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The infectious metacyclic promastigotes of Leishmania protozoa establish infection in a mammalian host after they are depos-
ited into the dermis by a sand fly vector. Several Leishmania virulence factors promote infection, including the glycosylphos-
phatidylinositol membrane-anchored major surface protease (MSP). Metacyclic Leishmania infantum chagasi promastigotes
were treated with methyl-beta-cyclodextrin (M3CD), a sterol-chelating reagent, causing a 3-fold reduction in total cellular ste-
rols as well as enhancing MSP release without affecting parasite viability in vitro. MBCD-treated promastigotes were more sus-
ceptible to complement-mediated lysis than untreated controls and reduced the parasite load 3-fold when inoculated into
BALB/c mice. Paradoxically, MBCD-treated promastigotes caused a higher initial in vitro infection rate in human or murine
macrophages than untreated controls, although their intracellular multiplication was hindered upon infection establishment.
There was a corresponding larger amount of covalently bound C3b than iC3b on the parasite surfaces of M3 CD-treated promas-
tigotes exposed to healthy human serum in vitro, as well as loss of MSP, a protease that enhances C3b cleavage to iC3b. Mass
spectrometry showed that MBCD promotes the release of proteins into the extracellular medium, including both MSP and MSP-
like protein (MLP), from virulent metacyclic promastigotes. These data support the hypothesis that plasma membrane sterols
are important for the virulence of Leishmania protozoa at least in part through retention of membrane virulence proteins.

Leishmaniu protozoa shuttle between a mammalian host as in-
tracellular amastigotes and a sand fly vector as flagellated pro-
mastigotes. The sand fly acquires amastigote-laden cells during a
blood meal. In the sand fly midgut, procyclic promastigotes de-
rived from transformation of amastigotes undergo multiplication
and development via intermediate stages, eventually yielding me-
tacyclic promastigotes (1). The infectious metacyclic promastig-
ote is inoculated into a pool of blood in the dermis of a mamma-
lian host formed during a sand fly bite. Parasites are phagocytized
by host macrophages, where they transform to amastigotes and
multiply in parasitophorous vacuoles. Amastigotes spread to new
macrophages at local or disseminated sites, perpetuating the in-
fection and ultimately resulting in asymptomatic infections or
symptomatic leishmaniasis (2). Various forms of leishmaniasis
are endemic in 88 countries on four continents, leading to approx-
imately two million new cases and 59,000 deaths annually (3).

Both host and parasite factors contribute to the success of in-
fection. On one hand, mammalian host environmental risk fac-
tors and genetic background influence the clinical manifestations
of infection (4). On the other hand, parasite virulence determi-
nants required for disease development include, but are not lim-
ited to, the major surface protease (MSP) (also called GP63 or
leishmanolysin) and lipophosphoglycan (LPG) (5-8). These two
molecules play both overlapping and unique roles in pathogene-
sis. Both are attached to the exoplasmic leaflet of the plasma mem-
branes of promastigotes by a glycosylphosphatidylinositol (GPI)
membrane anchor and are localized in lipid-enriched microdo-
mains called lipid rafts (9-11).

We hypothesized that plasma membrane lipids of metacyclic
Leishmania promastigotes are important for proper display of vir-
ulence-associated proteins, including MSP, and are necessary for
establishing infection of mammalian hosts. Because these para-
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sites lack the enzymes for cholesterol biosynthesis, it was not clear
which lipids would actually be most important for maintaining
the intact membrane structure of virulent parasites. We used the
chelating reagent methyl-beta-cyclodextrin (MBCD), which has
been used in other studies of membrane cholesterol, to deplete
membrane sterols from metacyclic promastigotes. The resultant
parasites contained greatly reduced levels of sterols, including er-
gosterol and cholesterol. Resistance of sterol-depleted parasites to
complement-mediated lysis in vitro was remarkably diminished,
and in vivo virulence was significantly decreased in a BALB/c
mouse model. Concomitantly, sterol-depleted promastigotes had
larger amounts of covalently bound C3b than iC3b on their sur-
faces when exposed to healthy human sera. Consistently, release of
MSP, the major protease responsible for cleavage of C3b to iC3b
(12), into extracellular medium was enhanced by sterol perturba-
tion. These data support the hypothesis that molecules localized at
the plasma membrane and associated with membrane sterols in
metacyclic promastigotes provide critical interactions with the
host environment.
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MATERIALS AND METHODS

Ethics statement. Procedures with human subjects were approved by the
Institutional Review Board (IRB) of the University of lowa and the Iowa
City VA Medical Center R&D Committee. Written informed consent was
provided by all study participants.

This study was carried out in accordance with recommendations in
the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. Protocols were approved by the Animal Care and Use
Committee of the Iowa City Veterans’ Affairs Medical Center (protocol
numbers 1190301 and 1190302). All efforts were taken to minimize num-
bers and suffering of animals.

Parasites and sterol depletion. A Brazilian strain of Leishmania infan-
tum chagasi (MHOM/BR/00/1669) was continuously passaged in golden
hamsters to maintain virulence as previously described (13—15). Amasti-
gotes isolated from the spleens of infected hamsters spontaneously trans-
formed in vitro into promastigotes at 26°C in hemoflagellate-modified
minimal essential medium (HOMEM), which was prepared from re-
agents from GIBCO (Rockville, MD) supplemented with 10% heat-inac-
tivated fetal calf serum (FCS) (GIBCO) according to a published formula
(16). Virulent promastigotes were passed weekly in HOMEM and used for
experiments within three passages. Metacyclic promastigotes were iso-
lated from the stationary-phase growth cultures using discontinuous Fi-
coll gradients as previously described (17, 18). Membrane sterols were
depleted from stationary-phase or metacyclic promastigotes by incuba-
tion of 2 X 10® cells/ml for 1 h in freshly prepared MBCD (Sigma, St.
Louis, MO) in RPMI 1640 (GIBCO), ranging in concentration from 0 to
50 mM. Treated cells were collected by centrifugation (3,000 X g, 10 min,
4°C), washed twice by centrifugation in Hanks’ balanced salt solution
(GIBCO) to remove MBCD, and used immediately. Supernatants were
collected, filtered through a 0.22-pm filter to remove cell debris, and
assayed for released proteins in some experiments. Untreated control and
MBCD-treated conditions were coded prior to assessing parasite loads.

SDS-PAGE and Western blotting. Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and silver staining were con-
ducted as described previously (13, 19). SDS-polyacrylamide gels were
silver stained using the SilverQuest staining kit (Invitrogen, Carlsbad,
CA), spots containing proteins of interest were sliced from gels, and pro-
teins were extracted and digested with trypsin in preparation for identifi-
cation by liquid chromatography-tandem mass spectrometry (LC-MS/
MS) as previously described (20). For Western blots, proteins from
metacyclic promastigotes incubated with or without MBCD and/or hu-
man serum were separated on 10% Tris-HCI SDS-polyacrylamide gels,
transferred to nitrocellulose membranes, and blocked in Tris-buffered
saline with 5% milk, 3% bovine serum albumin (BSA), and 0.02% Tween
20. In some experiments, samples were treated prior to separation with 1
M hydroxylamine (pH 10.5) in 1% SDS for 30 min at 37°C to remove
ester-bound C3 fragments. C3b and iC3b were from Complement Tech-
nology, Inc. (Tyler, TX). Immunoblotting was performed with 1:10,000
goat antiserum to human C3 (Quidel Corp., San Diego, CA), 1:10,000
sheep polyclonal antiserum to MSP (21), or a monoclonal antibody
against a-tubulin (AB-1, 0.1 pg/ml; Oncogene, San Diego, CA) followed
by peroxidase-conjugated affinity purified anti-goat (1:25,000), anti-
sheep (1:10,000), or anti-mouse (1:10,000) IgG (Kirkegaard & Perry Lab-
oratories, Gaithersburg, MD). Blots were developed using an enhanced
chemiluminescence kit (Amersham Pharmacia, Arlington Heights, IL),
and proteins were detected with Fuji Imager (Fuji Photo Film Co., Ltd.,
Valhalla, NY) or X-ray films (Kodak, Rochester, NY). Quantitation of
bands was performed using Image Gauge software (Fuji Photo Film Co.,
Ltd.).

GC-MS analysis of sterols. Sterol extraction from L. infantum chagasi
promastigotes was performed according to a published protocol (22).
Briefly, 1 X 10° promastigotes were washed three times by centrifugation
in phosphate-buffered saline (PBS) (GIBCO) and rotated for 24 h at 4°C
in a mixture of dicholoromethane and methanol (2:1 ratio [vol/vol];
Sigma) at a cell density of 2 X 10° cells/ml. Extracted sterols were recov-
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ered from the supernatants of two sequential centrifugations at 1,000 X g
for 10 min at 4°C followed by 11,000 X g for 1 h at 4°C. After evaporation
of the organic solvents, aliquots were stored at —20°C until use. Sterols
were saponified by incubation in 0.5 ml of 30% KOH in methanol at 80°C
for 2 h and extracted twice with an equal volume of petroleum ether
(Sigma), followed by evaporation of solvents. Dichloromethane (50 l)
and two volumes of bis(trimethylsilyl)trifluroacetamide (BSTFA)
(Sigma) were added to the residue in a Reacti-Vial Small Reaction vial
(Pierce, Rockford, IL) and incubated at 80°C for 1 h. The resultant deriva-
tized trimethylsilyl derivatives were dried under nitrogen in an N-EVAP
analytical evaporator (Associates Inc., South Berlin, MA). The solvent
decane was added, and the samples were analyzed by gas chromatogra-
phy-mass spectrometry (GC-MS).

A ThermoFinnigan Voyager single quadruple mass spectrometer in-
terfaced with a Trace2000 GC was used for the GC-MS analysis of sterols.
A DB-5ht capillary column (inner diameter, 0.25 mm; length 30 m) (JW
Scientific Inc., Folsom, CA) was used. The GC temperature program set-
tings were 175°C for 1 min, ramp up at 10°C/min to 280°C, and hold at
280°C for 30 min. The GC inlet temperature was set at 280°C. The mass
spectrometer was set to detect a mass range 45 to 700 Da. Electron ioniza-
tion at 70 eV was used to ionize the GC eluent. ThermoFinnigan’s Xcali-
bur software was used for both data acquisition and processing.

For sterol identification, two methods were utilized. First, the GC re-
tention times of sample peaks were compared with those of the known
standards cholesterol and ergosterol of chromatograph grade (Sigma).
Second, the mass spectrum of each GC peak was searched against the
small-molecule library of the National Institute of Standards and Tech-
nology library (NIST). The library was the NIST/EPA/NIH Mass Spectral
Library (2001 version) that was purchased with the GC-MS, and the li-
brary search program was part of its operating software, Xcalibur. A sterol
was positively identified if its mass spectrum fairly matched up with one in
the library (score of SI and RSI matching factors of =800) with a proba-
bility score of =70. Details about SI, RSI, and probability may be found in
the Library Search Results window of Xcalibur. For absolute quantifica-
tion of sterols by MS, unknowns were compared to a standard curve
generated with various amounts of cholesterol deuterated at six positions
([*H]cholesterol; Sigma) and various amounts of chromatograph-grade
ergosterol (Sigma) with each experiment. Known amounts of [*H]choles-
terol were also spiked into each sample, and samples were analyzed at
three different cell equivalents to facilitate comparison to the standard
curve. The quality of each GC-MS analysis was closely monitored, and
samples and standards were rerun if a correlation factor of the standard
curve in an individual run was less than 0.98. Due to a lack of available
deuterated standards for ergosterol, it was not feasible to directly measure
absolute amounts of ergosterols identified in Leishmania spp. Instead, a
combination of an absolute amount of cholesterol and the relative
amount of each positively identified sterol from the same sample was used
to extrapolate the absolute amounts of ergosterol sterols. The peak areas
were used to generate these extrapolated values.

Complement-mediated lysis. Peripheral blood was collected from
three healthy adult human donors who had not been exposed to Leishma-
nia infections, and serum was separated by centrifugation. Sera were
pooled in aliquots and stored at —80°C until a single use. Metacyclic
promastigotes (1 X 107) were incubated in 75 pl of serial 1:2 dilutions of
pooled sera in PBS, ranging from 3.1% to 50.0% serum, for 30 min at
37°C. Controls were incubated under parallel conditions with PBS alone.
After incubations, each batch of cells was diluted in 1 ml PBS, followed by
incubation in propidium iodide (Sigma) at a final concentration of 1
pg/ml. Viable cells that excluded propidium iodide were quantified by
flow cytometry on a Becton Dickinson FACScan (BD, Franklin Lakes, NJ).
Positive control cells were obtained by incubation in 100 mM hydrogen
peroxide (H,O,) for 30 min at 37°C (23). Hydrogen peroxide-treated cells
had an average of 5.6% = 2.7% viable promastigotes (n = 4) under these
conditions.
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Macrophage infections. Monocyte-derived macrophages (MDMs)
were derived from the peripheral blood of healthy human donors. Periph-
eral blood mononuclear cells were isolated by centrifugation on Ficoll-
Hypaque (Sigma), washed twice in RPMI 1640, and resuspended in RPMI
1640 supplemented with 10% FCS, 50 ug streptomycin/ml, and 100 U
penicillin/ml (24). Monocytes were allowed to differentiate to MDMs by
cultivation on petri dishes at 37°C in 5% CO, for 5 to 7 days.

Bone marrow-derived macrophages (BMMs) were generated and cul-
tured as previously described (25). Briefly, bone marrow cells derived
from femurs of female BALB/c mice were cultured at 37°C with 5% CO, in
RPMI 1640 supplemented with 10% heat-inactivated FCS, 2 mM L-glu-
tamine, 100 U of penicillin/ml, and 50 wg of streptomycin/ml. Twenty
percent of cell culture supernatant from 1929 cells (American Type Cul-
ture Collection, Manassas, VA) was added as a source of macrophage
colony-stimulating factor. The cells were allowed to differentiate in
100-mm by 20-mm polystyrene-treated tissue culture dishes (Corning,
Lowell, MA) for 7 to 9 days at 37°C.

Prior to experiments, nonadherent cells were removed by rinsing in
PBS, and adherent MDMs or BMMs were released from the plates with 2.5
mg trypsin/ml plus | mM EDTA (GIBCO). After 2 washes, 5 X 10° mac-
rophages were allowed to adhere to coverslips in 24-well plates overnight
at 37°C with 5% CO,, followed by infection with opsonized metacyclic
promastigotes at a multiplicity of infection (MOI) of 5:1. Parasites were
opsonized either in 5% fresh C5-deficient human serum (GIBCO) or in
5% murine AJ serum for 30 min at 37°C for experiments with human or
murine cells, respectively. Synchronized infections were achieved by cen-
trifugation (330 X g, 4°C, 3 min) followed by incubation at 37°C with 5%
CO, for 30 min. Extracellular parasites were removed by rinsing twice
with PBS. Cells were incubated in fresh RP-10 until the appropriate time
points. Three replicate coverslips per condition were fixed and stained
with Diff-Quik at each time point (Fisher Scientific, Pittsburgh, PA).

Mouse infections. Four- to 6-week-old female BALB/c mice (Harlan
Laboratories, Indianapolis, IN) were infected by tail vein injection of 1 X
10° control or MBCD-treated metacyclic promastigotes. They were eu-
thanized 4 or 8 weeks later, and the parasite loads in livers and spleens
were determined by microscopic enumeration of infected macrophages in
Giemsa-stained touch preparations and by organ weights as described
previously (26, 27). Parasite loads were also quantified by extraction of
total tissue DNA, using a TagMan assay amplifying Leishmania kineto-
plastid DNA (kDNA). Primers and probes for the single-copy mouse gene
encoding tumor necrosis factor alpha (TNF-a) served as validation that
the PCR was working. Threshold cycle (C;) values were compared to a
standard curve prepared from promastigote DNA extracted from the
same L. infantum chagasi strain to calculate parasite equivalents as de-
scribed previously (28). DNA was extracted from livers and spleens using
a DNA extraction kit (Qiagen, Valencia, CA) according to the manufac-
turer’s protocol. To maximize DNA yields, an overnight incubation in cell
lysis buffer with protease K was performed before the purification steps.
DNA was eluted in 50 pl of distilled water and stored at —80°C until use.

RESULTS

Increased sensitivity to dose-dependent complement-mediated
lysis after sterol depletion. L. infantum chagasi metacyclic pro-
mastigotes were isolated from late-stationary-phase promastigote
cultures using discontinuous Ficoll gradients as previously de-
scribed (17, 18) and were left untreated (control) or partially de-
pleted of membrane sterols by 60 min of incubation in increasing
concentrations of MBCD (10 to 50 mM). Subsequent measure of
viability with propidium iodide and flow cytometry suggested that
control promastigotes were highly resistant to complement-me-
diated lysis. Consistent with our earlier report, 87.4% * 0.1% of
the cells were viable after exposure to 50% fresh human serum for
30 min at 37°C (Fig. 1A) (18). Cells treated with 10 mM MBCD
were nearly the same as controls, exhibiting 85.3% =+ 4.9% viabil-
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ity in 50% serum. However, cells exposed to 25 or 50 mM MBCD
were more sensitive to complement, with 44.5% * 7.7% (P <
0.05) or 27.0% = 2.3% (P < 0.001) viability in 50% serum, re-
spectively (Fig. 1A). Furthermore, variance of cells treated with
the maximal 50 mM MBCD seemed to decrease dramatically in
comparison with that of cells treated with lower concentrations. It
is plausible that untreated cells with a range of sterol amounts as
shown later effectively result in a heterogeneity of the response to
serum among a population of cells, whereas treatment with the
high MBCD concentrations eliminates that variable; i.e., the cell
population is more homogeneous with regard to sterol concentra-
tion.

Several lines of evidence suggested that the sensitivity of
MBCD-treated promastigotes to complement-mediated lysis was
not due to reduced cell survival caused by sterol depletion. First,
MBCD-treated cells remained similarly capable of excluding the
membrane-impermeative dye propidium iodide as controls did,
suggesting little change in membrane integrity (Fig. 1A and D, 0%
serum). Second, MBCD-treated promastigotes survived as well in
low concentrations, up to 6.3%, of normal human serum as did
control cells (Fig. 1A and D). Third, in vitro, control or MBCD-
treated cells in HOMEM, monitored daily by microscopic enu-
meration, reached similar cell densities measured at the beginning
of logarithmic or stationary phase of growth (P > 0.2) (Fig. 1B). A
lag phase of 2 days was observed prior to the onset of logarithmic
growth of stationary-phase promastigotes cultures (see Fig. S1 in
the supplemental material), which is consistent with our previous
data (13, 14). Interestingly, the usual logarithmic phase of 3 to 5
days observed prior to the onset of logarithmic growth of metacy-
clic promastigote cultures was shortened by 1 full day in MBCD-
treated metacyclic promastigotes (Fig. 1C). The reasons for this
interesting observation are not known, but the finding could im-
ply that the membrane sterol content affects the maintenance of
parasites in the virulent metacyclic form. Finally, we have previ-
ously shown that the rates of protein synthesis, as measured by
incorporation of [*>S]methionine into newly synthesized pro-
teins, are very similar for MBCD-treated cells and untreated con-
trols (19).

Incubation in an excess of water-soluble cholesterol (stoichio-
metrically chelated to MBCD) has been shown to replenish and
restore function to cholesterol-depleted rat hepatoma cells, Chi-
nese hamster ovary cells, the murine macrophage cell line J774A.1,
and BMMs (25, 29, 30). We therefore investigated whether exog-
enous cholesterol would restore complement resistance of
MBCD-treated Leishmania spp. Metacyclic L. infantum chagasi
promastigotes were treated with 25 mM MBCD in the absence or
presence of 100, 200, or 400 g water-soluble cholesterol/ml, after
which they were assessed for viability in the presence of comple-
ment. Unexpectedly, all MBCD-treated cells remained equally
sensitive to complement lysis despite incubation in water-soluble
cholesterol (Fig. 1D), suggesting that cholesterol repletion was
insufficient to reverse the effects of sterol depletion from Leishma-
nia promastigotes. Leishmania spp. are more closely related to
yeast than to mammalian cells in their membrane sterol compo-
sition. Similar to yeast cells, Leishmania contains more ergosterol-
like sterols (~60 to 80%) than cholesterol (~10 to 30%). Ergos-
terol is found in lipid rafts (31-34). This led us to hypothesize that
the physiological effects of MBCD may be in large part caused by
extraction of ergosterol-like sterols as opposed to cholesterol from
metacyclic promastigote membranes. Unfortunately water-solu-
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ble ergosterol could not be prepared to rigorously test this hypoth-
esis by ergosterol repletion.

Sterol identification by GC-MS. Cauchetier and colleagues
successfully identified more than a dozen sterols in logarithmic-
phase L. infantum promastigotes using GC-MS to analyze sterols
extracted with dichloromethane-methanol (22). The compounds
identified included ergosterol and its biosynthetic pathway pre-
cursors. We applied the same technique to extract, identify, and
quantify sterols of control or MBCD-treated L. infantum chagasi
promastigotes. Five sterols were consistently identified in metacy-
clic promastigotes during repeated measurements (n = 25). Com-
parison with known standards showed that these compounds cor-
responded to cholesterol, two ergosterol isoform stereoisomers
termed 1 and 2, ergosta-7,22-dien-3-ol, and stigmasta-7-24(28)-
dien-3[-ol (see Fig. S2 in the supplemental material), and they are
indicated as peaks I to V, respectively, on the chromatogram
(Fig. 2A).

Significant reduction in cellular sterol levels by sterol deple-
tion. As described above, MBCD treatment rendered L. infantum
chagasi metacyclic promastigotes sensitive to complement-medi-
ated lysis with little effect on cell viability in vitro. We therefore felt
it important to document the exact sterol contents before and
after MBCD treatment. First, we tested whether [*H]cholesterol
could be used as an internal standard (IS) for quantification. In
four independent analyses, [*H]cholesterol had a maximum of
0.7% overlap with chromatography-grade ['H]cholesterol. These
data showed that [*H]cholesterol could be used as a reliable IS.
Furthermore, an almost perfect correlation (r* > 0.99) between
the cholesterol amount/IS amount ratio and of cholesterol area/IS
area ratio was achieved in each experiment, which convincingly
showed that the area of each sterol in the GC-MS spectrum pre-
cisely correlates with amount of sterols.

GC-MS analysis was performed on 3 different dilutions of each
unknown sample, and sterols per cell equivalent were calculated
independently from each dilution. Because of the anticipated
higher sterol concentration in untreated cells than in MBCD-

FIG 1 Sterol depletion affects complement resistance but not viability of L.
infantum chagasi metacyclic promastigotes. (A) Dose-dependent sensitivity to
complement-mediated lysis. Metacyclic promastigotes were treated for 1 h
with 0 (control), 10, 25, or 50 mM MBCD, followed by incubation in 1:2
serially diluted fresh pooled human sera. Cell viability was assayed by exclusion
of membrane-impermeative propidium iodine measured by flow cytometry.
Averages and standard deviations along with P values significant by the Stu-
dent t test (n = 4) between untreated control and MBCD treatment are pre-
sented. (B) Similar cell density at the onset of logarithmic and stationary
phases. Control or MBCD (25 mM, 1 h)-treated metacyclic promastigotes
were incubated in cell culture medium at an initial density of 2 X 10° cells/ml
(day 0). Cells were microscopically enumerated daily. Averages and standard
deviations from four independent experiments are shown. Logarithmic
growth is defined as the beginning of a 24-h period in which the cells increase
>2-fold in the next 24 h. Stationary phase is defined as the beginning of a 24-h
period in which cultures either increase by less than 25% or decrease in density
over 24 h. No statistical differences were found between the cell densities of
control or MBCD-treated parasites at beginning of the logarithmic (P > 0.2)
or stationary (P > 0.6) phase of growth. (C) Growth curves of untreated and
MBCD (25 mM)-treated metacyclic promastigotes. Results from two of four
independent experiments are presented. (D) Cholesterol supplementation
does not reverse the MBCD effect. Metacyclic promastigotes were incubated as
described for panel A in 0 (control) or 25 mM MBCD in the absence (MBCD)
or presence of various concentrations of water-soluble cholesterol (Cho) as
indicated. Results of a representative of three independent experiments are
shown.
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FIG 2 Cholesterol depletion of L. infantum chagasi metacyclic promastigotes
by MBCD treatment. (A) Representative full GC outputs of sterols extracted
from untreated control metacyclic promastigotes with a load of 2 X 10° cell
equivalents. The five peaks labeled I to V were identified as sterols. The reten-
tion time (RT) and area (AA) of each sterol are shown. (B) MBCD treatment
decreases cholesterol levels in metacyclic promastigotes. The absolute amount
of cholesterol (ng/1 X 107 cell equivalents) of each sample was directly mea-
sured, whereas the relative amount was set as one arbitrary unit for controls
and was calculated as ratios to corresponding controls for MBCD (25 mM)-
treated samples. P values were obtained using the Student ¢ test (n = 5).

treated cells, the numbers of cells in each run were adjusted to
obtain results in the range of the standard curve. Data are ex-
pressed per 107 cell equivalents, and the average measured
amounts of cholesterol are shown in Fig. 2B. The cholesterol con-
tent and the extrapolated levels of ergosterol and ergosterol-like
sterols are summarized in Table 1. As expected, MBCD treatment
significantly reduced sterols in L. infantum chagasi metacyclic pro-
mastigotes. Total cholesterol was reduced by 63.9% (P < 0.05).
Total ergosterol (both steroisomers) was reduced by 46.5% (P <
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0.05), and the other two ergosterol-like sterols were reduced be-
tween 60.9% and 74.7% (P < 0.05). Total cellular sterols were
reduced by 67.3%, considering all five sterols (P < 0.01) (Table 1).

Reduced infectivity of promastigotes for BALB/c mice after
sterol depletion. Well-studied virulence factors of Leishmania in-
clude MSP and LPG, both of which are GPI anchored and are
reported to localize in promastigote membrane rafts. We there-
fore hypothesized that membrane sterols are important for main-
taining the virulence of Leishmania promastigotes. To test this
hypothesis, we extracted membrane sterols with MBCD, leaving
the promastigotes with transiently lowered membrane cholesterol
and ergosterol levels. BALB/c mice were infected intravenously
(i.v.) either with L. infantum chagasi metacyclic promastigotes
that had been treated with 25 mM MBCD or with untreated con-
trols. Four weeks after parasite inoculation, mice were euthanized
and parasite loads were determined by quantitative PCR (qPCR)
or by microscopic examination of Wright-Giemsa-stained liver/
spleen impression smears (Fig. 3A and B). The qPCR data showed
that sterol depletion caused a two-thirds decrease in parasite
loads, which was significant in spleens and approached signifi-
cance in livers. Microscopic examination verified that significantly
fewer parasites were observed in liver impression smears from
mice that were treated with MBCD (1.6 X 107 = 0.7 X 10”/organ)
than in those from untreated controls (4.0 X 10" = 0.5 X 107/
organ), and this difference reached statistical significance (P <
0.001). Parasites were below the microscopic detection level in
spleens. The same pattern was observed after 8 weeks of infection.
Mice infected for 8 weeks with MBCD-treated L. infantum chagasi
harbored 8.7 X 10° % 2.3 X 10° and 8.0 X 10” % 4.5 X 10’
parasites in their spleens and livers, respectively, compared to
1.1 X 10° + 0.3 X 10°and 4.5 X 10'° + 2.9 X 10'° parasites in the
spleens and livers, respectively, of mice infected with control par-
asites. Thus, murine infection with sterol-depleted promastigotes
resulted in a sustained lower parasite burden than that with un-
treated promastigotes.

Infection of macrophages with sterol-depleted promasti-
gotes. The above intriguing in vivo observations were followed by
studies of cultured macrophages to determine whether the sterol-
dependent virulence characteristics of promastigotes are evident
in isolated host phagocytes. Human MDMs were infected either
with MBCD-treated, sterol-depleted promastigotes or with un-
treated control parasites (Fig. 3C and D). Unexpectedly, both the
number of promastigotes associated with macrophages and the
percentage of macrophages infected with MBCD-treated metacy-
clic promastigotes were significantly higher than those for MDMs

TABLE 1 Sterol contents in control (n = 5) and MBCD-treated (n = 5, 25 mM) L. infantum chagasi metacyclic promastigotes

Mean ng/1 X 107 cells (SD) in:

Peak(s) in Mean %
Sterol Fig. 2A Control cells MBCD-treated cells reduction (SD)”
Cholesterol I 248.9 (120.8) 91.0 (45.0) 63.9 (10.1)*
Total ergosterol 11 + 111 98.5 (34.4) 49.8 (31.6) 46.5 (32.6)*
Ergosterol isoform 1 11 68.4 (13.1) 39.9 (24.9) 44.5 (31.9)*
Ergosterol isoform 2 111 30.0 (27.8) 10.0 (9.5) 60.4 (17.8)
Ergosta-7,22-dien-3[3-ol v 318.9 (137.8) 83.6 (41.5) 74.7 (6.5)**
Stigmasta-7,24(28)-dien-38-ol \% 50.4 (8.3) 21.1(6.3) 60.9 (25.3)*
Total 704.0 (281.2) 241.4 (121.6) 67.3 (12.3)**

%, P<0.05**, P<0.01.
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FIG 3 Sterol depletion of metacyclic promastigotes affects the outcome of infection. (A and B) Parasite loads in livers and spleens of BALB/c mice infected with
metacyclic promastigotes with no treatment (open bars) or treated with 25 mM MBCD (filled bars). Parasite loads per organ were determined by qPCR at 4 weeks
postinfection. (C and D) Opsonized metacyclic promastigotes of untreated control or MBCD treatment (25 mM, 1 h) groups were used to infect human MDMs
at an MOI of 5. Infections of macrophages by control (filled) or treated (open) parasites were microscopically quantified daily until 72 h postinfection. (C)
Number of parasites per 100 macrophages. (D) Percentage of macrophage infection. Results from one representative of three independent experiments are

shown.

incubated with untreated promastigotes. This was observed at all
time points up to 72 h postinfection, although the kinetics sug-
gested that the major difference occurred at the step of attachment
(Fig. 3C and D). This difference at attachment was confirmed in
parallel experiments using cytochalasin D to inhibit phagocytosis
(25). The cytochalasin D experiment revealed that approximately
twice the number of MBCD-treated promastigotes as untreated
parasites attached to the surface of macrophages (61.5 * 12.7 and
31.6 = 5.0, respectively [n = 3]; P < 0.05) (Fig. 4, MBCD versus

MBCD Control Time (h) Cyto

=

FIG 4 Effect of MBCD on L. infantum chagasi metacyclic promastigote at-
tachment to and survival in macrophages. Human MDM:s were infected at an
MOI of 5 with opsonized metacyclic promastigotes of untreated control or
MBCD-treated (25 mM, 1 h) groups in the absence (—) or presence (+) of
cytochalasin D (Cyto) and fixed 30 min later to assess attachment or 24 and 72
h later to assess survival. Slides stained with Wright-Giemsa stain demonstrate
a lack of internalized parasites in the presence of cytochalasin D. Scale bar,
20 WM.
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control at 0.5 h). Furthermore, after the initial killing usually ob-
served after 24 h in control parasites, untreated parasites survived
and began to replicate over 72 h of MDM infection, whereas
MBCD-treated parasites progressively declined (Fig. 3 and 4, 24 h
versus 72 h). These data suggest the MBCD effect on macrophage
infections occurs at the step of macrophage attachment. Studies
using murine BMMs showed similar results (n = 2; data not
shown).

The studies with the results shown in Fig. 3 and 4 were done
with complement-opsonized metacyclic promastigotes that were
either treated or not with MBCD. Because promastigotes are
known to ligate macrophage complement receptors, we addressed
whether the increased MDM entry by sterol-depleted promasti-
gotes might be due to a differential complement opsonization
following MBCD treatment. To this end, we compared whether
MBCD treatment still augmented entry of nonopsonized metacy-
clic promastigotes into MDMs. Consistent with Fig. 3, a higher
proportion of MDMs internalized promastigotes that had been
treated with MBCD and opsonized than promastigotes that were
opsonized without MBCD treatment at 30 min postinfection
(51.8% = 7.4% versus 31.9% =+ 5.3% [mean * standard devia-
tions], respectively; P = 0.05). In contrast, significant differences
were not observed between MBCD-treated and control nonop-
sonized parasites (40.7 = 7.0 versus 46.3 = 12.3, respectively; P =
0.58). These data are consistent with a model in which sterol de-
pletion with MBCD augments or alters subsequent opsonization
with at least some complement components, such that promastig-
ote attachment to and entry into MDMs are enhanced.

Complement deposition on the surface of sterol-depleted or
control parasites. Serum-opsonized Leishmania promastigotes
have been found to ligate two complement receptors on the sur-
face of macrophages: CR3, which binds the inactive C3b derivative
iC3b, and CR1, which binds C3b but also has a low affinity for
iC3b (35-37). Phagocytosis stimulated through ligation of differ-
ent receptors can lead to different rates or pathways of intracellu-
lar trafficking and consequent parasite survival (38). As such, if
sterol content affects the type or amount of complement op-
sonization, this could influence parasite entry and survival.

Incubation of control or MBCD-treated parasites in 50% fresh
human serum led to different patterns of immunoreactive C3 de-
position (Fig. 5). Control parasites bound C3 as indicated by the
75-kDa B chain that is common to both C3b and iC3b and by the
slowly migrating high-molecular-weight adducts of C3 covalently
bound to their targets (lane 3). In contrast, MBCD-treated para-
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FIG 5 C3 Western blotting of MBCD-treated cells versus untreated controls.
One hundred nanograms of C3b and iC3b were loaded in lanes 1 and 2, re-
spectively. Metacyclic promastigotes were incubated in a 50% concentration of
the indicated sera for 30 min at 37°C and washed. Lanes 3, 4, and 7 were loaded
with the untreated control, whereas lanes 5, 6, and 8 were loaded with meta-
cyclic promastigotes that had been pretreated with 50 mM MBCD for 1 h. The
membrane was probed with anti-C3 (C3) followed by a-tubulin (a-tub) as a
loading control for samples prepared from metacyclic promastigotes (lanes 3
to 8). +HA, hydroxylamine treatment; PHS, pooled healthy human sera; HI,
heat inactivated. Results from a representative of two independent experi-
ments are shown. Quantification of C3 is shown at the bottom of each lane and
is normalized to the 75-kDa band in lane 3. The C3 fragments present in each
control complement protein are also indicated.

sites demonstrated a paucity of high-molecular-weight adducts
and demonstrated a prominent 110-kDa band consistent with the
presence of the &’ chain of C3b (lane 5). To better understand the
composition of C3 fragments bound to the parasites, we treated
the samples with hydroxylamine to release ester-bound a-chain
fragments. Consistent with the successful removal of these C3
fragments, the signals of the o’ and «;" chains (110 kDa and 67
kDa, respectively) were increased by hydroxylamine treatment
(lanes 4 and 6). To estimate the proportion of bound C3 frag-
ments present as iC3b, we quantified the ratio of the 67-kDa «;’
chain (present in iC3b) to the 110-kDa o chain of C3b. Compar-
ison of these ratios in lanes 4 and 6 revealed a greater proportion of
iC3b on the control parasites (o, '/a ratios of 4.8 and 0.4 on the
control and MBCD-treated parasites, respectively). The presence
of bands that ran more slowly than 110 kDa in lane 4 suggests that
hydroxylamine was unable to remove all o;" and o," fragments
from the control parasites. This observation is consistent with the
data of Puentes et al., who noted that a majority of C3 bound to L.
donovani promastigotes was iC3b and was bound via an amide
linkage, which is not sensitive to cleavage by hydroxylamine (39).
Unlike the 67-kDa and 110-kDa fragments of the « chain, the
75-kDa 3 chain is not covalently bound to its target, and thus its
detection does not depend on hydroxylamine treatment. Com-
parison of the ratios of the 67-kDa «,’ chain to the 75-kDa 3 chain
for lanes 4 and 6 (2.7 versus 1.2) was similarly consistent with a
greater proportion of C3 present as iC3b on the control parasites.
The ratios of the 110-kDa o’ chain of C3b to the B chain were 0.6
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and 3.0 for the control and MBCD-treated parasites, respectively,
consistent with a corresponding predominance of C3b on the
MBCD-treated parasites. Taken together, these observations sug-
gest that MBCD treatment alters the surface of L. infantum chagasi
such that the parasite is less able to inactivate bound C3b to iC3b.

Proteins released from L. infantum chagasi metacyclic pro-
mastigotes after sterol depletion. Surface-localized MSPs of
Leishmania spp. are anchored to the plasma membrane through a
GPI anchor. Other studies have found that GPI-anchored pro-
teins partition mainly in membrane lipid subdomains enriched in
cholesterol (9, 11, 40). We previously showed that stationary-
growth-phase promastigotes depleted of sterols with MBCD dis-
played enhanced release of surface-localized MSP, whereas inter-
nal MSP stores remained unchanged (19). This enhanced release
of the surface MSP was not due to a detrimental effect on cell
viability, since both untreated and treated stationary-phase pro-
mastigotes incorporated similar levels of >>S-labeled radioisotopes
into newly synthesized proteins (19). MBCD is known to extract
cholesterol from membrane lipid bilayers by chelating sterols at its
hydrophobic core (29, 41). We have demonstrated in Table 1 that
MBCD also extracts ergosterol-like sterols from L. infantum cha-
gasi promastigotes. We hypothesized that metacyclic promasti-
gotes from which surface sterols were depleted by MBCD would
release lipid-associated virulence determinants, including MSP,
partially explaining the parasite attenuation observed in Fig. 3A
and B. To test this hypothesis, cell-associated and released MSPs
after MBCD treatment were investigated by Western blotting.
There was a dose-dependent enhanced release of cell-associated
MSP into the extracellular medium after promastigotes were ex-
posed to MBCD. Specifically, fewer than 0.1% of MSPs were
found in the supernatants of untreated stationary-phase promas-
tigotes, whereas 37%, 44%, 52%, or 77% were found in the extra-
cellular medium after the cells were exposed to 4, 6, 8, or 10 mM
MPBCD for 48 h, respectively (Fig. 6A).

We have previously shown that stationary-phase promasti-
gotes treated with 15 mM MBCD for 3 h release 34.6% more
surface-located MSP than untreated control cells in experiments
utilizing surface biotinylation followed by streptavidin affinity pu-
rification and immunoprecipitation (19). Here, released proteins
were concomitantly collected from the cell-free supernatants of
metacyclic promastigotes treated with buffer or MBCD and sub-
jected to SDS-PAGE and silver staining (Fig. 6B). Proteins ex-
tracted from gel slices at 60 to 63 kDa were subjected to LC-
MS/MS for protein identification to discover whether more MSP
isoforms are released and to identify released MSP isoforms. In
total, three MSPs, one MSP-like protein (MLP), and six other
proteins with predicted masses ranging from 49.5 to 75.5 kDa
were identified (Table 2). Dihydrolipoamide dehydrogenase and
paraflagellar rod protein 1D were found to be released only from
MBCD-treated and not from nontreated cells, indicating that at
least some proteins were additionally released by sterol extraction.
Other proteins released were present in both supernatants, al-
though the method does not quantify amounts. We have already
published the fact that MSPs are released from wild-type cells into
medium (13, 19), and it was thus not surprising to discover three
MSPs among the proteins released from both nontreated and
MBCD-treated metacyclic cells. Sterol depletion did not result in
release of additional MSP isoforms, suggesting that our immuno-
blots (Fig. 6A) reflected merely enhanced quantities, but not more
isoforms, of released MSP. Several unanticipated proteins were
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FIG 6 Released proteins from sterol-depleted promastigotes. (A) Stationary-
phase promastigotes were treated with the indicated concentration of MBCD
(0 to 10 mM) for 48 h. Filtered supernatants (S) and cells (C) were subjected to
SDS-PAGE. MSP was detected by Western blotting (top panel). The same filter
was reprobed with monoclonal antibody to a-tubulin (bottom panel) for a
loading control. A total of 1 X 107 cell equivalents were loaded. The percentage
of MSP in the supernatants of each treatment is shown. Results from a repre-
sentative of two experiments are presented. (B) Released proteins were directly
collected from the extracellular medium of metacyclic promastigotes that were
untreated (lane 2) or subjected to 25 mM MBCD treatment (lane 1) for 1 h. A
silver-stained SDS-polyacrylamide gel is shown. A total of 8 X 10% cell equiv-
alents were loaded. There is an empty lane between lanes 1 and 2. Gel slices
were excised for LC-MS/MS analysis (arrowhead), and the results are summa-
rized in Table 2.

identified in the mixture. These included MLP, confirming first
that it is expressed as protein and second that it is released from
infective metacyclic promastigotes. Since MLP is a novel secreted
potential virulence-related protein, more information about MLP
and its sequence is included in Table 3 and in Fig. S3 in the sup-
plemental material.

DISCUSSION

The sterol composition and sterol biosynthetic pathways of the
Trypanosomatid protozoa, including Leishmania spp. and
Trypanosoma spp., are similar to those of fungi (33, 42). In partic-
ular, these genera do not possess enzymes for cholesterol synthe-

TABLE 3 Unique peptides of L. infantum chagasi metacyclic
promastigotes found in MLP and MSP by LC-MS/MS

Protein Peptides”

MLP VTCSAADVLTR, VLLELLIPSAVQLHQER, ENGNIVVSPFIK,
SNLPTYFQYFGDPRLGGPDPLMDFCPFVR

MSPL DICTAEDILTD, ILVKHLIPQALQLHTER, VQDKWKVTGM
G-, D-LPPYWQYFTDPSLAGISAFMDCCPVVE

MSPS2 DICTAEDILTD, ILVKHLIPQALQLHTER, VQDKWKVTGM
G-, S-LPPYWQYFTDPSLAGISAFMDCCPVVV

MSPS4 TTCTAEDILD, ILVKHLIPQALQLHTER, VQDKWKVTGM

D-, D-LPPYWQYFTDPSLAGISAFMDCCPVVE

@ Dashes were inserted for maximizing alignment.

sis. Fungi instead synthesize and incorporate ergosterol into cell
membranes (43, 44). Because many Leishmania virulence factors
associate with the membranes through a GPI anchor and GPI-
anchored proteins are often present in sterol-containing mem-
brane domains, we explored what disruption of the unique
membrane sterol content would do to parasite virulence. Using
GC-MS, we documented the presence of five sterols in the surface
membranes of L. infantum chagasi metacyclic promastigotes.
Ironically, parasites do not contain the biosynthetic enzymes to
generate cholesterol, ergosta-7,22-dien-33-ol, or stigmasta-7-
24(28)-dien-3B-ol (33), three sterols present in replicate assays.
These sterols must therefore be derived by adsorption from the
tissue culture environment. Ergosta-7,22-dien-3$3-ol has been
previously detected by GC-MS in Leishmania donovani and Leish-
mania amazonensis (45—47) as well as in the fungi Saccharomyces
cerevisiae and Ganoderma pfeifferi (48, 49), whereas stigmasta-7-
24(28)-dien-3B-ol has been found in the fungus Gymmnosporan-
gium juniper (50). Importantly, our data documented the fact that
MBCD successfully reduced the content of all sterols by 67.3%
and reduced ergosterol in particular by 46.5%. Therefore, we used
MBCD-treated promastigotes to explore the functional effects of
sterol variations on parasite infectivity.

Two of the GPI-anchored Leishmania virulence factors are
LPG and MSP, both of which have been found in specialized lipid-
enriched membrane microdomains (9-11). We have found that
transient incubation with the cholesterol-chelating reagent
MPBCD depleted sterols of metacyclic promastigotes by two-thirds
and released several lipid-associated proteins, including MSPs.
Our data revealed that sterol-depleted metacyclic promastigotes

TABLE 2 Released proteins identified by LC-MS/MS of the gel slices excised at 60- to 63-kDa fractions of SDS-polyacrylamide gels”

Coverage (% AA)

Expected mass GPI
Protein Accession no. (Da) pl anchor MBCD-treated cells Control cells
ATPase 8 subunit A4HE61 56,362.9 5.07 No 17.9 14.7
Carboxypeptidase A4HVES 57,101.9 5.37 No 15.1 9.7
Dihydrolipoamide dehydrogenase Q654V7 50,586.7 6.42 No 6.7
Glucose-6-phosphate isomerase P42861 67,245.8 6.19 No 4.8 11.6
MSPL P15706 63,808.6 6.83 Yes 18.2 21.2
MSPS2 A4HUF6 63,517.4 6.96 Yes 11.5 7.0
MSPS4 A4HUGO 75,528.9 8.88 Yes 6.0 5.0
MLP A4I3D1 60,546.0 7.41 No 10.1 9.2
Paraflagellar rod protein 1D A4HIYO 69,219.2 5.29 No 4.5
Surface antigen protein 2 A4HV45 43,941.8 5.31 Yes 7.7 12.5

“ Protein bands in the gels were visualized by silver staining. Loaded in the gels were concentrated extracellular proteins released from L. infantum chagasi metacyclic promastigotes

that were either treated with 25 mM MBCD or incubated in buffer.
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were attenuated as defined by reduced parasite loads in a murine
model and enhanced susceptibility to complement-mediated ly-
sis. Unexpectedly, disruption of parasite membrane sterols en-
hanced the rate of promastigote binding to macrophages in the
presence of serum complement, although parasite replication
within macrophages was defective.

C3 immunoblots suggested that promastigotes partially de-
pleted of membrane sterols with MBCD were readily opsonized
with C3b but that inactivation of C3b to iC3b was less than that
seen on control parasites. C3b forms an integral part of the C5
convertase and thus can contribute to assembly of the membrane
attack complex and subsequent parasite lysis (51). In contrast,
iC3Db, although it retains opsonic activity, cannot participate in the
formation of complement convertases. Thus, our observations
may explain the greater degree of promastigote complement sen-
sitivity after sterol depletion. Furthermore, a decreased abun-
dance of ligand for the macrophage CR3 receptor (iC3b) on the
promastigote surface would likely decrease the proportion of pro-
mastigotes ligating that receptor and possibly direct parasites to
enter through different phagocytic receptors such as the mannose
receptor. Phagocytosis through alternate receptors can alter the
kinetics and efficiency of uptake and affect the ultimate survival of
intracellular parasites, as illustrated in our recent report compar-
ing avirulent to virulent parasite entry into macrophages (38).
Similar to those in the prior study, our current observations may
provide another example in which enhanced macrophage entry
does not translate into enhanced intracellular survival (38). We
hypothesize that the decreased abundance of MSP, a protease that
cleaves C3b to iC3b, results in a greater proportion of C3b on
treated parasites (12). We additionally hypothesize that MSP loss
from the cell surface leads to the changes in complement op-
sonization that we observed in sterol-depleted parasites.

MSPs play a role in macrophage phagocytosis of promasti-
gotes, possibly by serving as a ligand promoting attachment to
macrophage receptor (52-54). One consequence of MBCD treat-
ment of promastigotes is significantly diminished cellular MSPs
(Fig. 6A). Rather than decreasing the rate of parasite binding to
and uptake by macrophages, the binding was observed to increase
(Fig. 3C and D and 4). One plausible explanation is that MBCD-
treated cells bind to alternate macrophage receptors via ligands
exposed by sterol depletion or via the enhanced opsonic C3, such
as CR1 or mannose receptor (55). A parallel observation is made
in the case of L. infantum chagasi logarithmic-phase promasti-
gotes, which contain only one-fourteenth the level of steady-state
MSPs of stationary-phase promastigotes (13) but contain only
one-third of the MSPs of metacyclic promastigotes (18), yet their
phagocytosis by MDMs is more efficient than that of metacyclic
promastigotes (38).

Because MBCD works by chelating surface cholesterol/ergos-
terol and does not perturb sterol synthesis in the organism, one
would anticipate that disruption of membrane lipids would be
transient in parasites. As such, it is not inherently obvious why in
vivo infection is lower throughout 8 weeks after inoculation of
MBCD-treated compared to control promastigotes. Two possible
mechanisms could contribute. First, MBCD-treated parasites
would likely be killed more rapidly than controls when inoculated
into mice by complement-mediated lysis, prior to entry into mac-
rophages. This would not only lower the inoculation dose but also
expose the host to extracellular dead or dying parasites early in the
infection. Second, although the rate of macrophage entry is
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greater, the rate of killing seems to be enhanced over 72 h. Thus, it
is conceivable that even those parasites that enter macrophages do
not survive well intracellularly and are killed within host macro-
phages. Either mechanism would expose the host to products of
dead or dying parasites. The sustained lower infection level after
inoculation of MBCD-treated parasites may provide clues to
events occurring in the earliest days and hours of infection that
influence the ultimate immune response and outcome of infec-
tion.

It has been reported that most Leishmania spp., including L.
infantum chagasi, L. donovani, L. amazonensis, L. panamensis, and
L. major, become more resistant to complement during in vitro
growth from logarithmic to stationary phase in cell culture, a pro-
cess that reflects some of the changes that occur during parasite
development to the virulent metacyclic form in the sand fly vector
(56-59). The importance of MSP for promastigote resistance to
complement (12) led us to investigate whether the isoforms, in
addition to the abundance, of MSP are changed by sterol deple-
tion. Mass spectrometric data of the 60- to 63-kDa fraction of
released proteins showed that MSPs were indeed present in the
mixture of proteins released from control or MBCD-treated pro-
mastigotes but that the isoforms did not differ. In addition to
MSPs, two other promastigote surface proteins, MLP and surface
antigen protein 2, were released by both untreated and MBCD-
treated promastigotes. There were additional and more surprising
released proteins in this fraction of released proteins, which were
not predicted to be membrane associated. In particular, parafla-
gellar rod protein 1D released uniquely by promastigotes treated
with MBCD does not have predicted GPI membrane anchors or
transmembrane domains. Its enhanced release may implicate
membrane sterol content in the directing of proteins toward non-
classical secretory pathways, such as the recently described release
of Leishmania proteins through exosomes (60).

The release of MLP with MSPs raises the possibility that they
too promote parasite virulence. Two MLP genes have been anno-
tated on chromosome 28 of L. infantum and are 100% conserved
in the coding region (LinJ28_V3.600 and LinJ28_V3.610), al-
though significant differences exist in their untranslated regions
(UTRs) (61). There are homologues of L. infantum MLP in L.
donovani, L. major, and L. mexicana according to the annotated
genomes (62—64). Interestingly, no homologous gene is found in
the genome of the non-human-pathogenic species L. tarentolae
(65). These MLPs do not have a putative C-terminal sequence for
GPI anchor attachment and thus would not be anticipated in
membrane or released fractions. MLPs bear minimum similarity
to the MSPs, although they all contain the conserved HEXXHXX
GXXH catalytic domain of the zinc metalloproteases (61, 63). To-
gether these data confirm MLP expression and location in the
plasma membrane of the infective metacyclic promastigotes, sug-
gesting that it might be a virulence factor similar to MSPs.

Fungicidal chemicals such as ketoconazole, azasterol, and
2',6'-dihydrooxy-4'methoxychalcone that target the ergosterol
biosynthesis pathway have been shown to cause a depletion of
normal sterol and an accumulation of abnormal sterol precursors
in L. donovani, L. infantum, L. major, and L. amazonensis (31, 47,
66-70). It was further shown that depletion of membrane sterols
by MBCD impaired action of the antileishmanial drug miltefosine
on L. donovani promastigotes (71). The mechanisms of miltefos-
ine action against Leishmania spp. have not well been defined,
although its interference with phospholipid and sterol metabo-
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lism is proposed (71, 72). The current study accomplished sterol
depletion by chelation rather than effects on sterol biosynthesis.
The transient nature of this effect has enabled us to establish that
sterol content is critical during the initial stages of Leishmania
infection in host cells i1 vitro and live experimental animals. These
data collectively lay a foundation for the use of sterol-depleted
parasites to explore localized events at the parasite membrane that
are critical for pathogenesis.
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