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Abstract

Leishmania parasites alternate between extracellular promastigotes in sandflies and intracellular amastigotes in mammals.
These protozoans acquire sphingolipids (SLs) through de novo synthesis (to produce inositol phosphorylceramide) and
salvage (to obtain sphingomyelin from the host). A single ISCL (Inositol phosphoSphingolipid phospholipase C-Like)
enzyme is responsible for the degradation of both inositol phosphorylceramide (the IPC hydrolase or IPCase activity) and
sphingomyelin (the SMase activity). Recent studies of a L. major ISCL-null mutant (isc/~) indicate that SL degradation is
required for promastigote survival in stationary phase, especially under acidic pH. ISCL is also essential for L. major
proliferation in mammals. To further understand the role of ISCL in Leishmania growth and virulence, we introduced a sole
IPCase or a sole SMase into the isc/~ mutant. Results showed that restoration of IPCase only complemented the acid
resistance defect in isc/~ promastigotes and improved their survival in macrophages, but failed to recover virulence in mice.
In contrast, a sole SMase fully restored parasite infectivity in mice but was unable to reverse the promastigote defects in
iscl”. These findings suggest that SL degradation in Leishmania possesses separate roles in different stages: while the IPCase
activity is important for promastigote survival and acid tolerance, the SMase activity is required for amastigote proliferation
in mammals. Consistent with these findings, ISCL was preferentially expressed in stationary phase promastigotes and
amastigotes. Together, our results indicate that SL degradation by Leishmania is critical for parasites to establish and sustain

infection in the mammalian host.
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Introduction

Trypanosomatid protozoans of the genus Leishmania are vector-
borne pathogens responsible for a variety of serious diseases known
as leishmaniasis [1,2]. During their life cycle, these organisms
alternate between flagellated promastigotes living in the gut of
sandflies and non-flagellated amastigotes residing in mammalian
phagocytes. Current drugs for leishmaniasis are inadequate and no
safe vaccine is available [3]. A better understanding of Leishmania-
host interaction is needed to develop new cost-effective medica-
tions.

In many eukaryotes, sphingolipids (SLs) are important cell
membrane components and their metabolites such as ceramide
and sphingosine-1-phosphate control multiple processes including
cell growth, differentiation and apoptosis [4,5]. The most
abundant SL in mammals is sphingomyelin (SM) and the
degradation of SM is catalyzed by a group of sphingomyelinases
(SMases), which sever the phosphodiester bond to generate
ceramide and phosphocholine. In mammals, three classes of
SMases (acid SMases, neutral SMases, and alkaline SMases) have
been identified with distinct pH preferences [6,7]. Among them,
the Mg*"-dependent neutral SMases are the major contributors
for mediating stress-induced ceramide production [8].

Different from mammals, fungal cells synthesize little or no SM;
instead, the majority of SLs in fungi belong to inositol
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phosphorylceramide (IPC) and its glycosylated derivatives [9].
Besides fungi, IPC-based SLs are also found in plants and
Trypanosomatids but not in mammals [10,11]. In Saccharomyces
cerevisiae, a neutral SMase homolog named ScISC1 is responsible
for breaking down IPC into ceramide and phosphoinositol (the
“IPCase” activity) [12]. ScISC1 also possesses neutral SMase
activity even though S. cerevisiae cells do not synthesize SM [12].
ScISC1 was predominantly found in the endoplasmic reticulum
during early growth but became associated with mitochondria
during the later stages [13]. This change of localization might
lead to the activation of ScISC1, which was dependent on
anionic, mitochondrial phospholipids such as phosphatidylgly-
cerol and cardiolipin [14]. Deletion of ScISC1 resulted in a slow
growth phenotype and increased sensitivity to heat and oxidative-
stress [15], suggesting that controlled ceramide production played
a role in maintaining normal mitochondrial functions such as
respiration or utilization of non-fermentable carbon sources[14].
Another study indicates that ScISCl-induced mitochondrial
adaptation may also affect gene expression during the transition
from anaerobic to aerobic metabolism [16]. In Cryptococcus
neoformans (an opportunistic fungal pathogen), IPC degradation
is mediated by CnISC1, a homolog of ScISC1 and mammalian
neutral SMase [17]. The activity of CnISC1 was implicated in
the survival of this organism in macrophages and its dissemina-
tion to the central nervous system in mice [17]. Unlike ScISC1
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which hydrolyzes both inositol SLs and SM, CnISC1 only exerts
IPCase activity [18].

Similar to fungi, Leishmania parasites do not synthesize SM but
are highly abundant in IPC [19,20]. Nonetheless, they possess a
potent SMase activity [21], suggesting that these parasites may
metabolize SM from the mammalian host. We recently identified
an inositol phosphosphingolipid phospholipase C-like (ISCL)
protein as the sole homolog of mammalian neutral SMase and
fungal ISC1 in L. major [21]. Deletion of ISCL led to a complete
loss of SMase and IPCase activity, suggesting this enzyme was
required for the turnover of both parasite- and host-derived SLs
[21]. In culture, ISCL-null mutants (referred to as usc/ ) had a
normal doubling time during the log phase but were more round
in shape and less healthy compared to wild type (WT) parasites
during the stationary phase [21]. Importantly, isc/ parasites failed
to proliferate or cause pathology in either immunocompetent or
immunodeficient mice [22]. This virulence defect could be fully
rescued when ¢/ mutants were complemented with either
ScISC1 or mammalian neutral SMases, which, like ISCL, could
degrade both SM and IPC [21]. However, a pure IPCase such as
CnISC1 failed to restore the virulence of is¢/ in mice, suggesting
that the degradation of host-derived SM, not endogenous IPC,
was required for Leishmania survival in the mammalian host [21].
The neutral SMase activity (mediated by an ISCL ortholog) is also
found to be essential for the survival of Trypanosoma brucei (a
Trypanosomatid pathogen related to Leishmania species) during the
bloodstream stage and involved in the trafficking of variant surface
glycoprotein [23].

Isc[ parasites exhibited very poor viability when they were
cultured in a pH 5.0 medium (which mimicked the condition in
mammalian phagolysosomes) to stationary phase [22]. This result
suggests that SL degradation is important for conferring acid
resistance [22]. The hypersensitivity of ¢/ to acidic pH 1is
responsible for its poor survival in murine macrophages [22], the
definitive host cells for Leishmania. Since ISCL is both a neutral
SMase and an IPCase, it is of interest to determine which activity
is required for acid tolerance and whether the restoration of acid
resistance 1s sufficient to recover the virulence of zs¢/ in mammals.

In this study, we analyzed the spatial and temporal expression of
ISCL in L. major. We also probed the function of SMase and
IPCase through complementation studies of e/ . Our results
indicate that SL degradation is developmentally regulated and
possesses distinct roles during different stages of Leishmania life
cycle.

Results

Spatial and temporal expression of ISCL in Leishmania
To determine if ISCL expression changes during L. major life
cycle, we examined its mRNA- and protein-levels in W'T parasites.
First, quantitative RT-PCR analysis revealed a significant increase
of ISCL transcript (10~45-fold) when log phase promastigotes
entered stationary phase (Fig. 1A). During the same time period, we
detected an 8~10-fold increase in the cellular abundance of ISCL
protein by western-blot (Fig. 1B). The discrepancy in relative
abundance between ISCL mRNA and protein may be due to
posttranscriptional regulation (e.g. control of mRINA turnover and
translation). ISCL protein was also highly expressed in WT
amastigotes (purified from infected BALB/c mice) and el /+ISCL
promastigotes (the “add-back’ control for isc/ in which ISCL was
expressed from a high-copy vector [21]) (Fig. 1B). In Leishmania, late
stationary phase promastigotes (containing metacyclics [24]) and
amastigotes are highly infective to mammals whereas log phase
promastigotes are not virulent. Therefore, the stage-dependent ISCL
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expression suggests that SL degradation may contribute to
Leishmamia infection. Also of note is that the expression profile
of ISCL is opposite to that of serine palmitoyltransferase, an
enzyme required for the de novo synthesis of SLs, which is
abundant in log phase but downregulated in late stationary phase
and amastigotes [20].

Previously, we examined the localization of a GFP-tagged ISCL
that was overexpressed from an episomal vector and results
showed that GFP-ISCL was associated with the mitochondrion in
promastigotes [21]. Here we investigated the localization of
endogenous ISCL in WT parasites using a rabbit anti-ISCL
peptide antibody. As shown in Fig. 1CG-F, the distribution of ISCL
largely overlapped with the staining of mitochondrion by
Mitotracker in promastigotes. A similar localization was observed
in WT amastigotes isolated from L. major-infected mice (Fig. 1G—J).
Together, these results suggest that ISCL is mainly located in the
mitochondrion in Leishmania.

Functional analysis of ISCL by mutagenesis

Similar to its homolog in S. cerevisiae (ScISC1) [25], the ISCL
protein contains 2 predicted transmembrane helices (AA447-466
and AA612-634) near its C-terminus (Fig. 2A and Fig. S1). Studies
on ScISC1 suggest that the C-terminal domain (including those
transmembrane helices) is required for anionic phospholipid
binding and the tethering of N-terminal catalytic domain to
mitochondrial membrane [26,27]. For ISCL, it is not known
whether these transmembrane helices are essential for its catalytic
activity or its mitochondrial localization. To determine if the C-
terminal domain is required for the function of ISCL, we
generated a truncated ISCL (ISCLA) by removing the last 206
amino acid residues (AA448-653) (Figs. 2A and S1). In addition,
we changed 3 Asp residues (D116, D200, and D383) in the
predicted catalytic domain of ISCL to glycine through site-
directed mutagenesis (Figs. 2A and S1). These Asp residues were
conserved among the neutral SMase family and might be required
for catalysis based on studies of the Bacillus cereus SMase and
ScISC1 [28,29]. In particular, D116 was located within a P-loop-
like motif (AA115-121, Fig. S1) which was highly conserved in
nucleotide-binding proteins and might be involved in Mg
binding [26,28]. The change from Asp (acidic) to a neutral amino
acid such as glycine could drastically affect the function of ISCL.

To test if these Asp residues and transmembrane regions were
required for SMase/IPCase activity, modified forms of ISCL
(D116G, D200G, D383G, and ISCLA) were cloned in a Leishmania
expression vector (pXG) [30] and introduced into isc/  parasites
via transfection. We then examined the SMase and IPCase activity
in those ¢/ transfectants (referred to as e/ /+ISCL DI116G,
iscl” /+ISCL D200G, iscl” /+ISCL D383G, and wel /+ ISCLA).
As summarized in Fig. 2B-D, mutations of D116G, D200G, and
D383G completely abolished the enzymatic activity of ISCL
without significantly affecting protein steady state level. Removing
the C-terminal domain not only ablated the function of ISCL
(Fig. 2C-D), but also might reduce its stability as suggested by
Western-blot (Fig. 2B). Alternatively, the lack of C-terminal region
might alter the overall conformation of ISCLA leading to lower
affinity to the anti-ISCL antibody used in the Western-blot (the
peptide recognized by the anti-ISCL antibody is shown in Fig. S1).
Thus, similar to ScISC1, the C-terminal domain of ISCL is
essential for its catalytic activity. One possibility is that without the
transmembrane regions, ISCLA may not be able to efficiently
interact with membrane-bound substrates and phospholipids, as
proposed for ScISC1 [26,28].

When introduced into ¢/, these modified ISCL proteins
(D116G, D200G, D383G, and ISCLA) did not reverse the defects
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Figure 1. Temporal and spatial expression of ISCL in L. major. (A) Elevated ISCL transcript level in stationary phase promastigotes. L. major WT
promastigotes were cultured in M199 medium at a starting density of 1.0x10° cells/ml and total RNA was extracted daily. The relative abundance of
ISCL mRNA was determined by quantative RT-PCR using the constitutively expressed rRNA45 gene as an internal control. EL: early log phase culture
(1-2x10° cells/ml); LL: late log phase culture (6-10x10° cells/ml); $S1-S4: day 1-4 stationary phase culture (2.0-3.0x107 cells/ml). *: p<<0.05, **:
p<<0.01. Error bars represent standard deviations from two independent experiments. (B) Increased expression of ISCL protein in stationary phase
promastigotes and lesion amastigotes. Left: whole cell lysates from WT late log phase promastigotes (LL), day 1-4 stationary phase promastigotes
(S1-54), and late log phase promastigotes of isc/~ and isc/”/+ISCL were subjected to immunoblot analysis using the affinity purified anti-ISCL
antibody (top) or an anti-a-tubulin antibody as loading control (bottom). Right: immunoblot of cell lysates from WT day 3 stationary phase
promastigotes (53 pro.) and lesion amastigotes (ama.). Each lane contained material from 1x10° cells. (C-J) Localization of endogenous ISCL in L.
major. WT promastigotes (C-F) and amastigotes (G-J) were fixed and permeabilized with ethanol as described in Materials and Methods. Cells were
then labeled with rabbit anti-ISCL antibody, followed by staining with goat-anti-rabbit IgG-FITC (D, H) and Mitotracker Red 580 (E, I). (F) Overlay of D
and E. (J) Overlay of H and 1. Control cells that were labeled with secondary antibody only did not show any green fluorescence (data not shown).
Experiments in C-F were performed three times and results from one representative set are shown here.

doi:10.1371/journal.pone.0031059.g001

of isc/” promastigotes in culture, as the transfectants continued to resistance in stationary phase promastigotes. When the C.

show more round cells and poor viability in stationary phase
(Fig. 3A-B). We also examined whether they were able to infect
murine macrophages. As shown in Fig. 3C-D, without a
functional ISCL, isc/” parasites could be internalized efficiently
by macrophages as they were easily detected at 2 hours post
infection but failed to survive after 24-28 hours. In contrast, WT
and isc/ /+ ISCL parasites survived much better in macrophages
(Fig. 3C-D). Therefore, the IPCase/SMase activity of ISCL is
required for its function in Leishmania.

The IPCase activity is required for the maintenance of cell
shape and acid resistance in stationary phase
promastigotes

In culture, is¢/ mutants replicated normally during log phase
but died rapidly in late stationary phase, especially when they were
grown in a pH 5.0 medium which mimicked the acidic condition
in mammalian phagolysosomes [22]. This hypersensitivity to acid
shock is responsible for the poor survival of is¢/ in macrophages,
as the pretreatment of macrophages with chemicals that inhibit
phagolysosomal acidification significantly improved the viability of
el in host cells [22]. Because ISCL is both a SMase and an
IPCase, we investigated which activity is required for acid

@ PLoS ONE | www.plosone.org

negformans ISC1 (CnISC1) was introduced into is¢/, no SMase
activity was detected (isc/ /+CnlISC1 in Fig. 4A and C), although
the IPCase activity was evident (isc/ /+CnISC1 in Fig. 4B and D).
In contrast, when a HA-tagged Bacillus cereus SMase (HA-
BcSMase) was introduced into e/, a strong SMase (usel /+
HA-BcSMase in Fig. 4A and C) but no IPCase activity was
detected (isc/ /+ HA-BcSMase in Fig. 4B and D). As controls, WT
and isc/ /+HA-ISCL parasites exhibited both SMase and IPCase
activities (Fig. 4).

Notably, after being introduced into ¢/, CnISC1 comple-
mented the acid resistance defect (Fig. 5) and restored cell
morphology in stationary phase promastigotes (Fig. S2). In
addition, ¢/ /+ CnlISC1 parasites survived well in murine
macrophages (similar to WT parasites; Fig. 6A-B). Together,
these results suggest that the IPCase activity alone is sufficient to
confer resistance to acid shock and help promastigotes establish
infection in mammalian cells. The localization of CnISCI in
Leishmania is not known and it would be interesting to determine
whether the mitochondrion-localization of IPCase is required for
its function.

Next, we examined whether the SMase activity alone can
complement the defects in ¢/ . In addition to HA-BcSMase, we
generated another SMase by fusing the first 18 amino acids of the
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Figure 2. Functional analysis of ISCL by mutagenesis. (A) Schematic diagram of ISCL open reading frame and the mutations introduced in this
study. Asterisks represent the three aspartic acids (D116, D200, and D383) that were mutated; grey bars represent the region recognized by the anti-
ISCL peptide antibody; and black bars represent the transmembrane helices. (B) Western-blot to confirm the expression of mutated ISCL. Whole cell
lysates from WT, iscl™, iscl” /+ISCL, iscl”/+ISCL D116G, iscl”/+ISCL D200G, isc/”/+ISCL D383G, isc/”/+ISCLA and isc/”/+pXG (empty vector)
promastigotes were probed with either anti-ISCL (top) or anti-a-tubulin (bottom) antibody. Each lane contained material from 6x10° cells. (C-D) The
SMase and IPCase activities in log phase promastigotes were determined as described in Materials and Method. Error bars represent standard
deviations from 3 independent experiments.

doi:10.1371/journal.pone.0031059.g002
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Figure 3. Mutated forms of ISCL failed to complement isc/ parasites. (A-B) Promastigotes were cultured in M199 medium and percentages
of round cells (defined as those promastigotes whose long axis is shorter than twice the length of the short axis) (A) and dead cells (B) were recorded
in late log (LL) and stationary phase promastigotes (S1-S5) as described [21]. Each group of bars represents cells in the following order (from left to
right): WT, iscl™, iscl”/+ISCL, iscl”/+pXG, iscl~/+ISCL D116G, isc/~/+ISCL D200G, isc/~/+ISCL D383G, and isc/”/+ISCLA. (C-D) Stationary phase
promastigotes (@: WT, O: isc/~, V: isc/”/+ISCL, B: isc/”/+ISCL D116G, [J: isc/” /+ISCL D200G, 4: isc/” /+ISCL D383G, <: iscl” /+ISCLA) were used to
infect bone-marrow derived macrophages (M¢s) from BALB/c mice at a ratio of 15 parasite per M. Percentages of infected M¢s (C) and parasites per
100 Mos (D) were determined at 2, 24, 48, and 72 hours post infection as described. As a control, WT parasites were also used to infect M¢s that were
activated with 100 ng/ml of LPS and 100 ng/ml of IFN-y (A: WT+activated M¢s). Experiments were repeated 3 times and error bars represent
standard deviations.

doi:10.1371/journal.pone.0031059.g003
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the amount ceramide produced and the amount of protein in each reaction. Error bars represent standard deviations from 3 independent

experiments.
doi:10.1371/journal.pone.0031059.g004

L. magjor HASPDb protein (which can target a cargo protein to cell
surface including the flagellar surface) [31] to the N-terminus of
BcSMase. The resulting 5'-HASPb-BcSMase-HA was similar to
HA-BcSMase in that it was highly active against SM but not IPC
when it was introduced into iscl” (iscl” /+5'-HASPb-BcSMase-HA
in Fig. 4). As shown in Fig. 7A-C, the 5’-HASPb-BcSMase-HA
fusion protein was mainly localized at the flagellar membrane
although it was also visible at the cell membrane [11]. In contrast,
without the HASPD leader sequence, HA-BcSMase was primarily
found in the cytoplasm (Fig. 7D-F). These results allowed us to
evaluate whether the localization of SMase affects its function in
Leishmania. Importantly, despite their strong SMase activity,
neither HA-BcSMase nor 5'-HASPb-BecSMase-HA restored acid
resistance or cell shape in zsc/ during stationary phase (Figs. 5 and
S2), although they were able to somewhat improve is¢/ survival in
macrophages (Fig. 6A-B). Together, these studies suggest that the
SMase activity alone cannot confer acid tolerance but can help
Leishmania establish infection in macrophages.

The SMase activity is required for amastigote
proliferation in mice

Although the CnISC1 (a sole IPCase) was sufficient to
complement the defects of ¢/ promastigotes in culture, it could
not restore their virulence as the is¢/” /4+ CnISC1 parasites failed to
induce pathology or proliferate in BALB/c mice (Fig. 6C-D) [21].
In contrast, the BcSMase (a sole SMase) was able to restore the
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infectivity of zs¢/ in mice (Fig. 6C—D) but not cell morphology or
viability in culture (Figs. 5 and S2). The localization of SMase did
not appear to be crucial as both the cytoplasmic HA-BcSMase and
flagellum/plasma membrane-associated 5"HASPb-BcSMase-HA
allowed usel parasites to regain virulence and proliferate normally
in mice (Figs. 6 and 7). Therefore, the SMase activity of ISCL is
required for the survival and proliferation of Leshmania in
mammals.

Discussion

Role of IPC degradation in Leishmania promastigotes
Promastigotes of Leishmania reside and multiply within the gut of
sandflies. Six-nine days after a blood meal, the replicative
procyclics differentiate into mammal-infective metacyclics in
response to nutrient depletion and/or low pH [24,32,33]. The
fact that IPCase contributes to cell shape and viability in culture
suggests that ISCL may be required for the optimal development
of promastigotes in sandfly. Based on its localization, ISCL may be
involved in the production of ceramide in the mitochondrial
membrane which could alter the permeability and/or other
functions of the mitochondria. It has been postulated that
promastigotes can utilize simple sugars and amino acids as energy
sources under anaerobic conditions [34,35]; however, when
nutrients are depleted (e.g. during the stationary phase in culture
and late stages in sandlfly), parasites may be more dependent on
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mitochondrial metabolism to generate energy. Compromised
mitochondrial function may also explain the hypersensitivity of
wel to acidic pH, since the maintenance of cellular pH
homeostasis requires energy, e.g. from ATP hydrolysis [36,37].
Alternatively, the ISCL-induced ceramide production could confer
tolerance to acid shock. In mammalian cells, SMase-generated
ceramide plays important roles in stress response by activating
protein kinase C-zeta, protein phosphatase 2A and cathepsin D
[38], as well as by altering the structure/function of biological
membranes [39]. In Saccharomyces cerevisiae, ScISC1 regulates
cellular response to oxidative stress through the modulation of
the iron level [40,41] or a ceramide-dependent protein phospha-
tase [42]. In Crptococcus neoformans, CnISC1 regulates the
production of phytoceramide when cells are exposed to low pH,
suggesting that IPC degradation may affect the plasma membrane
ATPase under acidic stress [18]. Our data indicate that SMase
alone (e.g. BcSMase) cannot restore cell shape and viability of el
promastigotes in culture (Figs. 5 and S2). This is likely due to the
lack of SM in promastigotes (while IPC is plentiful in
promastigotes). Further studies are needed to define the molecular
mechanism by which IPCase utilizes to confer acid resistance and
ensure cell survival under low nutrient conditions.

Although CnISC1 (a sole IPCase) successfully rescued is¢/ in
murine macrophages, it failed to restore virulence in mice (Fig. 6)
[21]. These results suggest that by conferring acid tolerance, IPC
degradation contributes to Leishmania survival and differentiation
in the initial stage of infection (2-3 days), yet is insufficient for the
continuous proliferation of amastigotes in mammals. One
possibility is that SM is a more accessible substrate than IPC for
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intracellular amastigotes (see discussion below). In mouse infection,
the BcSMase-complemented we/  parasites did not show any
noticeable delay in lesion formation (Fig. 6C-D), which was likely
due to the relatively high dosage of infection (1x10° parasites/
mouse footpad). These data indicate that although the mn witro
macrophage infection assay (usually lasting 2-5 days) is a fast and
convenient way to evaluate Leishmania virulence, it does have
limitations and cannot fully recapitulate parasite infection in
animals.

Role of SM degradation in Leishmania amastigotes

Our data suggest that the SMase activity of ISCL is necessary
and sufficient for amastigote proliferation in mice. It is possible
that SMase is needed to generate essential nutrients such as
ceramide and phosphocholine. While the latter can be used
towards the synthesis of phosphatidylcholine, it is not clear why
ceramide production is important for amastigotes. Future studies
will investigate whether the SMase-derived ceramide is needed for
the generation of IPC (present in amastigotes) or other crucial SL
metabolites. Alternatively, Leishmania amastigotes may utilize the
SMase activity of ISCL to remove excess SM in the phagolyso-
some which is rich in recycled lipids including SM. In mammals,
deficiency of lysosomal enzymes required for lipid metabolism can
lead to a series of metabolic disorders known as lysosomal storage
diseases (LSDs) [43]. Among these LSDs is the type A Niemann—
Pick disease (a severe neurodegenerative disorder) caused by SM
accumulation due to defects in the lysosomal acid SMase [44,45].
It is not entirely clear how SM accumulation causes such a serious
condition. One possibility is that the lack of SM turnover impairs
the dynamics of raft-associated membrane receptors, leading to
abnormality in signaling [46]. For Leishmania amastigotes, a lack of
ISCL may lead to SM accumulation on cell surface and disrupt the
membrane property, which could be detrimental to parasites.

Functional analysis of ISCL by mutagenesis revealed that three
conserved ASP residues, D116, D200, and D383, were essential for
both IPCase and SMase activity (Figs. 2—3). The C-terminal region
of ISCL including the two predicted transmembrane helices may be
required to maintain the overall conformation of the protein, as the
ISCLA mutant is non-functional (Figs. 2-3). Alternatively, these
membrane-bound motifs may be critical for the catalytic domain of
ISCL to gain access to lipid-based substrates such as IPC and SM, as
suggested for ScISC1 [25,27]. Notably, transfection experiments
showed that cytoplasmic- and flagellum/plasma membrane-local-
ized SMases (HA-BcSMase and 5'HASPb-BcSMase-HA, respec-
tively) were able to complement ¢/ growth and pathogenesis in
mice (Figs. 6 and 7), suggesting that the mitochondrial localization
of ISCL 1s not required for its function during the amastigote stage.
Taken together, we postulate that SL degradation possesses at least
two important roles during Leishmania life cycle. For promastigotes,
ISCL-mediated breakdown of IPC is important for parasite
development during the late stages in the sandfly when nutrients
become depleted and contributes to acid resistance. For amasti-
gotes, the degradation of host SM is required for long-term parasite
proliferation in mammals. Revealing the molecular mechanism by
which ISCL contributes to L. major infection will provide new
knowledge to Leishmania-host interaction. Future studies will also
determine whether the role of SL degradation is conserved in other
Leishmania species.

Materials and Methods

Ethics statement
This study was approved by the Animal Care and Use
Committee at Texas Tech University (PHS Approved Animal

January 2012 | Volume 7 | Issue 1 | 31059



Sphingolipid Degradation by Leishmania

>
S

S

(9]
)

n 80 1 —_a
=
s E
5 60 | £ 3]
& ®
Q
c
%’ 40 | _% 2 |
= [}]
S 20 - 4
®
0 0
B 350 D 10
, 300 o 107
= 250 g 10?
S 200 £ 105
B 150 - 10
B0 8 108
® 100 ; ® 100
&L 50 - & 100
0 - : : ‘ 102 - ‘ : ‘ -
0 20 40 60 80 6 8 10 12 14
Hours post infection Weeks post infection

Figure 6. The SMase activity alone was sufficient to restore virulence in isc/". (A-B) Bone marrow-derived M¢s from BALB/c mice were
infected by stationary phase promastigotes (@: WT, O: isc/”, V¥: isc/”/+HA-ISCL, B: isc/”/+CnISC1, [J: isc/” /+HA-BcSMase, 4p: iscl™ /+5'HASPb-
BcSMase-HA, A: WT+activated M¢s) at a ratio of 15 parasites per M¢. Percentages of infected Mds (A) and the number of parasites in 100 M¢s (B)
were recorded. (C-D) BALB/c mice were infected in the footpads with day 3 stationary promastigotes (®: WT, O: isc/~, V: isc/” /+HA-ISCL, A: iscl™/
+HA-BcSMase, W: isc/~/+5'HASPb-BcSMase-HA, [: iscl/+CnlSC1) at 1x10° parasites per mouse (5 mice per group). Lesion sizes were measured with
a caliper (C) and parasite numbers in infected footpads were determined by the limiting dilution assay (D). Error bars represent standard deviations
from 2 independent experiments.

doi:10.1371/journal.pone.0031059.g006

iscl ]+
5'HASPb-
BcSMase-HA

iscl [+HA-
BcSMase

Figure 7. Cellular localization of HA-tagged BcSMase. Late log phase promastigotes of isc/” /+HA-BcSMase (A-C) or isc/~ /+5'HASPb-BcSMase-
HA (D-F) were labeled with a monoclonal anti-HA antibody followed by anti-mouse IgG-FITC. (A, D) DIC images; (B, E) Hoechst staining of DNA; (C,
F) anti-HA staining. Control cells that were labeled with secondary antibody only did not show any green fluorescence (data not shown).
doi:10.1371/journal.pone.0031059.9g007
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Welfare Assurance NO. A3629-01). Mice were housed and cared
for in the facility operated by the Animal Care and Resources
Center at Texas Tech University. The facility was inspected
monthly and animals were monitored daily by staff members. A
complete range of clinical veterinary services was available on a
24-hour basis and includes consultation, diagnostic work-up and
clinical care.

To minimize the pain and distress on animals without
compromising the quality of research, mice were under anesthesia
(through the peritoneal injection of ketamine hydrochloride/
xylazine) during recurring procedures including the injection of
Leishmania parasites into footpads, the recovery of parasites from
infected mice, and the measurement of lesion size using a caliper.
Usually, no more than one procedure was performed on one
mouse within a week. To prevent any potential secondary
infections and to reduce any potential pain/distress, mice were
monitored carefully (twice a week for appearance, size, movement,
and general health condition) and euthanized when the lesions
became too large (>2.5 mm for footpad infection).

Proper restraining and injection techniques were employed by
trained lab personnel to reduce pain and distress of animals. For
the isolation of macrophages and the determination of parasite
load in the infected footpads, mice were euthanized prior to the
operation.

Materials

BALB/c mice (female, 7-8 weeks old) were purchased from
Charles River Laboratories International. N-[6-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)Jamino|hexanoyl]-sphingosine- 1-phosphocho-
line (NBD-C6-sphingomyelin) and MitoTracker Red 580 were
purchased from Invitrogen Corp. N-[12-[(7-nitro-2-1,3-benzox-
adiazol-4-yl)amino]dodecanoyl]-sphingosine-1-phosphoinositol
(NBD-C12-IPC) was custom-synthesized by Avanti Polar lipids.
Bacillus cereus (ATCC strain 14579) was obtained from American
Type Culture Collection. The Rabbit anti-ISCL peptide antibody
was custom-produced by the Open Biosystems, Inc. The iScript
Select cDNA synthesis kit and the iTaq SYBR Green Supermix
with ROX were purchased from Bio-Rad Laboratories. All other
chemicals were purchased from VWR International or Fisher
Scientifics unless specified otherwise.

Molecular constructs for HA-BcSMase, 5'"HASPb-BcSMase-
HA, and mutated forms of ISCL

Procedure for the generation of molecular constructs was
described in the online supporting information (Supporting
Information S1). Oligonucleotides used in this study were
summarized in Table S1. All constructs were confirmed by
restriction enzyme digestion and DNA sequencing.

Leishmania culture and genetic manipulations

L. major LV39 clone 5 (Rho/SU/59/P) wild type (WT), iscl
wel /+ISCL, and el /+CnlISC1 were grown in M199 medium
with 10% fetal bovine serum and other supplements as des-
cribed [21]. To generate usc/ /+CnISC1, CnISCI (accession
#DQ487762) was PCR amplified from C. negformans genomic
DNA and cloned in the pIRISAT vector as pIRISAT-CnlSCI
(B107), followed by transfection into e/ . To test if BcSMase
alone could complement we/~, pGEM-5"UTR-phleo-DST IR-
HA-BeSMase-3'UTR  (B257), pGEM-5"UTR-phleo-DST IR-
5"HASPb-BeSMase-3'"UTR (B267), or pGEM-5"UTR-phleo-DST
IR-HA-ISCL (B240) were introduced into ise/ by electroporation
[47] to generate isc/ /+HA-BcSMase, iscl” /+5'HASPb-BcSMase-
HA, or ise/ /+HA-ISCL, respectively.
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To test if mutated forms of ISCL were functional, pXG-ISCL
D116G (B204), pXG-ISCL D200G (B208), or pXG-ISCL D383G
(B211) were introduced into ¢/ and referred to as e/ /+ISCL
D116G, iscl” /+ISCL D200G, wcl /+ISCL D383G, or iscl /+
ISCLA, respectively.

Analyses of cell growth, morphology and viability

Promastigotes were inoculated in either neutral (pH 7.4) or
acidic (pH 5.0) media (starting density=1.0x10> cells/ml) as
previously described [22]; culture densities were monitored daily
using a hemacytometer; percentages of round cells were
determined by microscopy and cell viability was determined by
flow cytometry after staining with propidium iodide as previously
described [21]. In this study, round cells were referred to the
promastigotes whose long axis is shorter than twice the length of
their short axis.

Quantitative RT-PCR

Total RNA was extracted from WT promastigotes using the
Trizol reagent and the RNA quality was confirmed by
formaldehyde agarose gel electrophoresis [48]. First strand cDNA
was synthesized using the Bio-Rad iScript Select cDNA synthesis
kit. Quantitative RT-PCR was performed using an Applied
Biosystems 7500 Real-Time PCR system and the SYBR Green
qPCR kit. Briefly, PCR was set up in triplicates in low-profile 96
well microtitre plates. Each 25 pl reaction mixture contained 1 x
Taq SYBR Green supermix with ROX, 2 ul of first strand cDNA
and 100 nM of each 5" and 3" primer pair (P216/P217 for ISCL
and P167/P168 for rRNA45). The PCR amplification cycle
consisted of 2 min at 95°C for initial denaturation (1 cycle),
followed by 10 sec at 95°C and 45 sec at 60°C (40 cycles). The
relative expression level of ISCL was normalized to that of the
endogenous rTRNA45 gene [49] using the comparative C,; method,
also known as 2~ 24“Y method [50,51]. C 1s the cycle threshold,
AC; is the difference in threshold cycles between ISCL and
TRNA45, and AAC, equals the amount of ISCL normalized to
7RNA45 and relative to the mid-log phase value.

Western-blot analysis

Promastigotes or purified amastigotes were collected and
resuspended in phosphate buffered saline (PBS) at 1x10° cells/
ml. Cell extracts were prepared and western-blot was performed as
previously described [20]. ISCL was detected with the rabbit anti-
ISCL peptide antibody (1:500) and the goat anti-rabbit IgG
conjugated with HRP (1:2000). The detection of a-tubulin with a
rabbit anti-o-tubulin antibody (Sigma) (1:8000) was used as a
loading control. An enhanced chemiluminescence detection
system (Perkin Elmer) was used to detect signals.

SMase and IPCase assays

SMase and IPCase activities were assessed through i witro
enzymatic assays as previously described [21]. Log phase
promastigotes were suspended in a lysis buffer containing
25mM Tris pH 7.5, 0.1% Triton X100 and 1x protease
inhibitor at 2.0x10% cells/ml and incubated for 5 min on ice.
Protein concentration was determined using a micro-BCA assay
(Pierce). For neutral SMase assay, 40 pg of Leishmania protein
(~20 pl of lysate) was incubated in 100 pl of buffer containing
50 mM Tris pH 7.5, 5 mM MgCl,;, 5 mM dithiothreitol, 0.1%
Triton X100, 11 nmol of PtS (Avanti), 2.8 nmol of unlabeled
sphingomyelin (Avanti), and 0.8 nmol of NBD C6-sphingomyelin.
After incubation at room temperature for 60 min, 1 ml of
chloroform, 0.5 ml of methanol, and 0.2 ml of water were added
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to each reaction and lipid was extracted, dried, and resuspended in
20 wl of chloroform: methanol (1:2). Thin layer chromatography
(TLC) was performed as we previously described [21] and plates
were scanned with a Storm 860 phosphoimager. Results were then
quantified to pmol/(ugxhour) after subtracting the value of
negative control (reaction using boiled WT lysate). 0.1 unit of
Bacillus cereus SMase (Sigma) was used as a positive control. For
IPCase assay, similar experiments were performed except: 1) lysate
was incubated in the absence of sphingomyelin and presence of
0.8 nmol of NBD C12-IPC; 2) TLC plates were developed in a
different solvent (chloroform:methanol:water = 65:24:5); and 3) 0.1
unit of Bacillus cereus phosphatidylinositol phospholipase C (PI-
PLC, Sigma) was used as a positive control. Because L. major
promastigotes contain 1-2 x10% molecules of IPC. per cell [52,53],
we took that amount into consideration while calculating the
activity of IPCase.

Macrophage infection

Bone marrow derived macrophages were obtained by inducing
the BALB/c femur bone marrow with 20 ng/ml of macrophage
colony-stimulating factor for 4 days, and infected with late stationary
phase parasites (opsonized with 4% C57BL6 mouse serum) at a ratio
of twenty parasites per one macrophage as previously described
[54]. Percentages of infected macrophages and the number of
parasites per 100 macrophages were determined microscopically
after staining with 1 pg/ml of Hoechst 33342 as previously
described [54]. As a control to show that M¢ are immunologically
functional, WT parasites were used to infect M¢s that were activated
with 100 ng/ml of LPS and 100 ng/ml of IFN-y.

Amastigote purification

Purification of lesion amastigotes was processed as described
[55] with minor modifications. Footpads of WT-infected BALB/c
mice were homogenized in DMEM on ice (25 ml of DMEM/
footpad). Homogenates were centrifuged (5 min at 33 g at 4°C) to
remove large cell debris. The supernatant was transferred into a
new tube and further centrifuged at 1847 g for 10 min (4°C) to
collect parasites. To lyse red blood cells, pellet was resuspended in
5 ml of 168 mM NH,CI and incubated at room temperature for
10 min, and then diluted with 20 ml of DMEM. The recovered
amastigotes were filtered through a 40 um cell strainer (Fisher).
After centrifugation (1847 g for 10 min at 4°C), cells were
resuspended in DMEM and counted using a hemacytometer
before further experiments.

Immunofluorescence microscopy

To determine the localization of endogenous ISCL, parasites
were fixed with 3.7% formaldehyde and permeablized with 100%
ethanol, followed by re-hydration with phosphate buffered saline
(PBS). Cells were first labeled with rabbit anti-ISCL antibody
(1:500 dilution in 0.5% BSA prepared in PBS) for 30 min. After
washing with PBS (3 times), parasites were incubated with goat
anti-rabbit IgG-FITC (1:1000 dilution in 0.5% BSA) for 30 min.
Cells were then washed again with PBS (3 times) and transferred to
poly-L-lysine coated coverslips by centrifugation (462 g for 5 min),
followed by staining with 350 nM of Mitotracker Red 580 for
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30 min in darkness. Cells were then washed twice with PBS, once
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for 10 min. Images were acquired using an Olympus BX51
Upright Fluorescence Microscope equipped with a digital camera.

To determine the localization of 5"HASPb-BcSMase-HA and
HA-BcSMase, promastigotes of ¢/ /+HA-BcSMase or isel /
+5"HASPb-BcSMase-HA were stained with a monoclonal anti-
HA antibody (Invitrogen; 1:500) followed by anti-mouse IgG-
FITC as described above.

Mouse footpad infection

Virulence of promastigotes was assessed using susceptible BALB/
¢ mice via footpad infection and limiting dilution assay (LDA) as
previously described [56,57]. Late stationary phase (~3 days after
reaching maximal culture density) promastigotes were centrifuged
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through 6 in stationary phase.
(PDF)

Table S1 Oligonucleotides used in this study.
(PDF)

Acknowledgments

We thank Dr. Stephen M. Beverley (Washington University School of
Medicine) for the pGEM-phleo-DST IR-dd plasmid DNA.

Author Contributions

Conceived and designed the experiments: KZ. Performed the experiments:
OZ WX ABP. Analyzed the data: KZ OZ WX ABP. Wrote the paper: KZ
OZ.

4. Bartke N, Hannun YA (2009) Bioactive sphingolipids: metabolism and function.
J Lipid Res 50 Suppl: S91-96.

5. Gault CR, Obeid LM, Hannun YA (2010) An overview of sphingo-
lipid metabolism: from synthesis to breakdown. Adv Exp Med Biol 688:
1-23.

6. Marchesini N, Hannun YA (2004) Acid and neutral sphingomyelinases: roles
and mechanisms of regulation. Biochem Cell Biol 82: 27-44.

January 2012 | Volume 7 | Issue 1 | 31059



20.

21.

22.

27.

28.

29.

30.

32.

. Duan RD (2006) Alkaline sphingomyelinase: an old enzyme with novel

implications. Biochim Biophys Acta 1761: 281-291.

. Clarke CJ, Wu BX, Hannun YA (2011) The neutral sphingomyelinase family:

identifying biochemical connections. Adv Enzyme Regul 51: 51-58.

. Dickson RC, Lester RL (1999) Yeast sphingolipids. Biochim Biophys Acta 1426:

347-357.
Sperling P, Heinz E (2003) Plant sphingolipids: structural diversity, biosynthesis,
first genes and functions. Biochim Biophys Acta 1632: 1-15.

. Zhang K, Beverley SM (2010) Phospholipid and sphingolipid metabolism in

Leishmania. Mol Biochem Parasitol 170: 55-64.

Sawai H, Okamoto Y, Luberto C, Mao C, Bielawska A, et al. (2000)
Identification of ISC1 (YERO19w) as inositol phosphosphingolipid phospholi-
pase C in Saccharomyces cerevisiae. J Biol Chem 275: 39793-39798.

. Vaena de Avalos S, Okamoto Y, Hannun YA (2004) Activation and localization

of inositol phosphosphingolipid phospholipase C, Isclp, to the mitochondria
during growth of Saccharomyces cerevisiae. ] Biol Chem 279: 11537-11545.

. Vaena de Avalos S, Su X, Zhang M, Okamoto Y, Dowhan W, et al. (2005) The

phosphatidylglycerol/cardiolipin  biosynthetic pathway is required for the
activation of inositol phosphosphingolipid phospholipase C, Isclp, during
growth of Saccharomyces cerevisiae. J Biol Chem 280: 7170-7177.

. Cowart LA, Hannun YA (2005) Using genomic and lipidomic strategies to

investigate sphingolipid function in the yeast heat-stress response. Biochem Soc
Trans 33: 1166-1169.

. Kitagaki H, Cowart LA, Matmati N, Montefusco D, Gandy J, et al. (2009) ISC1-

dependent metabolic adaptation reveals an indispensable role for mitochondria
in induction of nuclear genes during the diauxic shift in Saccharomyces
cerevisiae. J Biol Chem 284: 10818-10830.

Shea JM, Kechichian TB, Luberto C, Del Poeta M (2006) The cryptococcal
enzyme inositol phosphosphingolipid-phospholipase C confers resistance to the
antifungal effects of macrophages and promotes fungal dissemination to the
central nervous system. Infect Immun 74: 5977-5988.

. Henry J, Guillotte A, Luberto C, Del Poeta M (2011) Characterization of inositol

phospho-sphingolipid-phospholipase C 1 (Iscl) in Cryptococcus neoformans
reveals unique biochemical features. FEBS Lett 585: 635-640.

. Kaneshiro ES, Jayasimhulu K, Lester RL (1986) Characterization of inositol

lipids from Leishmania donovani promastigotes: identification of an inositol
sphingophospholipid. J Lipid Res 27: 1294-1303.

Zhang K, Showalter M, Revollo J, Hsu FF, Turk J, et al. (2003) Sphingolipids
are essential for differentiation but not growth in Leshmania. EMBO J 22:
6016-6026.

Zhang O, Wilson MC, Xu W, Hsu FF, Turk J, et al. (2009) Degradation of host
sphingomyelin is essential for Leishmania virulence. PLoS Pathog 5(12):
¢1000692.

Xu W, Xin L, Soong L, Zhang K (2011) Sphingolipid degradation by
Leishmania is required for its resistance to acidic pH in the mammalian host.
Infection and Immunity;in press.

. Young SA, Smith TK The essential neutral sphingomyelinase is involved in the

trafficking of the variant surface glycoprotein in the bloodstream form of
Trypanosoma brucei. Mol Microbiol 76: 1461-1482.

Sacks DL, Perkins PV (1984) Identification of an infective stage of Leishmania
promastigotes. Science 223: 1417-1419.

. Matmati N, Hannun YA (2008) Thematic Review Series: Sphingolipids. ISC1

(inositol phosphosphingolipid-phospholipase C), the yeast homologue of neutral
sphingomyelinases. J Lipid Res 49: 922-928.

. Okamoto Y, Vaena De Avalos S, Hannun YA (2002) Structural requirements

for selective binding of ISCI1 to anionic phospholipids. J Biol Chem 277:
46470-46477.

Clarke CJ, Snook CF, Tani M, Matmati N, Marchesini N, et al. (2006) The
extended family of neutral sphingomyelinases. Biochemistry 45: 11247-11256.
Okamoto Y, Vaena de Avalos S, Hannun YA (2003) Functional analysis of ISC1
by site-directed mutagenesis. Biochemistry 42: 7855-7862.

Tamura H, Tameishi K, Yamada A, Tomita M, Matsuo Y, et al. (1995)
Mutation in aspartic acid residues modifies catalytic and haemolytic activities of
Bacillus cereus sphingomyelinase. Biochem J 309(Pt 3): 757-764.

Ha DS, Schwarz JK, Turco SJ, Beverley SM (1996) Use of the green fluorescent
protein as a marker in transfected Leishmania. Mol Biochem Parasitol 77:

57-64.

. Denny PW, Gokool S, Russell DG, Field MC, Smith DF (2000) Acylation-

dependent protein export in Leishmania. ] Biol Chem 275: 11017-11025.
Bates PA (2008) Leishmania sand fly interaction: progress and challenges. Curr
Opin Microbiol 11: 340-344.

@ PLoS ONE | www.plosone.org

10

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

54.

<
o

56.

57.

Sphingolipid Degradation by Leishmania

Sacks DL, Perkins PV (1985) Development of infective stage Leishmania
promastigotes within phlebotomine sand flies. Am J Trop Med Hyg 34:
456-459.

Saunders EC, DP DES, Naderer T, Sernee MF, Ralton JE, et al. (2010) Central
carbon metabolism of Leishmania parasites. Parasitology 137: 1303-1313.

. Bringaud F, Riviere L, Coustou V (2006) Energy metabolism of trypanosoma-

tids: adaptation to available carbon sources. Mol Biochem Parasitol 149: 1-9.
Marchesini N, Docampo R (2002) A plasma membrane P-type H(+)-ATPase
regulates intracellular pH in Leishmania mexicana amazonensis. Mol Biochem
Parasitol 119: 225-236.

Vieira L, Slotki I, Cabantchik ZI (1995) Chloride conductive pathways which
support electrogenic H+ pumping by Leishmania major promastigotes. J Biol Chem
270: 5299-5304.

Nikolova-Karakashian MN, Rozenova KA (2010) Ceramide in stress response.
Adv Exp Med Biol 688: 86-108.

Goni FM, Alonso A (2002) Sphingomyelinases: enzymology and membrane
activity. FEBS Lett 531: 38-46.

Almeida T, Marques M, Mojzita D, Amorim MA, Silva RD, et al. (2007) Isclp
Plays a Key Role in Hydrogen Peroxide Resistance and Chronological Lifespan
through Modulation of Iron Levels and Apoptosis. Mol Biol Cell.

Almeida T, Marques M, Mojzita D, Amorim MA, Silva RD, et al. (2008) Isclp
plays a key role in hydrogen peroxide resistance and chronological lifespan
through modulation of iron levels and apoptosis. Mol Biol Cell 19: 865-876.
Barbosa AD, Osorio H, Sims KJ, Almeida T, Alves M, et al. (2011) Role for
Sit4p-dependent mitochondrial dysfunction in mediating the shortened
chronological lifespan and oxidative stress sensitivity of Isclp-deficient cells.
Mol Microbiol 81: 515-527.

Schulze H, Sandhoff K (2011) Lysosomal lipid storage diseases. Cold Spring
Harb Perspect Biol 3.

Schuchman EH (2010) Acid sphingomyelinase, cell membranes and human
disease: lessons from Niemann-Pick disease. FEBS Lett 584: 1895-1900.

. Levran O, Desnick RJ, Schuchman EH (1991) Niemann-Pick disease: a frequent

missense mutation in the acid sphingomyelinase gene of Ashkenazi Jewish type A
and B patients. Proc Natl Acad Sci U S A 88: 3748-3752.

Smith EL, Schuchman EH (2008) The unexpected role of acid sphingomyelinase
in cell death and the pathophysiology of common diseases. Faseb J 22:
3419-3431.

Kapler GM, Coburn CM, Beverley SM (1990) Stable transfection of the human
parasite Leishmania major delineates a 30-kilobase region sufficient for extrachro-
mosomal replication and expression. Mol Cell Biol 10: 1084-1094.

Akopyants NS, Matlib RS, Bukanova EN, Smeds MR, Brownstein BH, et al.
(2004) Expression profiling using random genomic DNA microarrays identifies
differentially expressed genes associated with three major developmental stages
of the protozoan parasite Leishmania major. Mol Biochem Parasitol 136: 71-86.
Ouakad M, Bahi-Jaber N, Chenik M, Dellagi K, Louzir H (2007) Selection of
endogenous reference genes for gene expression analysis in Leishmania major
developmental stages. Parasitol Res 101: 473-477.

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:
402-408.

. Ranasinghe S, Rogers ME, Hamilton JG, Bates PA, Maingon RD (2008) A real-

time PCR assay to estimate Leishmania chagasi load in its natural sand fly vector
Lutzomyia longipalpis. Trans R Soc Trop Med Hyg 102: 875-882.

. Zhang K, Hsu FF, Scott DA, Docampo R, Turk J, et al. (2005) Leishmania

salvage and remodelling of host sphingolipids in amastigote survival and
acidocalcisome biogenesis. Mol Microbiol 55: 1566-1578.

. Zhang K, Pompey JM, Hsu FF, Key P, Bandhuvula P, et al. (2007) Redirection

of sphingolipid metabolism toward de novo synthesis of ethanolamine in
Leishmania. EMBO J 26: 1094-1104.

Racoosin EL, Beverley SM (1997) Leishmania major: promastigotes induce
expression of a subset of chemokine genes in murine macrophages. Exp Parasitol
85: 283-295.

Glaser TA, Wells SJ, Spithill TW, Pettitt JM, Humphris DC, et al. (1990)
Leishmania major and L. donovani: a method for rapid purification of
amastigotes. Exp Parasitol 71: 343-345.

Titus RG, Marchand M, Boon T, Louis JA (1985) A limiting dilution assay for
quantifying Leishmania major in tissues of infected mice. Parasite Immunol 7:
545-555.

Titus RG, Muller I, Kimsey P, Cerny A, Behin R, et al. (1991) Exacerbation of
experimental murine cutancous leishmaniasis with CD4+ Leishmania major-
specific T cell lines or clones which secrete interferon-gamma and mediate
parasite-specific delayed-type hypersensitivity. Eur J Immunol 21: 559-567.

January 2012 | Volume 7 | Issue 1 | 31059



