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In this study, we examined the immunogenic properties of the Leishmania infantum acidic ribosomal protein
PO (LiP0) in the BALB/c mouse model. The humoral and cellular responses induced by the administration of
the LiP0 antigen, either as soluble recombinant LiP0 (rLiP0) or as a plasmid DNA formulation (pcDNA3-LiP0),
were determined. Also, the immunological response associated with a prime-boost strategy, consisting of im-
munization with pcDNA3-LiP0 followed by a boost with rLiP0, was assayed. Immunization with rLiP0 induced
a predominant Th2-like humoral response, but no anti-LiP0 antibodies were induced after immunization with
pcDNA3-LiP0, whereas a strong humoral response consisting of a mixed immunoglobulin G2a (IgG2a)-IgG1
isotype profile was induced in mice immunized with the prime-boost regime. For all three immunization pro-
tocols, rLiP0-stimulated production of gamma interferon (IFN-y) in both splenocytes and lymph node cells
from immunized mice was observed. However, it was only when mice were immunized with pcDNA3-LiP0 that
noticeable protection against L. major infection was achieved, as determined by both lesion development and
parasite burden. Inmunization of mice with LiP0-DNA primes both CD4" and CD8™" T cells, which, with the
L. major challenge, were boosted to produce significant levels of IL-12-dependent, antigen-specific IFN-y. Taken to-
gether, these data indicate that genetic vaccination with LiP0 induces protective immunological effector mech-
anisms, yet the immunological response elicited by LiP0 is not sufficient to keep the infection from progressing.

Protozoa of the genus Leishmania are obligate intracellular
parasites that infect cells of the mononuclear phagocyte lin-
eage of their vertebrate hosts. These parasites are the etiolog-
ical agents of leishmaniasis, a group of diseases characterized
by a variety of clinical manifestations in humans, ranging from
self-healing cutaneous ulcers to potentially fatal visceral infec-
tion (13). The development of the disease and the spread of
the infection vary greatly from individual to individual, de-
pending on the genetic background and the status of the im-
mune system. The genetic predisposition for susceptibility or
resistance is best illustrated by mouse Leishmania major infec-
tion (see reference 27 for a recent review). Most mouse geno-
types control L. major infection; however, certain strains (such
as BALB/c) develop progressive lesions and systemic disease.
An interleukin-12 (IL-12)-driven gamma interferon (IFN-vy)-
dominated Th1 response is associated with resistance to infec-
tion. In contrast, susceptible BALB/c mice show an IL-4-driven
Th2 response.

Although there is evidence of acquired immunity and resis-
tance to reinfection in natural Leishmania hosts, suggesting
that a vaccine is feasible, there are no available vaccines against
leishmaniasis (12). Several antigens have been used in exper-
imental vaccination trials in murine leishmaniasis, achieving
various levels of protection (references 18 and 27 and refer-
ences therein). Genetic vaccination is a particularly appealing
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approach for generating protective responses against infec-
tious diseases that require long-term cellular immunity, such as
tuberculosis, malaria, or leishmaniasis (9, 16). In mouse mod-
els, DNA immunization diverts the immune response from
Th2 to Thl cell dominance. The usefulness of this approach is
illustrated by considering, for example, the protective immu-
nity generated by immunization with DNA encoding LACK
(Leishmania homologue of receptor for activated C kinase).
During L. major infection of susceptible mice, LACK antigen
drives the early production of IL-4 from a specific population
of CD4" T cells, and IL-4 promotes the outgrowth of Th2 T
cells and disease progression. Depletion of LACK-reactive T
cells diminishes early IL-4 production, allowing the develop-
ment of a protective Thl response (14). Interestingly, immuni-
zation of susceptible BALB/c mice using LACK DNA induces
protection against L. major (10). Control of disease progres-
sion in mice vaccinated with LACK DNA was associated with
the enhancement of IL-12-dependent production of IFN-vy.
Thus, immunization of mice with DNA-delivered LACK anti-
gen promoted protection by redirecting the T-cell response
away from the pathogenic IL-4 response toward a protective
Th1 response. However, although LACK is highly conserved,
the efficacy of this vaccine antigen seems to be restricted to the
L. major-BALB/c infection model (20). Therefore, character-
ization of new Leishmania antigens and optimization of vacci-
nation strategies are needed to develop potent and durable
vaccines against the different forms of leishmaniasis and for
different hosts. The ideal vaccine would be a pan-Leishmania
vaccine including several molecules, preferably conserved among
different species. In this regard, it is worthwhile to mention
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recent studies showing that cocktail and multicomponent DNA
vaccines induce solid protection against both cutaneous and
visceral leishmaniasis (3, 19, 21, 24).

In the present study, we examined the immunogenic prop-
erties of the Leishmania infantum acidic ribosomal protein PO
(LiPO). This protein was described as an immunodominant
antigen recognized by sera from both patients and animals
infected with Leishmania chagasi-L. infantum (30, 33). In ad-
dition, antibodies against the Plasmodium falciparum PO phos-
phoprotein were detected extensively in malaria-immune per-
sons, but not in malaria patients (5). Interestingly, antibodies
against ribosomal PO were found to protect mice against ex-
perimental infection with Plasmodium yoelii (6). In this study,
we analyzed the induction of a protective immune response in
BALB/c mice following several regimes of LiPO delivery.
Among them, genetic vaccination with plasmid DNA encoding
LiP0 conferred partial protection against L. major infection in
susceptible mice.

MATERIALS AND METHODS

Mice and parasites. Female 6- to 8-week-old BALB/c mice were purchased
from Harlan Interfauna Ibérica S.A. (Barcelona, Spain). L. major (WHOM/IR/-
173) was a kind gift of R. M. Gonzalo (Centro Nacional de Biotecnologia, Ma-
drid, Spain). Promastigotes were cultured at 26°C in Schneider’s medium (Gibco/
BRL) supplemented with 20% heat-inactivated fetal calf serum (FCS). The
parasites were kept in a virulent state by passage in BALB/c mice. L. major amas-
tigotes were obtained from popliteal lymph nodes and cultured in Schneider’s
medium. For challenge, promastigotes were harvested at late stationary phase.

Plasmid constructs. The L. infantum PO coding sequence was PCR amplified,
taking as a template the A\EMBL-3 clone 1.27g-5, containing the L. infantum PO
gene cluster (32). The following oligonucleotides were used: sense, 5'-TCCAT
ATGCCGTCTATCACCACTGC-3' (positions 1 to 20 of the coding region);
antisense, 5'-GGAATTCTTAGAAGAGACCG CCCATGC-3' (reverse and
complementary to positions 949 to 969 of the coding region). The underlined
sequences are not present in the PO gene. First, the amplification product was
cloned in the Smal site of the pBluescript plasmid (the resulting clone was
named pBls-LiP0). The pBls-LiP0 insert was obtained by BamHI-EcoRV double
digestion and subcloned in the corresponding sites of the eukaryotic expression
plasmid pcDNA3 (Invitrogen, San Diego, Calif.) to produce clone pcDNA3-
LiP0. Endotoxin-free plasmid DNA was isolated using the EndoFree Plasmid
Giga kit (Qiagen, Hilden, Germany).

For expression of L. infantum PO as a recombinant protein, the coding region
was PCR amplified, taking as a template the pcDNA3-LiPO clone with the
following oligonucleotides as primers: sense, 5'-CGGGATCCATGTCCAC
CAAG TACCTCGC-3" (positions 1 to 20 of the coding region); antisense,
5'-CCCAAGCTTA GAAGAGACCGCCCATGC-3' (reverse and complemen-
tary to positions 949 to 969 of the coding region). The underlined sequences
correspond to the BamHI and HindIII restriction sites, respectively, included for
cloning purposes. Thus, the PCR product was double digested with BamHI and
HindIII and was subsequently ligated into the pQE30 expression vector (Qia-
gen). The resulting clone was named pQE-LiP0.

Expression of pcDNA3-LiP0 in COS cells. To confirm that the DNA construct
was functional, COS7 cells were transfected with 20 pg of the pcDNA3-LiP0
plasmid using the Lipofectin reagent (Gibco/BRL) according to the manufac-
turer’s protocol. Briefly, 3 X 10° cells were seeded on 100-mm-diameter plates in
Dulbecco’s modified Eagle’s medium supplemented with 5% FCS until they
reached 50 to 75% confluence. Seventy-two hours posttransfection, the cells were
harvested, washed two times with ice-cold phosphate-buffered saline (PBS), and
immediately lysed by the addition of Laemmli’s buffer (15). The proteins were
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to nitrocellulose membranes (Amersham, Aylesbury,
United Kingdom). The blots were probed with mouse antiserum raised against
L. infantum LiP0O by immunization with the recombinant LiPO protein.

Leishmanial antigens. Recombinant LiP0 protein (rLiP0) was produced in
pQE-LiP0-transformed Escherichia coli M15 (Qiagen) following standard pro-
cedures. After induction, the bacteria were harvested, lysed by sonication under
denaturing conditions (8 M urea, 0.5 M NaCl, 20 mM Tris-HCI, pH 8.0), and
loaded onto an Ni-nitrilotriacetic acid agarose column (Qiagen). The bound
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protein was gradually refolded on the affinity column as described previously
(28). Afterwards, the bound protein was eluted with 0.3 M imidazol. The frac-
tions containing the proteins, as determined by SDS-PAGE, were pooled and
dialyzed against PBS. The recombinant protein was further passed through a
polymyxin-agarose column (Sigma, St. Louis, Mo.) to eliminate endotoxins. The
lipopolysaccharide content was measured by the Quantitative Chromogenic
Limulus Amebocyte Assay QCL-1000 (BioWhittaker, Walkersville, Md.), show-
ing that rLiPO preparations were essentially free of endotoxin (<12 pg/ng of
recombinant protein).

Total proteins of L. major were prepared from promastigotes by three cycles
of freezing and thawing. After cell lysis, soluble proteins (soluble Leishmania
antigen [SLA]) were separated from the insoluble fraction by centrifugation.

Immunizations and parasite challenge. Immunization experiments were car-
ried out in groups of 10 mice. Five micrograms of rLiP0 were injected twice
intradermally (i.d.) at the base of the tail in a volume of 50 I, while control mice
received PBS alone. In DNA immunization experiments, mice were inoculated
twice intramuscularly (i.m.) in both quadriceps with 100 pg of DNA (50 pg per
leg) of either pcDNA3-LiP0 or pcDNA3 (controls) in a total volume of 100 pl of
PBS. When “prime-boost” immunization was carried out, two inoculations of DNA
and two inoculations of recombinant protein were administered. In all groups,
the mice were inoculated at 2-week intervals. Also, 7 days after each inoculation,
the mice were bled by orbital plexus puncture. Two weeks after the final inoc-
ulation, spleens and lymph nodes from five immunized mice per group were
collected. Another five immunized mice per group were challenged with 5 x 10*
stationary-phase promastigotes of L. major that were suspended in 50 wl of PBS
and injected into the left hind footpad. The progress of infection was followed by
measuring the footpad thickness with a metric caliper. The contralateral footpad
of each animal injected with PBS represented the control value, and the swelling
was calculated as follows: thickness of the left footpad — thickness of the right
footpad. The animals were euthanized when the lesions became necrotic.

Determination of antibody titers and isotypes. Specific antibody responses
were measured by conventional enzyme-linked immunoadsorbent assay (ELISA).
Briefly, standard ELISA plates were coated overnight at room temperature with
100 pl of rLiPO (2 pg/ml in PBS) or SLA (2 pg/ml in PBS). A serial dilution of
the sera was carried out in order to determine the titer, which is defined as the
inverse of the highest serum dilution factor giving an absorbance of >0.2. The
titers for immunoglobulin classes and immunoglobulin G (IgG) isotypes were
determined using the following horseradish peroxidase-conjugated secondary
antibodies (Nordic Immunological Laboratories, Tilburg, The Netherlands):
goat anti-mouse IgG (1:1,000 and 1:2,000 dilutions), goat anti-mouse IgM (1:
1,000 and 1:2,000 dilutions), goat anti-mouse IgG1 (1:1,000 and 1:2,000 dilu-
tions), and goat anti-mouse IgG2a (1:500 and 1:1,000 dilutions). Ortophe-
nylenediamine dihydrochloride (Dako A/S, Glostrup, Denmark) was used as a
peroxidase substrate. After 15 min, the reaction was stopped by the addition of
100 pl of 1 M H,SO,, and the absorbance was read at 450 nm.

Lymphoproliferation assays. Spleens and lymph nodes from BALB/c mice
were removed aseptically. Lymph node cell (LNC) and spleen cell suspensions
were prepared in complete RPMI medium (RPMI 1640 supplemented with 10%
FCS, 2 mM glutamine, and 3 X 10~> M 2-mercaptoethanol). Cells were plated
at 2 X 10° per ml (final volume, 200 pl) in 96-well flat-bottom plates in the
presence of various concentrations of rLiP0, 2 wg of lipopolysaccharide (Sigma)/
ml, or 2 pg of concanavalin A (Sigma)/ml. The cell cultures were incubated for 72 h
at 37°C in a humidified chamber containing 5% CO,, The cultures were pulsed with
1 pCi of [methyl->H]thymidine (5 Ci/mmol; Amersham) for the final 16 h of culture.
The pulsed cultures were harvested on filters using an automated multiple-sample
harvester and dried. Incorporation of [methyl->H]thymidine was determined by
liquid scintillation counting.

Fluorescence-activated cell sorter analyses. All reagents and conjugated mono-
clonal antibodies (MAbs) for fluorescence-activated cell sorter analyses were
purchased from PharMingen (San Diego, Calif.). For analysis of the frequency of
T-cell-producing IFN-y by intracellular staining, pooled LNCs at 2 X 10%ml
were cultured in flat-bottom 24-well plates and stimulated with rLiP0 (12 pg/ml)
for 72 h at 37°C in 5% CO,. After incubation, the Golgi Stop reagent was added,
and the cells were cultured for an additional 6 h. Afterwards, the cells were
harvested, washed twice in PBS with 1% FCS, and stained with either phyco-
erythrin-conjugated rat anti-mouse CD4 MAb (GK1.5) or phycoerythrin-conju-
gated rat anti-mouse CD8 MADb (53-6.7) for 30 min on ice. The cells were then
washed twice and fixed for 20 min in Cytofix/Cytoperm buffer. Next, the cells
were washed twice in Cytowash buffer and incubated with fluorescein isothio-
cyanate-conjugated rat anti-mouse IFN-y (XGM1.2) for 30 min at 4°C. Finally,
the cells were washed twice and analyzed on a FACSCalibur flow cytometer. The
specificity of the anti-cytokine MAb was confirmed by both negative staining of
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FIG. 1. Humoral response induced in BALB/c mice after rLiP0 inoculation. (A) The anti-rLiP0 reactivities of sera from 10 mice per group were
individually assayed by ELISA 7 days after the first inoculation or 7 days after the second inoculation with rLiP0. The open bars correspond to
mice inoculated with rLiPO protein alone, whereas the hatched bars correspond to LiPO-DNA-primed mice boosted with rLiP0. Titers were

determined for the IgG class and for IgG1 and IgG2a isotypes. Result:

s are expressed as the mean * standard deviation. None of the preimmune

sera showed reactivity against the protein. (B) Coomassie blue-stained SDS-12% PAGE gel containing 1 pg of rLiP0 (lane 1), lysate from COS
cells (lane 2), COS cells transfected with pcDNA3-LiP0O antigen (lane 3), and total proteins from L. major promastigotes (lane 4). (C) A gel
equivalent to that in panel B was blotted and incubated with a pool of 10 sera from rLiPO-immunized mice at a final dilution of 1:200.

nonpermeabilized cells and a fluorescein isothiocyanate-conjugated isotype-
matched control (R3-34).

Measurement of cytokines in culture supernatants. Cytokine production was
determined by commercial ELISA kits (Endogen, Woburn, Mass.). The release
of IFN-y and IL-4 was measured in the supernatants of splenocytes and LNC
cultures (5 X 10° cells/ml) seeded in 24-well plates for 72 h at 37°C in the
presence of rLiP0 (12 pg/ml) or concanavalin A (2 pg/ml). In parallel, spleno-
cytes stimulated with rLiPO were incubated in the presence of 10 pg of MAb
against either mouse CD4 (GK 1.5), mouse IL-12 (C17.8), or mouse CD8 (53-6.7)/
ml. Appropriate isotype-matched controls were also analyzed in the assay. The
antibodies (no azide-low endotoxin) were purchased from PharMingen.

Evaluation of parasite burden. The numbers of parasites in infected popliteal
lymph nodes were quantified by limiting dilution (2). Briefly, each node was
homogenized and serially diluted in a 96-well flat-bottom microtiter plate with
Schneider’s medium containing 20% FCS. The number of viable parasites per
lymph node was determined from the highest dilution at which promastigotes
could be grown after 7 days of incubation at 26°C.

Histological analysis. For histopathological studies, specimens from the foot-
pads of mice were fixed in formalin, embedded in paraffin, cut in 4-pum-thick

sections, and stained with hematoxylin and eosin. Slide-mounted sections were
investigated by light microscopy for granuloma formations and inflammatory-cell
compounds in the dermis. Segments of epidermis were also examined for ulcer-
ation of the epithelium.

Statistical analysis. Statistical analysis was performed by a Student’s ¢ test.
Differences were considered significant when P was <0.05.

RESULTS

Immunogenicity of Leishmania LiP0 in BALB/c mice. The
immune responses to LiPO were evaluated in BALB/c mice
after administration of the protein either as soluble recombi-
nant protein (rLiP0) or in a plasmid DNA format (pcDNA3-
LiP0). Groups of 10 BALB/c mice were inoculated with either
5 pg of rLiPO (i.d. route) or 100 pg of pcDNA3-LiP0O (i.m.
route) on days 0 and 14. Soluble rLiP0, administered in PBS,
elicited a substantial humoral response (Fig. 1) showing fea-
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FIG. 2. Proliferation and cytokine production by LNCs and splenocytes from mice inoculated with LiP0 in different formulations. The immu-
nization groups were as follows: rLiP0, mice inoculated with soluble rLiP0; LiPO-DNA, mice inoculated with pcDNA3-LiP0 DNA; LiP0-DNA -+ rLiP0,
mice primed with pcDNA3-LiP0 DNA and boosted with rLiP0; Control, mice inoculated with PBS. LNCs (A) or splenocytes (B) at 4 X 10°/well
were incubated for 72 h in the presence of the indicated concentrations of rLiP0 and pulsed with 1 pnCi of [methyl-*H]thymidine for the last 16 h.
Cells from five mice per group were pooled. Each bar represents the mean = standard deviation (SD) of triplicate wells. For IFN-y determination,
either LNCs (C) or splenocytes (D) (5 X 10°) were cultured in the presence or absence of rLiP0 (12 wg/ml) for 72 h. Afterwards, the supernatants
were harvested and assayed by ELISA for IFN-y. The results are expressed as the mean = SD. The experiment was repeated with similar results.

tures of a conventional secondary response with a progressive
switch from IgM to IgG antibodies (data not shown). A pre-
ponderance of IgG1 versus IgG2a was also patent (Fig. 1A),
suggesting that rLiPO0 elicits a Th2-type response. The relative
production of IgG1 and IgG2a isotypes is used as a marker for
the induction of Th2-type and Thl-type immune responses,
respectively (7). In contrast, no antibodies against the LiP0
protein were detected in sera from mice inoculated with plas-
mid pcDNA3-LiP0. The possibility that the lack of humoral
response in mice inoculated with pcDNA3-LiP0 was due to a
deficient expression of this construct in mammalian cells must
be excluded. As shown in Fig. 1B and C, COS cells transfected
with pcDNA3-LiP0 produced high levels of Leishmania LiPO
that could be clearly detected by Western blotting. The exper-
iment also showed that the protein produced by COS cells has
the same size as the L. major PO protein and that the elicited

antibodies in rLiP0O-inoculated mice are specific against the
Leishmania protein.

Since the prime-boost strategy has been shown to improve
the immunogenicity of DNA inoculations (25), we decided to
first inoculate an additional group of mice with pcDNA3-LiP0
and afterward to boost them with rLiP0. Thus, the mice were
inoculated with plasmid DNA (100 wg by the i.m. route) on
days 0 and 14, and subsequently, the mice received 5 pg of
rLiP0 by the i.d. route on days 28 and 42. Indeed, mice primed
with the plasmid DNA and boosted with rLiPO developed
higher titers of anti-LiP0 antibodies than did mice receiving
only the soluble protein (Fig. 1A). After the first boost with
LiP0, the anti-P0 IgG2a isotype was found to dominate over the
IgG1 isotype. However, after the second boost, a mixed I1gG1-
IgG2a phenotype was observed. A likely interpretation of these
observations is that immunization with the LiP0 gene primes a
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Thl-type response and that the posterior inoculation of the
protein changed the response to a mixed Th1-Th2 pattern.

To investigate the cellular response elicited by immunization
with LiP0O in each of the three formulations, splenocytes and
LNCs were obtained 2 weeks after the last inoculation from
five mice of each group. Suspensions of cells were stimulated in
vitro with rLiP0, and the proliferative and cytokine levels were
measured (Fig. 2). Lymphoproliferation above that of control
mice was induced by rLiPO in mice immunized with soluble
rLiPO and mainly in LiPO-DNA-primed and rLiP0O-boosted
mice; it was particularly evident in rLiPO-stimulated LNCs
(Fig. 2A). It should be noted that rLiPO has the capacity to
induce proliferation of both spleen cells and LNCs from con-
trol mice. Preliminary data indicated that rLiP0 exerts a pro-
liferative effect on B cells from naive mice (data not shown).

Concomitantly, cells from mice inoculated by the prime-
boost regime secreted higher levels of IFN-y than those from
the other groups in response to in vitro stimulation with rLiP0
(Fig. 2C and D). For all immunization groups, the amounts of
IFN-y produced by both splenocytes and LNCs were larger
than those induced in cells from naive mice. In contrast, IL-4
was detected at low levels in the supernatants of both spleno-
cyte and LNC cultures (data not shown). For most of the
immunization groups, no increase in IL-4 production was ob-
served after stimulation with rLiPO. However, cultured LNCs
from LiPO-DNA-primed and rLiP0O-boosted mice spontaneous-
ly secreted twofold more IL-4 than LNCs from the other groups.

Immunization with pcDNA3-LiP0 protects BALB/c mice
against L. major infection. In order to assess the protective
capacity of LiP0, half of the mice included in each of the
immunization groups (see above) were challenged with L. ma-
jor promastigotes 14 days after the last inoculation. Contrary to
our expectations, considering the high levels of IFN-y pro-
duced by splenocytes and LNCs (Fig. 2), mice primed with
LiPO-DNA and boosted with rLiP0O showed lesion develop-
ment similar to that of the control groups (mice inoculated
with either the empty vector pcDNA3 or PBS). Also, rLiP0-
immunized mice were not protected against L. major infection.
Instead, mice immunized with naked DNA containing the LiP0
gene experienced a delay in footpad swelling (Fig. 3A).

In order to determine more accurately the degree of pro-
tection against L. major infection induced by LiPO-DNA vac-
cination, we repeated the immunization and challenge of mice
to monitor whether the course of disease as assessed by foot-
pad swelling was correlated with the parasite burden. Thus,
mice immunized with pcDNA3-LiP0 and the corresponding con-
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trols (immunized with pcDNA3) were sacrificed serially in weeks
3,5, and 8 after L. major challenge. The parasite burden in the
popliteal lymph node from the infected leg was determined by
a limiting-dilution assay (Fig. 3B). Three weeks after chal-
lenge, the parasite burden was found to be significantly lower
in mice vaccinated with pcDNA3-LiP0 than in controls (P <
0.05). Mice vaccinated with LiPO-DNA had a 99.1% reduction
in the parasite burden 3 weeks after infection compared with
mice vaccinated with control DNA. However, the number of
parasites increased progressively in pcDNA3-LiP0O-vaccinated
mice, and in week 5 postinfection, even though the LiPO-DNA-
vaccinated mice had a parasite burden 84.8% lower than that
of control mice, the difference was not statistically significant.

Histological studies of footpads also corroborated the fact
that immunization with pcDNA3-LiP0O induced a substantial
delay in the development of pathological alterations caused by
L. major infection. Thus, 3 weeks after challenge, the L. major-
infected footpads of mice vaccinated with pcDNA3 showed a
strong granulomatous inflammation in the deep dermis and
numerous heavily parasite-infected macrophages (Fig. 3C).
However, histological preparations of the footpads of mice
vaccinated with pcDNA3-LiP0 after 3 weeks of L. major infec-
tion showed normal architecture; only a few inflammatory cells
were observed, and infected macrophages were scarce (Fig. 3D).
After 5 weeks of infection, the difference between pcDNA3-
and pcDNA3-LiPO-immunized mice persisted. Although in-
flammation was observed in both groups, the granulomatous
area was more extensive in the footpads of control mice (Fig.
3E) than in the footpads of pcDNA3-LiPO-immunized mice
(Fig. 3F). Also, the number of infected macrophages was larg-
er in control than LiPO-DNA immunized mice. These data
demonstrate that immunization with pcDNA3-LiP0 induced a
delay in the progression of the L. major infection.

Analysis of the immune response in mice vaccinated with
pcDNA3-LiP0 and challenged with L. major. Humoral and
cellular responses against LiPO antigen were analyzed in mice
infected with L. major in order to determine the immunolog-
ical parameters associated with the delay in lesion develop-
ment observed in pcDNA3-LiP0O-vaccinated mice. For this pur-
pose, the spleen and draining lymph nodes were aseptically
removed at various times after L. major infection. Splenocytes
were stimulated in vitro with either rLiP0 or L. major SLA, and
after 3 days of incubation, the presence of IFN-y and IL-4 in
the supernatants was assessed. As shown in Fig. 4A, spleno-
cytes from mice vaccinated with pcDNA3-LiPO made signifi-
cantly more rLiPO-specific IFN-y than splenocytes from the

FIG. 3. Evaluation of protection against infection with L. major in BALB/c mice immunized with pcDNA3-LiP0. (A) Mice were immunized and
boosted 2 weeks later with pcDNA3-LiP0, pcDNA3, or PBS. Also, a group was immunized two times with pcDNA3-LiP0 and boosted two times
with rLiP0 (pcDNA3-LiP0 + rLiP0). Two weeks after the boost, the mice were challenged in the left hind footpad with 5 X 10* L. major
promastigotes. Footpad swelling is given as the difference between the thicknesses of the infected and contralateral uninfected footpads. Weekly
footpad measurements represent the average footpad scores = standard deviations (SD). The data shown are representative of two different
experiments with virtually the same results. The group marked with an asterisk showed significant reduction (P < 0.001) in lesion size compared
to unvaccinated (PBS) and control-vaccinated (pcDNA3) mice. (B) Quantification of parasite loads at various times after infection. Cell
suspensions were made from the popliteal lymph node of the infected leg, and the number of viable parasites was determined by limiting dilution.
The results are expressed as means £ SD of the total number of parasites per popliteal lymph node (expressed as a decimal logarithm) from three
mice. (*P < 0.05) (C to F) Histological studies showing the inflammatory responses in footpad lesions from mice vaccinated with either pcDNA3
(C and E) or pcDNA3-LiP0 (D and F) 3 (C and D) or 5 (E and F) weeks after L. major challenge. Preparations were stained with hematoxylin-
eosin. The arrows point to areas of inflammation. The inset in each panel is an amplified image in which the mononuclear infiltrates with
macrophages infected with L. major amastigotes are shown. Magnifications: panels, X20; insets, X400.
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FIG. 4. Cytokine production in splenocytes from vaccinated mice during L. major infection. Splenocytes (5 X 10%/ml) from either pcDNA3- or
pcDNA3-LiP0-vaccinated mice (five per group) were cultured either without stimulus (none) or in the presence of rLiP0 (12 pg/ml) or SLA (24
pg/ml) for 72 h. The supernatants were harvested and assayed by ELISA for both IFN-y (A) and IL-4 (B).

control mice. However, the production of IFN-y by splenocytes
decreased with time postinfection, suggesting that L. major
infection exerts inhibitory effects on cells producing this cyto-
kine. Interestingly, a transient increase in SLA-specific produc-
tion of IFN-vy was observed 5 weeks postinfection in pcDNA3-
LiPO-vaccinated mice. In contrast, IL-4 production was not

stimulated by rLiP0O in any of the immunization groups, but
remarkably, SLA-specific induction of IL-4 increased with the
course of L. major infection and was higher in control mice
than in mice vaccinated with pcDNA3-LiP0 (Fig. 4B).

As shown in Fig. SA, the LiP0-specific production of IFN-y
in splenocyte cultures from pcDNA3-LiP(-vaccinated mice in-

FIG. 5. rLiPO-specific production of IFN-y in vaccinated mice after infection with L. major. (A) Two weeks after the second immunization with
either pcDNA3-LiPO or pcDNA3 (control) and 3 weeks after L. major challenge of both immunization groups, splenocytes were pooled and
stimulated with rLiP0 alone or with rLiP0 in the presence of either anti-IL-12, anti-CDS8, or anti-CD4 MAD. The specific production of IFN-y was
determined in the supernatants after 72 h of incubation. The results are expressed as means * standard deviations. (B) Frequencies of
rLiPO-specific LNCs producing IFN-y from control (pcDNA3) and vaccinated (pcDNA3-LiP0) mice. The frequencies of CD4* and CD8™" T cells
were assessed in pooled LNCs derived from mice 3 weeks postinfection. LNCs (2 X 10%ml) were stimulated with rLiPO (12 wg/ml) for 72 h.
Afterwards, Golgi Stop solution was added, and the cultures were incubated for six additional hours. Finally, the cells were harvested and processed
for intracellular IFN-y and the presence of either CD4™ or CD8" surface marker. FITC, fluorescein isothiocyanate; PE, phycoerythrin.
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creased after L. major challenge, suggesting that infection in-
duces a boost in LiPO-primed cells. The contributions of CD4™*
and CD8" T cells to the production of IFN-y and the depen-
dence on IL-12 were also analyzed before and after challenge.
In both situations, before and after challenge, the rLiPO-spe-
cific production of IFN-y by splenocytes from pcDNA3-LiP0-
vaccinated mice was found to be IL-12 dependent and largely
inhibited by anti-CD4 antibodies (Fig. 5A). Interestingly, it was
observed that the contribution of CD8" cells to the specific
production of IFN-vy by splenocytes from pcDNA3-LiP0-vac-
cinated mice increased after challenge, suggesting that L. ma-
jor infection activated the rLiPO-primed CD8™" T cells. These
findings could be an indication that LiPO-specific CD8™" T cells
are responsible, in part, for the protection of mice vaccinated
with pcDNA3-LiP0. As a confirmatory experiment, the fre-
quencies of LiP0-specific CD4™ and CD8" IFN-y-producing T
cells in LNCs from both pcDNA3- and pcDNA3-LiP0-vacci-
nated mice were determined 3 weeks after L. major infection
(Fig. 5B). In agreement with the data on IFN-y production in
culture supernatants (Fig. 5A), the percentages of both CD4™*
and CD8" T cells producing LiP0-specific [IFN-y were larger in
LiPO-DNA-vaccinated mice than in control mice. In fact, the
frequency of CD8" IFN-y-producing T cells increased only
after L. major challenge in mice vaccinated with pcDNA3-
LiPO.

DISCUSSION

Leishmanial mechanisms of virulence have been proposed to
involve two different groups of parasite molecules (4). One
group consists of surface and secretory products that are nec-
essary for the establishment of infection as a prerequisite for
virulence but that themselves do not cause disease. The second
group of parasite molecules consists of highly conserved, in-
tracellular molecules referred to as “pathoantigens.” Immune
response against these antigens is thought to result in immu-
nopathology manifested as clinical symptoms, namely, the vir-
ulence phenotype. As a conclusion, the model suggests that
different parasite determinants may be targeted by different
strategies to achieve more effective control of leishmaniasis. In
fact, there are several examples of Leishmania pathoantigens
that have been shown to confer protective immunity on mice
infected with L. major: LACK (10), LelF (31), cysteine pro-
teinases (24), LmSTI1, and TSA (3).

In this study, we have analyzed the immunogenic properties
of Leishmania LiP0, a ribosomal protein that possesses all of
the features needed to be considered a pathoantigen (4, 26).
Thus, BALB/c mice were immunized with this antigen admin-
istered either as a recombinant protein or as a DNA vaccine.
Also, a combined strategy of priming with LiPO-DNA and
boosting with rLiP0 was employed. A substantial humoral re-
sponse was induced after immunization with rLiP0, whereas
anti-LiP0 antibodies were not observed in sera from pcDNA3-
LiP0O-vaccinated mice. However, both immunization forms ac-
tivate the cellular immune response to similar extents, as de-
termined by lymphoproliferation assays and LiPO-specific
production of IFN-y. Interestingly, the prime-boost strategy
elicited humoral and cellular responses fivefold higher than
those observed after immunization with rLiP0O (Fig. 1 and 2).
Also, the prime-boost strategy induced an isotype profile of
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anti-P0 antibodies different from that observed after immuni-
zation with protein alone. While immunization with rLiP0 gen-
erated mainly antibodies of the IgG1 isotype, priming with
LiPO-DNA and boosting with the rLiP0 protein elicited similar
levels of IgG1 and IgG2a isotypes. In summary, it can be
concluded that DNA vaccination with the LiP0 gene induced a
pure Thl-type response consisting of antigen-specific produc-
tion of IFN-y without induction of antigen-specific antibodies.
This finding was expected, since it has been demonstrated that
DNA vaccines have the ability to preferentially generate Thl
responses in mouse models (9). On the other hand, immuni-
zation with LiPO-DNA followed by an rLiP0 boost induced a
mixed Th1-Th2 response, as deduced from the presence in the
sera from vaccinated mice of similar levels of IgG1 and IgG2a
antibodies against Leishmania P0O. Finally, immunization with
rLiP0 seems to induce a predominant Th2 response, since the
anti-P0 antibodies elicited were mainly of the IgG1 isotype.
The immune response observed correlated well with the
protection experiments. Thus, it was only when Leishmania PO
was injected in the DNA formulation that protection against L.
major challenge was achieved. In contrast, vaccination either
with the rLiPO protein or following a prime-boost strategy
(immunization with LiPO-DNA followed by an rLiPO boost)
did not result in protection upon challenge with live parasites.
It is now well accepted that the susceptibility to infection that
characterizes mice of the BALB/c strain results from the de-
velopment of a Th2 antibody-mediated immune response (re-
viewed in reference 17). Therefore, the lack of protection
against L. major infection in rLiPO-vaccinated mice can be
explained by the induction by the soluble protein of high titers
of specific IgG1 antibodies. However, we have not found an
easy explanation for the lack of protection showed by the mice
immunized following a prime-boost strategy, taking into ac-
count the facts that splenocytes and LNCs from these mice,
when stimulated in vitro with rLiP0, produced high levels of
IFN-y and that this vaccination procedure stimulated a hu-
moral response consisting of high titers of both IgGl and
IgG2a isotypes. In a recent work, Rafati et al. (24) described a
protective vaccine against murine cutaneous leishmaniasis con-
sisting of the injection of DNA encoding the cysteine protein-
ases CPa and CPb of L. major followed by a boost with the
recombinant proteins. Analysis of the immune response
showed that protected mice developed a specific Thl immune
response, which was associated with an increase in IFN-y pro-
duction and substantially higher levels of CP-specific IgG2a
antibodies than of IgGl-isotype antibodies. Therefore, based
on the differences in IgG isotypes, we speculate that the lack of
protection against infection after vaccination with LiP0 follow-
ing the prime-boost regime could be related to the stimulation
of a consistent anti-P0 IgG1 antibody response. In addition, it
was observed that cultures of LNCs from mice primed with
pcDNA3-LiP0O and boosted with rLiP0 spontaneously secrete
twofold more IL-4 than either pcDNA3-LiP0- or rLiP0-vacci-
nated mice (data not shown), suggesting that the prime-boost
regime also induces CD4™" Th2 cells. Sjlander and coworkers
(29) have indeed also suggested that a Thl response is suffi-
cient to protect against cutaneous leishmaniasis but that the
induction of a simultaneous Th2 response abrogates the Thl
function. These authors found that immunization of mice with
parasite Ag-2 antigen in immune-response-stimulating com-
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plexes generated an immune response with mixed Th1 and Th2
properties that was not protective despite the activation of
large numbers of CD4™ T cells secreting IFN-y.

DNA vaccination of BALB/c mice with LiP0 generated an
initial significant reduction in lesion size after challenge; how-
ever, the mice ultimately developed nonhealing lesions. The
delay in the onset of lesion growth in LiPO-DNA-vaccinated
mice was accompanied by a substantial decrease in the parasite
load and a more controlled inflammatory response (Fig. 3).
Also, the immunological analyses performed after L. major
infection indicated that protective immunological effector
mechanisms were activated at challenge but that they were not
sufficient to keep the infection from progressing. Thus, we have
demonstrated that after L. major infection, LiPO-DNA-vacci-
nated mice developed an initial IgG2a antibody response
against LiP0O that changed to a mixed IgG1-IgG2a profile in
week 8 postinfection (data not shown). In addition, splenocytes
from LiPO-DNA-vaccinated mice secreted smaller amounts of
IL-4 after in vitro stimulation with SLA than control mice (Fig.
4B). Also, the ability of splenocytes from pcDNA3-LiP0-vac-
cinated mice to produce rLiP0O-specific IFN-y significantly in-
creased after L. major challenge (Fig. 5A). In these studies, it
was found that LiPO-DNA vaccination induces cells producing
IFN-y from both CD4™ and CD8* T cells in mice infected 2
weeks after vaccination, whereas IFN-y derives mainly from
CD4™" T cells in mice vaccinated with control DNA (pcDNA3).
This finding was further corroborated by the analysis of fre-
quencies of LiP0-specific CD4™ and CD8" IFN-y-producing T
cells, as determined using intracellular cytokine staining (Fig.
5B). These data demonstrate that vaccination with pcDNA3-
LiP0 primes CD8" T cells that have the ability to produce
LiP0O-specific IFN-y in response to L. major infection. Several
studies have shown that CD8" T cells have an important role
in mediating immunity against L. major (1, 11, 22). Altogether,
our data indicate that genetic immunization with Leishmania
PO antigen induces a protective immunological status in mice
but that its strength is not enough to achieve total protection of
mice from a high challenge dose of a highly virulent strain like
that used in this study (23). In summary, the evidence pre-
sented here shows that LiP0 is a potential vaccine candidate
when administered in a DNA formulation. We think that in-
clusion of this antigen as a component of a multiantigen vac-
cine, a strategy that has been demonstrated to be effective
against murine cutaneous leishmaniasis (3, 8, 24), will contrib-
ute to the development of an effective vaccine against Leish-
mania.
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