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Proteases have been found to play essential roles in many biological processes, including the pathogenesis
of leishmaniasis. Most parasites rely on their intracellular and extracellular protease repertoire to invade and
multiply in mammalian host cells. However, few studies have addressed serine proteases in Leishmania and
their role in host pathogenesis. Here we report the intracellular distribution of a novel L. donovani secretory
serine protease in the flagellar pocket, as determined by immunogold labeling. Flow cytometry and confocal
immunofluorescence analysis revealed that the expression of the protease diminishes sequentially from viru-
lent to attenuated strains of this species and is also highly associated with the metacyclic stage of L. donovani
promastigotes. The level of internalization of parasites treated with the anti-115-kDa antibody into host
macrophages was significantly reduced from that of non-antibody-treated parasites, suggesting that this serine
protease probably plays a role in the infection process. In vivo studies confirmed that this serine protease is a
potential vaccine candidate. Altogether, the 115-kDa serine protease might play vital roles in L. donovani
pathogenesis and hence could be recognized as a potential candidate for drug design.

Leishmania species, belonging to the family Trypanosomat-
idae, are a group of protozoan pathogens that cause a spectrum
of chronic diseases ranging from self-healing cutaneous lesions
to a lethal visceral disorder. They represent a major health
problem in tropical and subtropical areas around the world.
Leishmania species have a relatively simple life cycle, with
parasite stage differentiation regulated by environmental sig-
nals encountered in their different hosts. They are digenetic
parasites: the flagellated promastigote forms, which can be
derived in axenic culture, differentiate within the alimentary
tracts of sandfly vectors from a replicating procyclic to a non-
replicating, infectious metacyclic stage, whereas obligately in-
tracellular amastigotes live and replicate in mammalian mono-
nuclear phagocytes, such as macrophages (1).

Recent advances in genomic analysis of several of the major
global parasites have revealed key factors involved in the
pathogenesis of parasite diseases. Among the major virulence
factors identified are parasite-derived proteases. Parasite pro-
teases play significant roles in the pathogenesis of parasitic
diseases; the proteases are involved in the invasion of the host
via parasite migration through tissue barriers, degradation of
host proteins for their nutrition, immune evasion, and activa-
tion of inflammation (21). The migration of the parasite in host
tissues is mediated by the release of proteolytic enzymes that
can degrade the tissue barriers. Potent proteolytic enzymes of
cysteine, serine, and metalloprotease classes have been iden-
tified in secretory products of many of the parasites (8, 19, 26,
27, 30). Serine proteases have been reported to have strong

hydrolytic activity against a wide range of extracellular matrix
(ECM) components and human plasma proteins; hence,
they are thought to play vital roles in the host tissue invasion
process (17). These proteases are found to localize in dif-
ferent cellular compartments. In trypanosomatids, the
flagellar pocket, a specialized region formed by invagination
of the plasma membrane, has been found to harbor a viru-
lence-associated protease destined to be exported extracellu-
larly (11, 31). However, the specific molecular function of the
extracellular serine protease of the Indian strain of Leishmania
donovani has not been elucidated yet.

Our previous study demonstrated that a 115-kDa serine pro-
tease is secreted by an Indian strain of L. donovani (8). In the
present report, we have demonstrated the intracellular local-
ization of this parasite-derived secreted serine protease and
also its differential expression in virulent, avirulent, and atten-
uated strains of L. donovani as well as in different cell cycle
stages of the parasite. A combination of in vitro and in vivo
experiments suggests that the protease might play a role in
host-parasite interactions and could be validated as a potential
vaccine candidate.

MATERIALS AND METHODS

Culture of L. donovani and macrophages. Leishmania donovani strain MHOM/
IN/1983/AG83 was isolated from Indian patients with visceral leishmaniasis. The
promastigotes used were at or near the stationary phase of growth in the 4th
passage (4th P) (virulent) or 34th passage (34th P) (avirulent) of in vitro culture
after transformation from liver- or spleen-derived amastigotes. Promastigotes
were cultured at 22°C in medium 199 with Hanks’ salt containing HEPES,
L-glutamine, 10% heat-inactivated fetal calf serum (FCS), penicillin at 50 U
ml�1, and streptomycin at 50 �g ml�1 (all from Gibco BRL/Life Technologies,
Middlesex, United Kingdom) (24). Amastigotes of Leishmania donovani were
isolated from the spleens of infected mice by homogenization of the organs,
followed by Percoll gradient fractionation, as described elsewhere (6). The axenic
amastigotes were cultured according to the method of Li et al. (20). Axenic
amastigote cells were visualized under a light microscope to confirm transfor-
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mation; these were harvested 4 days after initial differentiation, with at least one
serial dilution. UR6 promastigotes of L. donovani were cultured on solid blood
agar slants containing glucose, sodium chloride, peptone, beef extract, and rabbit
blood supplemented with gentamicin (7). UR6 cells were harvested by scraping
in 10 mM phosphate-buffered saline (PBS) (pH 7.2) from 3-day-old blood agar
slants. For subsequent flow cytometry experiments, UR6 cells were maintained
in liquid medium (medium 199) supplemented with 10% FCS. Metacyclic par-
asites of virulent and attenuated cells were isolated from 2- and 4-day-old
cultures by the peanut agglutinin (PNA) agglutination method (29).

The murine macrophage cell line RAW 264.7 was cultured at 37°C under 5%
CO2 in RPMI 1640 supplemented with 10% heat-inactivated FCS, 10 mM
HEPES (pH 7.3), 100 U/ml penicillin, and 100 �g/ml streptomycin. For exper-
iments, cells between passages 3 and 10 were seeded on sterile glass coverslips
and were grown overnight.

Identification and purification of the 115-kDa serine protease. An extracellu-
lar serine protease with a molecular mass of 115 kDa from an Indian strain of
Leishmania donovani has been reported (8). Briefly, the extracellular proteases
secreted in the culture supernatant of early-passage (4th-passage) L. donovani
were subjected to gelatin substrate gel electrophoresis and were treated with
different classes of protease inhibitors. We noted that the activity of the 115-kDa
protease was completely inhibited by the serine protease inhibitor aprotinin. The
protease was then purified by ammonium sulfate precipitation and was subjected
to aprotinin-agarose affinity chromatography, followed by continuous elution
electrophoresis. The purified serine protease was further characterized (8).

Raising of antisera. A polyclonal antibody against the 115-kDa extracellular
protease was raised by subcutaneous injection of 80 �g of purified protease
emulsified in Freund’s complete adjuvant into a male rabbit. Three booster doses
were administered at intervals of 2 weeks by injecting the purified protease
emulsified in Freund’s incomplete adjuvant. At 10 days after the fourth injection,
blood was collected from the rabbit’s ear, and the antiserum against the 115-kDa
protease was separated (25). A mouse polyclonal antiserum was also raised
against purified L. donovani gp63, which was purified according to the method
described by Soteriadou et al. (32). A polyclonal antibody was purified from the
antiserum by protein A agarose (Sigma Chemical Co., St. Louis, MO) affinity
chromatography (14). The peak fractions were concentrated and kept frozen at
�80°C.

Electrophoresis and immunoblotting. Western blotting was carried out ac-
cording to the method described by Towbin et al. (33) with some modifications.
Briefly, cell-free cultured supernatants of virulent promastigotes and whole-cell
lysates of virulent promastigotes, avirulent promastigotes, and attenuated UR6
cells were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (18) under nonreducing conditions and were transferred to nitro-
cellulose membranes (pore size, 0.45 �m). Membranes were incubated for 1 h
with the anti-115-kDa polyclonal antiserum (dilution, 1: 500) in Tris-buffered
saline (TBS) at 22°C, washed in TBS, and incubated with appropriate horserad-
ish peroxidase (HRP)-conjugated secondary antibodies. Membranes were devel-
oped with 0.2 mM 4-chloro-1-naphthol.

Flow cytometric analysis. The anti-115-kDa extracellular protease antibody
was labeled with fluorescein isothiocyanate (FITC) by using the Pierce EZ-Label
FITC protein labeling kit. Early-passage (4th-P), late-passage (34th-P), and UR6
cells and axenic amastigotes of virulent AG83 were harvested and stained with
the FITC-labeled anti-115-kDa extracellular protease antibody. Procyclic and
metacyclic promastigotes of early-passage virulent cells and attenuated cells from
3- and 4-day-old cultures were also isolated and stained with the FITC-labeled
anti-115-kDa extracellular protease antibody. Briefly, the cells were washed three
times in PBS and were then fixed in 1% paraformaldehyde. The fixed cells were
taken up in a fluorescence-activated cell sorter (FACS) buffer (catalog no.
333138; Becton Dickinson) and were stained with the FITC-labeled anti-115-
kDa protease (dilution, 1:100). The fluorescence of the fixed stained cells was
detected on a FACSCalibur system (BD Biosciences), and the data were ana-
lyzed using CellQuest software.

Confocal immunofluorescence microscopy. L. donovani promastigotes (early
and late passages) and UR6 cells were centrifuged at 3,000 � g for 10 min,
washed in PBS, and resuspended at a concentration of 107 cells/ml. Cells were
applied to poly-L-lysine-coated glass coverslips and were fixed in PBS containing
4% paraformaldehyde for 30 min. Coverslips were rinsed once with PBS to
remove the fixative and were incubated in a blocking solution consisting of PBS
supplemented with 5% FCS, 0.1% Tween 20, and 0.1% Triton X-100 for 1 h at
room temperature. To investigate the specificity of the anti-115-kDa antibody, an
irrelevant antibody (anti-gp63) was tested. A primary antibody against L. dono-
vani gp63 (raised in mouse) and a purified antibody against the L. donovani
115-kDa serine protease (raised in rabbit) were diluted 1:500 in blocking solution
and were incubated separately or together with the promastigotes of L. donovani.

After incubation of fixed parasites with the primary antibody for 1 h, coverslips
were rinsed six times for 5 min with a PBS wash solution containing 0.1% Tween
20. Fixed cells were then incubated separately or together with an FITC-conju-
gated anti-rabbit secondary antibody at a 1:1,000 dilution and with a tetramethyl
rhodamine isocyanate (TRITC)-conjugated anti-mouse secondary antibody at a
1:100 dilution in blocking buffer. The incubation and all subsequent steps were
performed in the dark. Secondary antibodies were removed by soaking coverslips
six times, for 5 min each time, in wash buffer. Cells were then washed in PBS and
were observed under a laser scanning microscope (LSM 510; Carl Zeiss, Jena,
Germany). The images were further processed using Adobe Photoshop, version
7.0 (Adobe Systems).

Immunogold labeling. Approximately 107 early-passage promastigotes and
amastigotes of L. donovani were fixed in 2% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4) for 4 h at 4°C. Samples were dehydrated in ethanol
and embedded in LR White resin. Ultrathin sections were cut and incubated with
an anti-115-kDa extracellular serine protease antibody (1:20). The binding of the
primary antibody was visualized by incubation with a gold (diameter, 10 nM)-
conjugated secondary antibody (1:50). Samples were stained with uranyl acetate
and with lead citrate and were finally investigated with an FEI Tecnai G2

transmission electron microscope (with the SIS Protem program) (15).
Effects of antisera on macrophage infectivity. Parasites were incubated for 1 h

with the anti-115-kDa antibody (dilution, 1:200) and were then washed three
times with excess PBS to remove the unbound antibody completely. In parallel
experiments, parasites were also treated with preimmune serum. Preimmune
serum- or antibody-treated promastigotes and untreated promastigotes were
used to infect cultures of adherent macrophages (RAW 264.7 cell line) on glass
coverslips (1 � 106 macrophages/coverslip) in 0.5 ml of RPMI 1640 contain-
ing10% FCS at a ratio of 10 parasites per macrophage. The coverslips were kept
at 37°C under a humidified 5% CO2 atmosphere. After sequential incubation for
24 h, 48 h, and 72 h, the cells were fixed in methanol and were stained with
Giemsa stain for the determination of intracellular parasite numbers (2, 22). In
a separate set of experiments, parasites pretreated with the anti-115-kDa anti-
body were incubated with the macrophages, which had previously been incubated
only with the purified 115-kDa protease (1 �g/ml) (4), and the experiments
proceeded as described above.

In vivo assay of L. donovani infectivity after immunization with the protease.
Groups of six female BALB/c mice, 4 to 6 weeks old, were vaccinated subcuta-
neously or intraperitoneally with 10 �g of the purified 115-kDa serine protease
in Freund’s complete adjuvant in a volume of 0.1 ml. Three booster doses were
given in Friend’s incomplete adjuvant at biweekly intervals with the same amount
of protein. Control mice received the adjuvant alone. One month after the last
booster, one set of mice was challenged intracardially with 5 � 105 virulent L.
donovani promastigotes, and another set of mice was challenged with 5 � 108

parasites. Starting at 4 weeks postchallenge, the mice were sacrificed at different
times up to 8 months, and parasite burdens in the spleen and liver were quan-
titatively evaluated (5) by microscopic observation of Giemsa-stained prepara-
tions of impression smears of the tissues.

RESULTS AND DISCUSSION

Immunoblotting. A polyclonal antibody raised against the
purified serine protease was employed in Western blot analysis
of the whole-cell lysates of 4th-P, 34th-P, and UR6 promasti-
gotes. The cell-free culture supernatant of the early-passage
cell was analyzed by immunoblotting as well. It was observed in
the experiment that a 115-kDa band appeared in all the lanes,
but the intensities of the bands differed significantly (Fig. 1).
The prominent band observed in Fig. 1, lane b, unambiguously
suggested the intracellular appearance of the protease in vir-
ulent L. donovani promastigotes. Moreover, Western blotting
for detection of the protease in whole-cell extracts of 34th-P L.
donovani promastigotes (Fig. 1, lane c) and UR6 cells (lane d)
produced a faint band, showing decreased amounts of the
protease in avirulent and attenuated L. donovani parasites.

Flow cytometric analysis. It has been reported that long-
term culture in vitro leads to the loss of virulence by Leishma-
nia donovani promastigotes (10). Our previous study identified
the presence of a 115-kDa secretory serine protease in virulent
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L. donovani promastigotes (8). In the present study, flow cy-
tometric analysis suggested a negative correlation between the
level of expression of the 115-kDa protein and the number of
times the parasites were cultivated in vitro, and hence a positive
correlation with their virulence. As observed in Fig. 2I, the
anti-protease antibody recognized 38.49% of the cells of the
virulent 4th-P promastigotes and only 20.52% of the avirulent
34th-P promastigotes, suggesting reduced expression of the
protein with an increase in serial cell passage number during in
vitro cultivation, when the parasites also exhibit a relative loss
of virulence. The anti-115-kDa antibody was found to recog-
nize only 18.24% of the nonpathogenic attenuated UR6 pro-
mastigotes (Fig. 2I), as determined with reference to the num-
ber of control cells recognized, whereas the same antibody
reacted with 18.36% of the total population of infective amas-
tigotes. This lesser recognition of amastigotes, as well as of
avirulent and attenuated promastigotes, might be due to the
lower expression of the protease in these cells. These observa-
tions indicate that the 115-kDa serine protease is an exclusive
secretory product of virulent L. donovani promastigotes, rather
than of avirulent and attenuated promastigotes or infective
amastigotes of virulent L. donovani. These results also dem-
onstrate that a discrete population of cells is associated with
abundant expression of 115-kDa protease.

The growth of Leishmania promastigotes within the sandfly
midgut or in in vitro culture is accompanied by differentiation
of some of these organisms into metacyclic-stage promasti-
gotes, which can be distinguished from noninfective procyclic
promastigotes by their loss of agglutination by PNA lectin (29).
The metacyclic stages of promastigotes are uniquely adapted
to survival within vertebrate hosts. On the other hand, the
relative loss of virulence of PNA-agglutinable (PNA�) procy-
clic promastigotes could suggest considerable differences in the
metacyclogenetic potential of the parasites with different
lengths of time in culture. Thus, both noninfective and infec-
tive stages of Leishmania promastigotes within the cultured
populations are associated with certain specific developmental
changes that could help this parasite to adapt to, and survive
within, the vertebrate host. Differentiation of procyclic pro-
mastigotes into metacyclic promastigotes (metacyclogenesis) is
known to be crucial for infectivity (3, 9). Infective-stage pro-
mastigotes are generated in vitro as organisms approach the
stationary phase of growth (2, 29). To correlate these changes

in the expression of the 115-kDa protease with metacyclogen-
esis, the expression of the protease was studied in promastig-
otes derived from 0 to 96 h of culture. Increased infectivity of
virulent L. donovani promastigotes from early-log phase to
stationary phase was observed with the increase in the percent-
age of PNA� promastigotes from 0 to 96 h (data not shown),
and concurrently, the expression of the 115-kDa protease was
found to be high, reaching a plateau at 96 h (Fig. 2II). da Silva
and Sacks (9) have also shown that log-phase promastigotes
represent a homogeneous population of noninfective parasites,
whereas as many as 50% of the stationary-phase organisms
appeared to be transformed into infective-stage promastigotes.
To further confirm the association of the protease with viru-
lence, the expression of the protease was studied in metacyclic
(PNA�) and procyclic (PNA�) promastigotes isolated from
12-, 24-, 48-, 72-, and 96-h cultures. It was noted that the
expression of the protease was strongly associated with meta-
cyclic promastigotes. Representative results for the expression
of the 115-kDa protease in metacyclic and procyclic promas-
tigotes isolated from 72-h and 96-h cultures of virulent and
attenuated strain are shown in Fig. 2III. The results of this
study showed 38.23% (72 h) and 38.97% (96 h) recognition in
metacyclic promastigotes of 4th-passage L. donovani by the
anti-115-kDa protease antibody, compared to 18.21% (72 h)
and 19.01% (96 h) in procyclic promastigotes of the same
early-passage promastigotes. For attenuated UR6 promasti-
gotes, all of which were found to be PNA�, the anti-115-kDa
protease antibody was found to recognize 17.27% (72 h) and
18.16% (96 h) of cells of the total population (Fig. 2III).

During metacyclogenesis, several proteins with functions in
protein synthesis, protein metabolism, and protein folding,
etc., are downregulated because these promastigotes are in
stationary phase and are mostly growth arrested (23). But Gull
(13) found an increased abundance of isoforms of proteins
involved in motility, including paraflagellar rod protein, �-tu-
bulin, and �-tubulin, in metacyclic promastigotes, which are
more active and motile. Similarly, in the present study, the
increased expression and secretion of the 115-kDa protease in
the infective metacyclic promastigotes could suggest an active
role of this protease in the invasion process. Thus, the presence
of the 115-kDa serine protease in the culture medium of vir-
ulent promastigotes of L. donovani could be a significant phe-
notypic marker of relative virulence displayed by the promas-
tigotes obtained from culture.

Confocal microscopy. We used confocal immunofluores-
cence microscopy to compare the relative intensities and hence
the relative expression levels of the 115-kDa protease in the
virulent and the nonpathogenic attenuated promastigotes of an
Indian strain of L. donovani. Cells were first incubated in the
presence of a primary antibody against the serine protease;
thereafter, they were probed with a fluorescence-conjugated
secondary antibody, and intensities were visualized by confocal
immunofluorescence microscopy. In order to confirm the lo-
calization and the specificity of recognition of the 115-kDa
anti-protease antibody, confocal microscopy was also per-
formed with an antibody against Leishmania gp63. In the im-
munofluorescence assay, the anti-115-kDa antibody was found
to react in the cell body, where labeling was restricted to the
posterior region of the promastigotes. By comparison of the
relative intensities of the immunolabeled protease (Fig. 3), it

FIG. 1. Western blot analysis of the 115-kDa protease of L. dono-
vani. Cell-free cultured supernatants from early-passage promastigotes
and whole-cell extracts from virulent, avirulent, and attenuated strains
of L. donovani were loaded directly onto an SDS gel and used for
immunoblot detection with the anti-115-kDa serine protease antibody.
Lane a, purified protease (2 �g protein) from the culture supernatant
of L. donovani; lane b, whole-cell extract of early-passage (4th-P) L.
donovani promastigotes (100 �g protein); lane c, whole-cell extract of
late-passage (34th-P) L. donovani promastigotes (100 �g protein); lane
d, whole-cell extract of UR6 promastigotes (100 �g protein). Actin was
used as a loading control to normalize the data.
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appears that the relative quantity of the 115-kDa protein is
directly proportional to the virulence of the parasite. This is in
agreement with the fact that early-passage, virulent promasti-
gotes (Fig. 3A2) showed significantly more-intense labeling
than late-passage, avirulent promastigotes (Fig. 3B2), a finding
consistent with the in vitro flow cytometric expression pattern.
Similarly, the intensity of expression of the protease in the
nonpathogenic attenuated UR6 cells (Fig. 3C2) was extremely
low. Figure 3A3, B3, and C3 (red channel) are immunoconfo-
cal images of parasites treated with the anti-gp63 antibody.

The images of the green and red channels were merged into
single images (Fig. 3A4, B4, and C4), where yellow fluores-
cence represents the colocalization of the red and green fluo-
rescence signals. The phase-contrast images of the same fields
are shown in Fig. 3A1, B1, and C1. No fluorescence was de-
tected in parallel preparations probed with the preimmune
serum (Fig. 3D, E, and F). These results corroborate our
findings that the increased level of the 115-kDa serine protease
in early-passage, virulent parasites over that in late-passage,
avirulent parasites was quite significant. Hence, this direct re-

FIG. 2. Flow cytometric analysis of expression of the 115-kDa extracellular serine protease. (I) Fluorescence histograms showing the
expression levels of the 115-kDa protease in 4th-P, 34th-P, and UR6 promastigotes and axenic amastigotes of L. donovani. (II) Expression
of the 115-kDa protease of 4th-P promastigotes of L. donovani at different phases of growth. The expression index measures the percentage
of cells of the total population recognized by the anti-115-kDa antibody. (III) Fluorescence histograms showing the expression levels of the
115-kDa protease at procyclic and metacyclic stages of virulent promastigotes and at procyclic stages of attenuated UR6 promastigotes at
72 h and 96 h of culture.
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lationship of parasite virulence to protease expression suggests
that the protease might play some role in host infection. Work
is in progress in our laboratory to determine the exact role of
this protease in pathogenesis.

Immunoelectron microscopy. To gain insight into the pre-
cise cellular distribution of the serine protease, we employed
an immunogold electron microscopy technique. Electron mi-
crographs of thin sections of amastigotes and early-passage
promastigotes revealed that most of the labeling seems to be
associated with the flagellar pocket region at both stages of the
parasite (Fig. 4). This finding clearly indicates that the 115-kDa
protease is distributed throughout the flagellar pocket region,
a compartment in protozoan architecture that is formed by an
invagination of the plasma membrane where the flagellum
emerges from the cell body. In recent years, it has been well
known that, in contrast to mammalian cells, in trypanosomes

the flagellar pocket membrane plays a pivotal role in protein
trafficking between the interior and the exterior of the cell (27).
Our findings elaborate the idea of the protease being trans-
ported outside the cell. Previous studies have also indicated the
localization and exocytosis of a serine protease in Leishmania
amazonensis through the flagellar pocket (31). The cellular
location could be implicated in determining the physiological
role of the protease and might be taken into account for future
drug design strategies, although the exact mechanism of vesicle
fusion, which might be involved in the transport process, still
remains uncertain, and more-detailed study of the nature of
this compartment needs to be performed.

Effect of antisera on infectivity for macrophages. We exam-
ined the effect of the anti-115-kDa extracellular protease
antibody on in vitro invasion of macrophages. Early-passage
promastigotes were incubated with the antibody against the

FIG. 3. Immunolocalization and differential expression of the 115-kDa serine protease in L. donovani. Early-passage (A1 to A4), late-passage
(B1 to B4), and UR6 (C1 to C4) promastigotes of L. donovani were fixed and stained with an anti-115-kDa antibody and an anti-gp63 antibody
as described in Materials and Methods. The immunofluorescence images of the promastigotes labeled for the 115-kDa serine protease are shown
in the green channel (A2, B2, and C2), and those labeled for gp63 are shown in the red channel (A3, B3, and C3). Merged images (yellow channel)
are shown in panels A4, B4, and C4. The corresponding phase-contrast images are shown on the left (A1, B1, and C1). No fluorescence was
detected in similar preparations reacted with the preimmune serum (D, E, and F).

FIG. 4. Intracellular localization of the 115-kDa serine protease of L. donovani by immunogold electron microscopy. Promastigotes (A) and
amastigotes (B) of L. donovani were labeled with an anti-115-kDa serine protease antibody prior to detection with a gold-conjugated secondary
antibody. Electron microscopy images show the presence of gold particles in the flagellar pocket regions of the parasites (arrows).
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115-kDa protease. Promastigote internalization was inhibited
by treatment of the L. donovani promastigotes with the anti-
body (Fig. 5). Microscopic analysis showed the conspicuous
presence of numerous intracellular parasites in the host mac-
rophages when promastigotes were not treated with the anti-
body, but the numbers of antibody-treated parasites in macro-
phages were significantly reduced (Fig. 5A). Thus, one can
speculate that the parasites did not mediate internalization
when treated with the antibody. Figure 5B shows that the
numbers of invading parasites diminished after incubation of
the antibody-treated parasites with macrophages for different
times (up to 72 h), whereas the number of invading control
parasites (either left untreated or treated with preimmune
serum) showed successive increases as the incubation time
increased. We might speculate that the antibody interacts with
the extracellular protease and that this interaction somehow
interferes with the invasion of macrophages by parasites. Pre-
treatment of macrophages with the purified 115-kDa enzyme
prior to invasion permitted efficient invasion by parasites
treated with the anti-115-kDa antibody (Fig. 5B). Importantly,
the purified protease treatment appeared to be efficient in the
restoration of parasite invasion. These results indicate the in-
volvement of the protease in target cell invasion.

In vivo assay of L. donovani infectivity after immunization
with the protease. To evaluate the efficacy of the 115-kDa
serine protease as a potential protective antigen, female
BALB/c mice were vaccinated with the protease together with
Freund’s complete adjuvant, subcutaneously or intraperitone-
ally, and were boosted three times at 2-week intervals. Four
weeks after the final injection, the mice were challenged with
5 � 105 or 5 � 108 virulent L. donovani promastigotes. The
mice were sacrificed 1 month following parasite challenge, and
the parasite burdens in spleens and livers were estimated by
counting the parasite numbers in those tissues. Mice immu-
nized with the 115-kDa protease exhibited significant protec-
tion, as observed by dramatically lower parasite burdens than
those for mice receiving Freund’s complete adjuvant alone.

Mice challenged with 5 � 105 parasites showed no discernible
infection in either the spleen or the liver for as long as 8
months, but infection developed after 4 months in mice chal-
lenged with 5 � 108 parasites (Fig. 6). Thus, vaccination
against this protease is partially effective in eliciting a protec-
tive immune response. The mechanism of protection is cur-
rently unknown, and work is in progress to find out the basis of
this protection. It could be due to an increase in the Th1/Th2
ratio, since several workers have reported that protective im-
munity in response to vaccination is associated with an in-
creased Th1 response (12, 28). Immunomodulatory cytokines
might also be involved in eliciting the immune protection (12,
28).

The localization of the 115-kDa protease inside the flagellar
pocket, a specialized region of the plasma membrane involved
in endocytosis and exocytosis, strongly suggests that this pro-
tease can be released into the extracellular medium by utilizing
this vesicular compartment as the secretory pathway. On the
other hand, the evidence that the 115-kDa secreted protease
has strong proteolytic activity against extracellular matrix pro-
teins, such as collagen and fibronectin, as demonstrated in our
previous work (8), suggests that the protease is a superior
agent for host tissue invasion. Our experimental data revealed
that the relative abundance of the extracellular serine protease
is greater in early-passage promastigotes than in late-passage
and attenuated promastigotes. Therefore, this differential ex-
pression might play a crucial role in the life cycle of Leishmania
donovani, and the molecular mechanisms that regulate the
appearance of this protease in virulent, avirulent, and attenu-
ated states should be further investigated. Previous reports
have indicated that virulence for different Leishmania species
is associated with different parameters, such as the length of in
vitro culture (16), stationary versus log growth phase (17), and
the expression of the major surface glycoprotein (34). We
would infer from our findings that relative expression of the
115-kDa protease should be included in this list.

In summary, our work suggests the intracellular distribution

FIG. 5. Effect of an antibody against the 115-kDa serine protease on host cell invasion by early-passage L. donovani promastigotes. (A) Mi-
croscopic images of macrophages incubated with non-antibody-treated (a) or antibody-treated (b) parasites. (B) Parasites were treated with the
antibody for 1 h, after which unbound antibodies were washed out, and parasites were incubated with macrophages for 24 h, 48 h, or 72 h. In
another set of experiments, macrophages were pretreated with the purified protease and were then used in the macrophage invasion assay. The
internalized parasites were counted after staining with Giemsa stain. Results of corresponding control experiments in which parasites were not
treated with the antibody or were treated with preimmune serum are also shown. Reversal of invasion inhibition was observed for macrophages
pretreated with the purified 115-kDa serine protease. Results are means � standard deviations for four independent experiments. Asterisks
indicate significance levels (�, P � 0.05; ��, P � 0.01).
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of a novel type of serine protease, capable of degrading the
ECM, in the flagellar pocket region of L. donovani. The ex-
pression of this protease at relatively high levels in early-pas-
sage promastigotes compared to levels in late-passage and
attenuated stages suggests that the 115-kDa serine protease
could contribute to parasite invasion and virulence. Taken
together, these observations could help us to acquire important
knowledge about the mode of action of this protease, at least
in this particular species of Leishmania, and this protease can
be considered as a potential target for antileishmanial drug
design, to help eradicate this devastating disease affecting mil-
lions around the world.
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