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During Leishmania major infection in mice, gamma interferon (IFN-�) plays an essential role in controlling
parasite growth and disease progression. In studies designed to ascertain the role of IFN-� in Leishmania
amazonensis infection, we were surprised to find that IFN-� could promote L. amazonensis amastigote repli-
cation in macrophages (M�s), although it activated M�s to kill promastigotes. The replication-promoting
effect of IFN-� on amastigotes was independent of the source and genetic background of M�s, was apparently
not affected by surface opsonization of amastigotes, was not mediated by interleukin-10 or transforming growth
factor �, and was observed at different temperatures. Consistent with the different fates of promastigotes and
amastigotes in IFN-�-stimulated M�s, L. amazonensis-specific Th1 transfer helped recipient mice control
L. amazonensis infection established by promastigotes but not L. amazonensis infection established by amas-
tigotes. On the other hand, IFN-� could stimulate M�s to limit amastigote replication when it was coupled
with lipopolysaccharides but not when it was coupled with tumor necrosis factor alpha. Thus, IFN-� may play
a bidirectional role at the level of parasite-M� interactions; when it is optimally coupled with other factors,
it has a protective effect against infection, and in the absence of such synergy it promotes amastigote growth.
These results reveal a quite unexpected aspect of the L. amazonensis parasite and have important implications
for understanding the pathogenesis of the disease and for developing vaccines and immunotherapies.

Leishmania parasites are dimorphic protozoans. They are
transmitted to humans or other mammals by sandfly vectors in
the form of flagellated promastigotes, but they propagate in-
side tissue macrophages (M�s) in the form of aflagellate amas-
tigotes (2, 38). Leishmania infection exhibits a spectrum of
clinical manifestations, from relatively benign cutaneous pa-
thology to life-threatening visceral diseases, depending on the
infective parasite species and host immune responses (47).

Studies of experimental Leishmania infection in mice have
been important to our understanding of the pathogenesis of
the disease. In the murine model of Leishmania major infec-
tion, susceptibility and resistance are due to the development
of interleukin-4 (IL-4)-dominated Th2 responses and gamma
interferon (IFN-�)-dominated Th1 responses in the infected
host, respectively (35, 36). At the cellular level, IFN-� activates
microbicidal mechanisms of M�s that kill intracellular L. ma-
jor parasites (13, 14, 21), while cytokines, such as IL-4, IL-10,
and transforming growth factor � (TGF-�), not only inhibit
IFN-�-mediated parasite killing (21, 48, 49) but also directly
promote parasite growth inside M�s (18, 19). Although this
Th1-Th2 dichotomy is well established in the L. major infection
model, it may not adequately explain the pathogenesis of mu-
rine infection by other Leishmania species. For example, in-
fection by the New World species Leishmania amazonensis has
many unique aspects (8). While most inbred mouse strains are
susceptible to L. amazonensis infection, this susceptibility is not

associated with polarized Th2 responses (1, 41). C3H/HeJ mice
have been found to be relatively resistant to L. amazonensis
infection, yet their cytokine profile during infection is not high-
ly Th1 polarized (34). Furthermore, propagation of L. ama-
zonensis parasites in vivo is significantly reduced when either
CD4� T-cell function or the B-cell-mediated antibody re-
sponse is eliminated (22, 41). In contrast, mice deficient in
CD4� T cells succumb to L. major infection (7, 11, 16, 29).
These immunological data indicate that there are important
differences between the L. major and L. amazonensis parasites
in terms of the biology of their interactions with the host. This
point is strengthened by the recent finding that lipophospho-
glycan is an essential virulence factor for L. major but not for
Leishmania mexicana (17, 44). Thus, conclusions drawn from
studies of one Leishmania species may not always be extended
to other species. Therefore, it is necessary, in the context of
L. amazonensis infection, to revisit some fundamental aspects
of Leishmania-host interactions that have been determined
based mainly on data for L. major infection. Given the fact that
M�s are the primary host cells for all Leishmania parasites, in
this study we sought to ascertain the role of the Th1 cytokine
IFN-� in the dynamic interactions between L. amazonensis
parasites and host M�s. Our efforts led to the surprising ob-
servation that IFN-� may promote the replication of L. ama-
zonensis amastigotes.

MATERIALS AND METHODS

Mice. Wild-type and IFN-�-deficient BALB/c and C57BL/6 mice were pur-
chased from Jackson Laboratory (Bar Harbor, Maine). They were maintained
under specific-pathogen-free conditions and used when they were 6 to 10 weeks
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old. All protocols were approved by the Animal Care and Use Committee of the
University of Texas Medical Branch (Galveston, Tex.).

Reagents. Recombinant IL-10, tumor necrosis factor alpha (TNF-�), and
neutralizing monoclonal antibody (MAb) against IL-10 (clone JES5-16E3) were
purchased from BD PharMingen (San Diego, Calif.). Neutralizing MAb against
mouse TGF-� (clone 1D11) was purchased from R&D Systems (Minneapolis,
Minn.). Recombinant murine IFN-� was purchased either from R&D Systems or
Leinco Technologies, Inc. (St. Louis, Mo.). Lipopolysaccharide (LPS) from Sal-
monella enterica serovar Typhimurium and fluorescein isothiocyanate (FITC)-
conjugated goat anti-mouse immunoglobulin G (IgG) (Fab specific) were pur-
chased from Sigma (St. Louis, Mo.). Horseradish peroxidase-conjugated goat
anti-mouse IgG(H�L) was purchased from Bio-Rad Laboratories (Hercules,
Calif.). The L. amazonensis-specific antisera for staining intracellular parasites
were harvested from BALB/c mice that had been infected for 4 months.

Parasites. L. amazonensis (MHOM/BR/77/LTB0016) parasites were main-
tained by regular passage in BALB/c mice. To culture these parasites, Schnei-
der’s Drosophila media (Life Technologies, Rockville, Md.) supplemented with
20% fetal bovine serum were used; the pH used for promastigotes was 7, and the
pH used for amastigotes was 5. Promastigotes were cultured at 23°C. Metacyclic
promastigotes of L. amazonensis were purified by negative selection with the 3A1
MAb (a gift from David Sacks, National Institute of Allergy and Infectious
Diseases) as previously described (10). Tissue-derived amastigotes were har-
vested from foot tissues of infected BALB/c mice and were cultured at 33°C for
24 to 48 h before they were used, as previously reported (15). To prepare M�-
derived amastigotes, M�s that were infected with tissue-derived amastigotes for
96 h were lysed to release intracellular parasites (see below). The released
amastigotes were rested at 33°C overnight in complete Schneider’s Drosophila
media (pH 5) prior to use. Unlike amastigotes that were immediately harvested
from lesion tissues, M�-derived amastigotes had no fluorescence-activated cell
sorting-detectable surface opsonization of antibodies (unpublished data).

L. amazonensis infection of mice and evaluation of the disease course. Mice
(five to eight animals per group) were subcutaneously inoculated in the right hind
foot with 2 � 106 stationary-phase promastigotes or 105 tissue-derived amasti-
gotes. The lesion size was measured with a digital caliper (Control Company,
Friendswood, Tex.). At different times, mice were sacrificed to determine the
parasite burden by a limiting dilution assay as previously described (34). In
certain experiments, as indicated below, mice were intravenously injected
through the tail vein with 107 S1A Th1 cells in 150 �l of phosphate-buffered
saline (PBS) 1 day before infection. Mice that received PBS were used as the
control. The methods used for generation and characterization of the Th1 line
S1A have been described previously (20).

M� culture. Cells were cultured in Iscove’s modified Dulbecco’s medium
(Invitrogen GIBCO, Carlsbad, Calif.) supplemented with 10% fetal bovine se-
rum, 1 mM sodium pyruvate, 50 �M 2-mercaptoethanol, 50 �g of gentamicin per
ml, and 100 U of penicillin per ml. Bone marrow-derived M�s (BM-M�s) were
generated as described previously (43). Briefly, marrow cells were seeded in a
petri dish at a concentration of 2 � 106 cells per 10 ml of medium supplemented
with 10% L929 culture supernatant. After 5 days, nonadherent cells were dis-
carded, and adherent cells were maintained for an additional 2 to 4 days before
they were detached from the petri dish with cold PBS containing 2 mM EDTA.
These BM-M�s were washed twice with warm medium and then cultured on
four-well Lab-Tek chamber slides (Nalge Nunc International, Naperville, Ill.) at
a concentration of 1.5 � 105 cells/well for enumeration of intracellular parasites
by fluorescence microscopy. For other assays, cells were cultured in 24-well tissue
culture plates at a concentration of 3 � 105 cells/well. Peritoneal M�s were
obtained from peritoneal lavages of mice that had been intraperitoneally injected
with 1 ml of 3% thioglycolate broth 7 days previously.

M� stimulation and parasite infection. BM-M�s or peritoneal M�s that had
been rested for at least 12 h in tissue culture plates or on chamber slides were
washed once with warm media. They were then given different cytokines, LPS, or
various combinations of these compounds 4 h before infection with Leishmania
parasites. Alternatively, M�s were first infected at a defined parasite-to-cell ratio
and then stimulated with cytokines 4 h later. Unless indicated otherwise, M�s
exposed to parasites were kept at 33°C, a temperature consistent with the tem-
perature of Leishmania-induced cutaneous lesions in mice (39). In some exper-
iments, as noted below, promastigotes were incubated with 2% antisera or
freshly prepared mouse sera for 20 min at 33°C before they were used for
infection. To synchronize amastigote binding to M�s, each culture plate was
spun at 100 �g for 5 min immediately after parasites were added. M� cultures
were processed to evaluate intracellular parasite burdens at various times for up
to 96 h postinfection; after this time the spontaneous lysis of M�s with huge
parasitophorous vacuoles made it difficult to accurately measure parasite loads

(unpublished observations). Unless otherwise indicated, tissue-derived amasti-
gotes were used for cell infection.

Enumeration of parasites in M�s by fluorescent microscopy. Fluorescent
labeling of intracellular parasites was performed by using a previously described
method (21). Briefly, an infected M� monolayer was fixed on a chamber slide
with methanol at 4°C for 20 min and then washed twice with PBS. It was
subsequently stained with antisera (obtained from BALB/c mice infected for 3 to
6 months, 1:200 dilution in PBS) for 20 min at 4°C, washed three times with PBS,
and then stained with FITC-conjugated goat anti-mouse IgG(H�L) (1:200 di-
lution in PBS) at 4°C for 20 min. Cells were counterstained with 4�,6�-2-di-
amidino-2-phenylindole (DAPI) and then examined under a coverslip with an
AxioPlan II fluorescence microscope (Zeiss, Thornwood, N.Y.). To enumerate
intracellular parasites, each well of the chamber slide was divided into three
approximately equal areas along the long axis, and an image of a random field
from each of the three areas was obtained in both FITC and DAPI channels with
a Plan-Neofluar 40�/0.75 lens. The software-merged image was then evaluated,
and data representing the three random fields were pooled. Typically, 500 to 700
cells were counted for each chamber well.

Evaluation of the parasite burden in M�s after cell lysis by SDS. Exposure to
a low concentration of sodium dodecyl sulfate (SDS) (0.01%, wt/vol) has been
used previously to lyse infected M�s in order to release intracellular parasites
(33). Accordingly, at different times following infection, M�s in 24-well tissue
culture plates (three wells per condition) were washed with PBS and then
exposed to 200 �l of 0.01% SDS in PBS at 37°C. The process of cell lysis was
monitored with an inverted microscope. The lysis was typically completed within
10 to 15 min, and virtually all intracellular parasites were released. Each parasite
suspension was immediately supplemented with 0.8 ml of complete culture me-
dia and was thoroughly resuspended by repeated pipetting. The number of
parasites per well was determined with a hemocytometer.

Data analysis. To evaluate the statistical significance of the difference between
experimental groups in individual experiments, two-tailed t tests were used. To
evaluate the effect of IFN-� treatment across 21 experiments, control and treated
groups from each experiment were considered a pair, and the paired t test was
used. All graphs were generated with SigmaPlot software (SPSS Inc., Chicago,
Ill.).

RESULTS

Polarized Th1 cells fail to control L. amazonensis amastigote
infection. Murine infection by L. amazonensis parasites does
not exhibit a Th1-Th2 dichotomy in association with resistance
and susceptibility. Nonetheless, a highly polarized Th1 re-
sponse is thought to be sufficient for controlling L. amazonensis
infection in susceptible hosts. This is not only because Th1
responses play a protective role against many protozoan infec-
tions, including those caused by L. major (36), but also because
vaccine protection against L. amazonensis infection is associ-
ated with greater enhanced Th1 responses (42). We recently
generated an L. amazonensis-specific Th1 cell line, S1A, from
splenocytes of infected C57BL/6 mice through repeated in
vitro stimulation with amastigote lysates in the presence of
IFN-� and a neutralizing anti-IL-4 MAb. Intracellular staining
and fluorescence-activated cell sorting analysis have indicated
that more than 90% of S1A cells produce IFN-� and TNF-�
upon antigenic or polyclonal stimulation with no detectable
IL-4 or IL-10 production (20). Upon intravenous transfer into
naı̈ve C57BL/6 mice that were challenged with L. amazonensis
promastigotes 1 day later, S1A cells helped control lesion de-
velopment and reduced the parasite burden by more than 3
orders of magnitude (Fig. 1A). This protection was clearly
associated with enhanced Th1 responses (20). Curiously, how-
ever, when amastigotes were used for infection, the transfer of
S1A cells failed to reduce the parasite burden (Fig. 1B). Im-
portantly, mice into which S1A cells were transferred that were
later infected with amastigotes did exhibit a strong Th1 cyto-
kine pattern; when 106 lymph node cells were stimulated with
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amastigote lysates in 200 �l of complete medium for 72 h, the
IFN-� level was 220 	 45 ng/ml and the IL-4 level was 0.12 	
0.04 ng/ml (n 
 5). Thus, S1A cells failed to control the amas-
tigote infection despite the fact that they orchestrated a highly
polarized Th1 response. Thus, although a polarized Th1 re-
sponse is able to confer protection against promastigote infec-
tion, it may not be enough to limit amastigote propagation in
tissues. One explanation for this dramatic distinction in the
effectiveness of Th1 transfer against infections established with
promastigotes and amastigotes is that the two forms of para-
sites may have quite different fates in immune-activated M�s.
Since M�s are able to kill L. amazonensis promastigotes fol-
lowing IFN-� activation in vitro (41), we sought to test the fate
of amastigotes in IFN-�-activated M�s.

Enhanced amastigote replication in IFN-�-treated murine
M�s. In agreement with a previous report (41), M�s treated
with 20 ng of IFN-� per ml harbored fewer parasites than their
untreated counterparts 48 h after promastigote infection (Fig.
2A). Strikingly, when M�s were infected with L. amazonensis
amastigotes, the same IFN-� treatment significantly increased
the number of parasites per cell at 48 h postinfection, from
3.18 parasites per control M� to 5.08 parasites per IFN-�-
treated M� (P � 0.01) (Fig. 2A). This increase in the average
number of parasites per M� can be appreciated from the
micrographs in Fig. 2B and C. Importantly, when M� mono-
layers were examined 1 or 5 h postinfection, no significant
difference was observed between the IFN-�-treated and con-
trol groups (data not shown). Therefore, the increased para-
site/M� ratio in the IFN-�-treated group at 48 h was probably
a result of enhanced amastigote replication.

To further address this possibility, we directly determined
the total parasite burden in an infected M� culture by count-
ing the number of parasites released after M�s were lysed with
0.01% SDS in PBS (33). The kinetics of amastigote replication
were examined by using M�s that were not treated or were
treated with 20 ng of IFN-� per ml for 4 h prior to infection. As
shown in Fig. 3A, significantly more amastigotes were recov-
ered from IFN-�-treated M�s than from control cells at 8, 24,

FIG. 1. L. amazonensis infection in mice following adoptive trans-
fer of Th1 cells. Groups of five to eight C57BL/6 mice were intrave-
nously injected with 107 S1A Th1 cells or with PBS alone 1 day prior
to infection with 2 � 106 stationary-phase promastigotes (A) or 105

tissue-derived amastigotes (B). Parasite burdens were assayed at 10
weeks after promastigote infection (A) or at 6 weeks after amastigote
infection (B). (Insets) Lesion sizes at different times. The data repre-
sent the data from three independent experiments.

FIG. 2. Microscopic evaluation of L. amazonensis infection in M�s. BM-M�s from BALB/c mice (Exp. 1 and 2) or C57BL/6 mice (Exp. 3, 4,
and 5) were seeded at a concentration of 1.5 � 105 cells/chamber on chamber slides. Cells were not treated or were treated with 20 ng of IFN-�
per ml for 4 h prior to infection with 3 � 105 amastigotes (Ama.) or 7.5 � 105 stationary-phase promastigotes (Pro.). After 48 h of incubation,
cells were processed for immunostaining of the parasites. (A) Summary of the average numbers of parasites per cell, as calculated by dividing the
total number of parasites by the total number of M�s examined. (B and C) Representative images of amastigote-infected control M�s (B) and
IFN-�-treated M�s (C). A superscript a indicates that the P value is �0.01.
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48, and 96 h postinfection. Next, M�s were treated with dif-
ferent doses of IFN-�, and the parasite load was determined
48 h after infection. As shown in Fig. 3B, the amastigote bur-
den was significantly increased in M�s treated with 10 to 100
ng of IFN-� per ml. M�s treated with 2 or 200 ng of IFN-� per
ml harbored more amastigotes, although the increase was not
always statistically significant. To exclude the possibility that
the increase in intracellular amastigote burdens after IFN-�
treatment is peculiar to a certain type of M�s, different M�
preparations were examined. As shown in Fig. 3C, the IFN-�
treatment increased the total number of amastigotes regardless
of the genetic background (C57BL/6 or BALB/c) or the source
of M�s (BM-M�s or peritoneal M�s). Taken together, these
data clearly demonstrate that IFN-� treatment increases the
amastigote load in murine M�s.

This unexpected phenomenon may be because M�s are
actually more permissive to intracellular amastigote replication
after IFN-� treatment. Alternatively, it could result from an
increase in amastigote uptake by IFN-�-treated M�s. The lat-
ter possibility is particularly relevant since a fraction of amas-
tigotes harvested from lesion tissues remain opsonized by host
IgG even after 24 to 48 h in culture (15; unpublished data) and
since IFN-� could enhance Fc receptor-mediated phagocytosis
by M�s (51). In addition, IFN-� might have direct effects on
L. amazonensis amastigotes by shortening their doubling time.
For example, IL-2 and IFN-� were reported to promote the in
vitro growth of L. amazonensis promastigotes and Trypano-
soma brucei, respectively (3, 28). To exclude these possibilities,
we treated M�s with IFN-� after they had internalized amas-
tigotes. Phagocytosis of L. amazonensis amastigotes by M�s is
known to be a rapid and efficient process, taking approximately
30 min to complete from the time of parasite binding (25). In
our hands, when the binding of amastigotes to the M� mono-
layer was synchronized by gentle centrifugation, virtually no
amastigotes were observed outside M�s by 1 h. At this time,
the number of parasites recovered from lysed M�s was essen-
tially equal to the number in the initial inoculum (Fig. 4A),
indicating that there was complete and synchronized uptake of
amastigotes. Under these conditions of synchronized parasite
uptake, significantly more amastigotes were recovered from
M�s that were stimulated with IFN-� for either 4 h before or
4 h after the onset of amastigote infection (Fig. 4B). Therefore,
the increased parasite burden was not due to enhanced para-
site uptake following IFN-� treatment or the direct effect of
IFN-� on the parasite. In a total of 21 experiments that in-
volved M�s from different sources or strains of mice, the
amastigote load at 48 h postinfection was, on the average,
increased by 34% 	 13% in M�s treated with 20 ng of IFN-�
per ml, regardless of whether the IFN-� treatment was 4 h
prior to or after the onset of infection (P � 0.001, as deter-
mined by a paired t test). Together, these data strongly suggest
that IFN-� stimulation of M�s promotes the replication of
intracellular amastigotes.

Enhanced replication in IFN-�-treated M�s is a unique
property of amastigotes that is not shared by metacyclic pro-
mastigotes. Data in Fig. 2, as well as in a previous report (41),
clearly indicated that promastigotes are killed in IFN-�-acti-
vated M�s. However, these experiments involved the use of
stationary-phase promastigote preparations, which typically
contain only 10% highly infective metacyclic promastigotes.

FIG. 3. Increased burdens of amastigotes in IFN-�-treated M�s.
(A) C57BL/6 BM-M�s (3 � 105 cells/well) were not treated or were
treated with 20 ng of IFN-� per ml for 4 h prior to infection with 4.5
� 105 amastigotes. The number of parasites in each well was deter-
mined at different times. The data are data from one of three exper-
iments in which similar results were obtained. (B) Different concen-
trations of IFN-� were tested by a procedure similar to that described
above for panel A. The number of parasites in each well of a M�
culture was determined at 48 h postinfection. The data represent the
data from three independent experiments. (C) M�s from different
strains of mice and sources were treated with 20 ng of IFN-� per ml for
4 h and then infected with amastigotes. The number of parasites was
determined at 48 h postinfection. The data are data from one of two
experiments in which similar results were obtained.
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Metacyclic promastigotes directly give rise to amastigotes in a
natural infection and are more resistant to innate killing by
hosts (37, 38). This prompted us to further examine whether
enhanced growth in IFN-�-activated M�s is a property shared
by amastigotes and metacyclic promastigotes. As shown in Fig.
5A, significantly fewer parasites were recovered from metacy-
clic promastigote-infected, IFN-�-treated M�s. This was also
true when metacyclic promastigotes were preincubated with
freshly harvested normal sera or antisera, despite the fact that
serum opsonization may assist certain Leishmania species in
attaching to and surviving in M�s (4, 30). Clearly, the ability
to grow better in IFN-�-activated M�s is a unique feature of
L. amazonensis amastigotes.

Enhanced replication in IFN-�-treated M�s is not medi-
ated by IL-10. To our knowledge, no biological activities that
were ascribed previously to IFN-� can directly account for the
observed replication-promoting effect on amastigotes inside
M�s. However, IFN-� might promote amastigote growth in
M�s through induction of another cytokine(s) that favors par-
asite replication. In this context, IL-10 is particularly relevant,
because it can deactivate nitric oxide (NO)-mediated leish-
manicidal effects of M�s (21, 48, 49). It can also directly
promote the growth of L. major parasites in M�s by inducing
arginase (18, 19), a key enzyme in the synthetic pathway of
polyamines that are required for intracellular growth of Leish-

FIG. 4. Enhanced amastigote replication in IFN-�-treated M�s.
C57BL/6 BM-M�s (3 � 105 cells/well) were not treated or were
treated with 20 ng of IFN-� per ml for 4 h before or after infection with
4.5 � 105 amastigotes. The parasite binding to the M� monolayer was
synchronized as described in Materials and Methods. The number of
intracellular amastigotes was determined at 1 h (A) and 48 h (B) post-
infection. Data are the mean �/� SD for a given condition in tripli-
cate. The results for three independent experiments are shown.

FIG. 5. Enhanced replication in IFN-�-treated M�s is a unique
property of amastigotes and is not mediated by IL-10. M�s (3 � 105

cells/well) were infected with 1.5 � 106 metacyclic promastigotes or
4.5 � 105 amastigotes in 24-well plates. All parasite burdens were
determined at 48 h postinfection. (A) C57BL/6 BM-M�s either were
not treated or were treated with 20 ng of IFN-� per ml and then
infected with metacyclic promastigotes that had been preincubated
without serum, with 5% L. amazonensis-specific antiserum, or with
normal mouse serum. (B) C57BL/6 BM-M�s were not treated or were
treated with 20 ng of IFN-� per ml and then were infected with
tissue-derived or M�-derived amastigotes. (C) Before infection with
amastigotes, C57BL/6 BM-M�s were pretreated with 20 ng of IFN-�
per ml in the presence or absence of 10 �g of anti-IL-10 MAb per ml.
As controls, cells were treated with 20 ng of IL-10 per ml together with
or without 10 �g of anti-IL-10 MAb per ml. All data are the means 	
standard deviations for three wells. One asterisk indicates that the P
value is �0.05, and two asterisks indicate that the P value is �0.01.
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mania parasites (53). Interestingly, opsonized amastigotes can
induce Fc receptor-dependent IL-10 production by M�s, pro-
vided that the M�s also receive concomitant inflammatory
stimuli, such as bacterial LPS and hyaluronic acid (21). Thus,
if IFN-� is a costimulus that induces IL-10 production by
infected M�s, this may explain why IFN-� can enhance the
replication of L. amazonensis amastigotes. However, this does
not appear to be the case. As shown in Fig. 5B, the growth-
enhancing effect of IFN-� was observed with both tissue-de-
rived amastigotes and M�-derived amastigotes, which were
bound by and free of host IgG, respectively (see Materials and
Methods for details). In addition, no IL-10 was detectable by
an enzyme-linked immunosorbent assay in amastigote-infected
M�s regardless of whether they were treated with IFN-� (data
not shown). More importantly, while exogenous IFN-� and
IL-10 promoted amastigote replication to similar extents, ad-
dition of a neutralizing anti-IL-10 MAb totally negated the
effect of IL-10 but not the effect of IFN-� (Fig. 5C). Similarly,
a neutralizing MAb against TGF-� did not affect the growth-
promoting effect of IFN-� (data not shown). Since arginase I
upregulation is responsible for the enhanced growth of L.
major parasites in M�s treated with IL-4, IL-10, or TGF-� (18,
19), we also examined the level of arginase I expression in
IFN-�-treated and L. amazonensis amastigote-infected M�s by
Western blotting. We found that there were no major changes
in arginase expression due to IFN-� treatment, amastigote
infection, or a combination of these treatments (data not
shown). Taken together, these results indicate that IFN-�-
enhanced amastigote replication is not likely to be mediated by
induction of IL-10 or other arginase I-enhancing cytokines.

Control of L. amazonensis amastigote replication by IFN-�
plus LPS and its temperature dependence. The combination of
IFN-� and LPS has been well established as one of the stron-
gest inducing conditions for iNOS-mediated NO production
(27), which is believed to be an esential leishmanicidal mech-
anism operating in vitro and in vivo (13, 14, 24, 31, 52). Given
the finding that IFN-� by itself may promote intracellular rep-
lication of L. amazonensis amastigotes, it was important to
determine the effect of IFN-� coupled with LPS. As shown in
Fig. 6A, following treatment with IFN-� and LPS, M� became
significantly more resistant to intracellular proliferation of
amastigotes. Importantly, M�s stimulated with LPS alone har-
bored amounts of amastigotes similar that those of the un-
treated control (data not shown). These data demonstrate that
when combined with LPS, IFN-� is able to stimulate M�s to
limit amastigote replication. This result also correlates with the
finding that IFN-� together with LPS but not by itself can
induce a significant amount of iNOS protein expression (un-
published observation).

A potential caveat of the above-described experiments is
that amastigote infection and subsequent M� incubation were
carried out at 33°C, a reduced temperature. This temperature
is consistent with that of Leishmania-induced lesions in mice
(39). However, it can be argued that microbicidal functions of
M�s are impaired at this reduced temperature. Thus, it is
possible that 33°C is the temperature required for both IFN-�
and LPS to induce a leishmanicidal state in M�s, while IFN-�
alone might be sufficient at 37°C. Therefore, we tested whether
at 37°C IFN-� alone or in combination with LPS can promote
killing of L. amazonensis amastigotes in M�s. A sharp de-

crease in the number of intracellular amastigotes was observed
at 37°C in infected M�s without any treatment (Fig. 6B). This
was particularly evident after 24 h. Such parasite loss was most
likely due to the spontaneous death of amastigotes rather than
to active killing by untreated M�s, because lesion-derived
amastigotes quickly stopped replicating and spontaneously
died when they were cultured at 37°C (15; unpublished data).
This spontaneous loss of parasites at 37°C was in sharp contrast
to the pronounced parasite propagation at 33°C (compare Fig.
6A and B). At 33°C, amastigote replication was clearly reduced
in M�s treated with IFN-� plus LPS compared to amastigote
replication in M�s that were not treated (Fig. 6A). Interest-
ingly, cotreatment with IFN-� and LPS did not incresae the
spontaneous loss of amastigotes at 37°C (Fig. 6B). Importantly,
treatment of M�s with IFN-� alone also failed to accelerate
the spontaneous loss of intracellular amastigotes at 37°C (Fig.
6B). Rather, it significantly induced amastigote replication
during the first 24 h after the onset of infection. After this, the
parasite load in IFN-�-treated M�s was not lower than that in
the control at any time (Fig. 6B). Taken together, these data

FIG. 6. Temperature dependence of amastigote replication in
M�s. C57BL/6 BM-M�s (3 � 105 cells/well) were not treated or were
treated with 20 ng of IFN-� per ml alone or with 20 ng of IFN-� per
ml plus 10 ng of LPS per ml for 4 h and then were infected with 4.5 �
105 amastigotes. Infected M� cultures were kept at either 33°C (A) or
37°C (B) throughout the experiments. At different times, the amasti-
gote burden in the group treated with IFN-� or IFN-� plus LPS was
compared to the amastigote burden in the untreated control. One
asterisk indicates that the P value is �0.01, and two asterisks indicate
that the P value is �0.001. The data are the means 	 standard devi-
ations for three wells. The results of one of two independent experi-
ments are shown.
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demonstrate that IFN-�-enhanced amastigote replication in
M�s is not peculiar to a lower temperature. Rather, IFN-�
promotes amastigote growth even at a temperature that does
not favor parasite survival.

DISCUSSION

Scott et al. showed two decades ago that despite being able
to kill L. major amastigotes and Toxoplasma gondii parasites,
lymphokine-activated M�s failed to control intracellular rep-
lication by L. amazonensis amastigotes. However, no signifi-
cant enhancement of amastigote replication was observed (40).
The difference between the previous findings and the present
results is probably due to the fact that Scott et al. used com-
plete culture supernatants produced by splenocytes from L.
amazonensis-sensitized mice as the lymphokine, while we used
recombinant IFN-�. Our results indicate that L. amazonensis
amastigote replication is enhanced in IFN-�-treated M�s,
which revealed a unique ability of L. amazonensis parasites to
resist and to take advantage of host defense mechanisms. On
the other hand, our data also show that L. amazonensis amas-
tigotes can be controlled by M�s if they are stimulated prop-
erly (i.e., by a combination of IFN-� and LPS but by neither of
these compounds alone) (Fig. 6). Because iNOS-deficient M�s
failed to control amastigote replication even when they were
stimulated with IFN-� and LPS (unpublished data), this killing
is probably NO mediated, similar to what has been observed
for L. major parasites (13, 14, 21). Apparently, depending on the
presence of other factors, IFN-� may either facilitate L. ama-
zonensis amastigote replication or promote L. amazonensis
amastigote killing.

While the present study did not pinpoint a mechanism by
which stimulation of M�s with IFN-� alone could facilitate the
intracellular replication of L. amazonensis amastigotes, several
possibilities can be contemplated. First, amastigotes might be
able to sense the activation of a particular signaling pathway
downstream of the IFN-� receptor and then accelerate their
own replication. This accelerated amastigote replication may
be sufficiently fast to compensate for the loss of parasites due
to NO-mediated killing, especially when a microbicidal level of
NO production requires de novo iNOS transcription, transla-
tion, and posttranslational modification (12). Second, L. ama-
zonensis amastigotes may influence the balance of arginine
metabolism in M�s to their own favor. As mentioned above,
cytokines such as IL-4, IL-10, and TGF-� enhance the activity
of arginase I and promote the growth of L. major parasites in
M�s (18, 19). This is because arginase-mediated arginine me-
tabolism, which by definition competes with iNOS for the same
substrate, leads to the synthesis of polyamines that are essen-
tial for the replication of eukaryotic cells, including protozoans
such as Leishmania (32, 53). Thus, increased polyamine pro-
duction in the host cell favors parasite growth. While IFN-�
activates the iNOS but not the arginase pathway, it may en-
hance arginine transport into the M�s (5, 6, 26). Therefore, if
L. amazonensis amastigotes in IFN-�-activated M�s could
somehow skew the balance between arginase and iNOS activ-
ities toward the former, increased polyamine synthesis and
enhanced parasite replication may occur. Given that intracel-
lular replication of Leishmania parasites occurs in acidified
phagolysosomes, another possibility is that IFN-� may facili-

tate maturation of amastigote-containing phagolysosomes,
leading to an accelerated onset of amastigote replication. This
possibility would explain our observation that IFN-�-treated
M�s exhibit a discernible increase in total parasite burdens by
8 h postinfection (Fig. 3A). Currently, we are addressing these
possibilities.

Our results have revealed that there is a striking contrast
between the fates of L. amazonensis promastigotes and amas-
tigotes in IFN-�-activated M�s. The finding that promasti-
gotes are killed while amastigotes may continue to grow intra-
cellularly correlates well with the observation that transferred
Th1 cells controlled infection with promastigotes but not in-
fection with amastigotes (Fig. 1). During a natural infection,
however, all surviving promastigotes in the mammalian host
must eventually transform into amastigotes. Thus, there seems
to be a significant period of time between the entry of promas-
tigotes into M�s and the completion of amastigote transfor-
mation, during which the parasite is highly vulnerable to Th1-
induced microbicidal attacks by host M�s. Indeed, this period
of transformation was estimated to be as long as 5 days (9).
Conceivably, this 5-day period would be a window of opportu-
nity for vaccine-generated memory Th1 cells to be recalled into
action, activating M�s to eliminate the parasite (as seen in
successfully immunized mice). Beyond that, a polarized Th1
response may not be sufficient to control the infection or even
have an exacerbating impact. Based on these analyses, it ap-
pears that the immune memory induced by an effective anti-L.
amazonensis vaccine would have to be fast reacting and able to
mount a Th1 response before the complete promastigote-
amastigote transformation. Furthermore, Th1 enhancement
should not be the sole basis for immunotherapies aimed at
resolving L. amazonensis infections at a later stage. When
amastigotes have established tissue residence in the host, for
example, local administration of recombinant IFN-� to L.
amazonensis-infected lesions may be harmful rather than ben-
eficial to the host.

Previous studies have provided conclusive evidence that
IFN-� plays a clear-cut protective role in controlling L. major
infection in mice (45, 46, 50). Accordingly, the guiding princi-
ple for vaccine development and immunotherapeutics against
Leishmania infection is to enhance Th1 responses. Results in
this report point to a more complicated aspect of L. amazonen-
sis infection regarding the role of IFN-� and suggest that this
infection requires a modified strategy for the development of
vaccines and immunotherapies.
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