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Abstract

The life stages of Leishmania spp. include the infectious promastigote and the replicative intracellular amastigote. Each
stage is phagocytosed by macrophages during the parasite life cycle. We previously showed that caveolae, a subset of
cholesterol-rich membrane lipid rafts, facilitate uptake and intracellular survival of virulent promastigotes by macrophages,
at least in part, by delaying parasitophorous vacuole (PV)-lysosome fusion. We hypothesized that amastigotes and
promastigotes would differ in their route of macrophage entry and mechanism of PV maturation. Indeed, transient
disruption of macrophage lipid rafts decreased the entry of promastigotes, but not amastigotes, into macrophages
(P,0.001). Promastigote-containing PVs were positive for caveolin-1, and co-localized transiently with EEA-1 and Rab5 at
5 minutes. Amastigote-generated PVs lacked caveolin-1 but retained Rab5 and EEA-1 for at least 30 minutes or 2 hours,
respectively. Coinciding with their conversion into amastigotes, the number of promastigote PVs positive for LAMP-1
increased from 20% at 1 hour, to 46% by 24 hours, (P,0.001, Chi square). In contrast, more than 80% of amastigote-
initiated PVs were LAMP-1+ at both 1 and 24 hours. Furthermore, lipid raft disruption increased LAMP-1 recruitment to
promastigote, but not to amastigote-containing compartments. Overall, our data showed that promastigotes enter
macrophages through cholesterol-rich domains like caveolae to delay fusion with lysosomes. In contrast, amastigotes enter
through a non-caveolae pathway, and their PVs rapidly fuse with late endosomes but prolong their association with early
endosome markers. These results suggest a model in which promastigotes and amastigotes use different mechanisms to
enter macrophages, modulate the kinetics of phagosome maturation, and facilitate their intracellular survival.
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Introduction

The Leishmania spp. are pathogenic protozoa that cause endemic

human disease in tropical and subtropical countries. Leishmania

transform between two distinct life cycle stages, the infective

promastigote and the intracellular amastigote. During a blood meal,

a sand fly vector inoculates promastigotes into the skin of the

mammalian host, whereupon they are taken up by macrophages and

convert into amastigotes. Amastigotes replicate intracellularly and

spread to new macrophages, disseminating and causing disease [1,2].

Many studies of Leishmania phagocytosis have addressed the

interactions between macrophages and promastigotes. The

promastigote surface metalloprotease GP63 (also called MSP)

facilitates parasite entry through the third complement receptor

CR3, which binds iC3b and mediates pathogen uptake without

eliciting robust microbial responses [1,3,4]. Amastigotes have been

shown to enter macrophages after ligating Fc-c and phosphati-

dylserine (PS) receptors which induce TGF-b and IL-10

production, resulting in decreased classical macrophage activation

and enhanced parasite survival [5,6].

We previously showed that phagocytosis of Leishmania proceeds

through a subset of lipid-enriched membrane microdomains called

caveolae, which are enriched in cholesterol, ganglioside M-1 (GM-

1), GPI anchored proteins and caveolins-1, -2 and -3 [7–9].

Leishmania infantum chagasi infection increases the abundance of

transcripts encoding several proteins of caveolae, including

dynamin-2 and caveolins-1 and -3 [10]. Furthermore, the caveolae

markers GM-1 and caveolin-1 [7–9] cluster around the phago-

some during uptake of virulent lines of L. i. chagasi and continue to

co-localize with the parasites for up to 24 h. Similar to other

pathogens, promastigotes in these caveolae decorated compart-

ments delay fusion with lysosomes for 24–48 h after phagocytosis

[11–14]. However, disruption of macrophage lipid rafts prior to

phagocytosis of virulent promastigotes decreases promastigote

uptake and intracellular survival, and accelerates the rate of

phagosome–lysosome fusion. Thus, disruption of caveolae alters

the kinetics of maturation of vacuoles containing virulent pro-

mastigotes such that they resemble phagosomes containing

attenuated promastigotes [9].

Lipophosphoglycan (LPG) is a promastigote-specific virulence

factor that facilitates parasite survival by delaying fusion of the

parasitophorous vacuole (PV) with lysosomes and impairing local

superoxide production [11–15]. Amastigotes lack LPG and as

predicted, amastigote-containing phagosomes rapidly acquire

PLoS ONE | www.plosone.org 1 April 2011 | Volume 6 | Issue 4 | e19000



lysosomal markers after phagocytosis [3,4,11,16]. A model of L.

amazonensis infection suggests that phagosomes containing promas-

tigotes and amastigotes acquire lysosomal markers with different

kinetics [17]. Contrary to promastigotes, amastigotes survive and

replicate in the phagolysosome suggesting that lysosomal fusion

does not impair amastigote survival [2,18].

Differences between the surface molecules displayed and the

macrophage receptors targeted by each of the Leishmania life stages

[19,20–22] led us to hypothesize that promastigotes and

amastigotes may differ in their ability to use cholesterol-rich

microdomains to enter macrophages. We further hypothesized

that there would be corresponding differences in the rates of

phagosome maturation and intracellular survival. In support of

this hypothesis, we showed that, in contrast to promastigotes,

amastigote phagocytosis was not dependent on intact lipid rafts

and did not proceed through caveolae. Nonetheless, depletion of

cholesterol-rich domains on the macrophage surface impaired the

long-term ability of amastigotes to replicate. Further investigations

revealed that amastigote-induced PVs retained early endosome

markers, even though they rapidly acquired LAMP-1. This

suggests that processes other than avoidance of PV-lysosomal

fusion contribute to the intracellular survival of leishmania.

Materials and Methods

Wild-type parasites
A Brazilian strain of L. chagasi (MHOM/BR/00/1669) was

maintained by serial passage in male Syrian hamsters and used

within 3 weeks of isolation from hamster spleens for experiments

[23]. Promastigotes were grown in hemoflagellate-modified

minimal essential medium (HOMEM) with 10% HI-FCS until

reaching stationary phase after 7–9 days [24,25]. Metacyclic

promastigotes were isolated from stationary cultures according to

their density, using a Ficoll-Hypaque (Sigma St. Louis, MO)

gradient separation method as described [26]. Amastigotes were

isolated from the spleens of infected male Syrian hamsters and

incubated for 24 h at 37uC in amastigote growth medium

containing 20% FCS at 37uC, 5% CO2, pH 5.5 [25,27]. After

24 h, cultures were suspended in HBSS and centrifuged at 576g,

10 minutes to remove debris. Amastigotes were pelleted at 20606
g. This method allows spontaneous detachment of host PV

membranes and the isolation of pure amastigote cultures [28].

LcJ parasites
The LcJ parasite line, derived from wild-type L.i. chagasi,

converts between promastigote and amastigote in axenic culture.

LcJ promastigotes and amastigotes were maintained in their

respective media, and switched from one stage to the other every

three weeks [25]. To ensure that LcJ promastigotes or amastigotes

were fully converted, all experiments were performed with

parasites passed three times in conditions specific for each stage.

Logarithmic and stationary phase promastigote populations were

previously defined by cell density and morphology [29].

Ethics Statement
All procedures involving animals have been performed

according to the ethical guidelines of the National Institute of

Health and the Chief Veterinary Office of the Department of

Veterans’ Affairs. Procedures were approved by the Institutional

Animal Care and Use Committees (IACUC) of the University of

Iowa, the Iowa City VA Medical Center, and the Chief Veterinary

Office of the Department of Veterans’ Affairs. The approved

IACUC animal protocols are # 7091201 for mice and # 7091202

for hamsters.

Bone marrow macrophages
Bone marrow cells from BALB/c mouse femurs were cultured at

37uC, 5% CO2 in RP-10 [10% heat-inactivated fetal calf serum,

2 mM L-glutamine, 100 U/ml penicillin, and 50 mg/ml strepto-

mycin in RPMI-1640 (Gibco, Carlsbad, CA)] containing 20% cell

culture supernatant from L929 cells (American Tissue Type

Collection, Manassas, VA) as a source of macrophage colony-

stimulating factor. After 7–9 days, differentiated adherent macro-

phages were detached from the plate with 2.5 mg/ml trypsin plus

1 mM EDTA (Gibco) [30]. Glass coverslips in 24 well plates were

seeded overnight with 56105 macrophages and either left untreated

or treated with MbCD as described [9]. Briefly, cells were incubated

with 10 mM MbCD in the absence of serum for 1 h, then rinsed

twice with PBS and incubated in RPMI for parasite infections.

Macrophage infections
Macrophages were infected with either promastigotes at a

multiplicity of infection (MOI) of 10:1 or amastigotes at a 3:1

MOI. Unless stated otherwise, experiments were performed using

non-opsonized parasites. For some experiments, parasites were

opsonized with 5% A/J (C5-deficient) serum. Opsonized promas-

tigotes were used at 5:1 MOI and amastigotes at 2:1 MOI.

Binding was synchronized by centrifugation (3 min, 3306g, 4uC)

and warmed to 37uC, 5% CO2 to initiate uptake. Infected

macrophages were incubated in 5% CO2, 37uC in RP-10.

Extracellular parasites were removed by rinsing twice with PBS

after 30 min or less for shorter infections, and incubated in fresh

RP-10 [9,10]. At the indicated time points, coverslips were blown

dry and stained with Diff Quik (Wright-Giemsa). Intracellular

parasites were enumerated by light microscopy.

Confocal microscopy
Macrophages were seeded at 56105 on 12 mm coverslips and

infected with L. i. chagasi [9,10]. In some experiments parasites

were stained with carboxy-fluorescein diacetate succinimidyl ester

(CFSE) as described [31]. At appropriate time points, cells were

rinsed twice with PBS and fixed in 2% paraformaldehyde (30 min;

EMS, Hatfield, PA), permeabilized in 0.2% Triton X-100

(15 min), incubated in 50 mM glycine (15 min), and blocked in

5% non-fat dry milk/PBS (30 min) or 5% normal goat serum.

Macrophages were incubated with primary antibodies overnight at

4uC, rinsed, and then incubated with secondary antibodies for 1 h

at room temperature. After rinsing in PBS and mounting with

Vectashield H-1000 (Vector Labs, Burlingame, CA), slides were

examined on a Zeiss 510 laser scanning confocal microscope

running version 3.2 software (Carl Zeiss, Inc., Thornwood, NY).

Confocal optical sections were analyzed using the LSM 5 image

browser. All microscopic studies were performed at the University

of Iowa Central Microscopy Research Facility.

Primary antibodies were rabbit anti-EEA-1 (Calbiochem), mouse

monoclonal anti-Rab5 (Santa Cruz SC-46692), and rat 1D4B anti-

LAMP-1 (developed by J. Thomas August, Developmental Studies

Hybridoma Bank, University of Iowa). All primary antibodies were

used at 1:100. Secondary antibodies were Alexa Fluor 568 (red) goat

anti-rabbit IgG or Alexa Fluor 647 (blue) goat anti-rabbit

(Molecular Probes) were used at 1:200. DNA was stained with

TOPRO-3 (Molecular Probes) at a 1:1500 dilution. Actin was

stained with Alexa Fluor 647 (blue) Phalloidin (Invitrogen) at 1:50.

Colocalization
Assessment of colocalization events was done with Image J. In

particular, selected pixels with a ratio $50% and a Pearson’s Rr

value $0.6 were considered to be colocalized.
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Statistical analyses
Statistical analysis for T-test (light microscopy repeats) or Chi

square (pooled confocal micrographs) were performed using the

Sigma Stat 3.1 or GraphPad Prism 5 programs, respectively.

Results

Intact cholesterol-containing lipid rafts facilitate the entry
and intracellular survival of wild-type L. i. chagasi
promastigotes but not amastigotes

Previous work in our laboratory showed that transient depletion

of macrophage membrane cholesterol, under conditions that do

not deplete intracellular cholesterol stores, decreases the entry and

survival of L. i. chagasi stationary phase promastigotes [9].

Stationary cultures are a mixed population containing promasti-

gotes at various levels of virulence [32]. We therefore adapted a

gradient separation protocol to isolate the highly infectious

metacyclic promastigotes [26,33] and investigated the role of

cholesterol in the entry and survival of metacyclic L. i. chagasi

promastigotes. Transient depletion of macrophage membrane

cholesterol using MbCD reduced the entry of metacyclic L. i.

chagasi promastigotes and prevented their replication for up to 72 h

(Fig. 1A).

CR3 is a macrophage receptor that binds iC3b-coated particles

and facilitates the phagocytosis of Leishmania spp. promastigotes.

CR3 ligation avoids classical macrophage activation and could

therefore facilitate intracellular survival [34,35]. We therefore

investigated whether serum opsonization affected the cholesterol-

mediated entry of L. i. chagasi. To allow C3 deposition without

formation of the membrane attack complex (MAC), promastigotes

were opsonized with C5-deficient serum from A/J mice. Serum

opsonization did not affect the cholesterol-dependent entry or

intracellular survival of metacyclic promastigotes (Fig. 1B).

We previously reported that serum opsonization abrogates the

effect of cholesterol depletion on the entry of attenuated

promastigote into macrophages [9]. LcJ is a stage-cycling L. i.

chagasi-derived parasite cell line that converts between promasti-

gote and amastigote forms in axenic culture. LcJ promastigotes

retain higher virulence than attenuated L. i. chagasi parasite lines,

although their virulence in mice is lower than that of metacyclic

promastigotes [36]. Transient depletion of macrophage cholesterol

moderately decreased the entry of non-opsonized LcJ promasti-

gotes, whereas the entry of serum opsonized LcJ promastigotes was

not affected by cholesterol depletion (Fig. 1C, 1D). Thus, the entry

of LcJ promastigotes was similar to attenuated L. i. chagasi (L5),

although LcJ parasites retained the ability to replicate in

macrophages with or without serum opsonization (Figs. 1C and

1D) [9].

In contrast to the observations with promastigotes, cholesterol

depletion did not affect the phagocytosis or intracellular survival of

either hamster-derived or LcJ amastigotes in the initial 48 h of

infection (Figs. 2A–2D). Furthermore, in opsonized conditions, the

intracellular numbers of either hamster-derived or LcJ amastigotes

remained fairly constant for up to 72 h (Figs. 2B and 2D). For non-

opsonized parasites, however, cholesterol depletion affected the

ability of hamster-derived, but not of LcJ amastigotes to replicate

at 72 h (Figs. 2A and 2C). These data suggest that cholesterol can

affect wild-type amastigotes by additional downstream effects.

Taken together, these cholesterol depletion studies indicate that

the highly virulent metacyclic promastigotes are very dependent

on macrophage membrane cholesterol for their entry and

intracellular survival, but the partially attenuated LcJ promasti-

gotes are less dependent. In contrast, amastigotes do not require

intact macrophage cholesterol for efficient phagocytosis or

intracellular survival. Nonetheless, by 72 h, the ability of

hamster-derived amastigotes to replicate was impaired if entry

was initiated in both, the absence of serum and through a

cholesterol-disrupted pathway (Fig. 2A).

Caveolin-1 clusters with promastigotes but not with
amastigotes

Caveolin-1 is the hallmark structural component of caveolae, a

subset of lipid rafts. Our group previously reported that

macrophage entry through a cholesterol-rich pathway is essential

for virulent promastigotes to delay phagosome-lysosome fusion

and to replicate intracellularly [9]. Contrary to promastigotes,

amastigotes are relatively resistant to the microbicidal properties of

lysosomes. Indeed, amastigotes require the phagolysosome envi-

ronment to survive and replicate [2,18]. As such, we hypothesized

that amastigotes do not benefit from using a cholesterol-rich

pathway, like caveolae, to enter and survive in macrophages. To

test this premise, we examined the association of promastigotes

and amastigotes with caveolin-1. Consistent with our hypothesis,

Figure 1. Cholesterol facilitates the entry and intracellular
survival of promastigotes. Bone marrow macrophages were either
left untreated as a control (open bars) or treated with 10 mM for 1 h
(solid bars) to transiently deplete cell membrane cholesterol prior to
infection. Separate experiments were performed for wild-type and LcJ
promastigotes as well as for non-opsonized and 5% A/J serum
opsonized parasites. At the indicated times, cells were fixed and
stained with Wright-Giemsa and parasite load was assessed by
microscopy. Data indicate parasites per 100 macrophages for wild-type
metacyclic (A and B) and LcJ (C and D) promastigotes and are the
means 6 SE of 3 repeats, in triplicates (non-opsonized) or duplicate
conditions (serum opsonized). Statistical analysis, (t-test), * P = ,0.05,
**P = ,0.001.
doi:10.1371/journal.pone.0019000.g001
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out of 329 promastigotes examined, 65% associated with caveolin-

1 clusters (Figs. 3A and 3B) whereas out of 200 amastigotes, 88%

failed to do so (Figs. 3C and 3D). The difference in caveolin-1

association between promastigotes and amastigotes is significant

(P,0.001, Chi square). These data are consistent with different

routes of macrophage entry for promastigotes and amastigotes

(Figs. 1 and 2), and suggest that the different entry pathways may

uniquely facilitate the intracellular survival of each parasite form.

Phagosome maturation in promastigote and amastigote-
containing PVs

After phagocytosis, phagosomes normally undergo a maturation

process that culminates in lysosomal fusion and microbe killing

[37]. The rate and extent of phagosome maturation can be altered

by ligation of different receptors or by pathogen-initiated

disruption mechanisms that favor intracellular survival and disease

progression [11]. Leishmania spp. amastigotes are relatively resistant

to killing by reactive oxygen and reactive nitrogen intermediates,

and are able to survive and replicate within the inhospitable

environment of the phagolysosome [2]. Because our results

suggested that promastigotes and amastigotes differ in their

pathway of macrophage entry, we reasoned that this may be

coupled to changes in the rate or extent of phagosome maturation.

The maturation of phagosomes containing L. i. chagasi

promastigotes or amastigotes was examined in parallel. Using

confocal microscopy we assayed the association of parasite-

containing phagosomes with markers characteristic of early and

late endosomes, i.e., early endosome antigen-1 (EEA-1) or the late

endosome/lysosome-associated membrane protein-1 (LAMP-1),

respectively [37]. LcJ parasites associated with EEA-1 as early as

5 min. after infection. Examination of 119 promastigotes and 123

amastigotes showed that the number of EEA-1 positive parasites

was 13% for promastigotes and 53% for amastigotes (Fig. 4G)

(P,0.001, Chi square). Hence promastigotes (Fig. 4A) were less

likely than amastigotes (Fig. 4B) to recruit EEA-1 during entry.

Similar patterns of EEA-1 association with promastigotes and

amastigotes were observed at 15 min. (data not shown) and

30 min. (Figs. 4C and 4D, respectively). At 2 h of infection, we

examined 68 promastigotes and 159 amastigotes. By this time,

EEA-1-positive early endosomes were dispersed throughout the

macrophage cytoplasm and did not associate with most (95%)

promastigotes (Fig. 4E). In contrast, 55% of amastigotes were

EEA-1 positive (Figs. 4F and 4H). The unusual retention of EEA-1

for up to 2 h is specific to amastigotes, but not to promastigotes

(P,0.001, Chi square). Studies of PVs surrounding WT L. i.

chagasi metacyclic promastigotes yielded similar results (data not

shown).

An unexpected observation was the accumulation of EEA-1

pools (Fig. 4F). In three replicate experiments, EEA-1 clusters were

absent in promastigote-, but present in amastigote-infected cells

(Figs. 4E and 4F, respectively). EEA-1 accumulation was detected

by 15 min. of amastigote infection and remained for more than

2 h. Many of these clusters were large (average 2–4 mm in

diameter, and up to 11 mm2) and co-localized with dimly stained

amastigotes (Fig. 4F). These results suggested that amastigote

infection induced the accumulation and/or retention of compart-

ments resembling early endosomes. To confirm these observations

we examined Rab5, another marker of early endosomes. After the

initial 30 min. of incubation, 10 (18%) out of 56 promastigotes

were positive for Rab5 (Fig. 5B). In contrast, 81 (73%) out of 111

amastigotes were Rab5 positive (Figs. 5A and 5C). The differential

accumulation of Rab5 by promastigotes versus amastigotes was

significant (P,0.0001; Chi square). By 1 h, 42% of amastigotes

still retain Rab5 whereas only 7% of promastigotes did so (data not

shown; P,0.005, Chi square). Similar to EEA-1, Rab5 remained

associated with amastigote PVs well after the protein was shed by

PVs formed around promastigotes. Likewise, most Rab-5-positive

vacuoles contained amastigotes with only dim CFSE stain (Fig. 5A).

The presence of dimly stained amastigotes agrees with our

initial studies that showed two types of intracellular amastigotes:

one brightly stained with CFSE (green) and one with faded CFSE

staining. In contrast, extracellular amastigotes were bright green

(data not shown), suggesting that the CFSE fading is an infection-

related phenomenon. Our CFSE stained parasites were visualized

by exciting the fluorescent probe at 488 nm. Studies in bacteria

demonstrated that at an excitation wavelength of 490 nm, CFSE is

pH sensitive [38]. Thus, it is most likely that the dim parasites

represent those amastigotes whose compartments are maturing

rapidly. In addition, the pH sensitivity of CFSE might explain why

the observation of dim parasites was a phenomenon more readily

observed with amastigotes than with promastigotes, whose

phagosomes matured slowly. To circumvent this problem, we

stained parasites with the nuclear stain TOPRO-3. Co-staining

with CFSE and TOPRO-3 showed nuclei and kinetoplasts in

Figure 2. Cholesterol depletion does not affect the entry of
amastigotes. Bone marrow macrophages were either left untreated as
a control (open bars) or treated with 10 mM MbCD for 1 h (solid bars)
prior to infection. Separate experiments were performed for wild-type
and LcJ amastigotes as well as for non-opsonized and 5% A/J serum
opsonized parasites. Parasite load and intracellular survival was
quantified as described. Data indicate parasites per 100 macrophages
for wild-type (A and B) and LcJ (C and D) amastigotes and are the
means 6 SE of 3 repeats in triplicates (non-opsonized) or duplicate
conditions (serum opsonized). Statistical analysis, (t-test), * P = ,0.05,
** P = ,0.001.
doi:10.1371/journal.pone.0019000.g002
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bright and dim green as well as amastigotes with no CFSE staining

(data not shown). Moreover, the number of bright CFSE-stained

amastigotes decreased as the infection progressed. Because

microscopic counts revealed amastigotes replicated in these

cultured cells, we surmise that at least, most of these parasites

remained viable but lost cytoplasmic CFSE stain as part of their

intracellular phase.

The brightness of CFSE staining was quite variable among

intracellular amastigotes. Hypothesizing that we might not detect

all ‘‘dim’’ amastigotes, we incubated macrophages with CFSE-

stained parasites and subsequently stained with the DNA stain

TOPRO-3, to mark the amastigote nuclei and kinetoplasts.

Indeed, 30 min. after amastigote addition, only 10% of the 227

amastigotes examined retained their bright CFSE staining whereas

the remaining amastigotes were dim or ‘‘unstained’’ and only

visible by DNA staining (Figs. 6A and 6B). Among the amastigotes

that retained their bright CFSE stain, 80% were EEA-1 negative

and only 20% were EEA-1 positive (Figs. 6A and 6C). In contrast,

90% of amastigotes became dim or ‘‘unstained’’ with CFSE.

Among these, 29% were EEA-1 negative and 61% EEA-1 positive

at (Figs. 6B and 6C). The differential association of EEA-1 with

bright versus dim/unstained amastigotes was statistically signifi-

cant (P,0.0001, Chi square).

Further maturation of PVs was assessed using antibodies to

LAMP-1, a marker of late endosomes and lysosomes [37]. Parallel

samples stained 1 h after the addition of either metacyclic

promastigotes or hamster-derived amastigotes were distinct.

Metacyclic promastigotes were primarily in LAMP-1 negative

compartments (Fig. 7A). In contrast, amastigote-infected cells

contained two types of PVs. LAMP-1-negative compartments

contained brightly stained CFSE-labeled parasites, whereas

LAMP-1+ compartments contained dimly stained CFSE-labeled

parasites (Fig. 7B). These results suggest that amastigotes lose

CFSE stain when in the maturing endosomal compartment.

Twenty-four hours after infection was initiated, many promasti-

gote-induced PVs were LAMP-1+, indicating fusion with late

endosomes/lysosomes (Fig. 7C). As predicted by literature reports,

after 24 h, PVs initiated by amastigote infection were mostly

LAMP-1+ (Fig. 7D) [12]. More than six replicate studies of both

WT and LcJ parasites demonstrated similar kinetics of LAMP-1

recruitment to the PV, i.e., fast in amastigote- and delayed

recruitment in promastigote-induced PVs.

We examined 194 metacyclic promastigote- and 340 amastigote-

containing PVs and quantified LAMP-1 recruitment at 1 h and

24 h after infection. At 1 h post-infection, 80% of the promasti-

gotes resided in LAMP-1-negative PVs whereas 20% were LAMP-

1+. By 24 h, 46% of promastigote PVs were LAMP-1+ (Fig. 7E), a

statistically significant increase (P,0.001, Chi square). By 1 h of

infection, the distribution of amastigotes in LAMP-1-negative and

LAMP-1+ compartments was 19% and 81%, respectively. Twenty-

four hours later, there was no significant change, at 21% and 79%,

respectively (Fig. 7F). Similar results were obtained with LcJ

parasites (data not shown). This comparison between metacyclic

promastigotes and infection-derived amastigotes support a model in

which the kinetics of phagosome maturation depends upon the

parasite stage initiating the infection.

Disruption of macrophage cholesterol microdomains
accelerates the recruitment of LAMP-1 to promastigote,
but not to amastigote-containing phagosomes

Previously, we showed that entry of virulent L. i. chagasi

promastigotes into macrophages through lipid rafts facilitates

parasite survival at least in part by delaying PV-lysosome fusion

[9]. As demonstrated in Figures 8 and 9, we compared the effects

of lipid raft disruption on the fusion of lysosomes with

promastigote or amastigote-containing PVs. Untreated (control)

or MbCD-treated (cholesterol-depleted) macrophages were incu-

bated with either LcJ promastigotes or amastigotes and assayed for

phagosome maturation 1 h after infection. Analysis of random

fields of cells confirmed that promastigote-initiated PVs in control

macrophages were predominantly tight (close-fitting), LAMP-1-

negative compartments (Fig. 8A). In contrast, promastigote

compartments in MbCD-treated macrophages were enlarged

(spacious) and rapidly acquired LAMP-1 as we previously reported

(Fig. 8B), [9]. LAMP-1 fusion was evaluated in 487 promastigote

phagosomes; 307 from non-treated and 180 from MbCD-treated

macrophages. Transient disruption of cholesterol from membrane

microdomains increased the accumulation of LAMP-1 on

promastigote-induced PVs from 22% to 53% (Fig. 8C, P,0.001,

Chi square).

In contrast to promastigotes, amastigote-containing PVs fused

with LAMP-1 within 1 h, even in the absence of MbCD treatment

(Figs. 9A and 9B). Quantitative analysis of 461 amastigotes in

control and 530 amastigotes in MbCD-treated macrophages

showed similar rates of parasite recruitment into LAMP-1+
compartments, i.e., 93% and 86%, respectively (Fig. 9C). Most

LAMP-1 positive compartments were oval and about 2 mm in

diameter, conforming to the amastigote shape [39]. However there

were a few large communal compartments (up to 10 mm in

diameter and 50 mm2) that appeared to contain more than one

parasite, observed only in macrophages incubated with amasti-

gotes but not with promastigotes (compare Figs. 8 and 9). Whether

these communal vacuoles resulted from a failure to form new PVs

upon amastigote replication, fusion of several PVs or from

phagocytosis of amastigote clumps, is not known.

Discussion

Phagocytosis of Leishmania spp. by macrophages is initiated by

promastigote ligation of several receptors including the fibronectin

receptor, the mannose receptor and CR3. The latter binds iC3b,

the inactive form of C3b. Ligation of at least some types of CR3-

coated particles leads to down-modulation of macrophage anti-

microbial responses [3,4,35,40], and could thereby facilitate

parasite survival. During the initial 48–72 h of infection,

promastigotes convert into the replicative amastigote form. It

has been claimed that amastigotes are released by rupture of

heavily laden macrophages and are subsequently internalized by

nearby non-infected macrophages, hence disseminating the

infection [41,42]. Although not well characterized, amastigote

phagocytosis has been reported to occur through macrophage

receptors for Fc-c and phosphatidylserine [5,6,43,44]. In general,

ligation of host cell receptors by microbial ligands can result in

Figure 3. Promastigotes, but not amastigotes, associate with caveolin-1. Macrophages were incubated with either L. i. chagasi
promastigotes (A and B) or amastigotes (C and D). Co-localization of CFSE-labeled parasites (green) with caveolin-1 (red) was assayed by confocal
microscopy 1 h after parasite addition. Merged data are shown in the third column, and the fourth column includes Image J ‘‘composite and mask’’
function in which co-localized pixels are shown in white. Images shown are representative of four independent experiments. Scale bar = 10 mm. The
‘‘composite and mask’’ images were used to quantify the proportion of promastigotes or amastigotes that colocalized with caveolin-1 (panel E).
A total of 329 promastigotes or 200 amastigotes were examined; differences are statistically significant (p,0,001, Chi Square).
doi:10.1371/journal.pone.0019000.g003
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distinct mechanisms of phagocytosis and signaling [21,22,45]. We

therefore hypothesized that the mechanism of uptake of each of

the two stages of Leishmania, and the resulting macrophage

responses may have important implications for the outcome of

infection.

We previously showed that macrophage microdomains en-

riched in cholesterol and caveolin-1 facilitate the entry and

survival of stationary phase L. i. chagasi promastigotes [9]. Using

purified metacyclic promastigotes [26] and in vitro generated as

well as animal-derived amastigotes, we re-examined the require-

Figure 4. Amastigotes, but not promastigotes retain EEA-1 during infection. Bone marrow macrophages were infected with either LcJ
promastigotes (A, C, and E) or LcJ amastigotes (B, D and F) as described. Samples were fixed, stained and examined by confocal microscopy at
5 min. (A and B), 30 min. (C and D), or 2 h (E and F) after infection. Representative parasites associated with EEA-1 are indicated by arrows, and
representative parasites not associated with EEA-1 are marked by wands. Panels A, C and E demonstrate a lack of colocalization of promastigotes
with EEA-1. Panel B shows 6 several ‘‘dim’’ amastigotes that co-localized with EEA-1 and three ‘‘bright’’ amastigotes that did not. The one amastigote
visualized in Panel D demonstrates co-localization. Panel F shows several clusters of amastigotes. Two out of 3 bright amastigotes and 13 out of 15
dim amastigotes colocalize with EEA-1. Blue: actin; Green: CFSE-stained parasites, Red: EEA-1. Yellow indicates EEA-1/parasite co-localization. Scale
bar = 10 mm. Panels G and H: The percentage of promastigotes or amastigotes that associated with EEA-1 was quantified microscopically at either
5 min. (panel G: 119 promastigotes, 123 amastigotes) or 2 h (Panel H: 68 promastigotes, 159 amastigotes) after addition to macrophages. Statistical
analysis showed the EEA-1 differential distribution between parasite stages was significant for each time point (p,0.0001 Chi Square).
doi:10.1371/journal.pone.0019000.g004

Figure 5. Rab5 accumulates near amastigotes. Bone marrow macrophages were infected with LcJ parasites as described. In the initial 30 min. of
infection, Rab5 associates with amastigotes (A), but not with promastigotes (B). The percentage of promastigotes or amastigotes associating with
Rab5 was quantified for 56 promastigotes and 111 amastigotes (C). Differences were statistically significant (p,0.005, Chi Square). Blue: actin; Green:
CFSE-stained parasites, Red: Rab-5. Yellow indicates Rab-5/parasite co-localization. Scale bar = 10 mm.
doi:10.1371/journal.pone.0019000.g005
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ment for cholesterol-enriched microdomains in the entry and fate

of both parasite life stages in murine macrophages. Because of the

importance of CR3 for promastigote phagocytosis, we also studied

the role of serum opsonization in cholesterol-mediated phagocy-

tosis of each of the parasite stages.

Both entry and intracellular survival of metacyclic L. i. chagasi

promastigotes were sensitive to cholesterol depletion, whether the

parasites were opsonized or not. For the partially attenuated LcJ

parasites, cholesterol depletion only had a moderate effect on the

entry of non-opsonized promastigotes. In contrast, serum

opsonized LcJ promastigotes were resilient to cholesterol deple-

tion, similar to our results with attenuated promastigotes [9].

These observations led us to hypothesize that the usual entry path

for metacyclic promastigotes leads to efficient uptake, delayed PV

fusion with lysosomes, and consequent intracellular survival.

Presumably phagocytosis involves CR3 through either local or

exogenous opsonization with iC3b. Metacyclic promastigotes

entering macrophages with disrupted lipid microdomains may

be directed toward an intracellular pathway that leads to

accelerated parasite death. Since LcJ promastigote cultures

contain a mixture of metacyclic and non-virulent promastigotes

and their virulence is intermediate between wild-type and

attenuated lines [25], LcJ promastigotes would not uniformly

enter through the cholesterol raft-dependent CR3 pathway

thereby explaining their diminished sensitivity to cholesterol

depletion.

The promastigote-specific LPG favors intracellular survival in

part by delaying fusion with lysosomes [11,14]. Amastigotes do not

display LPG. Furthermore, amastigotes replicate in the phagolyso-

some environment and likely resist their microbicidal activity

through different mechanisms [12,18,46]. Transient cholesterol

depletion from the macrophage membrane did not affect the entry

Figure 6. Differential EEA-1 accumulation between bright and dim amastigotes. Macrophages were incubated with CFSE-stained
amastigotes (green) for 30 minutes at 37uC, 5% CO2. Cells were then stained with TO-PRO-3 (blue) which stained both macrophage and amastigote
nuclei, and amastigote kinetoplasts, and stained for EEA-1 (Red). Panels A and B show examples of bright green (CFSE) amastigotes, most of which
lacked EEA-1 co-localization (A) and ‘‘dim’’ (faintly or not green) amastigotes, most of which accumulated EEA-1 (B). The proportion of bright or ‘‘dim’’
amastigotes associated with EEA-1 was quantified in 227 amastigotes (C). Differences were statistically significant (p,0.0001, Chi square).
doi:10.1371/journal.pone.0019000.g006
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of hamster-derived or LcJ amastigotes whether they were

opsonized or not. These results agree with earlier studies showing

that amastigotes are not efficiently opsonized with complement

proteins and do not efficiently bind to CR3 [3]. Overall, LcJ

amastigotes or serum opsonized hamster-derived amastigotes were

not adversely affected by cholesterol depletion. Nonetheless, by

72 h, replication of hamster-derived amastigotes was impaired in

macrophages that were pre-treated with MbCD, but only under

non-opsonized conditions. We previously showed that lipid rafts at

the cell surface are restored 4 h after MbCD treatment and does

not affect the viability of the macrophages [9]. Therefore, these

unexpected results suggest two possibilities. First, depletion of

cholesterol-containing lipid rafts could facilitate phagocytosis of

hamster-derived amastigotes through a pathway that allows slow

killing. Second, macrophage cholesterol might have additional

effects on lysosomes other than modulating their fusion with PVs,

such as altering their composition or function. In this way,

transient depletion of cholesterol before infection might affect the

Figure 7. Parasitophorous vacuoles containing promastigotes and amastigotes recruit LAMP-1 with different kinetics. Macrophages
were infected with L. i. chagasi metacyclic promastigotes (A and C) or hamster-derived amastigotes (B and D). Samples were fixed, stained and
examined by confocal microscopy after 1 h (A and B) or 24 h (C and D). Images show CFSE-stained parasites in green and LAMP-1 in red. Bright
green, LAMP-1-negative amastigotes are marked with a wand, and dim, LAMP-1+ amastigotes are indicated by arrows (B). DIC: differential
interference contrast. Scale bar = 5 mm. Images are representative of multiple cells in five replicate experiments. Panels E and F demonstrate
graphically the proportions of metacyclic promastigotes (panel E) or hamster-derived amastigotes (panel F) residing in LAMP-1+ or LAMP-1-negative
compartments at 1 h or 24 h after parasite inoculation. Numbers were derived from examining 194 promastigotes and 340 amastigotes. Differential
distribution of LAMP-1 in promastigote PVs at the two time points (panel E) was statistically significant (P,0.001, Chi square). In contrast, there was
no difference between the distribution of LAMP-1 in amastigote PVs at the two time points (panel F), (p = NS, Chi square).
doi:10.1371/journal.pone.0019000.g007

Figure 8. Transient disruption of macrophage lipid rafts accelerates LAMP-1 fusion with promastigote compartments. Macrophages
were either left untreated as a control (A) or treated with 10 mM MbCD for 1 h (B) prior to infection with LcJ promastigotes. After 1 h, samples were
fixed and stained for confocal microscopy. Tight, LAMP-1 negative or spacious, LAMP-1+ compartments are marked by wands or arrows, respectively.
Data shown are representative of three independent experiments. Blue: TOPRO-3 stained DNA, Red: LAMP-1. Scale bar = 10 mm. (C) Amongst 487
intracellular promastigotes examined, the proportion residing in LAMP-1 negative versus LAMP-1+ compartments was significant (P = ,0.001, Chi
square).
doi:10.1371/journal.pone.0019000.g008
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ability of parasites to acquire nutrients and replicate in the

phagolysosome.

Our studies showed that for promastigotes, the kinetics of

acquiring early lysosome markers was similar to the kinetics of

promastigote to amastigote conversion [42]. Thus, promastigote

PVs delayed acquisition of LAMP-1 for at least 24 h after

infection, whereas most amastigotes resided in PVs that acquired

LAMP-1 quickly after infection. Further investigations of intra-

cellular trafficking of promastigotes versus amastigotes revealed

that the latter do not co-localize with caveolin-1, suggesting that

amastigotes do not enter macrophages through caveolae. This was

true for both hamster-derived and axenic LcJ amastigotes, and

therefore was not attributable to an effect of residual hamster

membranes or IgG from the host. Consistent with this, the entry of

promastigotes was sensitive to the disruption of lipid raft

microdomains including caveolae, but uptake of amastigotes was

not.

Stage-specific differences in the maturation of promastigote and

amastigote phagosomes were revealed using antibodies specific for

markers of early endosomes, i.e. the small GTPase Rab-5 and its

effector, EEA-1. Vacuoles containing each parasite stage acquired

these markers at the earliest time point examined (5 min.),

indicating they had entered the endosomal pathway. Consistent

with the work of Courret et al. [17] in L. amazonensis infection, the

association of promastigote-induced PVs with EEA-1 was modest

and transient. In contrast, most amastigotes associated with EEA-1

Figure 9. Fusion of LAMP-1 with amastigotes compartments is independent of lipid raft integrity. Macrophages were either left
untreated as a control (A) or treated with 10 mM MbCD for 1 h (B) and then infected with LcJ amastigotes for 1 h. Fixed cells were processed for
confocal microscopy. LAMP-1+ compartments containing single and multiple parasites are indicated by arrows and wands, respectively. Blue: DNA,
Red: LAMP-1. Scale bars, (A) = 5 mm; (B) = 10 mm. Panel (C) show a graphical representation of the numbers of amastigotes residing in LAMP-1
negative or LAMP-1+ compartments after examination of 461 or 530 amastigotes from control or treated macrophages, respectively. Differences were
not statistically significant between the time points (p = NS, Chi square). Data were derived from three separate experiments.
doi:10.1371/journal.pone.0019000.g009
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for at least 2 h after infection. The dichotomous association of

caveolin-1 and EEA-1 with promastigotes versus amastigotes is

consistent with studies showing that particle uptake through

caveolae results in endosomes positive for caveolin-1 and negative

for EEA-1. In contrast, entry through clathrin-coated pits, a non-

lipid raft pathway, results in endosomes negative for caveolin-1

and positive for EEA-1 [47]. It will be of interest to determine

whether or when amastigote-induced PVs shed EEA-1, and

whether PVs induced by promastigotes re-acquire the EEA-1

marker after intracellular conversion into amastigotes. Studies

such as these may indicate whether EEA-1 is important for the

long-term intracellular survival of amastigotes.

Stage specific differences were also observed in the association of

parasites with Rab5, another marker of early endosomes. By

30 min. of infection, amastigotes, but not promastigotes, retained

Rab5 staining. These results agree with studies in L. mexicana

infection, in which amastigotes retain Rab5 longer than promas-

tigotes, i.e., about one and two minutes, respectively [48]. The

ability of parasites to hold on longer to Rab5 is LPG mediated, as

LPG KO promastigotes retained Rab5 similar to amastigotes.

Reminiscent of our observation of large Rab5 clusters in amastigote-

infected cells, Lippuner et al. [48] reported fusion of Rab5+ parasite

compartments. Interestingly, in these fused compartments, Rab5 is

retained for at least 30 min., agreeing with our observations.

The significance of Rab5 retention in amastigote compartments

might be explained in light of its cellular function. Rab proteins are

small GTPases that confer specificity to membrane fusion events in

the endosomal pathway. During maturation of phagosomes

containing model particles a ‘‘kiss and run’’ fusion mechanism

mediates interactions of these compartments with organelles of the

endosomal pathway. Rab5 is required for phagosome fusion with

early endosomes [49]. Overexpression of Rab5a in J774 macro-

phages accelerates maturation of L. monocytogenes phagosomes

without affecting phagocytosis, whereas depletion of Rab5a has

the opposite effect [50]. In seeming contrast, expression of the

constitutively active Rab5c in HeLa cells prolongs retention of Rab5

on live, but not heat-killed M. tuberculosis-containing compartments

and correlates with impaired phagosome maturation [51].

Further evidence for the role of Rab5 in pathogen survival

comes from L. donovani studies in cells transfected with a

constitutively active form of Rab5 [52]. Upon infection with L.

donovani promastigotes, transfected, but not control RAW264.7

cells, undergo phagosome fusion resulting in giant phagosomes

with low anti-microbial activity despite acquiring early lysosome

markers. Furthermore, these giant phagosomes can contain several

parasites, similar to our observations with LcJ and hamster-derived

amastigotes. Whether amastigotes retain Rab5 (or specific Rab5

isoforms) as a mechanism to alter phagosome maturation and

facilitate their survival is unclear at this time.

Macrophage infections initiated with amastigotes displayed two

types of PVs: (1) tight, conforming to the parasite shape, LAMP-1

negative compartments harboring parasites that retained their

bright CFSE staining, and (2) LAMP-1 positive compartments

containing parasites that had lost most of their CFSE staining.

These results are reminiscent of studies showing that neutrophils

infected with L. donovani promastigotes contain two types of PVs,

i.e., tight and spacious [53]. In neutrophils, parasites that

associated with ER markers were directed to tight, non-

degradative compartments, whereas spacious compartments fused

with lysosomes and granules leading to parasite degradation.

More recently, a new type of non-degradative compartment has

been described in neutrophils infected with L. major or L. donovani

promastigotes [54]. Parasite compartments readily fused with

lysosome-like azurophilic granules while avoiding fusion with

specific and tertiary granules containing the NADPH oxidase

complex. Our studies in macrophages suggest that amastigote

localization in LAMP-1+ compartments does not affect viability, as

parasites replicate for up to 72 h. The differences between these

studies could reflect (1) the differential microbicidal capacities of

the neutrophil versus the macrophage (2) the increased resilience

of amastigotes, compared to promastigotes, to the toxic effects of

reactive oxygen and nitrogen radicals [2,55,56]. Our results are

also consistent with the ability of amastigotes, but not promasti-

gotes, to tolerate rapid phagosome-lysosome fusion.

The two life stages of L. i. chagasi differ considerably in their

utilization of macrophage membrane domains for entry and

subsequent trafficking through the endosomal pathway.

The current study suggests that macrophage phagocytosis of

amastigotes does not require the receptors localized in cholesterol-

rich lipid raft domains that are so effective in mediating

promastigote uptake. Once inside the macrophage, parasite

survival is facilitated by differential kinetics of maturation of the

PVs surrounding promastigotes and amastigotes during the first

hours to days of infection. In contrast to studies showing that

phagosomes containing promastigotes and amastigotes of L.

amazonensis mature at a similar rate, our work with L. i. chagasi

and that of others with L. major and L. donovani, demonstrate that

maturation of promastigote PVs is delayed [9,11,14]. We report

here that maturation of amastigote-induced PVs differ from that of

promastigote PVs by faster fusion with LAMP-1 and prolonged

retention of some early endosome markers. At present, we can

only speculate on the role and potential significance of prolonged

Rab5 and EEA-1 association with amastigote-containing PVs.

Further investigations are needed to identify the specific

amastigote ligands and macrophage receptors responsible for the

prolonged retention of early endosome markers on PVs as well as

their potential effects on parasite fate and virulence.

Acknowledgments

We are grateful to Jian Shao from the University of Iowa Central

Microscopy facility for help with microscopy. We are also thankful to

Thomas Nelson from the Iowa City VA Medical Media Center for help in

preparing illustrations.

Author Contributions

Conceived and designed the experiments: NER L-AHA MEW. Performed

the experiments: NER UGD. Analyzed the data: NER L-AHA MEW.

Contributed reagents/materials/analysis tools: NER L-AHA MEW. Wrote

the paper: NER MEW L-AHA.

References

1. Basu MK, Ray M (2005) Macrophage and Leishmania: an unacceptable

coexistence. Crit Rev Microbiol 31: 145–154.

2. McConville MJ, de Souza D, Saunders E, Likic VA, Naderer T (2007) Living in

a phagolysosome; metabolism of Leishmania amastigotes. Trends Parasitol 23:

368–375.

3. Blackwell JM, Ezekowitz RA, Roberts MB, Channon JY, Sim RB, et al. (1985)

Macrophage complement and lectin-like receptors bind Leishmania in the

absence of serum. J Exp Med 162: 324–331.

4. Wozencraft AO, Sayers G, Blackwell JM (1986) Macrophage type 3 complement

receptors mediate serum-independent binding of Leishmania donovani.

Detection of macrophage-derived complement on the parasite surface by

immunoelectron microscopy. J Exp Med 164: 1332–1337.

5. de Freitas Balanco JM, Moreira ME, Bonomo A, Bozza PT, Amarante-

Mendes G, et al. (2001) Apoptotic mimicry by an obligate intracellular

parasite downregulates macrophage microbicidal activity. Curr Biol 11:

1870–1873.

Stage-Specific Entry of Leishmania in Macrophages

PLoS ONE | www.plosone.org 13 April 2011 | Volume 6 | Issue 4 | e19000



6. Kane MM, Mosser DM (2000) Leishmania parasites and their ploys to disrupt

macrophage activation. Curr Opin Hematol 7: 26–31.
7. Harris J, Werling D, Hope JC, Taylor G, Howard CJ (2002) Caveolae and

caveolin in immune cells: distribution and functions. Trends Immunol 23:

158–164.
8. Kenworthy A (2002) Peering inside lipid rafts and caveolae. Trends Biochem Sci

27: 435–437.
9. Rodriguez NE, Gaur U, Wilson ME (2006) Role of caveolae in Leishmania

chagasi phagocytosis and intracellular survival in macrophages. Cell Microbiol

8: 1106–1120.
10. Rodriguez NE, Chang HK, Wilson ME (2004) Novel program of macrophage

gene expression induced by phagocytosis of Leishmania chagasi. Infect Immun
72: 2111–2122.

11. Dermine JF, Scianimanico S, Prive C, Descoteaux A, Desjardins M (2000)
Leishmania promastigotes require lipophosphoglycan to actively modulate the

fusion properties of phagosomes at an early step of phagocytosis. Cell Microbiol

2: 115–126.
12. Desjardins M, Descoteaux A (1997) Inhibition of phagolysosomal biogenesis by

the Leishmania lipophosphoglycan. J Exp Med 185: 2061–2068.
13. Desjardins M, Descoteaux A (1998) Survival strategies of Leishmania donovani

in mammalian host macrophages. Res Immunol 149: 689–692.

14. Scianimanico S, Desrosiers M, Dermine JF, Meresse S, Descoteaux A, et al.
(1999) Impaired recruitment of the small GTPase rab7 correlates with the

inhibition of phagosome maturation by Leishmania donovani promastigotes.
Cell Microbiol 1: 19–32.

15. Lodge R, Descoteaux A (2006) Phagocytosis of Leishmania donovani
amastigotes is Rac1 dependent and occurs in the absence of NADPH oxidase

activation. Eur J Immunol 36: 2735–2744.

16. Lodge R, Diallo TO, Descoteaux A (2006) Leishmania donovani lipopho-
sphoglycan blocks NADPH oxidase assembly at the phagosome membrane. Cell

Microbiol 8: 1922–1931.
17. Courret N, Frehel C, Gouhier N, Pouchelet M, Prina E, et al. (2002) Biogenesis

of Leishmania-harbouring parasitophorous vacuoles following phagocytosis of

the metacyclic promastigote or amastigote stages of the parasites. J Cell Sci 115:
2303–2316.

18. Naderer T, McConville MJ (2008) The Leishmania-macrophage interaction: a
metabolic perspective. Cell Microbiol 10: 301–308.

19. Aderem A, Underhill DM (1999) Mechanisms of phagocytosis in macrophages.
Annu Rev Immunol 17: 593–623.

20. Chimini G, Chavrier P (2000) Function of Rho family proteins in actin dynamics

during phagocytosis and engulfment. Nat Cell Biol 2: E191–196.
21. Gulbins E, Dreschers S, Wilker B, Grassme H (2004) Ceramide, membrane rafts

and infections. J Mol Med 82: 357–363.
22. Riethmuller J, Riehle A, Grassme H, Gulbins E (2006) Membrane rafts in host-

pathogen interactions. Biochim Biophys Acta 1758: 2139–2147.

23. Wilson ME, Pearson RD (1986) Evidence that Leishmania donovani utilizes a
mannose receptor on human mononuclear phagocytes to establish intracellular

parasitism. J Immunol 136: 4681–4688.
24. Berens RL, Brun R, Krassner SM (1976) A simple monophasic medium for

axenic culture of hemoflagellates. J Parasitol 62: 360–365.
25. Hsiao CH, Yao C, Storlie P, Donelson JE, Wilson ME (2008) The major surface

protease (MSP or GP63) in the intracellular amastigote stage of Leishmania

chagasi. Mol Biochem Parasitol 157: 148–159.
26. Yao C, Chen Y, Sudan B, Donelson JE, Wilson ME (2008) Leishmania chagasi:

homogenous metacyclic promastigotes isolated by buoyant density are highly
virulent in a mouse model. Exp Parasitol 118: 129–133.

27. Goyard S, Segawa H, Gordon J, Showalter M, Duncan R, et al. (2003) An in

vitro system for developmental and genetic studies of Leishmania donovani
phosphoglycans. Mol Biochem Parasitol 130: 31–42.

28. Childs GE, McRoberts MJ, Foster KA (1976) Partial purification of amastigotes
from cutaneous lesions of American leishmaniasis. J Parasitol 62: 676–679.

29. Zarley JH, Britigan BE, Wilson ME (1991) Hydrogen peroxide-mediated toxicity

for Leishmania donovani chagasi promastigotes. Role of hydroxyl radical and
protection by heat shock. J Clin Invest 88: 1511–1521.

30. Coligan JE, Kruisbeek AM, Margulies DH, Shevach EM, aS W (1991) Current

Protocols in Immunology.

31. Chang HK, Thalhofer C, Duerkop BA, Mehling JS, Verma S, et al. (2007)
Oxidant generation by single infected monocytes after short-term fluorescence

labeling of a protozoan parasite. Infect Immun 75: 1017–1024.

32. McConville MJ, Turco SJ, Ferguson MA, Sacks DL (1992) Developmental
modification of lipophosphoglycan during the differentiation of Leishmania

major promastigotes to an infectious stage. EMBO J 11: 3593–3600.
33. Sacks DL, Pimenta PF, McConville MJ, Schneider P, Turco SJ (1995) Stage-

specific binding of Leishmania donovani to the sand fly vector midgut is

regulated by conformational changes in the abundant surface lipophosphogly-

can. J Exp Med 181: 685–697.

34. Russell DG, Talamas-Rohana P (1989) Leishmania and the macrophage: a

marriage of inconvenience. Immunol Today 10: 328–333.

35. Wozencraft AO, Blackwell JM (1987) Increased infectivity of stationary-phase

promastigotes of Leishmania donovani: correlation with enhanced C3 binding

capacity and CR3-mediated attachment to host macrophages. Immunology 60:

559–563.

36. Debrabant A, Joshi MB, Pimenta PF, Dwyer DM (2004) Generation of

Leishmania donovani axenic amastigotes: their growth and biological charac-

teristics. Int J Parasitol 34: 205–217.

37. Kinchen JM, Ravichandran KS (2008) Phagosome maturation: going through

the acid test. Nat Rev Mol Cell Biol 9: 781–795.

38. Breeuwer P, Drocourt J, Rombouts FM, Abee T (1996) A Novel Method for

Continuous Determination of the Intracellular pH in Bacteria with the

Internally Conjugated Fluorescent Probe 5 (and 6-)-Carboxyfluorescein

Succinimidyl Ester. Appl Environ Microbiol 62: 178–183.

39. Lodge R, Descoteaux A (2008) Leishmania invasion and phagosome biogenesis.

Subcell Biochem 47: 174–181.

40. Brittingham A, Chen G, McGwire BS, Chang KP, Mosser DM (1999)

Interaction of Leishmania gp63 with cellular receptors for fibronectin. Infect

Immun 67: 4477–4484.

41. Galvao-Quintao L, Alfieri SC, Ryter A, Rabinovitch M (1990) Intracellular

differentiation of Leishmania amazonensis promastigotes to amastigotes:

presence of megasomes, cysteine proteinase activity and susceptibility to

leucine-methyl ester. Parasitology 101 Pt 1: 7–13.

42. Wilson ME, Innes DJ, Sousa AD, Pearson RD (1987) Early histopathology of

experimental infection with Leishmania donovani in hamsters. J Parasitol 73:

55–63.

43. Love DC, Mentink Kane M, Mosser DM (1998) Leishmania amazonensis: the

phagocytosis of amastigotes by macrophages. Exp Parasitol 88: 161–171.

44. Wanderley JL, Moreira ME, Benjamin A, Bonomo AC, Barcinski MA (2006)

Mimicry of apoptotic cells by exposing phosphatidylserine participates in the

establishment of amastigotes of Leishmania (L) amazonensis in mammalian

hosts. J Immunol 176: 1834–1839.

45. Manes S, del Real G, Martinez AC (2003) Pathogens: raft hijackers. Nat Rev

Immunol 3: 557–568.

46. Ilgoutz SC, McConville MJ (2001) Function and assembly of the Leishmania

surface coat. Int J Parasitol 31: 899–908.

47. Di Guglielmo GM, Le Roy C, Goodfellow AF, Wrana JL (2003) Distinct

endocytic pathways regulate TGF-beta receptor signalling and turnover. Nat

Cell Biol 5: 410–421.

48. Lippuner C, Paape D, Paterou A, Brand J, Richardson M, et al. (2009) Real-

time imaging of Leishmania mexicana-infected early phagosomes: a study using

primary macrophages generated from green fluorescent protein-Rab5 transgenic

mice. FASEB J 23: 483–491.

49. Somsel Rodman J, Wandinger-Ness A (2000) Rab GTPases coordinate

endocytosis. J Cell Sci 113 Pt 2: 183–192.

50. Alvarez-Dominguez C, Stahl PD (1999) Increased expression of Rab5a

correlates directly with accelerated maturation of Listeria monocytogenes

phagosomes. J Biol Chem 274: 11459–11462.

51. Clemens DL, Lee BY, Horwitz MA (2000) Deviant expression of Rab5 on

phagosomes containing the intracellular pathogens Mycobacterium tuberculosis

and Legionella pneumophila is associated with altered phagosomal fate. Infect

Immun 68: 2671–2684.

52. Duclos S, Diez R, Garin J, Papadopoulou B, Descoteaux A, et al. (2000) Rab5

regulates the kiss and run fusion between phagosomes and endosomes and the

acquisition of phagosome leishmanicidal properties in RAW 264.7 macrophages.

J Cell Sci 113 Pt 19: 3531–3541.

53. Gueirard P, Laplante A, Rondeau C, Milon G, Desjardins M (2008) Trafficking

of Leishmania donovani promastigotes in non-lytic compartments in neutrophils

enables the subsequent transfer of parasites to macrophages. Cell Microbiol 10:

100–111.

54. Mollinedo F, Janssen H, de la Iglesia-Vicente J, Villa-Pulgarin JA, Calafat J

(2010) Selective fusion of azurophilic granules with Leishmania-containing

phagosomes in human neutrophils. J Biol Chem 285: 34528–34536.

55. Pearson RD, Harcus JL, Roberts D, Donowitz GR (1983) Differential survival of

Leishmania donovani amastigotes in human monocytes. J Immunol 131:

1994–1999.

56. Pham NK, Mouriz J, Kima PE (2005) Leishmania pifanoi amastigotes avoid

macrophage production of superoxide by inducing heme degradation. Infect

Immun 73: 8322–8333.

Stage-Specific Entry of Leishmania in Macrophages

PLoS ONE | www.plosone.org 14 April 2011 | Volume 6 | Issue 4 | e19000


