because of the extensive phagocytosis of senescent red blood cells performed by
macrophages from deeper organs such as the spleen [42], markedly different levels of iron
are expected to be available within skin macrophages where cutaneous species of
Leishmania replicate, when compared to liver Kupffer cells and spleen macrophages that
harbor visceralizing species [43]. Suggesting the existence of species-specific adaptations in
heme uptake regulation, differences are observed in iron-dependent expression of the heme
transporter LHR1 and in uptake of a fluorescent heme analog when the cutaneous species L.
amazonensis and the visceral species L. infantum are compared (Figure 2).

Conclusions

Several molecular players responsible for iron acquisition in Leishmania have been
identified recently. Earlier studies postulated that the parasites might express receptors for
transferrin, but this has not been confirmed. The discovery of reductase activity associated
with the cell surface of these parasites [9] opened the way to the subsequent identification of
the ferric iron reductase LFR1, which generates the substrate for the ferrous iron transporter
LIT1 [6,9]. More recently, identification of the heme transporter LHR1 [30], a hemoglobin
receptor [33] and the ATP-binding cassette protein LABCGS5 involved in heme salvage from
endocytosed hemoglobin [29] solved the long-standing puzzle of how trypanosomatids
acquire this essential iron-containing molecule in the absence of a functional biosynthetic
pathway.

Future studies should be focused on answering two questions: (i) Which are the additional
components of the Lefshmania machinery for iron acquisition, storage and utilization? (ii)
How does Leishmania effectively gain access to iron within their host cell, the macrophage?
The later question can be addressed by taking advantage of the extensive information
available on the iron homeostasis system of mammalian macrophages. Macrophages play an
important role in vivo as iron reservoirs, releasing iron into the circulation through the
export pump ferroportin, which can be rapidly removed from the cell surface in response to
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the peptide hepcidin generated during inflammation. Therefore, it is conceivable that
intracellular amastigotes of Lefshmania have strategies to modulate the capacity of
macrophages to store iron. It is already known that L. donovaniand L. majorincrease iron
uptake in macrophages by upregulating expression of transferrin receptors (TfR) [44], and
that L. amazonensis enhances fusion of TfR-containing vesicles with the PV [7]. With the
numerous additional molecular tools now available, our knowledge of how Leishmania
manipulates iron homeostasis pathways in macrophages is poised to expand rapidly in the
near future.
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Figure 1. Schematic representation of iron acquisition pathwaysin Leishmania and in plants
Leishmania and plants utilize a ferric reductase (LFR1/FRO2) to reduce iron and a ferrous
iron transporter (LIT1/IRT1) to transport it into the cytosol. In plants, specific membrane
proteins transport iron into the vacuole (VIT1/FPN2), mitochondria (MIT), or chloroplast
(PIC1) and store it bound to nicotiamine (Fe-NA) or phytate (Fe-phytate) in the vacuole,
bound to ferritin (FER) or frataxin (FH) in the mitochondria, or to ferritin in the chloroplast.
In Leishmania, there are no identified iron transporters in the lysosome, but a mitoferrin-like
protein (MFLP) may transport iron into the mitochondria for storage in association with a
frataxin-like protein (FLP). There are no known ferritin orthologues in Leishmania. ron-
containing heme is also be acquired by Leishmania in two ways. Hemoglobin may bind to a
hexokinase (HbR/HK) and traffic to the parasite's lysosome, where it is degraded releasing
heme which is translocated to the cytosol by the ABC transporter, LABCG5. Heme is also
transported directly into the cytosol by the heme transporter, LHR1.
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Figure 2. Species-specific gene regulation of the Leishmania hemetransporter LHR1

(A) L. amazonensisand L. infantum were grown in heme depleted media containing the
fluorescent heme analog, zinc mesoporphyrin (ZnMP) and imaged over a period of 16 hours.
L. infantum showed greater accumulation of ZnMP than L. amazonensis. (B) Transcript
levels of LAHR1 after heme depletion in the culture medium, showing higher upregulation in
L. infantumwhen compared to L. amazonensis.
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Table 1
Leishmania speciesreported to cause clinical symptomsin humans

Major Disease Manifestation

Species

Cutaneous Diffuse Cutaneous Mucocutaneous Visceral

L. tropica

O

L. major

L. aethiopica

O
O

. donovani

.infantum (L. chagasi)

. mexicana

. amazonensis

. pifanoi

. brazliensis

. panamensis

. peruviana

. guyanensis

o|lojo|jo|ofojo|o

r|\rr|jrjrr|rr|rr|jrr|jr|rr|r

. siamensis
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