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Infection with the protozoan parasite Leishmania amazonensis can cause diverse clinical forms of leishman-
iasis. Immunization with purified P4 nuclease protein has been shown to elicit a protective response in mice
challenged with L. amazonensis and L. pifanoi. To explore the potential of a DNA-based vaccine, we tested the
L. amazonensis gene encoding P4 nuclease as well as adjuvant constructs encoding murine interleukin-12
(IL-12) and L. amazonensis HSP70. Susceptible BALB/c mice were immunized with the DNA encoding P4 alone,
P4/IL-12, or P4/HSP70 prior to challenge with L. amazonensis promastigotes. Mice given P4/IL-12 exhibited no
lesion development and had a 3- to 4-log reduction in tissue parasite burdens compared to controls. This
protection corresponded to significant increases in gamma interferon and tumor necrosis factor alpha pro-
duction and a reduction in parasite-specific immunoglobulin G1, suggesting an enhancement in Th1 responses.
Moreover, we immunized mice with the L. amazonensis vaccines to determine if this vaccine regimen could
provide cross-protection against a genetically diverse species, L. major. While the P4/HSP70 vaccine led to
self-healing lesions, the P4/IL-12 vaccine provided negligible protection against L. major infection. This is the
first report of successful use of a DNA vaccine to induce protection against L. amazonensis infection. Addi-
tionally, our results indicate that different vaccine combinations, including DNA encoding P4, HSP70, or IL-12,

can provide significant protection against both Old World and New World cutaneous leishmaniasis.

Leishmaniasis is widespread in over 88 countries. It is esti-
mated that 350 million people live in areas where it is endemic,
with 12 million people infected, and that approximately 1.5
million new cases occur each year (65). Current control mea-
sures rely on chemotherapy, vector control, and control of
reservoir host populations. The chemotherapeutic agents used
presently are inadequate, expensive, and often toxic. Due to
the existing problems associated with leishmaniasis and the
high incidence of infection, the World Health Organization has
made it a major goal to develop an effective and affordable
vaccine against leishmaniasis.

The different Leishmania species cause a broad spectrum of
human diseases. L. amazonensis is known to be associated with
cutaneous, diffuse cutaneous, and visceral leishmaniasis in
South and Central America. The pathological mechanisms re-
sponsible for the variable outcomes of infection in humans are
not fully understood; however, it is generally agreed that long-
lasting immunity against reinfection can be developed in cuta-
neous leishmaniasis patients. Several vaccination trials have
demonstrated that killed L. amazonensis can induce protection
from natural infection (3, 18, 42, 46, 63). However, the efficacy
of heat-killed vaccines against Leishmania has been extremely
low (36) or highly variable within the same study (47, 55). Live
parasites have been used as a vaccine strategy, and although
they are highly effective in inducing immunity (24), this strat-
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egy has been virtually abandoned due to safety issues associ-
ated with injecting virulent organisms.

Leishmania parasites are dimorphic and cycle between pro-
mastigotes, which reside extracellularly in the sandfly midgut,
and amastigotes, which exist intracellularly in the phagolyso-
somes of macrophages. This complex life cycle of Leishmania
parasites and the antigenic heterogeneity among the different
species have greatly impeded vaccine development through
conventional immunological methods. DNA vaccination is a
relatively new technology that is especially promising when
applied to intracellular pathogens, since they can elicit cellular
responses which are necessary to clear the infection. Further-
more, DNA vaccines are attractive because they are flexible
and low in cost, ensure proper folding of the protein, produce
the antigen over a period of time for constant immune stimu-
lation (62), and have the potential for long-lasting immunity
(27).

Although DNA vaccination has been pursued for other
Leishmania species (6, 9, 19), it has not been reported for
protection against L. amazonensis. For our DNA vaccination
studies, we decided to focus on nuclease P4 (34). Previously,
purified P4 protein has been shown to protect against L. pi-
fanoi infection and against cross-species challenge with L.
amazonensis in BALB/c mice (59). In the present study, we
tested the efficacy of DNA immunization with P4 along with
the adjuvants HSP70 and interleukin-12 (IL-12) in eliciting
protective immunity in BALB/c mice against L. amazonensis
and L. major. Interestingly, we found that different vaccine
regimens (P4/IL-12 versus P4/HSP70) displayed different effi-
cacies in mice challenged with L. amazonensis as opposed to L.
major. Mice that received the P4/IL-12 vaccine were com-
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pletely protected against infection with L. amazonensis but not
against L. major, while mice that received the P4/HSP70 vac-
cine were protected against L. major and only partially pro-
tected against L. amazonensis. This study indicates that al-
though DNA vaccination against L. amazonensis is a promising
method of protection, different immunization regimens need
to be optimally formulated for New World and Old World
cutaneous leishmaniases.

MATERIALS AND METHODS

Mice. Female BALB/c mice were purchased from Harlan Sprague-Dawley
(Indianapolis, Ind.). All mice were maintained under specific-pathogen-free con-
ditions and were at 4 weeks of age when immunizations were initiated (4).
Animal protocols were approved by the Animal Care and Use Committee of the
University of Texas Medical Branch (Galveston, Tex.).

Parasite culture and antigen preparation. L. amazonensis (MHOM/BR/77/
LTB0016) and L. major (MRHO/SU/P/LV39) parasites were maintained by
regular passage through BALB/c mice. Promastigotes were cultured at 23°C in
20% fetal bovine serum-supplemented Schneider’s Drosophila medium (Invitro-
gen Corporation, Carlsbad, Calif.). Stationary-phase promastigotes of less than
three in vitro passages were used for animal infection. L. amazonensis metacy-
clics were purified by negative selection with the 3A1 monoclonal antibody (gift
of David Sacks, National Institute of Allergy and Infectious Diseases, Bethesda,
Md.), according to a previous report (16). L. major metacyclics were purified by
peanut agglutinin (53). L. amazonensis amastigotes were cultured at 32°C in 20%
fetal bovine serum-supplemented complete Schneider’s medium (pH 5.0), ac-
cording to our previous report (30). To prepare promastigote and amastigote
lysates, parasites were suspended in phosphate-buffered saline (PBS) and sub-
jected to three freeze-thaw cycles and a 15-min sonication in an ice bath prior to
storage at —70°C.

DNA constructs. The full-length open reading frame (1 kb) of L. amazonensis
P4 was amplified by reverse transcription-PCR. The amastigote cDNA was
generated from amastigote total RNA (isolated by Tri-reagent; Sigma, St. Louis,
Mo.) and oligo(dT) primers at 47°C with Superscript IT (Invitrogen). The full-
length P4 cDNA was amplified with P4-specific primers, based on the L. pifanoi
sequence (GenBank accession number AF057351) (34): sense, 5'-CGAAGCTT
GCCCATCATGCCTGC-3', and antisense, 5'-GGCTGTTGGCCACCTCGAG
TTACG-3'. The italic letters represent the first Met and the stop codon, respec-
tively. Cycling conditions were 95°C for 2 min, followed by 30 cycles at 94°C for
1 min, 50°C for 30 s, and 72°C for 1 min. PCR products of the expected size were
ligated into vector pCR (Invitrogen) provided in a TA cloning kit and then
transformed into Escherichia coli. Positive clones were sequenced at the Univer-
sity of Texas Medical Branch Protein Chemistry Laboratory with a 373XL au-
tomated DNA sequencer (ABI Prism PE Biosystems). The full-length gene was
subcloned into pcDNA3.1/Hygro(-) (Invitrogen) at the BamHI and HindIII
restriction sites for DNA vaccination.

The gene encoding HSP70 of L. amazonensis (open reading frame = 2 kb) (a
generous gift from P. Langer, University of Wyoming; GenBank accession num-
ber L14604) was subcloned from pBluescript into pcDNA3.1/Hygro(-) at the
Xhol and BamHI restriction sites. The IL-12-encoding plasmid (generously pro-
vided by Hua Yu, Moffitt Cancer Center, Tampa, Fla.) is a modified pVR1012x/s
plasmid (Vical, Inc., San Diego, Calif.) that encodes the two subunits of murine
IL-12, p40 and p35. Transcription of the two subunits is under separate cyto-
megalovirus promoter regions and bovine growth hormone polyadenylation sig-
nals.

Large-scale DNA purification of each plasmid was done by two cycles of CsCl
gradient purification. Each sample was tested for lipopolysaccharide contamina-
tion by the Limulus amebocyte lysate test (BioWhittaker, Walkersville, Md.). All
samples had <3 endotoxin units per 100 pg of DNA. DNA purity was also
determined by measuring the spectrophotometric 260/280 absorbance ratio; all
samples had a ratio of 1.9 or higher.

To generate the recombinant P4 protein, the entire open reading frame was
subcloned into the BamHI and HindIlI sites of a pET32a vector (Novagen). E.
coli BL21 (Stratagene, La Jolla, Calif.) transformed with the pET32a-P4 vector
was grown at 22°C for 6 h in the presence of 1 mM isopropylthiogalactopyrano-
side (IPTG) prior to purification of the His-tagged P4 protein via Ni**-charged
agarose (Sigma).

Expression in Cos-7 cells. Cos-7 cells were maintained in RPMI 1640 medium
(Invitrogen) supplemented with 10% fetal bovine serum. Approximately 10* cells
were seeded in each well of four-chamber glass slides. When the cells reached
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75% confluency, they were transfected with 0.1 pg of the appropriate plasmid
DNA with Lipofectamine (Invitrogen) and Opti-MEM reduced-serum medium
(Invitrogen). The pcDNA3.1/Hygro(-) vector without any insert was used as an
experimental control, in addition to cells that were not transfected. For detection
of HSP70 expression, cells were fixed in a 1:1 methanol-acetone solution for 10
min, washed, and incubated with a polyclonal anti-L. infantum HSP70 (1:350; a
generous gift of Jose Requena, Universidad Autonoma de Madrid, Madrid,
Spain) for 2 h at 37°C. The cells were then washed and incubated with fluorescein
isothiocyanate-conjugated goat anti-rabbit immunoglobulin G (IgG) (1:64;
Sigma) for 1 h at 37°C. Slides were mounted with Vectashield mounting buffer
(Vector, Burlingame, Calif.) and viewed on a Zeiss fluorescent microscope. For
staining, normal rabbit serum was used as a control.

For the detection of P4 expression, cells were fixed with 100% acetone for 5
min, rehydrated with 0.05% Tween—PBS, and then incubated with anti-P4 mono-
clonal antibody (1:200) for 30 min at room temperature. The P4 monoclonal
antibody (a generous gift from Diane McMahon-Pratt, Yale University School of
Medicine, New Haven, Conn.) was reported previously (50). After depletion of
endogenous peroxidase activity with 1% H,0,-0.1% sodium azide in 0.05%
Tween-PBS, cells were incubated with the horseradish peroxidase-conjugated
goat anti-mouse immunoglobulin (1:200) for 30 min at room temperature. Color
was developed with 3,3’-diaminobenzidine (Vector) according to the standard
protocol. Normal mouse serum was used as a staining control, and other exper-
imental controls were similar to those in the HSP70 experiments described
above.

Immunization and challenge. Mice (four to eight per group) were immunized
in five locations with a total of 100 pg of DNA per mouse: four injections in both
sides of the inner and outer thigh muscles of the hind legs (=50 pl/site), and one
subcutaneous injection in the left hind foot (=5 pl/site). The mice were boosted
twice at 3-week intervals and then challenged 3 weeks after the last immunization
with 2 X 10° metacyclic promastigotes in the right hind foot. A group of age- and
sex-matched mice were included as infection controls. Additionally, mice in-
jected with the empty vector only were also included as controls. Lesion devel-
opment was monitored with a digital caliper (Control Company, Friendswood,
Tex.).

Evaluation. Tissue parasite burdens were measured via a limiting dilution
assay as previously described (58). To examine parasite-specific cytokine pro-
duction, draining lymph node cells were harvested and plated at 5 X 10%ml/well
for TNF-a or 2 X 10%ml/well for all other cytokines. Cells were stimulated with
concanavalin A (5 pg/ml), P4 recombinant protein (5 pg/ml), or parasite lysates
(equivalent to 4 X 10° amastigotes/ml). Supernatants were harvested at 24 to
72 h to determine the levels of IL-2, IL-4, IL-10, gamma interferon (IFN-vy), and
tumor necrosis factor alpha (TNF-a) by sandwich enzyme-linked immunosor-
bent assay (ELISA) with mouse cytokine-specific OptEIA kits and their standard
protocols (BD Biosciences).

To assess parasite-specific antibody titers, Immulon 4 microplates (Dynatech
Labs) were coated with amastigote lysate (50 wg/ml) overnight at 4°C. After
blocking, plates were incubated with individual mouse serum samples (1:250 to
1:2,000) for 1 h at 37°C. Next, plates were incubated with goat anti-mouse IgG1
or IgG2a (1:1,000; Sigma) for 1 h at 37°C and then incubated with horseradish
peroxidase-conjugated rabbit anti-goat IgG (1:1,000; Pierce, Rockford, IIL.).
Color was developed with ImmunoPure ABTS tablets and hydrogen peroxide
(Pierce) as per the standard protocol.

Statistical analysis. Data are presented as the means *+ standard deviations
and were considered significant at P = 0.05. Data were evaluated for statistical
significance by one-way analysis of variance. When overall effects were detected,
differences among groups were further evaluated for significance with Tukey’s
honestly significantly different procedure. Data transformations were applied to
the original measurements prior to the one-way analysis of variance in order to
achieve reasonable normality and similar interanimal variability within groups.
Square root transformations were applied to lesion measurement data, while
logarithmic transformations were applied to parasite burden and cytokine data.
Although significance was determined based on the analysis of transformed
measures, results are summarized in the original units.

Nucleotide sequence accession number. The L. amazonensis P4 gene was
reported to GenBank and given accession number AY219923.

RESULTS

DNA-vaccinated mice are protected against challenge with
L. amazonensis. For our DNA vaccine study, we focused on the
P4 antigen, which is a differentially regulated nuclease origi-
nally isolated from L. pifanoi amastigotes (34). Immunization
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FIG. 1. Expression of L. amazonensis P4 and HSP70 proteins.
Cos-7 cells were transfected with the pcDNA3.1-P4 (A) and
pcDNA3.1-HSP70 (B) constructs. After the cells were fixed, expres-
sion of the desired proteins in the cytoplasm was visualized by immu-
nohistochemical (A) and immunofluorescent (B) staining. Control
mouse and rabbit sera produced background staining (data not
shown). Magnification, x400.

with affinity column-purified P4 and a killed bacterial adjuvant
provided partial to complete protection for BALB/c mice
against subsequent infections with L. pifanoi and L. amazonen-
sis (58, 59). L. pifanoi P4 protein was also found to elicit a
T-cell response in patients infected with L. braziliensis, dem-
onstrating cross-reactivity between Leishmania species (17).

Subsequent to confirmation of proper expression of our vac-
cine components (Fig. 1), we divided mice into the following
five groups to determine the vaccine potential of L. amazonen-
sis P4 and HSP70 genes: infection control (no immunization);
vector control (pcDNA3.1); P4 alone; P4/HSP70; and P4/IL-
12. As shown in Fig. 2A, the vector control group exhibited a
pace of lesion progression similar to that of the infection con-
trol group. Mice immunized with P4 alone or P4/HSP70 had a
delayed onset of lesion development and significantly smaller
lesions than the infection control group at 11 weeks postinfec-
tion (P < 0.05 and P < 0.01, respectively). The protective effect
of the vaccine was even more striking in mice that received P4-
and IL-12-encoding constructs. These animals showed no sign
of lesion development in three independent experiments (P <
0.01).

Parasite burdens (Fig. 2B) for each group were measured to
ensure that lesion size corresponded with protection rather
than variable levels of inflammation. Mice that received the
P4/IL-12 vaccine consistently had much smaller parasite bur-
dens compared to both vector and infection controls (P <
0.01). The infection control group uniformly had the highest
numbers of parasites per foot. Although the P4/HSP70 group
had delayed lesion development, and these lesions were sig-
nificantly different in size from those of both control groups (P
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FIG. 2. Protection of BALB/c mice against L. amazonensis infec-
tion. Mice (four to five per group) were left untreated or immunized
with the indicated DNA constructs (100 g total) three times at 3-week
intervals prior to challenge with 2 X 10° metacyclic promastigotes.
(A) Lesion development was monitored by measurement of footpad
thickness and is expressed as the mean difference between the infected
and uninfected footpad for each group. Shown is a representative of
three independent repeats with similar results. (B) Parasite loads in
each infected foot were determined at 11 weeks postinfection and are
expressed as means * standard deviations. This experiment is repre-
sentative of two independent repeats (*, P < 0.01 in comparison to the
infection control).

< 0.01), the parasite burden by the end of the 11-week exper-
iment was only significantly different compared to the infection
control group (P < 0.01).

As shown in Fig. 2B, mice given the vector or P4 alone had
slightly lower numbers of parasites than the infection control
(P < 0.01), but these groups were not significantly different
from each other. In separate experiments with a 10-week ter-
mination time point, parasite burdens correlated well with the
level of protection determined by lesion development; mice
that received the P4/HSP70 and P4/IL-12 vaccines had signif-
icantly lower parasite burdens than both control groups at this
time point (data not shown). These studies indicate significant
protection in mice given the P4/IL-12 vaccine, while an appre-
ciable level of protection was seen in mice given P4/HSP70.

To test the protective effects of IL-12 in the absence of
parasite-specific antigens, we also included a control group
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that was vaccinated with the vector construct and the IL-12-
encoding plasmid (data not shown). The mice in this control
group had slight reductions in parasite burdens, similar to what
was reported here for the vector-only group (Fig. 2B). Addi-
tionally, trial experiments included coinjection of plasmids en-
coding the L. amazonensis HSP70 and IL-12 genes. Mice given
this vaccine had lesions that were comparable in size to those
of the infection control group, and the number of parasites was
similar to that in the vector/IL-12 group (data not shown). It
appears that this HSP70/IL-12 vaccine regimen may not be
sufficient to activate the parasite-specific T cells necessary for
the control of disease.

Cytokine production in vaccine groups following L. ama-
zonensis infection. A Th1 response has previously been associ-
ated with protection from L. amazonensis infection (37). To
determine if the degree of protection provided by the various
vaccine regimens (seen in Fig. 1 and 2) correlated with the
expression of a specific cytokine profile, spleen and draining
lymph node cells were harvested at 3 days and 11 weeks postin-
fection and exposed to parasite antigen to evaluate cytokine
profiles. Supernatants were harvested at 24 h for IL-2 and
TNF-a and 72 h for 1L-4, IL-10, and IFN-y measurement. As
shown in Fig. 3, draining lymph node cells produced high levels
of IFN-vy in all of the vaccine groups, with the highest levels in
P4/HSP70- and P4/IL-12-vaccinated groups, compared with
levels in both the infection and vector control groups (P <
0.01). The levels of TNF-a production in stimulated spleno-
cytes also correlated with protection. There was a significant
increase in TNF-a production in P4/HSP70 and P4/IL-12
groups compared with both of the control groups (P < 0.01).
Furthermore, mice that were not protected (control groups) or
had delayed lesion development (P4, P4/HSP70) displayed
mixed Th1/Th2 cytokine responses at 11 weeks postinfection,
as determined by IL-10 and IFN-y production in draining
lymph node cells. However, the P4/IL-12 group had signifi-
cantly lower IL-10 production compared with the infection
control (P < 0.01). Protection did not correspond to IL-2 or
IL-4 levels (data not shown).

Additionally, we measured cytokine responses at 3 days
postinfection. While there was no significant correlation with
IL-10 production, the groups with the highest IFN-y responses
were those with the greatest levels of protection (data not
shown). Together, these studies indicate that the well-pro-
tected group (P4/IL-12) produced the highest levels of IFN-y
and TNF-a but low levels of IL-10, while the partially pro-
tected groups (P4 only and P4/HSP70) exhibited mixed Th1/
Th2 responses, as represented by the production of both IFN-y
and IL-10.

Serum IgG profiles. It has been reported that the levels of
IgG1 antibodies correlate with an overall Th2 profile, while
IgG2a antibodies indicate an overall Th1 profile (60). To verify
the cytokine responses and to understand the possible mech-
anism of protection, we measured serum levels of parasite-
specific IgG isotypes (Fig. 4) as well as total IgG (data not
shown) by direct ELISA. Naive mouse sera were included for
comparison. Interestingly, mice given P4/IL-12 had very low
levels of antibody production that were comparable to those of
naive mice. Mice vaccinated with P4/IL-12 had significantly
fewer IgG1 antibodies than both the control groups (P < 0.01).
Control mice that were not protected at all had high levels of
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FIG. 3. Cytokine production in the different vaccine groups. Mice
were immunized and challenged as in Fig. 1. At 11 weeks postinfection,
draining lymph node and spleen cells were collected and cultured in
medium (open bars) or in the presence of amastigote lysate (solid
bars). Culture supernatants were harvested at 24 to 72 h to measure
the concentrations of IFN-vy, IL-10, and TNF-a by sandwich ELISA.
For each cytokine, the mean concentration *+ standard deviation is
shown for all vaccine groups. These results are representative of two
independent experiments (*, P < 0.01 in comparison to both control

groups).
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FIG. 4. Parasite-specific serum IgG isotype profile. Mice were im-
munized and challenged as in Fig. 1. At 11 weeks postinfection, serum
samples were collected from each group and measured for parasite-
specific antibodies by direct ELISA. Open and solid bars represent
IgG1 and IgG2a, respectively. For both IgG isotypes, the mean *
standard deviation is shown for each group. Normal mouse sera were
included for comparison. These results are representative of two in-
dependent experiments (#, P < 0.01 in comparison to the control

groups).

IgG1, while mice given P4 and P4/HSP70 had significantly
lower levels of IgG1 antibodies than the infection control (P <
0.01). These results suggest not only a correlation between a
robust humoral response and disease, but also a relationship
between the absence of a Th2 response and protection in L.
amazonensis-infected mice. The higher antibody production in
the unprotected mice may also be significant in that high an-
tibody titers may mediate parasite entry into the macrophages
via the Fc receptor and thereby exacerbate the disease (11, 38,
40).

Lesion development and parasite burdens in L. major-chal-
lenged BALB/c mice. The above protection studies were con-
ducted with genes encoding L. amazonensis proteins following
challenge with homologous parasite species. We next assessed
possible cross-protection with the same DNA vaccines against
L. major, an Old World species. Following the same immuni-
zation protocol, we challenged BALB/c mice with 2 X 10° L.
major metacyclic promastigotes. Mice given P4/IL-12 devel-
oped lesions that were comparable in size to those of the
infection control group (Fig. 5SA) and contained high numbers
of parasites (Fig. 5B). However, in a repeat experiment, mice
given P4/IL-12 had smaller lesions and lower parasite burdens,
but there was no significant difference from the vector control
group (data not shown). Curiously, mice given P4/HSP70 did
show signs of lesion development in the first 6 weeks, but
lesions appeared to be self-healing. At 10 weeks, these mice
had significantly smaller lesions (P < 0.01) and significantly
lower parasite burdens than the infection control mice (P <
0.01).

It is well accepted that mice susceptible to L. major produce
high levels of IL-4 and IL-10 but very little IFN-y (29). We
found that the self-healing pattern seen in mice given P4/
HSP70 corresponded with prominent Th1 cytokine responses
in lymph node cells (Fig. 5C to E), which was characterized by
high levels of IFN-y compared to the other two groups (P <
0.01) but background levels of IL-4 and IL-10. These results
suggest that cross-species protection against Leishmania infec-
tion can be induced by a DNA vaccine and that vaccine-pro-

INFECT. IMMUN.

tected mice show Thl-dominant responses, while diseased
mice show Th2-biased responses.

DISCUSSION

This study describes a DNA vaccine effective in protecting
BALB/c mice against cutaneous leishmaniasis. The L. ama-
zonensis P4 gene in conjunction with the IL-12 gene proved
unambiguously effective in preventing lesion development af-
ter L. amazonensis challenge. While many Leishmania genes
have been tested by DNA immunization against different
Leishmania species, with varying success (6, 9, 19, 22, 45, 51,
54, 56, 66), information on DNA vaccination against L. ama-
zonensis has been exiguous. To our knowledge, this is the first
report of a DNA vaccine that is capable of protecting against
this species. Additionally, we have provided evidence that
DNA vaccines have the potential to protect against cutaneous
leishmaniasis caused by genetically diverse species.

The underlying mechanisms of pathogenesis for L. ama-
zonensis are seemingly complex, but protective mechanisms are
considered to involve Thl responses (5, 37, 59). The superior
protection against L. amazonensis provided by the P4/IL-12
DNA vaccine correlated nicely with a robust IFN-y response in
the absence of a considerable IL-10 response (Fig. 3). Al-
though the partially protected P4/HSP70 vaccine group had
high levels of IFN-y as well, this was in the presence of a very
substantial IL-10 response. Given this, there is an evident cor-
relation between protection and the cytokine profile when
IFN-y and IL-10 are compared. Additionally, the level of pro-
tection corresponded with increasing amounts of TNF-a,
which is also associated with a Thl response. Conceivably,
TNF-a production in conjunction with IFN-y provides the
optimal environment for macrophage activation and subse-
quent killing of the parasite (13-15).

Overall, the cytokine data presented herein correspond with
previous reports of mixed Th1/Th2 responses being associated
with the pathogenesis of L. amazonensis infection in BALB/c
mice (32) and with the notion that production of IFN-y and
TNF-a is associated with protection (5, 12, 37, 59). The cell
types responsible for the production of these cytokines remain
unknown. However, a recent report on L. amazonensis-chal-
lenged C57BL/6 mice vaccinated with P-8 antigen cited both
CD4" and CD8" T cells that produced IFN-y as correlating
with protection (12). Further investigations are needed to de-
fine the role of CD4*- and CD8"-mediated T-cell responses in
the vaccine-induced protection reported here for L. amazonen-
sis-challenged BALB/c mice, as well as the events underlying
these responses.

For L. major, protection is known to be associated with the
activation of Th1 cells that produce IFN-y but not IL-4 (39);
however, protective mechanisms in L. amazonensis are unclear.
While IL-4 plays a crucial role in the pathogenesis of L. major
in BALB/c mice (7), it is not essential for the pathogenesis in
L. amazonensis infection (2). During L. amazonensis infection,
BALB/c mice display a mixed profile of Th1 and Th2 responses
(32), similar to those seen in our vaccine groups that were not
protected or only partially protected (Fig. 3). A mixed Th1/Th2
response has also been implicated for the failure in an L. major
vaccine study (57). The need for vaccines to induce a Thl-
dominant response for these species of Leishmania appears
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consequential for protection, and it is notable that different P4
DNA vaccines have the capacity to induce such reactions.

At present, it is unclear how this balanced Th1/Th2 response
is maintained during L. amazonensis infection. Recent studies
in our laboratory indicate that impaired production of inflam-
matory mediators, especially during the first few days of infec-
tion, contributes to the pathogenesis of L. amazonensis infec-
tion. We have found that when L. major-infected (healing
model) and L. amazonensis-infected (disease model) C57BL/6
mice are compared, foot tissues and draining lymph node cells
express significantly lower levels of both inflammatory cyto-
kines and CC chemokines in the disease model (33). Inherent
differences between these two species of Leishmania are also
indicated by the contrasting responses of IFN-y-treated mac-
rophages to infection with L. major (23) and L. amazonensis
(H. Qi, J. Ji, and L. Soong, submitted for publication) amas-
tigotes. Upon IFN-y treatment, macrophages are activated to
kill L. major parasites; however, IFN-y-treated macrophages
are unable to kill L. amazonensis amastigotes, and replication
of these parasites is even abetted. Such obvious fundamental
differences in these parasites as well as the diverse immune
responses to the parasite create interesting levels of complexity
that need to be considered for cross-species vaccine design.

A vaccine that could offer cross-protection against diverse
Leishmania species would be the most beneficial. DNA vacci-
nation has proven a successful vehicle for protection against L.
major (6, 26, 45) but has yet to be fine-tuned for other Leish-
mania species (19, 20, 22, 44). Vaccines that invoke Th1 cyto-
kine responses have a greater likelihood of success, and DNA
vaccination by design has inherent Th-stimulatory effects due
to the presence of CpG motifs in the plasmid DNA. Addition-
ally, gene adjuvants can be used alone or in combination to
enhance or develop a desired immune response.

IL-12 plays a pivotal role in the development of a Thl
response (43) and has been used as an effective adjuvant in
Leishmania vaccine studies employing both proteins (10, 35,
48) and DNA (1, 6, 25). Similar to IL-12, heat shock proteins
have been reported to stimulate Th1-type responses and have
remarkable immunostimulatory properties (8, 21, 52, 64). Heat
shock proteins in general are enticing vaccine candidates be-
cause they have been used successfully in vaccines for other
microorganisms (41, 61) and are known to be highly conserved
among diverse Leishmania species (e.g., L. amazonensis HSP70
is >90% homologous to L. major HSP70). However, the mem-
bers of the heat shock protein families have only begun to be
exploited as vaccine candidates for Leishmania (6, 21, 31). An
ideal Leishmania DNA vaccine should confer protection
against at least several Leishmania species, most likely by using
a combination of several parasite genes and an appropriate
adjuvant. Whether Leishmania antigens such as heat shock
proteins can be used in vaccine design to replace more com-
monly investigated adjuvants remains to be elucidated.

Although the P4/IL-12 vaccine provided unequivocal pro-
tection against L. amazonensis challenge (Fig. 2), it did not
alter the course of disease in L. major-challenged mice (Fig.
5A). In an attempt to understand this lack of protection, we
inspected the P4 protein sequence and detected a 70% overall
identity between L. major and L. amazonensis (GenBank ac-
cession numbers AY(079097 and AY219923, respectively). Pro-
tein alignment revealed four regions (each about 16 to 27
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amino acids in length) that are highly variable, showing ~50 to
67% homology. Of note, two of these regions corresponded
with the area of the two computer-predicted major histocom-
patibility complex class II epitopes previously reported by Ha-
berer et al. for L. pifanoi (28). The L. pifanoi and L. amazonen-
sis P4 proteins have an overall homology of 88%, with less than
25% dissimilarity within these four highly variable regions. It is
therefore possible that the antigenic regions of the L. ama-
zonensis P4 protein may not be homologous enough with those
of L. major to elicit protective immunity in mice immunized
with the P4/IL-12 vaccine and challenged with L. major.

At this stage we cannot exclude an alternative possibility,
that our immunization regimen for P4/IL-12 was not optimal
for L. major challenge. It has been reported for the PSA-2
DNA vaccine that IL-12 had paradoxical effects: while DNA
vaccination with either PSA-2 or the IL-12 gene alone pro-
tected mice (57), coadministration of the PSA-2 and IL-12
genes resulted in inferior protection compared to either gene
alone (49). Delayed administration of IL-12 markedly en-
hanced the efficacy of the vaccine (49), suggesting that timing
of adjuvant administration may be a critical consideration in
vaccine design.

We unexpectedly found that mice immunized with the P4/
HSP70 vaccine were significantly protected against L. major,
showing a self-healing phenotype (Fig. 5A and B). Protection
in these mice correlated well with the enhanced activation of
Th1 cells and reduced production of IL-4 and IL-10 compared
to infection control mice (Fig. 5C to E). Although the specific
phenomenon underlying the induction of strong Thl-type re-
sponses in this group of mice is not known, it appears that
HSP70 may play a major role in the protection against L.
major. At this stage, it is unclear whether HSP70 serves as an
adjuvant, antigen, or protein chaperone for antigen presenta-
tion and which of these mechanisms contribute to protection
for the P4/HSP70 vaccine in L. major infection. The elucida-
tion of this mechanism might also reveal why HSP70 seemingly
plays a major role in protection against L. major but not L.
amazonensis.

In summary, this study indicates that the P4 and IL-12 genes
can provide potent immune protection against challenge with
L. amazonensis, but they are insufficient in protection against
L. major challenge. On the other hand, while the P4/HSP70
vaccine only delayed lesion development in L. amazonensis-
infected mice, it led to a self-healing phenotype in L. major-
infected mice. Thus, it appears that P4 and HSP70 are candi-
dates that could potentially be useful in DNA-based vaccines
for both New and Old World Leishmania species.
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