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The acquisition of immunity following subclinical or resolved infection with the intracellular parasite
Leishmania donovani suggests that vaccination could prevent visceral leishmaniasis (VL). The LACK (Leish-
mania homolog of receptors for activated C kinase) antigen is of interest as a vaccine candidate for the
leishmaniases because of its immunopathogenic role in murine L. major infection. Immunization of mice with
a truncated (24-kDa) version of the 36-kDa LACK antigen, delivered in either protein or DNA form, was found
previously to protect against cutaneous L. major infection by redirecting the early T-cell response away from
a pathogenic interleukin-4 (IL-4) response and toward a protective Th1 response. The amino acid sequence of
the Leishmania p36(LACK) antigen is highly conserved, but the efficacy of this vaccine antigen in preventing
disease caused by strains other than L. major has not been determined. We investigated the efficacy of a
p36(LACK) DNA vaccine against VL because of the serious nature of this form of leishmaniasis and because
it was unclear whether the LACK vaccine would be effective in a model where there was not a dominant
pathogenic IL-4 response. We demonstrate here that although the LACK DNA vaccine induced a robust
parasite-specific Th1 immune response (IFN-g but not IL-4 production) and primed for an in vivo T-cell
response to inoculated parasites, it did not induce protection against cutaneous or systemic L. donovani
challenge. Coadministration of IL-12 DNA with the vaccine did not enhance the strong vaccine-induced Th1
response or augment a protective effect.

Active visceral leishmaniasis (VL) is a progressive, fatal in-
fection characterized by fever, hepatosplenomegaly, cachexia,
and pancytopenia and the absence of parasite-specific cell-
mediated immune responses (4, 5). In areas of endemic in-
fection, however, a significant number of individuals acquire
subclinical infection associated with the development of anti-
gen-specific T-cell responses and gamma interferon (IFN-g)
production, and resistance to visceral infection (3, 42). The
importance of parasite-specific Th1 responses in protection has
been corroborated by studies in the murine model of VL (19,
27, 44). The acquisition of immunity following subclinical or
resolved infection suggests that vaccination, if it induced an
appropriate cellular immune response, is a feasible approach
to prevent this disease.

Several vaccination strategies against experimental leish-
maniasis have been attempted. Immunization of mice with
killed Leishmania donovani parasites, crude antigen fractions,
and purified L. donovani membrane proteins (15, 19, 31, 35)
provided partial protection against parasite challenge. We
demonstrated recently that immunization with a multicompo-
nent Leishmania DNA vaccine (which included DNA that en-
coded histone and other unknown proteins) induced a Th1
immune response and conferred protection against experimen-

tal challenge with L. donovani (24). Several other recombinant
antigens, including the hydrophilic acylated surface protein B
(43), antigens of the LD1 multigene locus (9), and the LCR1
antigen (46), also induced partial protective immunity against
L. donovani or L. chagasi in mice. A number of other recom-
binant antigens also conferred protection against cutaneous
infection with L. major or L. amazonensis, (6, 7, 14, 16, 26, 32,
41, 45). These antigens have not been studied for their capacity
to induce protection against visceral L. donovani infection. The
sustained expression of a recombinant antigen by vaccination
with DNA, as has been shown for the gp63, Leishmania ho-
molog of receptors for activated C kinase (LACK), PSA-2, and
multicomponent sublibrary vaccines (13, 24, 28, 40, 47), is an
attractive approach for protection against leishmaniasis be-
cause it mimics the persistent antigenic stimulation of subclin-
ical infection.

The LACK antigen is of particular interest as a vaccine
candidate because the prominent role it plays in the immuno-
pathogenesis of experimental L. major infection. During infec-
tion of inbred mice that express I-Ad major histocompatibility
complex class II molecules (e.g. BALB/c strain), expression of
the immunodominant LACK antigen drives the expansion of
interleukin-4 (IL-4)-secreting, disease-promoting T cells that
express a Vb4/Va8 T-cell receptor. Depletion of LACK-reac-
tive T cells diminishes the early IL-4 response, allowing the
development of a protective Th1 phenotype (18, 20). Further-
more, immunization of highly susceptible BALB/c mice with a
truncated (24-kDa) version of the 36-kDa LACK antigen, de-
livered in either protein (with recombinant IL-12 adjuvant) or
DNA form, confers protection against cutaneous challenge
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with L. major (12, 13, 26, 37). The protective effect of the
LACK vaccine was mediated by IL-12-dependent IFN-g pro-
duction, which was sufficient to overcome the early pathogenic
IL-4 response observed in this infection model (13).

The efficacy of vaccination with LACK antigen against ex-
perimental leishmaniasis caused by strains other than L. major
has not been investigated. The LACK amino acid sequence is
highly conserved, and the LACK mRNA is expressed by L.
donovani (26). However, infection of susceptible (BALB/c)
mice with L. donovani is not associated with a highly polarized
Th2 phenotype and progressive disease characteristic of L.
major infection in this mouse strain. Therefore, the potential
for use of the LACK vaccine for protection against L. donovani
is unclear. In this report we investigated the utility of a LACK
DNA vaccine in an established model of L. donovani infection.
Although the LACK DNA vaccine induced a robust parasite-
specific Th1 immune response and primed for an in vivo T-cell
response to inoculated parasites, it did not induced sustained
protection against parasite challenge.

MATERIALS AND METHODS

Parasites and parasite antigens. The L. donovani 1S strain (MHOM/SD/001S-
2D) was used for the vaccine challenge experiments and preparation of Leish-
mania antigen. Other strains used in the cloning of the p36(LACK) cDNA
included L. major (Abdou strain; a Syrian isolate kindly provided by H. Louzir,
Institut Pasteur, Tunis), L. mexicana (390 strain; a Yucatan isolate kindly pro-
vided by F. Andrade-Narvaez, Universidad Autonoma de Yucatan, Merida,
Mexico), L. amazonensis (Josefa strain; a Brazilian isolate kindly provided by F.
Neva, National Institutes of Health, Bethesda, Md.), and L. braziliensis (HOM/
BR/75/M2903; a Brazilian strain kindly provided by B. Travi, CIDEIM, Cali,
Colombia). Promastigotes were cultured axenically in M199 medium supple-
mented with 15% heat-inactivated fetal calf serum, 0.1 mM adenine, 5 mg of
hemin per ml, 1 mg of biotin per ml, 2mM L-glutamine, 100 U of penicillin per
ml, and 100 mg of streptomycin per ml (34). We used 4- to 5-day promastigote
cultures to prepare soluble L. donovani antigen (SLDA) as previously described
(25). The L. donovani strain was continuously maintained by repeated passage
through Syrian hamsters. Metacyclic promastigotes were obtained from cultured
stationary-phase promastigotes (recently transformed from hamster-derived
amastigotes) as described previously (34). Briefly, 5- to 6-day-old stationary-
phase cultures were washed and then resuspended in Dulbecco’s modified Ea-
gle’s medium at 2 3 108/ml. The parasites were incubated with peanut agglutinin
(50 mg/ml) for 15 min at room temperature, and the agglutinated parasites were
pelleted by centrifugation at 200 3 g. The metacyclic promastigotes were then
collected from the supernatant, washed, and used immediately for the mouse
infections.

Cloning of Leishmania p36(LACK) cDNA. The p36(LACK) cDNA was cloned
from multiple Leishmania spp. by PCR amplification of genomic DNA. Genomic
DNA was isolated by lysis of cultured promastigotes in 50 mM NaCl–50 mM
EDTA–1% sodium dodecyl sulfate–50 mM Tris-HCl (pH 8.0), treatment with
proteinase K and RNase A, and extraction of the DNA with phenol-chloroform.
The DNA was precipitated and resuspended in Tris-EDTA buffer, and 0.5 to 1.0
mg was amplified with a mixture (15:1) of Taq and Pfu polymerases. The ampli-
fication product was isolated by agarose gel electrophoresis and gel extraction
and cloned into the pCR 2.1 vector (Invitrogen). The cDNA insert from each of
the plasmids was sequenced using vector-specific primers and an automated,
fluorescent DNA sequencer (model 373A; Applied Biosystems). BLAST was
used to search the National Center for Biotechnology Information databases to
identify previously cloned homologous sequences (2). The entire coding regions
of the L. donovani and L. major p36(LACK) cDNAs were subcloned into the
HindIII and XbaI sites in the pcDNA3.1 vaccine expression vector (Invitrogen).
The pcDNA3.1 plasmid used for these studies is the same as the parent pcDNA3
vector (which was used as the vaccine plasmid in the L. major LACK vaccine
studies [13]) except for the addition of several restriction enzyme sites and
removal of a SP6 promoter site in the multicloning site.

Construction and analysis of the murine IL-12p40-p35 fusion gene expression
vector. The approach used to construct a functional IL-12p40-p35 fusion mole-
cule was a modification of the method published by Lieschke et al (23). The open
reading frames of the murine IL-12 p40 and IL-12 p35 genes were PCR ampli-

fied. The forward primer used for the p40 amplification included an EcoRI
restriction site and a Kozak sequence, and the reverse primer used for the p35
amplification contained a BamHI site. The reverse primer for the p40 amplifi-
cation contained a 35-nucleotide linker sequence, and the forward primer of the
p35 amplification contained a 36-nucleotide linker sequence that was the reverse
complement of the p40 linker sequence. The p40 reverse primer excluded the
p40 stop codon, and the p35 forward primer excluded the p35 signal sequence
(first 22 codons). Following amplification of the individual subunits, the p40 and
p35 products containing the linker sequences were amplified together by overlap
PCR using the forward p40 and reverse p35 primers. The amplification product
containing the p40 subunit fused in frame with the p35 subunit was cloned into
a the TOPO 2.1 vector, its correct sequence was confirmed, and then it was
subcloned into the EcoRI and BamHI sites of the pcDNA3.1 eukaryotic expres-
sion vector.

The expression of immunoreactive murine IL-12 was determined by measure-
ment of IL-12 in supernatants of transfected L293 cells by enzyme-linked im-
munosorbent assay (ELISA) (Pharmingen). The biological activity of the IL-
12p40-p35 fusion molecule was determined by (i) measurement of IFN-g in the
serum of mice inoculated with 100 mg (once in the footpad) of pcDNA3.1-IL-
12p40-p35 or the pcDNA3.1 vector control and (ii) measurement of mitogen
(concanavalin A)-induced IFN-g production by lymph node cells from mice
inoculated with the IL-12 or control plasmids.

Immunization and challenge of mice. The protective efficacy of the
p36(LACK) DNA vaccine constructs was determined in a fashion similar to that
used in our previous vaccine studies (24). BALB/c mice (Charles River Labora-
tories) (4 to 6 weeks old; six per group) were immunized with p36(LACK)
plasmid DNA or control vector DNA (100 mg in 25 ml of phosphate-buffered
saline) by injection in the hind footpad, rump, tail 1 cm distal to the rump, or ear
pinna on days 0 and 14. Injections of the ear and rump were true intradermal
injections, whereas the injection into the tail and footpad probably delivered the
vaccine mostly into the subcutaneous tissue. On day 28, the mice were challenged
by intravenous (i.v.) (lateral tail vein) or cutaneous (hind footpad) injection with
either 2 3 104 (low-dose) or 1 3 106 (high-dose) purified metacyclic promasti-
gotes. The animals were euthanized 3 or 30 days after challenge and the liver,
spleen, and/or lymph node were harvested for determination of parasite burden
or in vitro cytokine analysis.

Determination of vaccine-induced cytokine production. Spleens or lymph
nodes from control and immunized mice were harvested, and single-cell suspen-
sions were obtained by homogenization of the tissue between the frosted ends of
two glass microscope slides. The erythrocytes were lysed with ammonium chlo-
ride lysis buffer (Sigma), and the cells were washed and cultured in complete
medium (Dulbecco’s modified Eagle’s medium with 10% heat-inactivated fetal
bovine serum, 100 mM glutamine, 100 U of penicillin per ml, 100 mg of strep-
tomycin per ml, and 5 3 1025 M 2-mercaptoethanol) at 2 3 106 cells per ml. The
cells were cultured in medium alone (control) or stimulated with 25 mg of SLDA
per ml for 48 to 72 h. In some experiments, the spleen or lymph node cells were
stimulated with washed, viable L. donovani promastigotes (105 per well). The
IL-4 and IFN-g levels in the supernatants were determined by sandwich ELISA
using monoclonal antibodies (capture and detection) (Pharmingen, San Diego,
Calif.) as described previously (25). In some experiments the production of
IFN-g in vaccinated and control mice in response to parasite challenge was
determined. Spleen and lymph node cells obtained from vaccinated and unvac-
cinated mice 3 and 30 days postinfection were cultured ex vivo in complete
medium in the absence of exogenous antigenic stimulation. The release of IFN-g
into the culture supernatant was measured by ELISA.

Determination of the tissue parasite burden. Quantitative limiting-dilution
culture was performed as described previously (34). Each organ was harvested,
and its total weight was determined. A whole lymph node or weighed piece of
spleen or liver (20 to 60 mg) was then homogenized between the frosted ends of
two sterile glass slides in 1 ml of complete M199 culture medium and diluted with
the same medium to a final concentration of 1 mg/ml. Fourfold serial dilutions
of the homogenized tissue suspension were then plated in a 96-well tissue culture
plate containing a 50-ml blood agar slant and cultured at 26°C for 2 weeks. The
wells were examined for motile promastigotes at 3-day intervals, and the recip-
rocal of the highest dilution which was positive for parasites was considered to be
the number of parasites per milligram of tissue. The total organ burden was
calculated using the weight of the whole organ.

Statistical analysis. Data are presented as the mean and standard error of the
mean. The significance of differences among groups was determined by Student’s
two-tailed t test; differences were significant at P # 0.05.

Nucleotide sequence accession numbers. The GenBank accession numbers for
the p36(LACK) DNAs cloned in this study are as follows: L. donovani, AF363974;
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L. major, AF363975; L. mexicana, AF363976; L. amazonensis, AF363977; L.
braziliensis, AF363978.

RESULTS

The p36(LACK) protein is highly conserved among Leish-
mania spp. We cloned and sequenced the p36(LACK) cDNA
from multiple New and Old World Leishmania spp. As was
previously shown for the L. major and L. chagasi p36(LACK)
cDNA (26), there is almost complete amino acid sequence
identity among the different species, including Old and New
World strains (data not shown). The L. donovani p36(LACK)
cDNA sequence was determined from several clones obtained
by PCR amplification of both genomic DNA or cDNA from
the L. donovani 1S strain. The L. donovani p36(LACK) de-
duced amino acid sequence was identical to the published L.
chagasi and L. infantum sequences (GenBank accession num-
bers U27569 and U49695, respectively and differed at only 1 or
2 amino acids from the L. major, L. mexicana, L. amazonensis,
and L. braziliensis sequences we obtained (data not shown).
The L. major p36(LACK) immunodominant T-cell epitope
(amino acids 158 to 173) shown previously to drive the early
IL-4 response in the L. major-infected BALB/c mouse (29) was
invariant among the sequences of p36(LACK) from the other
Leishmania spp.

Vaccination with L. donovani p36(LACK) DNA induces a
strong parasite-specific Th1 response. Mice were vaccinated
by cutaneous injection of the L. donovani or L. major
p36(LACK) DNA cloned into the pcDNA3.1 vector. The cu-
taneous route was chosen to deliver the DNA to the potent
antigen-presenting cells of the skin, epidermal Langerhans’
cells and dermal dendritic cells. Since the site of administration
may influence the vaccine-induced immune response (10), we
initially compared the immunogenicity of the DNA vaccine
when delivered at different cutaneous sites. Cutaneous vacci-
nation in the ear, rump, tail, and footpad each induced a spleen
cell IFN-g response to soluble antigen or whole viable para-
sites (Fig. 1A). Vaccination in the footpad resulted in the
strongest antigen (SLDA)-induced IFN-g response. This dif-
ference was statistically significant for the foot compared to the
rump (P # 0.001) and ear (P 5 0.03) but not compared to the
tail. There was also more parasite-induced IFN-g production
in mice vaccinated in the foot compared to other sites, but this
difference did not reach statistical significance. There was no
vaccine-induced spontaneous IFN-g production, and no anti-
gen- or parasite-specific IL-4 production could be detected
(data not shown). It should be noted that the vaccine was
delivered intradermally in the skin of the ear and rump, but
intradermal delivery in the footpad and tail is difficult; much of
the vaccine at those sites probably localizes to the subcutane-
ous tissue.

Because of the strong IFN-g response induced by adminis-
tration of the vaccine DNA into the skin of the hind footpad,
we used this route of delivery for subsequent experiments. This
was also the route of delivery used in the prior L. major LACK
vaccine studies (12, 13). Immunization with the vector DNA
(lacking Leishmania DNA) did not induce an antigen-specific
response in either the draining lymph node cells (Fig. 1B) or
spleen cells (Fig. 1C). Vaccination with the p36(LACK) DNA
vaccine constructs derived from L. donovani or L. major in-

duced strong antigen-specific Th1 responses in lymph node
cells (Fig. 1B) or spleen cells (Fig. 1C). Stimulation of lymph
node cells with viable promastigotes also resulted in IFN-g
secretion in the vaccinated but not unvaccinated mice.

Because of previous reports that IL-12 could act as a strong
adjuvant with protein and DNA vaccines (1, 38), we postulated
that the immunogenicity of the p36(LACK) DNA vaccine
might be further enhanced by coadministration of IL-12 DNA.
An IL-12p40-p35 fusion cDNA was created by overlap PCR
and inserted into the pcDNA3.1 vector. Expression of the
IL-12 fusion molecule was confirmed by in vitro transfection of
L293 cells and measurement of IL-12 p70 in the transfected
cell supernatant by ELISA. The culture supernatant of
pcDNA3.1-transfected cells had 0.04 ng of IL-12 per ml,
whereas the supernatant of pcDNA3.1–IL-12p40-p35-trans-
fected cells had 11.3 ng of IL-12 per ml. The production of
biologically active IL-12 following in vivo delivery of the IL-12
DNA construct was confirmed by finding increased levels of
IFN-g in serum following in vivo injection of 100 mg of plasmid
(the IFN-g concentration in serum 30 days after plasmid inoc-
ulation was ,125 pg/ml in the vector control mice and 1,410 6
190 pg/ml in the IL-12 plasmid-injected mice). Furthermore,
there was a fivefold enhancement of mitogen-induced lymph
node cell IFN-g production in mice that received the IL-12
plasmid construct compared to mice that received the vector
control (788 6 96 and 165 6 110 pg/ml, respectively). The in
vivo effect persisted for at least 6 weeks after administration of
the IL-12 plasmid. Despite production of biologically active
murine IL-12, coadministration of the IL-12 expression plas-
mid did not enhance the spleen cell antigen-specific IFN-g
response induced by the p36(LACK) DNA vaccine (Fig. 1C).

Vaccination with L. donovani p36(LACK) DNA primes for a
strong in vivo Th1 response to parasite challenge. As a further
measure of vaccine efficacy, we investigated whether the
p36(LACK) DNA vaccine could prime the host to respond to
an in vivo parasite challenge. We reasoned the mice should
respond to the parasite challenge with enhanced IFN-g pro-
duction if they had been primed effectively by the vaccine. In
these experiments, vaccinated or control mice were challenged
with either a high (1 3 106) or a low (2 3 104) dose of
metacyclic L. donovani promastigotes and the IFN-g response
to the infecting parasite was determined 3 and 30 days postin-
fection. Infection of unvaccinated or sham-vaccinated (vector
control) mice resulted in significant production of IFN-g by
spleen cells cultured ex vivo without any exogenous stimulation
(Fig. 2). The level of the IFN-g response to infection in un-
vaccinated mice was parasite dose dependent; high-dose par-
asite challenge resulted in greater IFN-g production than did
low-dose challenge (Fig. 2). In response to i.v. challenge with a
low dose of parasites, vaccinated mice produced higher levels
of IFN-g than did unvaccinated mice both 3 and 30 days
postinfection. Cutaneous challenge with a high dose of para-
sites similarly resulted in higher levels of production of IFN-g
by lymph node cells in the vaccinated compared to the unvac-
cinated (vector control) mice. In each of these cases, however,
there was considerable variability within the groups, and so the
increased level of IFN-g production by the vaccinated com-
pared to the unvaccinated mice did not reach statistical signif-
icance. The level of IFN-g produced by spleen cells at 30 days
postchallenge in control or vaccinated mice that received the
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high-dose i.v. challenge was similar. In this case, the high par-
asite burden in the spleen (see Fig. 3), which is itself a strong
stimulus for IFN-g production, appears to have masked any
vaccine-induced IFN-g response. Taken together, these data
indicate that immunization with the L. donovani p36(LACK)
DNA vaccine primed the host to generate a stronger Th1
response to the inoculated parasite. Codelivery of the IL-12
expression plasmid did not enhance the L. donovani
p36(LACK) DNA vaccine priming for parasite-induced IFN-g
(data not shown).

Vaccination with L. donovani p36(LACK) DNA does not
protect against parasite challenge. In spite of the demon-
strated ability of the p36(LACK) DNA vaccine to induce an
antigen-specific recall response and its ability to prime for a
characteristically protective Th1 response in vivo, vaccination
did not protect against parasite challenge when the end point
for vaccine efficacy was a reduction in tissue parasite burden.
In initial experiments we used an immunization model that we
had used previously to identify DNA vaccine candidates that
protected against L. donovani challenge (24). Mice were im-
munized with the L. donovani or L. major p36(LACK) DNA
vaccines and challenged i.v. with 106 metacyclic promastigotes
(high dose), and the parasite burden in the liver and spleen was
determined 30 days postchallenge. Under these conditions,

FIG. 1. Vaccination of mice with L. donovani or L. major
p36(LACK) DNA induces a strong in vitro antigen-specific IFN-g
response. (A) Groups of three or four BALB/c mice were vaccinated
in the skin of the rump, ear, tail, or hind footpad with 100 mg of
purified L. donovani p36(LACK) plasmid DNA on days 0 and 14. On
day 28 the mice were sacrificed and the spleen cells were isolated and
stimulated in vitro with SLDA (25 mg/ml) or live L. donovani promas-
tigotes (105/well). Culture supernatants were harvested after stimula-
tion for 72 h, and the concentration of IFN-g was determined by
sandwich ELISA. The antigen-induced IFN-g concentration in culture
supernatants is shown as the mean and standard error of the mean for
the stimulated (SLDA and promastigotes) and unstimulated (medium)
spleen cells. Data shown are from a single immunization experiment.
(B) The immunogenicities of the L. donovani (Ld) and L. major (Lm)
p36(LACK) DNA vaccines was compared. Groups of three mice were
immunized in the hind footpad with the p36(LACK) DNA or vector
control, and the spleen cell IFN-g response to SLDA or viable pro-
mastigotes was determined as described above. The data shown are

FIG. 2. Ex vivo IFN-g secretion by spleen or lymph node cells
isolated from unvaccinated (vector control) or vaccinated mice after
challenge with a high or low dose of parasites. Groups of six BALB/c
mice were immunized with L. donovani (Ld) p36(LACK) DNA vac-
cine or vector control and challenged with either a high dose (1 3 106

metacyclic promastigotes by i.v. or cutaneous [hind footpad] injection)
or low dose (2 3 104 metacyclic promastigotes by i.v. injection) of
parasites. At either 3 or 30 days postchallenge, the mice were sacrificed
and the spleen or draining lymph nodes were harvested. The spleen or
lymph node cells were cultured in complete medium in the absence of
exogenous antigen stimulation, and the supernatants were collected 72
h later. The concentration of IFN-g was determined by sandwich
ELISA and is shown as the mean and standard error of the mean for
the groups of six mice. The data shown are representative of two or
three experiments.

representative of two experiments. (C) The effect of coadministration
of IL-12 DNA with the p36(LACK) DNA vaccine was determined.
Groups of four mice were immunized as described above with either
the L. donovani (Ld) or L. major (Lm) p36(LACK) DNA vaccines, the
L. donovani (Ld) p36(LACK) DNA vaccine plus IL-12 DNA (100 mg),
the IL-12 DNA alone, or the vector control DNA. Spleen cells were
harvested and the SLDA-induced IFN-g response was determined as
described for panel A. The data presented are representative of two
experiments.
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vaccination with p36(LACK) DNA did not protect against
parasite challenge compared to control mice that received the
empty vector (Fig. 3A). The coadministration of the IL-12
expression plasmid did not enhance the protective efficacy of
the L. donovani p36(LACK) DNA vaccine. Because there was
no protection against parasite challenge despite the strong
immunogenicity of the vaccine, we considered that the high
dose and direct (i.v.) challenge to the visceral organs could
overwhelm a protective response. Therefore, we investigated
whether protection could be demonstrated in a model where
the mice were challenged either i.v. with a low dose of parasites
(2 3 104 metacyclic promastigotes) or by cutaneous inocula-
tion. Both types of infection would be expected to deliver a
lower dose of parasites to the reticuloendothelial organs and
therefore would more closely mimic a natural infectious chal-
lenge.

Following cutaneous challenge with high-dose parasites,
there was no difference between the vaccinated and unvacci-
nated groups when the parasite burden was determined at 30
days postinfection in the lymph node, liver, or spleen (Fig. 3B).
There was a 0.7-log-unit reduction in the lymph node parasite
burden early (3 days) after infection in the vaccinated com-
pared to the unvaccinated mice that received the low-dose
intradermal challenge (P 5 0.05). As expected, i.v. challenge
with a low dose of parasites resulted in a substantially lower
(;2 to 3 log units) visceral parasite burden at 30 days postin-
fection than did challenge with a high does of parasites (Fig.
3C). Despite this less rigorous systemic parasite challenge,
there was no difference in the parasite burdens of the vacci-
nated and unvaccinated mice at 3 or 30 days after the low-dose
i.v. challenge (Fig. 3C).

DISCUSSION

In this study we demonstrated that vaccination with L. do-
novani p36(LACK) DNA primed for a strong in vitro and in
vivo parasite-specific Th1 response but did not confer protec-
tion against parasite challenge. This is in contrast to results
from earlier studies with a different murine model of cutane-
ous leishmaniasis, where the L. major LACK(p24) antigen,
delivered either as recombinant protein (with IL-12 adjuvant)
or as DNA vaccine, was highly effective in protecting against
cutaneous L. major challenge (13, 26).

We tested the efficacy of the p36(LACK) DNA vaccine in a
model of visceral disease, where there is rapid replication of
the parasite in the visceral organs in the few months following
i.v. challenge with L. donovani promastigotes. Although vac-
cine-induced protection has been difficult to achieve in this
model (15, 19, 31; A. C. White, Jr., and D. McMahon-Pratt,
Letter, J. Infect. Dis. 161:1313–1314, 1990), we demonstrated
previously that induction of a Th1 immune response and sig-
nificant reduction in visceral parasite burden is achievable fol-
lowing immunization with a multicomponent DNA vaccine
(24). In the present study the p36(LACK) DNA vaccine in-
duced a similar strongly polarized Th1 response. Therefore,

FIG. 3. Vaccination with L. donovani p36(LACK) does not protect
against cutaneous or systemic challenge with a high or low dose of L.
donovani metacyclic promastigotes. Groups of five or six BALB/c mice
were immunized with either the L. donovani (Ld) or L. major (Lm)
p36(LACK) DNA vaccines, the L. donovani (Ld) p36(LACK) DNA
vaccine plus IL-12 DNA (100 mg), the IL-12 DNA alone, or the vector
control DNA on days 0 and 14. At 14 days later the mice were chal-
lenged with metacyclic promastigotes at either a high (1 3 106) or low
(2 3 104) dose by IV or cutaneous (hind footpad) injection. At either
3 or 30 days postchallenge, the mice were sacrificed and the lymph
node and/or liver and spleen were harvested. The tissue parasite bur-
den was determined by limiting-dilution quantitative culture at 3 or 30
days after challenge and is expressed as the log mean and standard
error of the mean for the parasite burden in the whole organ. The data
shown are representative of two experiments. (A) Parasite burden in
the liver or spleen 30 days after high-dose i.v. challenge. (B) Parasite
burden in lymph nodes, liver and spleen at 3 or 30 days after high or

low-dose i.v. challenge. There was a statistically significant reduction in
the parasite burden in the vaccinated compared to the vector control
group only in the lymph nodes 3 days following low-dose cutaneous
parasite challenge.
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the absence of vaccine efficacy was not due to the lack of a
characteristically protective type of immune response or to the
generation of a counterprotective cytokine response. In fact,
the DNA vaccine induced a strong Th1 response even without
coadministration of an adjuvant other than the DNA itself, and
this response was not enhanced by codelivery of IL-12 DNA.
These data support the findings of previous studies (11, 39)
that although the generation of a vaccine-induced Th1 re-
sponse is necessary for protection against leishmanial infec-
tion, it may not be sufficient.

The inability of the p36(LACK) DNA vaccine to induce
protection against L. donovani infection was not likely to be
due to a difference in the amino acid sequence of the L.
donovani protein compared to the L. major sequence. The
amino acid sequence differed at only 3 of 212 residues, and the
amino acids that comprise the dominant T-cell epitope (amino
acids 158 to 173) in the L. major cutaneous infection model
were identical. The absence of a protective effect was also not
due to a lack of induction of systemic immunity following
cutaneous immunization, since strong antigen-specific Th1 re-
sponses were observed both in the draining lymph node and
spleen.

We postulated initially that in spite of the strong soluble
antigen-induced in vitro Th1 response, the lack of protective
efficacy might be due to ineffective in vivo priming of the host
T-cell response to the invading parasite. Two lines of evidence
suggest that this is not the case. First, spleen cells from vacci-
nated mice secreted IFN-g following exposure in vitro to whole
promastigotes, indicating that viable parasites and not just
soluble antigens were a target of the vaccine-induced immune
response. Second, vaccination with p36(LACK) DNA aug-
mented the ex vivo production of IFN-g following in vivo
parasite challenge. Thus, in the context of an active in vivo
infection, the parasite or its products were recognized by the
vaccine-primed T cells. This priming was evident as early as 3
days postinfection and was maintained at least until 30 days
postinfection. These data, however, do not exclude the possi-
bility that the vaccine-primed T cells were directed against
antigens released by dead or dying parasites rather than
against viable parasites present within host macrophages. Re-
cent studies of the L. major LACK antigen would support this
possibility. Prina et al. reported that although L. major amas-
tigotes express the LACK antigen, infected macrophages were
unable to activate LACK-specific T cells (reactive to the amino
acid 158 to 173 epitope) in the absence of exogenous antigen
(30). In contrast, LACK-specific T cells could be stimulated
only by recently infected macrophages that had been activated
by IFN-g to kill the parasites. Thus, in the L. major model,
macrophages that harbored viable amastigotes were not rec-
ognized by T cells reactive with the dominant LACK epitope.
These findings were extended by Courret et al. who showed
that T cells reactive with the immunodominant LACK158-173
peptide could be stimulated only by macrophages that had
been infected with nonsurviving, nonmetacyclic promastigotes
(8). In our study, T cells from p36(LACK)-vaccinated mice
were effectively stimulated in vitro with stationary-phase pro-
mastigotes, but this parasite preparation would have contained
some noninfective procyclic forms. Likewise, the observed
IFN-g response to in vivo challenge with purified metacyclic
promastigotes could have conceivably been directed against

a few residual procyclic forms that would have been killed
upon entry into the host. Thus, the strong Th1 response and
ineffective parasite killing we observed could coexist if the
p36(LACK)-activated T cells were directed at antigen from
procyclic or killed promastigotes and not at viable intracellular
amastigotes. The vaccine-induced transient reduction in para-
site burden in the draining lymph nodes early (3 days) after
infection may have been related to a bystander effect of the
Th1 response to antigens released by dead or dying noninfec-
tive promastigotes.

The difference in protection observed between the cutane-
ous leishmaniasis model and our study may relate to the dif-
ferences in the role of IL-4 in the pathogenesis of these two
infections. The L. major-BALB/c mouse model is unique in
that the early dominant T-cell response is directed toward the
LACK antigen, resulting in disease-promoting IL-4 production
(17, 20, 21). The response is mediated by T cells that express
the Vb4/Va8 T-cell receptor and respond to a peptide epitope
comprising amino acids 158 to 173 of the LACK antigen in the
context of major histocompatibility complex class II I-Ad mol-
ecules (29, 33). Vaccination with the LACK DNA or LACK
protein plus IL-12 was effective because it redirected the early
T-cell response away from the pathogenic IL-4 response and
toward a protective Th1 response (13, 17, 18). In contrast to
the L. major-BALB/c mouse model, IL-4 does not play a pri-
mary pathogenic role in murine L. donovani infection (19, 22,
36). Therefore, if the protective effect of the LACK vaccine is
mediated solely through redirection of the pathogenic LACK-
induced IL-4 response, one would not expect that it would be
effective in the murine VL model, where early IL-4 production
does not promote susceptibility. If this is the case, then vacci-
nation with this antigen will have little effect outside of the
unique L. major-BALB/c mouse model of cutaneous leishman-
iasis.

In spite of the absence of sustained p36(LACK) vaccine-
induced protection against parasite challenge, it is possible that
the induction of a LACK antigen-specific Th1 response to
early infection could contribute to the protective response gen-
erated by a multicomponent vaccine. Even if p36(LACK)-
reactive T cells responded only to procyclic or dead parasite
antigens contained in an infectious sand fly inoculum, the local
IFN-g production could potentially contribute to protection by
either activating recently infected macrophages through a local
bystander effect or driving the T-cell response directed at other
vaccine antigens toward a Th1 phenotype. This possibility de-
serves further investigation.
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