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CD40 ligand (CD40L) is a potent inducer of interleukin-12 (IL-12) production from macrophages and dendritic
cells. We show that combining CD40L with antigen derived from Leishmania is an effective way to preferentially
induce type 1 immune responses to the antigen and to vaccinate mice against subsequent challenge with virulent
organisms. Mice vaccinated in this way had smaller lesions, with more than 1,000-fold fewer parasites within them.
To improve the efficiency of CD40L-induced immunopotentiation, we attempted to specifically direct CD40L to
macrophages. We developed transfected cells expressing CD40L and a single Leishmania antigen, gp63. These
cells bound efficiently to macrophages and induced robust IL-12 production. Vaccination with these cotrans-
fected cells provided a significant degree of protection against challenge with virulent organisms. CD40L was
also adsorbed to the surface of virulent Leishmania. These organisms induced only modest lesions in genetically
susceptible mice, and the lesions had an average of 105-fold fewer organisms within them relative to control
mice. These studies suggest that CD40L could be exploited to improve vaccines against intracellular pathogens,
especially those organisms that reside within cells expressing CD40 on their surface.

Clinical cutaneous leishmaniasis can range from a relatively
mild self-healing form of the disease to a severe form that fails
to resolve and disseminates throughout the dermis (4). To
date, there are no effective vaccines against Leishmania, and
drugs used to treat the disease in humans are generally expen-
sive, toxic, and difficult to administer. There is a well-estab-
lished murine model of cutaneous Leishmania which mimics
many aspects of the human disease. This powerful model has
been used to demonstrate that the preferential activation
and/or expansion of subsets of either Th1 or Th2 cells can
predict the resolution or progression of murine cutaneous
leishmaniasis. Expansion of the Th1 subset results in the pro-
duction of gamma interferon (IFN-g) and results in disease
resolution, whereas expansion of the Th2 subset produces in-
terleukin-4 (IL-4) and leads to progressive disease (32). The
major surface protein on Leishmania is designated gp63. gp63
is a glycoprotein metalloprotease that is expressed by all spe-
cies of Leishmania. The abundance of gp63 expression on
Leishmania has been correlated with parasite virulence (6).
This protein has been shown to facilitate the binding of para-
sites to macrophages (10).

A cytokine that plays a central role in the generation of the
type 1 immune response is IL-12. IL-12 is a heterodimeric
cytokine produced primarily by antigen-presenting cells. IL-12
has been shown to stimulate the secretion of IFN-g by T and
NK cells (22, 40, 45). In the murine model of leishmaniasis, the
administration of exogenous IL-12 can promote the develop-
ment of a type 1 immune response to Leishmania antigen and
can afford protection against experimental infection (1, 36, 38).

CD40 ligand (CD40L) is a member of the tumor necrosis
factor family. It is a 39-kDa type 2 glycoprotein that is ex-

pressed primarily on activated T lymphocytes. This molecule
was initially implicated in B-cell development. The cognate
interaction of CD40L with CD40 on B lymphocytes is essential
for germinal center formation, isotype switching, and memory
B-cell generation (3). A mutation in the human CD40L gene
results in the failure to produce immunoglobulin G (IgG) and
IgA in response to antigen (2, 7). CD40-CD40L interactions
have also been shown to play an important role in driving
cell-mediated immune responses. CD40L is a potent inducer of
IL-12 from macrophages and dendritic cells (20, 21). Mice
lacking CD40L exhibited impaired T-cell activation and defi-
cient IFN-g production (15, 16). Importantly, CD40L2/2 mice
were more susceptible to Leishmania infection (8, 41). Fur-
thermore, the administration of an agonistic antibody to CD40
was shown to induce IL-12 and to protect mice from Leishma-
nia infection (14).

The induction of IL-12 by antigen-presenting cells stimu-
lated with CD40L (20, 21) suggested that CD40L could be used
as a vaccine adjuvant to preferentially drive type 1 immune
responses. To test this, we immunized mice with CD40L in
combination with crude soluble Leishmania antigen and con-
firmed that CD40L preferentially induces a type 1 immune
response and protects vaccinated mice from subsequent chal-
lenge with virulent parasites. CD40L was directed specifically
to macrophages by coexpressing it on the surface of cells along
with a recombinant Leishmania antigen or by adsorbing it to
intact parasites. These approaches were effective in inducing
IL-12 and preventing disease progression. Thus, directing
CD40L to macrophages may be a particularly effective way to
provide protection against intracellular pathogens that reside
within them.

MATERIALS AND METHODS

Parasites. Promastigotes of Leishmania major Friedlin strain, clone V1
(MHOM/IL/80/Friedlin), and Leishmania amazonensis (RAT/BA/72/LV78)
were maintained in Schneider’s complete medium consisting of Schneider’s Dro-
sophila Medium (GIBCO/BRL, Rockville, Md.) supplemented with 20% heat-
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inactivated fetal bovine serum (HI-FCS), 100 U of penicillin G per ml, 100 mg of
streptomycin per ml, and 2 mM glutamine (GIBCO/BRL). Amastigotes of Leish-
mania were isolated from footpads of BALB/c mice which were infected 6 to 8
weeks earlier, as described previously (26). Briefly, the excised foot was forced
through nylon mesh by using the plunger from a 10-ml syringe while being
washed with 10 ml of Schneider’s complete medium. The mixture was then
subjected to repeated passages through 21-, 23-, and 25-gauge needles to release
amastigotes from infected mononuclear cells. Cellular debris was removed from
the mixture by centrifugation at 50 3 g for 5 min. Amastigotes were separated by
centrifugation at 600 3 g for 10 min and washed prior to use.

Macrophages. Bone marrow-derived macrophages (BMMw) were established
as previously described (42). Briefly, femurs were flushed with cation-free Dul-
becco’s phosphate-buffered saline (PBS) (GIBCO/BRL) using a 23-gauge nee-
dle. Cells were grown in Dulbecco’s modified Eagle’s medium (Mediatech, Hern-
don, Va.) containing 10% HI-FCS, 2 mM L-glutamine, 100 U of penicillin G per
ml, and 100 mg of streptomycin (D-10) per ml, supplemented with 20% L929
cell-conditioned medium. Cells were incubated at 37°C in 5% CO2 for 5 to 7 days
on petri plates until uniform monolayers of macrophages were established. Cells
were removed from the original dishes by EDTA treatment 12 h before use. For
reverse transcription (RT)-PCR, a total of 106 cells were plated per well of tissue
culture-treated six-well plates (Nunc, Naperville, III.). For enzyme-linked immu-
nosorbent assay (ELISA), a total of 105 cells were plated per well of 24-well
plates (Nunc).

Dendritic cells. Bone marrow-derived dendritic cells were isolated as previ-
ously described (19). Briefly, femurs were flushed with cation-free Dulbecco’s
PBS (GIBCO/BRL) using a 23-gauge needle. Cells were cultured in 24-well
plates at 1.0 3 106 per ml in RPMI 1640 medium (Mediatech) containing 10%
HI-FCS, 2 mM L-glutamine, 100 U of penicillin G per ml, and 100 mg of
streptomycin (R-10) per ml, with the addition of 50 mM 2-mercaptoethanol and
750 U of murine recombinant granulocyte-macrophage colony-stimulating factor
(GM-CSF) (R&D Systems, Minneapolis, Minn.) per ml. On day 2 and day 4,
75% of the culture supernatants were taken off and replaced with fresh medium
containing 750 U of GM-CSF per ml. On day 6, total supernatants containing
nonadherent cells were harvested and gently overlaid onto a column of 50%
FCS–50% RPMI medium in 15-ml conical tubes. After 20 min, the supernatants
and the top 1 ml of the column’s contents were removed and discarded. The
remaining cells were diluted with RPMI medium and centrifuged at 300 3 g for
5 min. The pellet was resuspended and plated onto individual wells of 24-well
plates at a concentration of 3.0 3 105 per well. Nonadherent cells were harvested
the following day for use.

Transfected cell lines expressing human CD40L and Leishmania gp63. Con-
trol L929 cells and CD40L-transfected L929 cells were a kind gift from Brian
Kelsall (National Institutes of Health). These cells were cultured in RPMI 1640
(Mediatech) containing 10% HI-FCS, 15 mM HEPES buffer (Mediatech), 5 3
1022 mM 2-mercaptoethanol (GIBCO/BRL), 2 mM L-glutamine, 100 U of pen-
icillin G per ml, and 100 mg of streptomycin per ml. Transfected cells were grown
in 1 mg of Geneticin (G418) (GIBCO/BRL) per ml to maintain CD40L expres-
sion. The construct encoding the L. major gp63 gene with modifications for
mammalian cell expression (27) was developed and generously provided to us by
R. McMaster (University of British Columbia, Vancouver, Canada). The gp63
gene was subcloned into the pCEP4 vector (Invitrogen, San Diego, Calif.) and
transfected into L cells with Lipofectin (GIBCO) according to the manufactur-
er’s protocol. gp63-transfected L929 cells were selected in medium containing
250 mg of hygromycin per ml.

To measure the binding of transfected cells to macrophages, BMMw were
incubated in vitro with a 5:1 ratio of transfected L cells, which were prelabeled
with 50 mM 5-chloromethyl-fluorescein diacetate (cmfDA; Molecular Probes,
Eugene, Oreg.) for 30 min at 37°C, washed, and incubated for an additional 30
min at 37°C. Transfected L cells expressing CD40L alone or CD40L and gp63
were added to macrophage monolayers on a gently rotating platform for 5 to 15
min at 37°C. After being gently washed, monolayers were fixed and the number
of adherent cells was determined microscopically. IL-12 production by macro-
phages following in vitro stimulation with transfected cells was quantitated by
ELISA and visualized by intracellular immunofluorescence staining using a phy-
coerythrin (PE) conjugated C15.6 monoclonal antibody (MAb) to IL-12 (BD
Pharmingen, San Diego, Calif.) as previously described (31).

Macrophage stimulation. To induce the secretion of IL-12, lipopolysaccharide
(LPS) (Escherichia coli O127:B8; Sigma, St. Louis, Mo.) was added to monolay-
ers at a final concentration of 100 ng/ml in D-10. L cells expressing CD40L were
added to monolayers at a ratio of 1:1. To infect macrophages with parasites,
Leishmania promastigotes or amastigotes were washed three times in D-10 prior
to their addition to monolayers at a ratio of 10 parasites per cell. In some assays
(data not shown) parasites were added to macrophages at a ratio of 25:1.

Stimulated cells were cultivated for an additional 6 or 24 h to detect cytokine
mRNA or protein, respectively.

Flow cytometry. Flow cytometry was used to detect CD40L and gp63 on
transfected L cells. Cells were brought to a concentration of 5 3 106 cells per ml
in Hanks balanced salt solution (HBSS) containing 1% bovine serum albumin
and 0.05% sodium azide. To detect CD40L, cells were incubated with a 1:100
dilution of purified MR1 MAb to CD40L (Pharmingen). To detect gp63, cells
were incubated in MAb #96 to L. major gp63 (5), kindly provided by R. Mc-
Master. After 45 min at 4°C in the primary antibody, the cells were washed with
cold buffer and incubated with either fluorescein isothiocyanate (FITC)-conju-
gated goat anti-hamster IgG (Jackson ImmunoResearch, West Grove, Pa.) for
CD40L or FITC-conjugated goat anti-mouse IgG (Jackson ImmunoResearch)
for gp63 for 45 min at 4°C. Cells were fixed in 1% paraformaldehyde in PBS and
analyzed on an Epics Elite flow cytometer (Coulter Diagnostics, Hialeah, Fla.).

RT-PCR. Total RNA was extracted using RNAzol B (Biotecx, Houston, Tex.)
according to the manufacturer’s instructions. Four micrograms of RNA was
reverse transcribed using Superscript II RT (GIBCO) and random hexamer
primers (Promega, Madison, Wis.) according to the GIBCO cDNA synthesis
protocol. PCR was performed using a multiple cytokine-containing competitor
named PQRS (33), generously provided by Steven Reiner (University of Penn-
sylvania). Sample cDNAs were normalized with the constitutively expressed gene
hypoxanthine phosphoribosyltransferase (HPRT). HPRT-normalized cDNAs
were then used to quantitate cytokine levels using cytokine-specific primers and
a fixed concentration of competitor in each reaction. Some cytokine PCRs were
performed in the absence of competitor (data not shown). The primers used for
amplification were as follows (33): HPRT, 59-GTTGGATACAGGCCAGACTT
TGTTG, 39-GAGGGTAGGCTGGCCTATAGGCT; IL-12 (p40), 59-ATGGCCA
TGTGGGA-GCTGGAGAAAG, 39-GTGGAGCAGCAGATGTGAGTGGCT.
cDNA was amplified for 35 cycles (94°C for 40 s, 60°C for 20 s, 72°C for 40 s)
using Taq polymerase (Boehringer Mannheim, Indianapolis, Ind.). Amplification
products were resolved on 1.8% ethidium-stained agarose gels.

ELISA. Cytokine production in cell culture supernatants was measured by
ELISA as previously described (43). Murine IL-12 (p40) levels were measured
with MAbs C15.6 and biotinylated C17.8 (Pharmingen) as ELISA capture and
detection antibodies, respectively. Murine IL-12 (p70) levels were measured with
MAbs C18.2 and biotinylated C17.15 (Pharmingen). Murine IL-4 levels were
measured with MAbs 11B11 and biotinylated BVD6-24G2, and IFN-g levels
were measured with MAbs R4-6A2 and biotinylated XMG1.2 (Pharmingen).
Recombinant murine IL-12 (Genzyme Corp., Cambridge, Mass.), IL-4, and
IFN-g (Pharmingen) were used as standards for the ELISAs.

Affinity chromatography to isolate CD40L. Human CD40L was isolated by
affinity chromatography according to the previously described method (29). Hy-
bridoma cells secreting MR1 MAb to CD40L (23) were generously provided by
R. J. Noelle (Dartmouth Medical School). MR1 was coupled to CNBr-activated
Sepharose 4B (Pharmacia) according to the manufacturer’s protocol. Briefly,
MR1 was dialyzed overnight against coupling buffer (0.1 M NaHCO3 [pH 8.3]
and 0.5 M NaCl) and mixed with 1.5 g of washed, preswelled, CNBr-activated
Sepharose 4B overnight at 4°C. After excess ligand was washed away, the gel was
packed, washed with three cycles of alternating pH, and equilibrated with loading
buffer (50 mM Tris [pH 8.0], 150 mM NaCl, 2 mM MgCl2, 0.1% Triton X-100,
and 0.05% octyl-b-glucoside) prior to the addition of cell lysates. To generate
cell lysates, CD40L cells were pelleted and resuspended in lysis buffer containing
100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM MgCl2, 1% Triton X-100
(Sigma), and 0.05% octyl-b-glucoside (Pierce, Rockford, Ill.) with 5 mM a-tosyl-
L-lysine chloro-methyl ketone, 0.2 U of aprotinin per ml, 1 mM phenylmethyl-
sulfonyl fluoride, 5 mM iodoactamide, and 1.5 mM leupeptin (Roche Molecular
Biochemicals, Indianapolis, Ind.). Samples were solubilized on a rotating shaker
for 2 h at 4°C and centrifuged at 10,000 rpm for 30 min in a Beckman ultracen-
trifuge. Samples were then loaded onto an equilibrated affinity column, and
unbound material was washed from the column with buffer containing 50 mM
Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM MgCl2, and 0.5% octyl-b-glucoside.
Bound material was eluted with elution buffer containing 50 mM triethylamine,
300 mM NaCl (pH 10.4), 2 mM MgCl2, and 0.5% octyl-b-glucoside. Fractions
containing CD40L were assayed for their ability to induce BMMw IL-12 pro-
duction in vitro. Positive fractions were pooled and dialyzed in HBSS containing
0.05% octyl-b-glucoside.

Infection of BALB/c mice with CD40L and Leishmania. Purified CD40L was
mixed with 5 3 105 L. major promastigotes for 1 h at room temperature. An
aliquot of parasites was washed and examined by immunofluorescence micros-
copy (Zeiss) using MR1 to visualize CD40L adsorbed to the surface of parasites.
Parasites with adsorbed CD40L were injected directly into the footpads of
BALB/c mice. For controls, the same amount of L. major promastigotes were
mixed in saline and injected into parallel mice. Footpad swelling measurements
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FIG. 1. IL-12 production by bone marrow-derived macrophages and dendritic cells. Bone marrow-derived macrophages (A) or bone marrow-
derived dendritic cells (B) were infected in vitro with promastigotes (L. major - P) or amastigotes (L. major - A) of L. major or promastigotes of
L. amazonensis (L. amazon - P) or were stimulated with CD40L-transfected L cells (L-CD40L, striped bars) or LPS (solid bars). Stimulated
macrophages were cultivated for an additional 6 or 24 h to measure cytokine mRNA or protein, respectively. Protein levels were determined by
ELISA specific for IL-12 p70 on cells which were primed with 100 U of IFN-g per ml. Determinations were performed in triplicate, and values
are expressed as means 6 standard deviations. (A, inset) IL-12 mRNA levels were determined by semiquantitative competitive RT-PCR. These
experiments are representative of three or more independent determinations.
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were recorded twice weekly using calipers and expressed as the net swelling,
determined by subtracting the diameter of the contralateral uninfected foot.
Parasite numbers were determined by serial dilution (44). Footpad homogenates
were serially diluted in 96-well flat-bottomed microtiter plates containing Schnei-
der’s complete medium. All dilutions were performed in triplicate. The number
of viable parasites was determined by the highest dilution at which promastigotes
were growing following a 7-day incubation at 26°C.

Immunization. Female BALB/c mice were immunized with CD40L and solu-
ble Leishmania antigen (SLA). SLA was obtained from a suspension of approx-
imately 2 3 1010 late-stationary-phase promastigotes of L. major. The suspension
was frozen for 2 min in a dry ice-ethyl alcohol bath and then thawed in 37°C
water bath. This procedure was repeated six times until promastigotes were
lysed. After a brief centrifugation at 10,000 3 g, supernatants were filtered with
a 0.2-mm-pore-size filter and frozen at 220°C before use. Mice were injected in
their hind footpad and intradermally in the back with 2 3 106 cells expressing
CD40L in combination with 50 mg of SLA. Mice were boosted twice with the
same injection 2 and 3 weeks later. Vaccinated mice were challenged with 5 3
105 L. major promastigotes in the footpad 1 week later.

C57BL/6 mice were vaccinated with 2 3 106 irradiated transfected L929 cells
expressing either gp63 alone or coexpressing gp63 and CD40L. Vaccinated mice
were boosted twice with the same injection 2 and 3 weeks later and were
challenged with 5 3 105 L. major promastigotes in the footpad 1 week later.

Analysis of data. Statistical analysis of all data was performed using the
Student’s t test, with statistical significance defined as a P value of #0.05.

RESULTS

Leishmania fails to induce IL-12 production from macro-
phages. We examined IL-12 production by resting bone mar-
row-derived macrophages and dendritic cells following their
interaction with Leishmania. Cytokine secretion was measured
by ELISA for IL-12 p70 (Fig. 1A and B), and mRNA accumu-

lation was measured by competitive RT-PCR (Fig. 1A, inset).
By both criteria, infection of macrophages with either of the
two species, L. major or L. amazonensis, or the developmental
forms, promastigotes or amastigotes, failed to induce the pro-
duction of significant quantities of IL-12. Even at high multi-
plicities of infection (25:1; data not shown) with IFN-g-primed
macrophages and even when the RT-PCR analysis was done in
the absence of competitor (data not shown), virtually no IL-12
mRNA was detected following infection with Leishmania. In
contrast to Leishmania organisms, transfected cells expressing
CD40L on their surface were potent inducers of IL-12 from
macrophages (Fig. 1A) and dendritic cells (Fig. 1B). The ac-
cumulation of IL-12 following CD40 ligation was comparable
to that induced by bacterial LPS, the positive control for these
experiments (Fig. 1). Both LPS and CD40L resulted in a rapid
accumulation of mRNA (note the lower band in the Fig. 1A
inset), and both stimuli induced the secretion of relatively large
amounts of IL-12 into the supernatant, as previously reported
by others (20, 28).

Vaccination of susceptible BALB/c mice with CD40L. Be-
cause of the power of CD40L to induce IL-12, BALB/c mice
were vaccinated three times with irradiated cells expressing
CD40L on their surface along with SLA. Control mice immu-
nized in parallel with SLA and untransfected L929 cells devel-
oped progressive legions that eventually ulcerated. This result
was expected, because previous studies have shown that in this
susceptible strain of mice, vaccination with SLA alone failed to
induce protective type 1 immune responses (39). Mice that
were immunized with SLA and CD40L-transfected cells, in
contrast, had only minimal increases in lesion size (Fig. 2), and
the parasite burdens in these mice were an average of approx-
imately 104-fold lower than those in unvaccinated mice or mice
vaccinated with SLA and control L cells (Fig. 2, inset). Thus,
the coadministration of CD40L to mice along with SLA re-

FIG. 2. Vaccination of BALB/c mice with SLA in the presence of
CD40L. Mice were vaccinated and boosted twice with cells expressing
CD40L in combination with 50 mg of SLA (open squares). Infections
in mice vaccinated with 50 mg of SLA with untransfected control cells
(grey triangles) or mock vaccination with saline (solid circles) were also
examined. Mice were challenged with 5 3 105 L. major promastigotes
in the footpad, and the course of the disease was monitored by mea-
suring footpad swelling twice weekly with a metric caliper. Results are
presented as differences in footpad thickness between the infected and
noninfected footpads. (Inset) At week 8, mice were sacrificed and
parasite numbers (burdens) in the footpads were measured. The values
shown are means 6 standard deviations of five mice per group. Sta-
tistical significance at the 95% confidence level (P # 0.05), determined
by the Student’s t test, is denoted by an asterisk.

FIG. 3. Cytokine production by T cells taken from mice vaccinated
with SLA and CD40L. Groups of five mice were sacrificed at day 3
after challenge with Leishmania, and cells from lymph nodes were
stimulated with SLA (final concentration, 50 mg/ml) for 72 h. Super-
natants were collected, and IL-4 and IFN-g were measured by ELISA.
Data represent means 6 standard deviations from five mice per group.
Asterisks denote statistical significance at the 95% confidence level
(P # 0.05) compared to that of the control (determined by the Stu-
dent’s t test).
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sulted in a significant degree of protection from subsequent
challenge with virulent organisms.

CD40L vaccination enhances Th1 cytokine production in
BALB/c mice. A critical step in the immune response to L.
major is the induction of parasite-specific T cells producing
type 1 cytokines. To examine T-cell responses in vaccinated
mice, IFN-g and IL-4 production from popliteal lymph node
cells (LNC) stimulated in vitro with SLA was examined (Fig.
3). LNC were taken from infected BALB/c mice following
immunization with SLA alone or with SLA and CD40L (as
described above). Vaccination with SLA alone produced rela-
tively high levels of IL-4 and lower levels of IFN-g, consistent
with this being a susceptible strain of mice (37). Conversely,
LNC from mice immunized with CD40L and SLA produced
higher amounts of IFN-g and lower levels of IL-4 (Fig. 3).
Control LNC from noninfected mice (saline) did not develop
specific T-cell responses against Leishmania antigen and pro-
duced low levels of both IFN-g and IL-4, as expected (Fig. 3).

Vaccination with L929 cells expressing Leishmania gp63 and
murine CD40L. To improve the efficiency of vaccination, we

specifically directed CD40L to macrophages. L929 cells were
developed that coexpress human CD40L and a single Leish-
mania surface antigen, gp63 (L-CD40L–gp63). By flow cytom-
etry, these L-CD40L–gp63 cells expressed relatively high levels
of both antigens on their surface (Fig. 4), and the cotransfected
cells expressed levels of gp63 that were comparable to those of
cells expressing gp63 alone (L-gp63).

To show that gp63-expressing cells will target directly to
macrophages, transfected cells were added to a monolayer of
macrophages for increasing amounts of time. Transfected cells
expressing both gp63 and CD40L bound efficiently to macro-
phages even when the assays were performed in the absence of
exogenous serum (Fig. 5A). Cells expressing both gp63 and
CD40L bound more efficiently to macrophages than did cells
expressing gp63 alone (Fig. 5A). Control untransfected cells
failed to bind to macrophages, as expected (data not shown).
The binding of transfected cells to macrophages resulted in the
efficient production of IL-12 from BMMw. By ELISA, nano-
gram amounts of IL-12 p40 and p70 were produced by
unprimed and IFN-g-primed macrophages, respectively (Fig.

FIG. 4. The expression of antigens on the surface of transfected L929 cells. Transfected L cells were incubated with MR1 MAb to CD40L or
MAb #96 to Leishmania gp63 and were stained with FITC-conjugated anti-IgG, as described in Materials and Methods. After being extensively
washed, cells were fixed in 1% paraformaldehyde in PBS and analyzed on an Epics Elite flow cytometer. Profiles of cells stained with each antibody
were overlaid and compared to those of cells stained with secondary antibody alone.
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5B). The amounts of IL-12 produced in response to transfected
cells were in excess of that observed following LPS adminis-
tration. By intracellular staining, the macrophages producing
the highest levels of IL-12 were those to which the transfected
cells were bound (Fig. 5C). Thus, targeting CD40L to macro-
phages by coupling its expression to gp63, a macrophage-spe-
cific ligand, efficiently induces macrophage IL-12 production.

C57BL/6 mice were vaccinated with L-CD40L–gp63 cells
and then infected with L. amazonensis promastigotes. L. ama-
zonensis was used for these studies, because unlike L. major,
this species causes relatively large lesions in C57BL/6 mice.
Mice immunized with L cells expressing gp63 alone (L-gp63)
developed progressive lesions (Fig. 6) with relatively high num-
bers of parasites within them (Fig. 6, inset). In contrast, mice
that were immunized with L-CD40L–gp63 had only modest
increases in the size of their lesions (Fig. 6), and their parasite
burdens at the end of the observation period were more than
100-fold lower than those in control mice (Fig. 6, inset). Thus,

CD40L protects two different strains of mice, BALB/c and
C57BL/6, against two different species of Leishmania, L. major
and L. amazonensis. The later studies were done with C57BL/6
mice because the gp63 molecule that was used as the antigen
for these studies is poorly immunogenic in strains expressing
the H2D molecule, such as BALB/c mice (25). In fact, vacci-
nation of BALB/c mice with L-CD40L–gp63 was not protective
(data not shown), verifying that this was an antigen-specific
effect.

CD40L reduces L. major infection. To determine whether
the addition of CD40L directly to virulent Leishmania could
confer protection against infection in normally susceptible
BALB/c mice, Leishmania organisms were coincubated with
purified CD40L for an hour, and then the mixture was injected
into mice. This procedure resulted in parasites which stained
positively for CD40L (data not shown), indicating that some of
the CD40L had become adsorbed to the parasite surface. Le-
sion size was measured over time, and at the end of the analysis

FIG. 5. The binding of transfected L929 cells to macrophage monolayers. (A) Transfected cells expressing either CD40L alone (open symbols)
or both gp63 and CD40L (solid symbols) were prelabeled with CM-FDA (see Methods and Materials) and added to monolayers of BMMw. At
the designated times (x axis), monolayers were gently washed and fixed with paraformaldehyde. The average number of transfected cells bound
per 403 field was determined by fluorescence microscopy. (B) Transfected L cells expressing both CD40L and gp63 (striped bars) or gp63 alone
(open bars) were added to monolayers of resting (left) or IFN-g-primed (right) BMMw. Stimulated macrophages were cultivated for an additional
24 h before IL-12 p40 and p70 levels were determined by ELISA. IL-12 p40 levels (left) were determined in unprimed cells, and p70 levels (right)
were determined in cells that were primed with 100 U of IFN-g per ml. Protein determinations were performed in triplicate, and values are
expressed as the means 6 standard deviations. (C) Macrophages were incubated with L-CD40L–gp63 cells and stained for intracellular IL-12
accumulation. A total of 5 3 105 L-CD40L–gp63 cells (green) were labeled with CM-FDA and added to 105 BMMw adhered to glass coverslips.
The cells were coincubated at 37°C for 4 h and treated with 2 mM monensin for the last 2 h. Monolayers were washed, fixed with paraformaldehyde,
stained with a PE-conjugated anti-IL-12 antibody (red), and analyzed by immunofluorescence microscopy.
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parasite burden was quantitated. The addition of CD40L to
Leishmania parasites dramatically diminished lesion develop-
ment (Fig. 7) and significantly reduced parasite numbers in
lesions. At the end of the analysis (day 45 postinfection), there
were fewer than 103 parasites in the lesions of mice receiving
parasites with CD40L (Fig. 7, inset). Parallel mice infected
with mock-adsorbed parasites developed progressive lesions
which contained more than 108 parasites within them (Fig. 7,
inset). Thus, the addition of CD40L to Leishmania organisms
prevented them from forming progressive lesions in suscepti-
ble mice.

DISCUSSION

CD40L is a 39-kDa glycoprotein that is expressed primarily
on activated T cells. The ligation of CD40 on macrophages and
dendritic cells can induce the production of high levels of IL-12
from these cells (20, 21), suggesting that CD40L may play a
role in directing cell-mediated immunity. Recent studies have
shown that mice receiving plasmid DNA encoding CD40L and
nominal antigen preferentially develop type 1 immune re-
sponses to antigen, characterized by enhanced cytotoxic T-
lymphocyte activity and IgG2a production (17). Indeed, treat-
ment of mice with an agonistic antibody to CD40 or cDNA
encoding CD40L renders them relatively resistant to Leishma-
nia infection (8, 14, 17). In the present study, we directed
CD40L to macrophages to induce IL-12 production from these
cells and to limit Leishmania infection.

To examine the feasibility of using CD40L as a vaccine

adjuvant, we first vaccinated mice with a soluble Leishmania
antigen in the presence of cells expressing CD40L. Mice vac-
cinated and boosted with antigen and CD40L were partially
protected from disease. They had smaller lesions with fewer
parasites within them relative to control mice receiving antigen
alone. The protection was associated with the emergence of a
Th1-type T-cell population in the CD40L-vaccinated mice.
This is consistent with the general finding that IL-12-depen-
dent production of IFN-g is the key mechanism in controlling
Leishmania infection (13). The importance of IL-12 in this
disease has been well established. Exogenous IL-12 protects
susceptible BALB/c mice from L. major infection (38), and
conversely antibodies to IL-12 exacerbate infection in resistant
mice (18, 36). However, some controversy exists as to whether
Leishmania can directly induce IL-12 production from infected
macrophages. Previous studies have indicated that Leishmania
promastigotes (35) and amastigotes (34) induce IL-12 produc-
tion from macrophages, whereas other studies demonstrate
that they do not (9). In the present studies, Leishmania-in-
fected macrophages produced virtually no IL-12 at either the
mRNA or the protein level. This lack of IL-12 production was
especially evident compared to parallel populations of cells
stimulation with CD40 ligand. Even when macrophages were
primed with IFN-g before infection with L. major, little or no
IL-12 was detected. This suggests that Leishmania parasites
infect macrophages by a quiescent mechanism that does not
elicit substantial cytokine production.

To further examine the potential of CD40L as an adjuvant,
we attempted to specifically direct CD40L to macrophages by

FIG. 6. Vaccination of mice with L cells expressing CD40L and
gp63. Mice were injected and boosted twice with irradiated cells ex-
pressing both CD40L and gp63 (open squares) or with cells expressing
gp63 alone (solid circles). Vaccinated mice were challenged with 5 3
105 L. amazonensis promastigotes in the footpad 1 week after the final
boost. Footpad swelling was measured twice weekly using a metric
caliper. Results are presented as differences in footpad thickness be-
tween the infected and noninfected footpads. (Inset) At week 8, mice
were sacrificed and footpad parasite burdens were measured. The
values shown are means 6 standard deviations of five mice per group.
Statistical significance at the 95% confidence level (P # 0.05), deter-
mined by the Student’s t test, is denoted by an asterisk.

FIG. 7. Footpad lesions caused by L. major parasites to which
CD40L had been adsorbed. Purified CD40L (open square) or control
saline (solid circle) was mixed with 5 3 10 5 L. major promastigotes for
1 h at room temperature. The mixture was then injected into the left
hind footpad of BALB/c mice. Footpad swelling was measured twice
weekly using a metric caliper. At week 7 mice were sacrificed and
parasite burdens (inset) were measured by serial dilution. The number
of parasites from control (solid bars) and CD40L-coinjected mice
(open bars) were determined. The results show the means 6 standard
deviations from five mice per group. Statistical significance at the 95%
confidence level (P # 0.05), determined by the Student’s t test, is
denoted by an asterisk.
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coupling its expression to that of a parasite molecule that binds
to macrophages. We chose a single Leishmania antigen, gp63,
for these studies. gp63 is one of the most abundant molecules
on the surface of the parasite (11, 24). Previous studies by us
and others have shown that this molecule can influence com-
plement fixation and parasite adhesion to macrophages (6, 10).
Leishmania gp63 was coexpressed along with human CD40L
on the surface of a mammalian cell. These cotransfected cells
bound efficiently to macrophages and stimulated macrophage
IL-12 production, as demonstrated by both ELISA and intra-
cellular cytokine staining. Mice were vaccinated with irradiated
cells expressing these antigens and then were infected with
virulent parasites. Lesion progression in vaccinated mice was
compared to mice vaccinated with cells expressing the gp63
antigen alone. Previous studies have shown that mice vacci-
nated with purified Leishmania gp63 protein (30) failed to
restrict lesion development. In fact, in some cases mice vacci-
nated in this way had even larger numbers of parasites within
their lesions (1). We confirm these previous studies and show
that vaccination with gp63 alone was ineffective in protecting
susceptible mice against Leishmania infection. However, mice
vaccinated with cells coexpressing both gp63 and CD40L were
partially protected against infection with virulent organisms.
Their lesions were smaller and they contained 100-fold fewer
organisms within them. These studies were done with L. ama-
zonensis and the C57BL/6 strain of mice. Our reason for mov-
ing these studies to this second strain of mice instead of
BALB/c was the previous observation of others (25) that
BALB/c mice, a H2D haplotype strain, react poorly to the gp63
antigen. Mice expressing other major histocompatibility com-
plex haplotypes, however, recognized this antigen and effi-
ciently presented it to T cells. The present result is similar to
that of a previous study in which Mycobacterium bovis BCG
expressing recombinant gp63 partially protected CBA/J mice
against L. amazonensis but failed to protect BALB/c mice from
L. major infection (12). The failure to induce immunity in
BALB/c mice with gp63 is consistent with previous observa-
tions of others that vaccination of mice with recombinant IL-12
and gp63 failed to confer protection (30), whereas vaccination
with SLA and recombinant IL-12 was fully protective (1, 30).
Thus, the combinatorial use of CD40L and an appropriate
Leishmania antigen can be an effective vaccine.

In addition to functioning as an effective vaccine, the ad-
sorption of CD40L to virulent organisms rendered them avir-
ulent in BALB/c mice. These organisms formed minimal le-
sions in a genetically susceptible strain of mice that would
normally contract a progressively fatal form of the disease.
This dramatic effect suggests that the induction of IL-12 by
CD40 ligation at the time of parasite infection of macrophages
may be responsible for resolution. We hypothesize that the
tethering of CD40L to the parasite itself may accentuate this
effect; however, we acknowledge that the preparation was not
washed prior to administration, so the free CD40L in this
preparation may have also contributed to this dramatic effect.
Nevertheless, this observation suggests that the ligation of
CD40 on macrophages at the time of Leishmania phagocytosis
will prevent the parasites from establishing a successful infec-
tion.

In summary, CD40L induces macrophages and dendritic
cells to produce relatively high levels of IL-12. This in vitro

observation was applied to an infectious model using the in-
tracellular pathogen Leishmania, and two general conclusions
were made. First, the combination of CD40L with Leishmania
antigens preferentially induced type 1 immune responses to
those antigens. Second, the presence of CD40L prevented vir-
ulent Leishmania from establishing an infection in a suscepti-
ble mouse strain. These observations suggest that viable Leish-
mania parasites expressing human CD40L on their surface
would not only be strongly immunogenic but that they would
also be avirulent—two properties of an excellent vaccine.
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