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The interaction of the innate immune system with the microbial world involves primarily two sets of
molecules generally known as microbial pattern recognition receptors and microbial pattern recognition
molecules, respectively. Examples of the former are the Toll receptors present particularly in macrophages and
dendritic cells. Conversely, the microbial pattern recognition molecules are conserved protist homopolymers,
such as bacterial lipopolysaccharides, lipoteichoic acids, peptidoglycans, glucans, mannans, unmethylated
bacterial DNA, and double-strand viral RNA. However, for protists that lack most of these molecules, such as
protozoans, the innate immune system must have evolved receptors that recognize other groups of microbial
molecules. Here we present evidence that a highly purified protein encoded by a Leishmania brasiliensis gene
may be one such molecule. This recombinant leishmanial molecule, a homologue of eukaryotic ribosomal
elongation and initiation factor 4a (LelF), strongly stimulates spleen cells from severe combined immunode-
ficient (SCID) mice to produce interleukin-12 (IL-12), IL-18, and high levels of gamma interferon. In addition,
LeIF potentiates the cytotoxic activity of the NK cells of these animals. Because LelF is a conserved molecule
and because SCID mice lack T and B lymphocytes but have a normal innate immune system (normal
reticuloendothelial system and NK cells), these results suggest that proteins may also be included as microbial
pattern recognition molecules. The nature of the receptor involved in this innate recognition is unknown.
However, it is possible to exclude the Toll receptor Tlr4 as a putative LelF receptor because the gene encoding

this receptor is defective in C3H/HeJ mice, the mouse strain used in the present studies.

Stimulation of the immune system by most microorganisms
is usually carried out by molecules that interact with two dis-
tinct sets of host recognition molecules, namely, the microbial
pattern recognition receptors and the antigen receptors of T
and B lymphocytes (6, 7). These receptors are responsible for
the initiation and expression of the innate and adaptive im-
mune responses, respectively. Microbial pattern recognition
receptors are germ line encoded, and it is estimated that their
repertoire is restricted to a few hundred different receptors
(12). In contrast, T and B lymphocyte antigen receptors are
generated by somatic genetic mechanisms and their repertoires
are on the order of approximately 10" different specificities
2).

In general, the immune response is initiated by the recogni-
tion of the microbial pattern recognition molecules by host
cells. This results in activation of the host cells to both produce
several different cytokines involved in the inflammatory reac-
tion and present antigenic epitopes to the highly specialized
cognitive elements of the immune system. While the latter
elements can recognize practically all sorts of foreign organic
molecules, in particular, carbohydrates and proteins, the ele-
ments involved in the pattern recognition molecules are not as
diversified. It is believed that the recognition repertoire of this
system is limited to bacterial lipopolysaccharides (LPS), lipo-
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teichoic acids, peptidoglycans, glucans, mannans, bacterial
DNA, and double-stranded viral RNA (12). Although these
molecules are chemically distinct from one another, they have
some properties in common; e.g., they all are homopolymers,
and with the exception of the nucleic acids, they are integral
components of the bacterial and fungal cell walls and are
therefore limited to these organisms of the microbial world. In
addition, the immune-regulatory properties of nucleic acids
are primarily associated with bacterial and viral DNA and
RNA, respectively.

However, for microbes, such as protozoans, that lack cell
walls and have nucleic acids that are weaker stimulatory mol-
ecules than the bacterial and viral counterparts (21), the ver-
tebrate hosts must have evolved and developed receptor mol-
ecules that are capable of recognizing different microbial
molecules to alert the innate immune system to subsequently
initiate the specific immune response.

We have recently shown that a protozoan (Leishmania bra-
siliensis) gene homologous to eukaryotic ribosomal elongation
and initiation factor 4A encodes a protein designated LelF
that stimulates peripheral blood mononuclear cells (PBMC)
from both leishmaniasis patients and uninfected individuals
(22, 23). Stimulation of these cells, as well as normal human
monocyte-derived macrophages and dendritic cells, with LelF
resulted in the production of large quantities of gamma inter-
feron (IFN-y) and interleukin-12 (IL-12) p40 and p70 (18).
Therefore, LelF could be a microbial protein recognized by
the elements of the innate immune system. However, because
in these experiments we could not rule out the possibility that
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FIG. 1. High-pressure liquid chromatography profile of purified
LelF. Au, arbitrary units.

LelF was recognized by contaminating T cells, i.e., by cognitive
receptors, it became important to test if LeIF would stimulate
the innate components of immunity in the absence of the
cognitive elements of the immune system.

To investigate this possibility, we used severe combined im-
munodeficient (SCID) mouse spleen cells because these mice
lack mature T and B lymphocytes but have functional macro-
phages and NK cells, essential components of the innate im-
mune system. The results confirm and expand our former ob-
servation, in that LelF activates macrophages to produce IL.-12
and IL-18 and NK cells to produce IFN-y.

MATERIALS AND METHODS

Animals. SCID mice in the LPS low-responder genetic background (C3H/
HelJ) aged 6 to 8 weeks were obtained from The Jackson Laboratory and
maintained at our facilities in specific-pathogen-free condition.

Reagents. Recombinant mouse IL-12 and polyclonal sheep anti-murine IL-12
were kindly supplied by the Immunology Department of the Genetic Institute
(Cambridge, Mass.). Recombinant human IL-15 and IL-2, murine granulocyte-
macrophage colony-stimulating factor, and IL-4 were provided by Immunex
Corp. (Seattle, Wash.). Recombinant mouse IL-5 and IFN-y were from Pharm-
ingen (San Diego, Calif.), and recombinant IL-18 was purchased from Pepro
Tech, Inc. (Rocky Hill, N.J.). Purified anti-mouse IL-5 and IFN-y monoclonal
antibodies (MAbs) were from Pharmingen. Rabbit anti-asialo GM1 antiserum
was purchased from Wako Chemicals (Dallas, Tex.). Purified anti-tumor necrosis
factor alpha, anti-mouse CD11b (Mac-1), anti-CD80 (B7.1), anti-CD86 (B7.2),
and anti-mouse CD32/16 were purchased from Pharmingen. LPS was purchased
from Sigma Chemical Co. (St. Louis, Mo.). LeIF was prepared as previously
described (22), followed by reverse-phase high-pressure liquid chromatography
using a gradient of acetonitrile in water (both eluants contained 0.05% triflu-
oroacetic acid). Pure fractions were pooled and lyophilized before being redis-
solved in Tris buffer (10 mM, pH 8.0) prior to use. Figure 1 illustrates the high
degree of purity of the protein used in these studies. Purified leishmanial re-
combinant proteins 8E and Ldp23 and mycobacterial recombinant proteins
TbH9 and TbRal were provided by Corixa Corporation (Seattle, Wash.). All
recombinant proteins contained less than 10 ng of endotoxin per mg of protein,
as determined by the Limulus amoebocytelysate (LAL) assay.

Cell preparation. Spleens from C3H/HeJ SCID mice were removed aseptically
and dissociated in RPMI medium containing 10% fetal bovine serum, 50 uM 2
B-mercaptoethanol, and 50 p.g of gentamicin per ml. Single-cell suspensions were
prepared after lyses of red blood cells with ammonium chloride. After two
washes, the cells were counted and plated in 96-well flat-bottom plates at a
density of 2 X 10°/100 pl of RPMI 1640 medium. Bone marrow-derived macro-
phages were obtained from the bone marrow of C3H/HeJ SCID mice by Ficoll
gradient, washed twice with RPMI 1640 medium, and plated in six-well plates at
adensity of 5 X 10° to 8 X 10° cells per well in 5 ml of RPMI 1640 medium. After
2 h at 37°C, the nonadherent cells were removed and the cultures were submitted
to another overnight adherent cycle of purification. The adherent cells were
cultured in RPMI 1640 medium plus 20 ng each of recombinant murine granu-
locyte-macrophage colony-stimulating factor and recombinant murine IL-4 per
ml. Every 3 days, the cells were fed with fresh supplemented medium. After 8 to
12 days, the cells were harvested for assay. The cells were analyzed by FACScan
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cytoflurometer using the Cell Quest software (Becton Dickinson) and shown to
be 98% MAC-1-positive cells.

IL-15-activated NK cells (LAK) were obtained from SCID mouse spleen cells
after lysis of red blood cells and cultured at a density of 4 X 10° to 8 X 10° cells
per well in six-well plates in a final volume of 5 ml of RPMI 1640 medium
supplemented with 1% (vol/vol) nonessential amino acids (Gibco) plus 300 ng of
human IL-15 per ml. After 5 days in culture, the cells were washed and purified
in two cycles over Sephadex G-10 columns to remove adherent cells. LAK cells
were then cultured for additional times varying from 7 to 40 days before they
were assayed. A fluorescence-activated cell sorter (FACS) analysis showed that
these populations were CD14~, B7.1/B7.27, and asialo-GM ™.

Cytotoxicity assays. The specific cytotoxic activity of activated spleen cells
against >'Cr-labeled YAC-1 target cells was measured in a standard 4-h chro-
mium release assay at several effector-to-target ratios. Percent specific >'Cr
release was calculated by using the following formula: (experimental release —
spontaneous release)/(maximum release — spontaneous release) X 100. Spon-
taneous release was obtained from target cells in the absence of effector cells,
and maximum release was obtained by lysis of target cells with Triton X-100. The
results are expressed as the mean of triplicate wells of one representative exper-
iment from at least three identical experiments.

Cytofluorometric analysis. The expression of cell surface markers was per-
formed by standard procedures on a FACSCalibur (Becton Dickinson). The
following fluorescein isothiocyanate-labeled antibodies, purchased from Pharm-
ingen, were used for staining: anti-CD11b (MAC-1), anti-CD80 (B7-1), anti-
CD86 (B7-2), and anti-CD14. Purified anti-mouse CD32/CD16 was used to block
the nonspecific binding of MAbs to Fc receptors. For NK cell staining, spleen
cells or activated NK cells were incubated with a 1/250 dilution of polyclonal
rabbit anti-asialo-GM1 serum for 30 min at 4°C. Background fluorescence was
assessed by using normal rabbit serum. Cells were washed and then incubated
with biotinylated anti-rat immunoglobulin G, followed by incubation with phy-
coerythrin-conjugated streptavidin for 30 min at 4°C. Stained cells were analyzed
by FACS.

ELISA. The two-site enzyme-linked immunosorbent assay (ELISA) was em-
ployed to assay the levels of IFN-vy, IL-5, and IL-12. Briefly, 96-well plates were
coated overnight at 4°C with 2 ug of either anti-murine IL-5 (TRFKS5), IL-12
(C.17.15.10.12), or anti-IFN-y (R4-6A2) MAbs per ml in bicarbonate buffer,
washed with phosphate-buffered saline-0.05% Tween 20 (Sigma Chemical Co.,
St. Louis, Mo.), and blocked with phosphate-buffered saline-1% bovine serum
albumin for 2 h. After washing, samples were added and incubated overnight at
4°C. Plates were washed, followed by the addition of biotinylated anti-mouse
IL-5 (TRFK4), anti-mouse IL-12 (C.15.6.7.6), or anti-mouse IFN-y (XMG1.2)
MADs at 0.5 mg/ml, and incubated for 2 h at room temperature. The plates were
washed and incubated for an additional 1 h with streptavidin-peroxidase. After
the last washing, the reactions were developed with tetramethylbenzidine (TMB)
substrate and read at 450 nm.

RESULTS

IFN-y production by SCID spleen cells stimulated with
LeIF. We have previously shown that PBMC from leishmani-
asis patients and normal donors produce IFN-vy in response to
LelF (22). However, the mechanism by which LelF elicits this
IFN-y production was not systematically investigated. Three
types of cells produce IFN-y, CD4™ Th1 lymphocytes, CD8" T
lymphocytes, and NK cells. To investigate the requirement, or
lack thereof, of T-cell recognition for the production of IFN-y
by normal cells stimulated with LelF, spleen cells from T-cell
deficient SCID mice were used. SCID mice lack mature T and
B cells, and their spleens are highly enriched with NK cells (3,
4, 8, 11). Therefore, this is an ideal system with which to test
the action of LelF in the absence of specific immune recogni-
tion. Cells were activated with different concentrations of LelF
for 48 to 72 h, and the cytokine concentration was analyzed in
the culture supernatants. The results shown in Fig. 2A indicate
that LelF stimulates resting NK cells in a dose-dependent
manner for the production of high levels of IFN-y. This effect
was not due to LPS contamination because the LelF prepara-
tions used in these studies contained less than 10 ng of endo-
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FIG. 2. IFN-y production by SCID C3H/HeJ mouse spleen cells induced by LelF. (A) Spleen cells (2 X 10°/100 pl) were stimulated with
different concentrations of LelF and incubated for 48 h. Supernatants were harvested and tested by ELISA for the presence of IFN-y. (B) Spleen
cells were incubated with LelF (10 wg/ml) or LPS (1 pg/ml) with or without polymyxin B (10 wg/ml), and supernatants were harvested after 48 h
and assayed for the presence of IFN-y. Results represent the arithmetic mean of duplicate culture supernatants in one of five experiments with

essentially the same results.

toxin per mg of protein (LAL assay). In addition, the LPS
inhibitor polymyxin B had little or no effect on LeIF-induced
IFN-y production by SCID spleen cells. In contrast, polymyxin
B inhibited LPS-induced IFN-vy production by these cells by
>90% (Fig. 2B). Moreover, treatment of LelF with proteinase
K totally abolished its activity (data not shown).

Compared with cytokines that typically induce IFN-y pro-
duction by NK cells, such as IL-12 and IL-18, LelF induced
greater quantities of IFN-y than either IL-12 or IL-18, even
when these inflammatory cytokines were used at high concen-
trations (10 U/ml and 100 ng/ml, respectively). In addition,
IL-15, which is a cytokine that stimulates NK cells to prolifer-
ate via components of IL-2R, did not stimulate SCID mouse
spleen cells to produce IFN-v. Interestingly, LeIF induced high
levels of IFN-y production in the absence of a significant pro-
liferative response of the SCID spleen cells (Fig. 3).

Because the recombinant LelF used in these studies has a
His tag (six histidines) in its N terminus, it became important
to determine whether the stimulation of NK cells for the pro-
duction of IFN-y was due to LelF or if the His tag portion of
the recombinant protein induced this activity. To test this pos-
sibility, several recombinant proteins (with a His tag in the N
terminus) from different origins, including two proteins from
other species of Leishmania and two from Mycobacterium tu-
berculosis, were compared with LelF. The results indicate that
LelF was the only microbial recombinant protein to induce
IFN-y production in SCID spleen cells. None of the other His
tag recombinant protein tested stimulated these cells (data not
shown).

Characterization of SCID spleen cells that interact with
LelF for production of IFN-y. Because the only cell population
capable of producing IFN-vy in the SCID mouse spleen is NK
cells, it became interesting to determine if LelF stimulates
these cells directly or indirectly, for example, via cytokines
produced by activated macrophages. To investigate this possi-
bility, a direct approach was initially used. NK cells were pu-
rified from SCID spleen cells after removal of macrophages

and other adherent cells by two passages over Sephadex G-10
columns. The purified (enriched) NK cells were stimulated
with either LelF or IL-15. No IFN-y could be detected in the
supernatant of these cultures (Fig 4A). However, excellent
proliferation was obtained when these cells were stimulated
with IL-15, thus confirming their viability after the two pas-
sages over Sephadex G-10 columns (data not shown). To dis-
sect further the cells involved in the induction by LelF of
IFN-y production by SCID spleen cells, a lymphokine-acti-
vated NK cell line (LAK) devoid of antigen-presenting cells
was generated. This LAK cell line was obtained after several
cycles of stimulation of macrophage-depleted (with Sephadex
G-10 column) SCID spleen cells with IL-15. FACS analysis
revealed the following cell surface pattern: CD14", B7.1/
B7.27, and asialo-GM1™" (data not shown). Stimulation of
these highly purified NK cells with LelF again resulted in no
production of IFN-y. However, when bone marrow macro-
phages were added to the purified NK or to the LAK cells,
great quantities of this cytokine were produced by both cell
populations (Fig. 4). No IFN-y was detected in the culture
supernatants of bone marrow macrophages alone either incu-
bated with medium or in the presence of LelF (data not shown).
These results indicate first that LelF does not act directly on
the NK cells and second that its ability to stimulate IFN-y
production by these cells is dependent on antigen-presenting
cells.

Characterization of the cytokines involved in the LelF-stim-
ulated macrophages necessary for IFN-y production by NK
cells. One of the most intriguing characteristics of LelF is its
strong ability to induce both human PBMC and PBMC-derived
macrophages to produce IL-12 (18, 22). Because this cytokine
and IL-18, another macrophage-derived cytokine, are actively
involved in the activation of both T cells and NK cells for the
production of IFN-y (13, 15, 25), we investigated the partici-
pation of these cytokines in IFN-y production by SCID mouse
spleen cells stimulated with LelF. Cells were stimulated with
LelF in the presence or in the absence of rabbit anti-IL-12 or
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FIG. 3. IFN-y production by spleen cells of SCID C3H/Hel mice
stimulated with LelF or cytokines is independent of cell proliferation.
Spleen cells (2 X 10°/100 ul) were incubated for 48 h in the presence
or absence of 10 pg of LelF per ml or with the optimal concentration
of the cytokine IL-12 (10 U/ml), IL-15 (100 ng/ml), or IL-18 (100
ng/ml). Supernatants were harvested and tested by ELISA for the
presence of IFN-y (bottom). Cell proliferation was measured by in-
corporation of [*H]thymidine (top). Results represent the arithmetic
mean of duplicate culture supernatants in one of three experiments
with essentially the same results.

rabbit anti-IL-18 antibody for 72 h. Supernatants were har-
vested and analyzed for the presence of IFN-vy. Figure 5 clearly
shows that both antisera inhibited IFN-y production by LelF-
stimulated SCID mouse spleen cells. Because IL-12 acts syn-
ergistically with IL-18 to induce IFN-y production by T cells
(10, 13, 24), these results strongly suggest that the potent
activation of SCID mouse spleen cells by LelF for the produc-
tion of IFN-y is caused by the activation of macrophages
and/or dendritic cells to secrete both IL-1 and IL-18.

This synergistic effect was further confirmed by experiments
in which recombinant IL-12 or IL-18 was added to LelF-stim-
ulated SCID spleen cells. Stimulation of these cells with 0.1, 1,
and 10 U of IL-12 per ml resulted in the production of 1.2, 1.1,
and 3.3 ng of IFN-y per ml, respectively. In contrast, the
addition of 10 pg of LelF per ml to these cultures resulted in
the production of 63, 86, and 96.9 ng of IFN-y per ml, respec-
tively (Fig. 6). The same pattern of synergistic response be-
came even more evident when exogenous IL-18 was used in-
stead of IL-12. When the intrinsic ability of IL-18 alone to
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induce the production of IFN-y was compared with that of its
combination with LelF, the results were striking. Undetectable
or little IFN-y production (less than 1 ng/ml) was obtained
when SCID spleen cell cultures are stimulated with 4 to 100 ng
of IL-18 per ml alone. In contrast, up 654 ng of IFN-y per ml
was obtained when 10 pg of LelF per ml was added to these
cultures (Fig. 6).

Stimulation of NK cell cytotoxicity by LelF. Because LelF-
stimulated SCID spleen cells result in IL-12- and IL-18-depen-
dent production of high levels of IFN-y by NK cells, we next
investigate if this stimulation would also result in the activation
of the cytolytic pathway of these cells. In these experiments,
SCID spleen cells were stimulated for 24 h with LeIF alone or
in combination with either IL-12 or IL-18. NK cell cytolytic
activity was measured by a standard >'Cr release assay using
YAC-1 cells as targets. Figure 7 illustrates the results. As can
be seen, LelF alone caused an increase in the cytolytic activity
of the NK cells. In contrast, little or no killing activity was
observed when NK cells were stimulated with either IL-12 or
IL-18 alone. However, an excellent synergistic effect was ob-
served when these two cytokines were used to stimulate NK
cells. Moreover, LelF could substitute for either one of these
cytokines to achieve strong activation of killing activity by NK
cells. These results confirm that, like the activation of NK cells
for IFN-y production, LelF induces the lytic activity of these
cells indirectly, i.e., via the stimulation of both IL-12 and IL-18
by SCID mouse spleen cells.

Stimulation of SCID mice by LelF leads to selective activa-
tion of a distinct subset of NK cells. Stimulation of lymphoid
cells from both leishmania-infected humans and mice with
LelF results in the preferential production of Thl cytokines
(18, 22, 23). In addition, LeIF stimulates normal human mono-
cyte-derived cells to produce IL-12. In order to investigate the
pattern of cytokine stimulation by LelF in the absence of T-cell
recognition, SCID mouse spleen cells were stimulated with
LeIF and the production of both IFN-y and IL-5 in the culture
supernatants was determined by ELISA. IFN-y and IL-5 have
been shown to be produced by distinct subsets of NK cells,
namely, NK1 and NK2, respectively (16). Because IL-5 is a Th2
cytokine, it is believed that activation of NK2 cells could be
associated with the Th2 pattern of immune response during
the innate phase of activation of the immune system. The re-
sults shown in Fig. 8 clearly point to the production of only
IFN-y by SCID spleen cells stimulated with various concentra-
tions of LelF. No IL-5 could be detected in the supernatants of
these cells. In contrast, when the spleen cells were stimulated
with phorbol myristate acetate (PMA) and ionomycin, both IFN-
v and IL-5 were produced, indicating that both the NK1 and
NK?2 cell subsets were activated after polyclonal stimulation.

DISCUSSION

The innate immune system is activated by several microbial
homopolymers usually associated with microorganisms’ cell
walls. In addition, bacterial DNA and double-stranded viral
RNA are also potent activators of this system. These microbial
homopolymers have been generally referred to as pathogen-
associated molecular patterns and are widely distributed in the
protist kingdom. However, higher protists, such as protozoans,
lack cell walls and their nucleic acids activate the immune
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FIG. 4. LelF induction of IFN-y production by spleen cells of SCID C3H/HeJ mice is macrophage dependent. (A) Macrophage-depleted
(Sephadex G-10 adherence) SCID mouse spleen cells (2 X 103100 wl) were cultured in the presence or absence of LelF (10 pg/ml) for 72 h and
assayed for IFN-y production. (B) SCID mouse bone marrow (BM)-derived macrophages restore the ability of purified NK or LAK cells to
produce IFN-y. In panels A and B, the viability of NK and LAK cells was confirmed by proliferation upon stimulation with IL-15 (data not shown).
Results represent the arithmetic mean of duplicate culture supernatants in one of two experiments with essentially the same results.

system to a lesser extent than do bacterial DNA and viral RNA
(21). Therefore, recognition of these organisms by the host
innate immune system must be done by alternative stimulating
molecules.

LelF, a recombinant protein encoded by an L. brasiliensis
gene, may be one such molecule. The gene that encodes it is
present in all members of the Leishmania genus thus far ana-
lyzed, and the protein is expressed in both the promastigote
and amastigote forms of these parasites. LelF induces human
PBMC from either leishmaniasis patients or normal individu-
als to produce IL-12 and IFN-y production (22). In addition,
LelF induces the production of IL-12 by monocyte-derived
macrophages and dendritic cells (18). Therefore, LelF could
be a microbial molecule capable of alerting the innate immune
system to initiate an immune response.

In the present study, we investigated the ability of LelF to
activate the innate immune system under a stringent condition,
i.e., in the total absence of the cognitive elements of the im-
mune system. These studies were carried out with cells from
SCID mice because these animals lack mature T and B cells
and their spleens have a normal reticuloendothelial system and
are highly enriched with NK cells (3, 4, 8, 11). They are there-
fore ideal for investigation of the activation of the noncognitive
elements of the immune system. Our results demonstrated that
naive SCID mouse spleen cells stimulated with LelF produced
IL-12, IL-18, and high levels of IFN-y in a dose-dependent
manner. This response was clearly not due to possible contam-
ination of LelF with LPS because this activity was resistant to
polymyxin B and because the levels of LPS present in the
preparation of LelF used in these studies were below the
sensitivity of the LAL assay.

Compared with other recombinant proteins from leishmania
or M. tuberculosis, LeIF was revealed to be a unique microbial
protein that is able to induce NK cells to produce IFN-y

because only LelF, and none of the proteins tested, stimulated
NK cells.

Studies designed to elucidate the mechanisms of action of
LelF indicated that this molecule stimulates NK cells indi-
rectly. This conclusion was drawn based on the following ex-
periments: First, removal of macrophages from SCID mouse
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FIG. 5. LelF induction of IFN-y production by spleen cells of
SCID C3H/HelJ mice is IL-12 and IL-18 dependent. Spleen cells (2 X
103/100 wl) were incubated for 48 h with LelF (10 wg/ml) in the
presence or absence of a 1/500 dilution of either anti-IL-12 or anti
IL-18 antibody or with a 1/500 dilution of an isotype-matched control
normal immunoglobulin. Supernatants were collected and tested by
ELISA for IFN-y production. Results represent the arithmetic mean
of duplicate culture supernatants in one of two experiments with es-
sentially the same results.
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spleen cells totally abrogated the ability of LelF to stimulate
the macrophage-depleted cells to produce IFN-y. Likewise,
macrophage-free NK cell lines generated from SCID mouse
spleen cells by using IL-15 did not produce IFN-y upon stim-
ulation with LelF or IL-15, despite extensive proliferation in
response to the latter stimulus. However, reconstitution of
these cells with bone marrow-derived macrophages completely
restored the ability of these cells to produce large quantities of
IFN-y upon stimulation with LeIF.

These experiments also led to the characterization of the
molecular events triggered by LelF for the activation of NK
cells. Because we have shown earlier (18, 22, 23) that LelF
stimulates human macrophages and dendritic cells to produce
IL-12 and IL-18, these cytokines became prime candidates to
explain the LelF stimulation of murine NK cells to produce
IFN-y. Indeed, inhibition experiments using either anti-IL-12
or IL-18 antibodies clearly demonstrated that both cytokine
are responsible for the LelF activation of SCID mouse spleen
cells for the production of IFN-y. Moreover, it appears that
LelF stimulates the right balance and physiological levels of
these cytokines by macrophages. This possibility is supported
by the experiments designed to evaluate the synergism between
these two cytokines. These experiments revealed that the levels
of added exogenous IL-12 or IL-18 necessary for optimal pro-
duction of IFN-y by SCID spleen cells were much higher than
the levels of both IL-12 and IL-18 produced by the SCID
macrophages upon stimulation with LeIF. Curiously, the levels
of IL-12 and IL-18 induced by LelF in the culture supernatants
were below the sensitivity of the ELISA used in these studies.
Only mRNAs for both cytokines could be detected in LelF-
stimulated cells (data not shown).

One possible explanation for these findings is that LelF, in
addition to inducing the production of the cytokines them-

Stimulator

FIG. 6. LelF synergizes with IL-12 and IL-18 to induce IFN-y production by spleen cells of SCID C3H/HeJ mice. Spleen cells (2 X 10%/100
wl) were incubated for 48 h with LelF (10 pg/ml) in the presence or absence of various concentrations of either IL-12 or IL-18. Supernatants were
harvested and tested by ELISA for IFN-y production. Numbers above the bars represent the actual concentrations of INF-y for the different
conditions. Results represent the arithmetic mean of duplicate culture supernatants in one of two experiments with essentially the same results.

selves, also induces up-regulation of the IL-12 and IL-18 re-
ceptors on NK cells. This possibility is supported by the exper-
iments that showed that addition of either exogenous IL-12 or
exogenous IL-18 to SCID mouse spleen cells stimulated with
LelF resulted in an exceptional synergistic effect in the form of
a level of IFN-y production not achieved by the addition of the
two cytokines together in the absence of LelF. Experiments to
address this possibility are in progress. Alternatively, it is pos-
sible that LelF induces other factors that might act synergisti-
cally with IL-12 or IL-18.

The production of very high levels of IFN-y by LelF-stimu-
lated SCID mouse spleen cells may be attributed to the ab-
sence of T cells in SCID mice and consequently to the lack of
regulatory cytokines produced by these cells, such as, for ex-
ample, IL-10. Indeed, LelF, in addition to inducing IL-12, also
induces the production of IL-10 by both human and conven-
tional mouse cells (18). However, no IL-10 could be detected
in cultures of LelF-activated SCID mouse spleen cells (data
not shown). Because IL-10 is a well-known inhibitor of IFN-y
production, this observation could explain the abundant pro-
duction of IFN-y by LelIF-stimulated SCID mouse spleen cells
in this study.

Recent studies have demonstrated that stimulation of NK
cells can cause up-regulation of CD28 (14). In addition, it has
been proposed that the interaction of CD28* NK cells with
B7* accessory cells is an important asset in the control of
infections like those caused by Toxoplasma gondii (5). In the
present studies, the participation of these costimulatory mol-
ecules on the activation of NK cells by LelF was investigated.
FACS analysis revealed up-regulation of B7.1 but not of B7.2
after 36 h of stimulation of SCID mouse spleen cells with LelF.
However, addition of anti-B7.1 and anti-B7.2 during the acti-
vation of NK cells with LelF did not interfere with the ability
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FIG. 7. LelF synergizes with IL-12 and IL-18 to induce NK cell
killing activity by spleen cells of SCID C3H/HelJ mice. Spleen cells (2 X
105100 pl) were incubated for 24 h with LeIF (10 pg/ml) in the
presence or absence of various concentrations of either IL-12 or IL-18.
In addition, cells were incubated with LelF alone, IL-12 alone, 1L-18
alone, or only medium. Cells were washed and incubated at various
effector-to-target ratios with YAC-1 cells (5 X 10*/well) previously
labeled with >'Cr for 30 min at 37°C. NK cell killing activity was
measured after 4 h by >'Cr release from YAC-1 target cells. Percent
specific lysis was calculated as described in Materials and Methods.
The results are those of one representative experiment of three exper-
iments with essentially the same results.

of NK cells to produce IFN-y (data not shown). These results
suggest that the interaction of CD28, B7.1, and B7.2 does not
participate in the LelF activation of NK cells for the produc-
tion of IFN-y.

Compared to the potent activation of NK cells for the pro-
duction of IFN-v, the killing activity of these cells was stimu-
lated to a lesser extent by LelF alone. However, after the
exogenous addition of IL-12 or IL-18, LelF appreciably aug-
mented the killing activity of NK cells. These results suggest
that the signals involved in signal transduction mechanisms for
the production of cytokines, particularly IFN-y, and cytotoxic-
ity are not the same in NK cells.

Also interesting was the observation that LelF stimulated
the generation of only the NK1 response phenotype in SCID
mouse spleen cells. In contrast, the polyclonal activators PMA
and ionomycin stimulated both the NK1 and NK2 phenotypes.
These results are apparently the first to expand to mice the
former observation with human cells suggesting that NK cells
can differentiate into cells of two phenotypes similar to those
described for T cells. The production of large amounts of
IFN-vy and undetectable levels of IL-5 in LelF-stimulated cells
could be a determining factor in the Thl-biased immune re-
sponse to this molecule that is observed in both human and
mouse cells. However, because NK cells do not produce IL-4
(9) and IL-5 is not implicated in the generation of Th2 re-
sponses, one cannot directly correlate the activation of the two
subsets of NK cells as determinant factors in the generation of
the two subsets of cytokine-producing T cells (Th1 and Th2).

We do not have any information on a possible unique phys-
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ical or chemical characteristic(s) of the LelF molecule that
could explain its biological properties. LelF is a polypeptide
comprised of 403 amino acids with a predicted molecular mass
of 453 kDa and an isoelectric point of 5.9. The molecule
contains 46 strongly basic amino acids, 55 strongly acidic amino
acids, 91 polar amino acids, and 148 hydrophobic amino acids.
A Kyte-Doolittle hydrophilicity plot suggests that the molecule
has no major clusters of hydrophobic amino acids. LelF is a
cytoplasmic (ribosomal) protein involved in the translation ma-
chinery. The molecule contains sequence elements character-
istic of several demonstrated or putative ATP-dependent RNA
helicases represented by eukaryotic initiation factor 4A, which
is believed to be a relatively abundant protein. Moreover, LelF
is present in both the promastigote and amastigote parasite
forms of all of the Leishmania species thus far tested, as re-
vealed by both Northern and Western blot analyses (22). In-
deed, we have cloned, expressed, and analyzed the L. major
homologue of L. brasiliensis LelF. At the protein level, these
two molecules have 99.8% homology and 98.3% total homol-
ogy. In addition, we have determined that the biological activ-
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FIG. 8. Selective Th1 cytokine production by spleen cells of SCID
C3H/HelJ mice stimulated with LelF. Spleen cells (2 X 103100 wl)
were stimulated with different concentrations of LelF and incubated
for 48 h. As a control, cells were stimulated with 2 ng of PMA per ml
plus 2 ng of ionomycin per ml. Supernatants were harvested and tested
by ELISA for the presence of IFN-y and IL-5. Results represent the
arithmetic mean of duplicate culture supernatants in one of two ex-
periments with essentially the same results.
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ity of LelIF resides in the N-terminal half of the molecule (23).
Unfortunately, we have been unable to purify the native form
of LeIF to homogeneity and to unquestionably attribute to the
native molecule the biological properties of the recombinant
protein.

In conclusion, we report here that a recombinant protein
obtained from L. brasiliensis is a powerful stimulator of SCID
mouse spleen cells for the production of IL-12, IL-18, and
IFN-v in the absence of the cognitive recognition elements of
the immune system. Because of this property and because LelF
does not fit the classical pathogen-associated molecular pat-
terns, this work points to an important finding, i.e., the descrip-
tion of alternative microbial components (proteins) that alert
the host to the presence of an infecting or foreign organism.
Incidentally, protein molecules extracted from other protozo-
ans, such as 7. gondii, and from Trypanosoma cruzi have been
reported to stimulate mononuclear cells from noninfected
mice to produce IL-12 and other inflammatory cytokines (1,
20). The nature of the possible cell receptor involved in the
activation of the innate immune system by LelF is not known
and is currently under investigation. It is possible, however, to
exclude the recently described Toll receptor TIr4 as a putative
LelF receptor because the gene encoding this receptor is de-
fective with a loss-of-function mutation in C3H/HeJ mice (17,
19), the mouse strain used in the present studies.
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