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We have previously demonstrated that oral delivery of a disease-promoting particulated antigen of Leish-
mania amazonensis (LaAg) partially protects mice against cutaneous leishmaniasis. In the present work, we
sought to optimize a mucosal vaccine by using the intranasal route for delivery of different antigen prepara-
tions, including (i) LaAg, (ii) soluble recombinant p36/LACK leishmanial antigen (LACK), and (iii) plasmid
DNA encoding LACK (LACK DNA). BALB/c mice that received two intranasal doses of 10 �g of LaAg and were
challenged 1 week postvaccination with L. amazonensis developed delayed but effective control of lesion growth.
A diminished parasite burden was accompanied by enhancement of both gamma interferon (IFN-�) and
interleukin-10 levels in the lesion-draining lymph nodes. The vaccine efficacy improved with time. At 4 months
postvaccination, when a strong parasite-specific TH1-type response was present in vivo, the infection was
controlled for at least 5 months after challenge. In contrast to the particulated LaAg, soluble LACK (10
�g/dose) had no effect. Interestingly, LACK DNA (30 �g/dose), but not empty DNA, promoted rapid and
durable protective immunity. Parasite growth was effectively controlled, and at 5 months after challenge
LACK-reactive cells in both the mucosal and lesion-draining lymph nodes produced high levels of IFN-�. These
results demonstrate for the first time the feasibility of using the intranasal route for long-lived memory
vaccination against cutaneous leishmaniasis with adjuvant-free crude antigens or DNA.

Leishmaniasis is a disease caused by intracellular protozoan
parasites belonging to the genus Leishmania, and there is a
wide spectrum of clinical manifestations ranging from chronic
cutaneous ulcers to fatal visceral infection. Leishmaniasis is
broadly distributed in most tropical and Mediterranean coun-
tries, and the estimated incidence is 2 million cases/year (38).
Despite the recent advances in new antileishmanial com-
pounds (6), the first-line therapy for all forms of the disease is
still based on painful multiple injections of pentavalent anti-
monials which invariably produce serious toxicity. The problem
is further aggravated by the surge of antimonial resistance in
some areas where the disease is endemic (22).

The development of a vaccine against leishmaniasis is a
long-term goal in both human and veterinary medicine. Vari-
ous subunit and DNA antigens have been identified as poten-
tial vaccine candidates (14). However, the development of
subunit vaccines for human vaccination against cutaneous
leishmaniasis is hampered by the requirement for potentially
toxic TH1-inducing adjuvants, which include BCG and inter-
leukin-12 (IL-12). A great number of studies of experimental
vaccines against cutaneous leishmaniasis have been based on
the murine model of infection with Leishmania major, and
these studies have demonstrated the relationship between ge-
netically determined resistance and susceptibility to infection
with the expansion of TH1 and TH2 cells, respectively (35).
The extreme susceptibility of BALB/c mice to L. major infec-

tion has been correlated with early production of IL-4 by
LACK (Leishmania homolog of mammalian receptors for ac-
tivated C kinase)-reactive V�4-V�8� CD4� T cells that drive
the differentiation of other responding T cells to the TH2
phenotype (20). BALB/c mice made tolerant to LACK by
transgenic expression of the antigen in the thymus exhibit both
a diminished TH2 response and a healing phenotype, demon-
strating the association of LACK reactivity with disease (16).
LACK is a well-conserved antigen that is present in many
Leishmania species (31), and it may well account at least in
part for the increased susceptibility of mice and monkeys vac-
cinated by intradermal, intramuscular, and subcutaneous
routes with whole promastigote antigens of Leishmania ama-
zonensis or L. major in the absence of adjuvants (19, 21, 32).

Mucosal vaccination with immunopathology-related anti-
gens has been used to induce systemic tolerance and protection
against TH2-related disorders, such as allergies and some au-
toimmune diseases (7). In this context, the effect of oral vac-
cination of susceptible BALB/c mice and the more resistant
C57BL/6 mouse strain with a total of 200 �g of L. amazonensis
antigen (LaAg) on subsequent parasite challenge was recently
evaluated (32). Vaccination rendered both mouse strains more
resistant to L. amazonensis and L. major infections. Protective-
ness required functional �/� T-cell receptor-positive T cells
and was accompanied by selective systemic tolerance of TH2-
type responses. The naturally particulated form of LaAg may
have been critical for protectiveness, as up to 8 mg of soluble
LACK administered by mucosal routes (oral and nasal) did not
affect the susceptibility of BALB/c mice to L. major (26). In
that study, only when LACK was conjugated with the adjuvant
cholera toxin beta subunit (CTB) was partial protection
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achieved. However, no mucosal adjuvant, including the cholera
toxin beta subunit, has been approved for use in humans yet
(10). Therefore, identification of a mucosal vaccine that is
intrinsically immunogenic and effective is highly desirable.

CpG DNA is a potent enhancer of systemic and mucosal
immune responses (25), and intranasal DNA vaccines are
emerging as a successful noninvasive alternative to DNA in-
jected intramuscularly (2). In leishmaniasis, parenteral injec-
tions with LACK-encoding plasmid DNA (LACK DNA)
proved to effectively protect BALB/c mice against L. major
infection, in contrast to the disease-enhancing effect of adju-
vant-free soluble LACK (12, 37). On the other hand, leishman-
iasis caused by Leishmania donovani or Leishmania mexicana
seems to be more refractory to parenteral LACK DNA (9, 27).

The noninvasive nasal route of vaccination is more advan-
tageous than the oral route, because less acidic and enzymatic
antigen digestion allows a more controlled and reduced vac-
cine dosage along with consequent reduced costs. In the
present work we attempted to optimize mucosal vaccination
against cutaneous leishmaniasis by using the intranasal route
for evaluation of the effectiveness of various forms of leishma-
nial antigens.

MATERIALS AND METHODS

Mice. BALB/c mice were originally purchased from Jackson Laboratory (Bar
Harbor, Maine). They were bred and maintained at our facilities by using ster-
ilized bedding, filtered water, and pelleted food. Female animals were used when
they were 4 to 6 weeks old. Experimental protocols were approved by the Animal
Use Committee of the Institute of Biophysics/Federal University of Rio de
Janeiro (Brazil).

Parasites. L. amazonensis (strain MHOM/BR/75/Josefa) was used at the early
stationary growth phase for both vaccine preparation and infection. For the
vaccine, wild-type parasites were used. For infection, parasites that were ren-
dered fluorescent by transfection with green fluorescent protein (GFP) (36) were
used. Both wild-type and GFP-expressing parasites were routinely isolated from
mouse lesions and maintained at 26°C as promastigotes in Dulbecco modified
minimum essential medium containing 10% heat-inactivated fetal calf serum and
antibiotics (50 U of penicillin per ml and 50 �g of streptomycin per ml). Trans-
fected parasites were periodically cultured with 100 �g of Geneticin per ml for
GFP selection.

Vaccines. (i) LaAg. LaAg was prepared as previously described (32). Briefly,
wild-type L. amazonensis promastigotes were washed three times by centrifuga-
tion, and the pellet was resuspended at a concentration of 2 � 108 parasites/ml
in phosphate-buffered saline (PBS) and subjected to three cycles of freezing and
thawing. The resulting particulated cell lysate was termed LaAg. One milliliter of
LaAg contained 970 �g of protein, as measured by the Lowry assay. Sample
aliquots were kept at �20°C until they were required.

(ii) LACK DNA. The gene encoding the Leishmania infantum LACK protein
was obtained from a genomic library as described previously (11) and was
inserted downstream of the cytomegalovirus promoter in the EcoRI/XbaI site of
the pCI-neo expression vector (Promega), giving plasmid pCI-neo-LACK
(LACK DNA) (34). Empty plasmid pCI-neo was used as a DNA control.

(iii) LACK. L. infantum p36 recombinant protein was purified from an Esch-
erichia coli BL21 strain transformed with a pRSET expression plasmid as previ-
ously described (11).

Nasal immunization. Mice held upward received by instillation 10 �g of LaAg,
10 �g of LACK, 30 �g of LACK DNA, or 30 �g of control DNA in 20 �l of PBS
(10 �l in each nostril) with a fine tip attached to a micropipette. The animals
were boosted 7 days later by using the same vaccine dosage. The controls
received PBS.

Infection. Mice were infected in a hind footpad at 1 week or at 17 weeks (4
months) after the second vaccination dose with 105 GFP-labeled promastigotes
of L. amazonensis. Lesion sizes were measured with a dial caliper (Mitutoyo, Sao
Paolo, Brazil) every 4 to 5 days, and the results were expressed as the difference
between the thickness of infected footpads and the thickness of noninfected
footpads. For determination of parasite loads in the lesions, infected feet were
cut off and individually homogenized in 2 ml of PBS by using a tissue grinder.

After removal of tissue debris by gravity sedimentation for 10 min, 200-�l
portions of twofold dilutions of the cell suspensions were transferred in triplicate
to black microplates, and fluorescence was read with a plate reader fluorometer
(Fluoroskan, Ashford, United Kingdom) by using excitation at 435 nm and
emission at 538 nm (32, 36).

Cytokines. The nose-draining cervical lymph nodes and the lesion-draining
popliteal lymph nodes were excised, and single-cell suspensions were prepared in
Dulbecco modified minimum essential medium containing 10% heat-inactivated
fetal calf serum and antibiotics. Cells were plated in triplicate in 24-well culture
plates at a concentration of 4 � 106 cells/ml and were stimulated with 2.5 �g of
Concanavalin A (ConA) (Sigma Aldrich, St. Louis, Mo.) per ml or with 10 �g of
LACK per ml for 48 h at 37°C with 4% CO2 in air. ConA was used for
stimulation of cells from LaAg-vaccinated animals since crude antigens of L.
amazonensis are anergenic to T cells in vitro (32). The levels of gamma interferon
(IFN-�) and IL-10 were measured in twofold dilutions of the supernatants by an
enzyme-linked immunosorbent assay (ELISA). The levels of cytokines were
determined with standard curves by using recombinant murine cytokines and
paired antibodies according to the instructions of the manufacturer (R&D Sys-
tems, Minneapolis, Minn.).

Hypersensitivity reaction. Four months after boosting, each animal was in-
jected in a hind footpad with 20 �g of LaAg in 20 �l of PBS. Footpad swelling
was measured with a dial caliper (Mitutoyo) at various times, and the results
were expressed as the difference between the thickness of the footpads inocu-
lated with the antigen and the thickness of the footpads inoculated with 20 �l of
PBS.

Statistical analysis. The statistical significance of differences between vacci-
nated and control groups of mice was determined by Student’s t test.

RESULTS

Intranasal vaccination with LaAg confers protection against
L. amazonensis infection. To evaluate whether the nasal mu-
cosa could be used for controlled administration of vaccine
doses lower than those previously shown to be required for
oral immunization (�100 �g) (32), BALB/c mice were doubly
immunized with 10 �g of LaAg prior to subcutaneous infection
with GFP-expressing L. amazonensis. Figure 1A shows that
following a lag period of 80 days, the vaccinated animals were
able to significantly control lesion growth (P � 0.02), unlike the
nonvaccinated animals, in which the lesions continued to grow
steadily. The protection conferred by nasally administered
LaAg was confirmed by a significantly lower (P � 0.05) para-
site burden, as determined by decreased fluorescence in the

FIG. 1. Protective effect of nasal immunization with LaAg against
subsequent infection with L. amazonensis. BALB/c mice were vacci-
nated intranasally with 10 �g of LaAg and received a booster vacci-
nation 7 days later (F and solid bar). The controls received PBS alone
(E and open bar). One week after the booster vaccination each of the
animals was infected with 105 fluorescent L. amazonensis cells in the
footpad. (A) Lesion sizes on different days. (B) On day 110 of infec-
tion, the parasite loads in individual feet were expressed in fluores-
cence units. The values are means and standard deviations (n 	 5).
One asterisk, P � 0.05; two asterisks, P � 0.02.
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infected feet (Fig. 1B). This finding shows that the protection
against homologous infection after mucosal immunization with
LaAg is not restricted to the gastrointestinal system but ex-
tends to the nasal mucosa when a lower dosage is used.

Intranasally administered LaAg induces mixed cytokine re-
sponses during infection. To more specifically determine the
modulation of the immune responses during control of leish-
manial infection in vaccinated animals, cytokine responses
were measured in the peripheral popliteal (lesion-draining)
lymph nodes and in the cervical (nose-draining) lymph nodes.
As shown in Fig. 2, nonvaccinated animals produced little or
no IFN-� in the late stages of infection, but they produced
relatively high levels of IL-10 in both sites, which is compatible
with a progressive disease. Nasal vaccination resulted in a
7.4-fold increase in the production of IFN-� in the peripheral
lymph nodes, whereas production of IL-10 was increased 1.4-
fold compared to production in nonvaccinated mice, which was
indicative of a preferential increase in the IFN-� response
during protection. The IFN-� and IL-10 levels measured just
prior to infection (day 0) in the peripheral lymph nodes were
enhanced 2.5- and 1.5-fold (P � 0.05 for both), whereas on day
30 they were enhanced 2-fold (P � 0.01) and 5-fold (P � 0.05),
respectively (data not shown). The IL-4 level measured on day
30 showed eightfold enhancement compared to the level in
nonvaccinated mice (P � 0.01) (data not shown). Together,
these findings indicate that short-term vaccination did not pre-
vent the development of TH2 responses in the early weeks of
infection, which may have been critical to the lack of protec-
tion in the earlier stages of infection, but the increased IFN-�
response that followed may have contributed to the effective
control of lesion growth at the later stages. The absolute levels
of IL-10 and IL-4 were generally higher than the IFN-� levels,
but it is worth emphasizing that the measurements were ob-
tained by using a quantitative method, not a qualitative
method, which detected relative variations for a given cytokine
but not variations for different cytokines.

Intranasally administered LaAg induces a long-lasting im-
munological memory. Surrogate markers of protective immu-
nity in murine cutaneous leishmaniasis include TH1 responses,

such as IFN-� production and delayed-type hypersensitivity
(DTH) responses in vivo (8, 29). These recall responses were
evaluated 4 months after vaccination with LaAg. Figure 3
shows that vaccinated animals, but not nonvaccinated animals,
displayed a strong DTH response after antigen challenge. The
swelling kinetics showed that there was a peak response at
24 h, which was maintained for at least 48 h. A significant (P �
0.05) increase in the production of IFN-� in both popliteal and
cervical lymph nodes was seen in vaccinated animals (Fig. 3,
lower left panel), which was compatible with the in vivo DTH
response, even though the IL-10 level was also augmented in
the popliteal lymph nodes (Fig. 3, lower right panel). Together,
these findings indicate that nasal vaccination with adjuvant-
free LaAg induced a long-lasting mixed immune response in
peripheral lymphoid tissues, which resulted in an inflammatory
TH1-type immunity.

Intranasally administered LaAg confers long-lasting protec-
tive immunity. To evaluate whether the long-lasting immuno-
genicity of nasally administered LaAg remained protective,
animals were challenged 4 months after vaccination, and the
course of infection was then monitored for a further 5 months
(160 days). As shown in Fig. 4A, vaccinated animals managed
to control lesion growth throughout the infection. Protection
was confirmed by a significantly (P � 0.02) lower parasite
burden compared with that of nonvaccinated animals (Fig.
4B). It is worth noting that the efficacy of vaccination increased
with time. The delayed control seen in animals challenged only
1 week after vaccination (Fig. 1A) was suppressed 4 months

FIG. 2. Cytokine production by mice infected 1 week after LaAg
vaccination. Mice (n 	 5) were vaccinated intranasally with LaAg
(solid bars) or with PBS alone (open bars) prior to infection, as de-
scribed in the legend to Fig 1. On day 110 of infection, the levels of
IFN-� and IL-10 produced by ConA (2.5 �g/ml)-stimulated peripheral
lymph node cells (PL) and cervical lymph node cells (CL) were mea-
sured in the culture supernatants by ELISA. The values are means and
standard deviations for triplicate samples. An asterisk indicates that
the P value was �0.05 for a comparison with the PBS controls. nd, not
detectable.

FIG. 3. Hypersensitivity response and cytokine production 4
months after nasal vaccination. Mice (n 	 9) received LaAg (F and
solid bars) or PBS alone (E and open bars), as described in the legend
to Fig 1. (A) Four months after the booster vaccination, some of the
animals (n 	 5) were challenged in the footpads with 20 �g of LaAg,
and the local swelling response was scored at different times. (B) The
levels of IFN-� and IL-10 produced by popliteal lymph node cells (PL)
and cervical lymph node cells (CL) of unchallenged animals (n 	 4)
were measured in the culture supernatants of ConA-stimulated cells by
ELISA. The values are means and standard deviations. One asterisk, P
� 0.05 for a comparison with the corresponding PBS controls; two
asterisks, P � 0.02 for a comparison with the corresponding PBS
controls.
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later (Fig. 4A), when the animals were able to control the
infection since the early days.

The cytokine levels measured after 5 months of infection
were increased (Fig. 5) compared with the levels measured just
prior to infection (Fig. 3), probably due to active stimulation by
live parasitism. Interestingly, the levels of IFN-� but not the
levels of IL-10 were further increased in the lesion-draining
popliteal lymph nodes of vaccinated animals, suggesting that
the IFN-� skewed response was related to infection control.
Although the effect was not as pronounced, the levels of IFN-�
were still elevated in the cervical lymph nodes (P � 0.05),
indicating that after such a long time after vaccination the
mucosa-associated sites were still sensitized. Together, these
findings demonstrate that the long-term memory produced by
nasal vaccination with LaAg prompted effective control of in-
fection.

Intranasally administered LACK DNA is also effective in
conferring protection against infection. To verify the efficacy
of a soluble defined leishmanial antigen, we used recombinant
LACK (rLACK) to vaccinate BALB/c mice by the nasal route

using the same protocol that was used for LaAg, in which
animals were challenged 7 days after the booster dose. We
found that administration of 10 �g of rLACK/dose had no
effect (Fig. 6A) compared with administration of LaAg. The
possibility of a suboptimal dosage was discarded since we used
the same dose that we used for LaAg, in which LACK was
present in a fraction. We then evaluated whether plasmid
DNA expressing LACK could be effective. LACK DNA (30
�g/dose) significantly delayed lesion growth (Fig. 6A) and pre-
vented parasite growth (Fig. 6B) for at least 5 months. This
effect was not due to an adjuvant effect of CpG sequences in
the bacterial DNA, as empty control DNA did not affect lesion
growth. Interestingly, the delayed onset of infection was ac-
companied by increased LACK recall production of IFN-� not
only in the peripheral lymph nodes but also in the cervical
lymph nodes (Fig. 7). The same cell populations restimulated
in vitro with ConA showed a similar pattern of responses (data
not shown). These results indicate that the DNA induced long-
term sensitization in the mucosa-draining lymph nodes.

DISCUSSION

Previous studies showed that injecting killed promastigotes
of L. major or L. amazonensis into the skin rendered mice and
rhesus monkeys more susceptible to cutaneous leishmaniasis
(19, 21). Interestingly, an opposing protective effect can be
produced if killed promastigotes of L. amazonensis (LaAg) are
administered orally to mice. There is an association between
increased resistance in animals orally vaccinated with LaAg
and increased production of IFN-� in the lesion-draining
lymph nodes, and there is concomitant suppression of parasite-
specific TH2-type responses in vivo (32).

Mucosal membranes of the various tissues are linked to-
gether in a common mucosal immune system network. This is
due to the expression of specific lymphocyte homing receptors,
such as �4�7, that recognize the mucosal addressin cell adhe-
sion molecule MadCAM-1 (13). Thus, in the present work we
attempted to optimize mucosal immunization against cutane-
ous leishmaniasis by using the nasal route of vaccination for
smaller vaccine doses and testing different leishmanial antigen
types. Here we show for the first time that intranasal immuni-
zation with an adjuvant-free antigen could protect mice against
cutaneous leishmaniasis. Passive inhalation of aerosol LaAg
was also effective in delaying the onset of infection and reduc-
ing the parasite burden, but an amount of LaAg that was 30
times larger than the amount used for nasal instillation was
necessary (unpublished observations). When we used a proto-
col similar to the protocol previously used for oral vaccination,
in which animals were challenged 1 week postvaccination (32),
intranasal vaccination with a 10-fold-lower LaAg dose also
promoted increased resistance in BALB/c mice against L. ama-
zonensis infection (Fig. 1). Interestingly, unlike orally vacci-
nated BALB/c mice, which responded more rapidly although
at a lower intensity (32), nasally vaccinated mice were able to
effectively control an infection only late in the infection, as
shown by the significantly reduced parasite burden measured
on day 110 of infection (Fig. 1B). It is possible that the late
control of infection after short-term vaccination was due to the
time lag required for an effective IFN-� response. A very slow
IFN-� response has also been observed in humans, and some

FIG. 4. Long-lasting protective effect of nasal LaAg vaccination.
Mice were immunized intranasally twice with LaAg (F and solid bar)
or with PBS alone (E and open bar) as described in the legend to Fig.
1. Animals were infected 4 months later with 105 fluorescent L. ama-
zonensis cells in a footpad. (A) Lesion growth on different days. (B) On
day 160 of infection, the parasite loads in the infected feet were
expressed in fluorescence units. The values are means and standard
deviations (n 	 5). One asterisk, P � 0.01; two asterisks, P � 0.05.

FIG. 5. Cytokine production by mice infected 4 months after vac-
cination. Mice (n 	 5) were immunized intranasally with LaAg (solid
bars) or received PBS alone (open bars) and were infected as de-
scribed in the legend to Fig 4. On day 160 of infection, the levels of
IFN-� and IL-10 produced by popliteal lymph node cells (PL) and
cervical lymph node cells (CL) were measured in the culture superna-
tants of ConA-stimulated cells by ELISA. The values are means and
standard deviations for triplicate samples. An asterisk indicates that
the P value is �0.05.
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individuals may take up to 6 months following intramuscular
vaccination with L. amazonensis antigens to optimally respond
with IFN-� production (33). The time lag requirement for an
effective immune response may be further substantiated by the
observation that the vaccinating effect is better 4 months after
immunization (Fig. 4) than 1 week after immunization (Fig. 1).
The long-term effectiveness of intranasal vaccination against
intracellular pathogens has a corollary in tuberculosis, in which
intranasal vaccination with BCG was recently shown to induce
IFN-� production in the lungs and in the spleen (5). In that
study, similar to the results observed with Leishmania, intra-
nasal vaccination was more effective at 6 months than at 3
months postvaccination for preventing Mycobacterium tubercu-
losis growth at those sites.

We showed here that intranasal vaccination with LaAg pro-
moted a balanced TH1-TH2 response in the periphery, as
demonstrated by upregulation of both IFN-� and IL-10 pro-
duction in the popliteal lymph nodes at either 1 week or 4
months postvaccination. In spite of this, subsequent infection
with L. amazonensis resulted in controlled parasite growth.
The following mechanisms were proposed to explain the effec-
tive protection achieved in the presence of upregulated IL-10:
(i) the eventual predominant TH1 response (IFN-�) in later
stages of infection was sufficient for protection; (ii) upregu-
lated TH2 cytokines (IL-10 and IL-4) are not sufficient to
downregulate the TH1 responses during L. amazonensis infec-
tion of vaccinated mice (this possibility is supported by the
finding that susceptibility of mice to L. amazonensis is not
controlled by TH2 responses to the same extent as L. major
infection [15]); and (iii) immunomodulatory factors other than
the classical TH1 and TH2 cytokines may be favorably modu-
lated by nasal vaccination (this possibility is supported by the
finding that upon vaccination mice were capable of mounting a
stronger DTH response to parasite antigens in vivo despite the
higher level of IL-10 production in vitro [Fig. 3]; in this sense,
tumor growth factor � is a good candidate as this cytokine is
upregulated in aggravated murine cutaneous leishmaniasis [3]).

The protection achieved by intranasal immunization was
accompanied by long-lasting immunological memory and
adaptive immunity, as if LaAg possessed some kind of self-
adjuvanticity. Intestinal or nasal antigen uptake may result in
peripheral tolerance, and this was the starting point of the
present work with disease-promoting parasite antigens. How-
ever, systemic immunity may also be achieved after antigen
administration through the mucosa (1), and the balance be-
tween tolerance and immunity is a function of the nature of the
antigen, the antigen dosage, the antigen form (soluble or par-
ticulated), the site of antigen administration, and the associa-

FIG. 6. Effect of nasally administered rLACK and LACK DNA on subsequent infection with L. amazonensis. Mice were vaccinated intranasally
with 10 �g of rLACK (■ and solid bar), 30 �g of LACK DNA (F and solid bar), 10 mg of LaAg (ƒ and solid bar), or 30 �g of DNA (�) and
received a booster vaccination 7 days later. The controls received PBS alone (E and open bar). One week after the booster vaccination animals
were infected with 105 fluorescent L. amazonensis cells in a footpad. (A) Lesion sizes on different days. (B) On day 160 of infection, the parasite
loads in the infected feet were expressed in fluorescence units. The values are means and standard deviations (n 	5). An asterisk indicates that
the P value is �0.05.

FIG. 7. IFN-� production by mice infected 1 week after LACK
vaccination. Mice (n 	 5) were vaccinated intranasally with rLACK
(striped bars), LACK DNA (solid bars), or PBS alone (open bars) and
infected as described in the legend to Fig 6. On day 160 of infection,
the levels of IFN-� produced by rLACK (10 �g/ml)-stimulated popli-
teal lymph node cells (PL) and cervical lymph node cells (CL) in the
culture supernatants were measured by ELISA. The values are means
and standard deviations for triplicate samples. One asterisk, P � 0.05
for a comparison with PBS controls; two asterisks, P � 0.01 for a
comparison with PBS controls.
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tion with adjuvants (23). Thus, it seems that although both the
nasal and oral mucosa may be sites for effective vaccination
with LaAg, the antigen may be differentially presented at the
two sites, as indicated by the partial tolerance and the active
systemic immunity, respectively.

The advantage of a crude vaccine, such as LaAg, for mucosal
vaccination is that the vaccine is already considered safe for
parenteral use in humans (24). However, a defined vaccine
may be more appropriate for standardization reasons. We
found that soluble rLACK, at doses similar to those used for
LaAg, had no effect against infection with L. amazonensis in
short-term immunized animals (Fig. 6), which is consistent
with the finding of McSorley et al. showing that 10 �g to 1 mg
of nasally administered rLACK failed to protect BALB/c mice
against infection with L. major (26). However, the possibility
that the effectiveness of rLACK becomes apparent in long-
term immunized mice should not be discarded. The slight
increase in IFN-� production after rLACK immunization was
insufficient to induce protection and was not due to upregu-
lated TH2 cytokines, as both the IL-10 and IL-4 levels were
comparable with those of PBS controls (data not shown). It is
possible that the soluble nature and the low glycosylation level
of the recombinant protein impaired its uptake by M cells in
the nasal mucosal epithelium (18), thus explaining the absence
of activity. Use of LACK entrapped in biodegradable micro-
spheres would better clarify this issue. On the other hand,
LACK DNA effectively delayed the onset of infection and
induced strong IFN-� production in both peripheral and nose-
associated cervical lymph nodes (Fig. 6 and 7). Kinetic studies
with intranasally administered �-galactosidase-encoding plas-
mid DNA revealed an absorption rate of 14% and active ex-
pression of mRNA in mucosa-associated and peripheral lymph
nodes 24 h later (30), but the exact mechanism by which plas-
mid DNA vaccines enter the nasal mucosa and tissue cells
remains unclear (2). Susceptibility of BALB/c mice to L. major
infection has been correlated with early production of IL-4 by
LACK-reactive CD4� T cells that drive the TH2 responses
(20). It is worth noting that the presence of LACK-reactive
memory T cells in animals not previously exposed to the par-
asites has been explained by their cross-reactivity with antigens
from microbes of the normal intestinal flora (17). In the study
of Julia et al., antigen-presenting cells from mesenteric lymph
nodes of naive BALB/c mice induced the proliferation of
LACK-specific T cells in vitro. Thus, it is possible that LACK-
specific mucosal system-associated cells respond differently
than peripheral T cells to challenge by mucosally administered
LACK antigen as present in LaAg or as DNA transcripts,
promoting the development of systemic protective immune
responses.

Previous studies have demonstrated the efficacy of paren-
teral DNA vaccines against murine leishmaniasis (4, 12, 28, 34,
39), but this is the first study to report the efficacy of a mucosal
DNA vaccine for this disease. Altogether, the work presented
here demonstrates the feasibility of using the nasal mucosa for
effective delivery of both crude antigens and DNA against
cutaneous leishmaniasis. The demonstration of long-lasting
and strong effects of nasally administered LaAg and LACK
DNA may open new frontiers for noninvasive human vaccina-
tion against leishmaniasis.
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