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Abstract

Parasitic diseases plague billions of people among the poorest, killing millions annually, and causing additional millions of
disability-adjusted life years lost. Leishmaniases affect more than 12 million people, with over 350 million people at risk.
There is an urgent need for efficacious and cheap vaccines and treatments against visceral leishmaniasis (VL), its most severe
form. Several vaccination strategies have been proposed but to date no head-to-head comparison was undertaken to assess
which is the best in a clinical model of the disease. We simultaneously assayed three vaccination strategies against VL in the
hamster model, using KMPII, TRYP, LACK, and PAPLE22 vaccine candidate antigens. Four groups of hamsters were
immunized using the following approaches: 1) raw extracts of baculovirus-infected Trichoplusia ni larvae expressing
individually one of the four recombinant proteins (PROT); 2) naked pVAX1 plasmids carrying the four genes individually
(DNA); 3) a heterologous prime-boost (HPB) strategy involving DNA followed by PROT (DNA-PROT); and 4) a Control
including empty pVAX1 plasmid followed by raw extract of wild-type baculovirus-infected T. ni larvae. Hamsters were
challenged with L. infantum promastigotes and maintained for 20 weeks. While PROT vaccine was not protective, DNA
vaccination achieved protection in spleen. Only DNA-PROT vaccination induced significant NO production by macrophages,
accompanied by a significant parasitological protection in spleen and blood. Thus, the DNA-PROT strategy elicits strong
immune responses and high parasitological protection in the clinical model of VL, better than its corresponding naked DNA
or protein versions. Furthermore, we show that naked DNA coupled with raw recombinant proteins produced in insect
larvae biofactories -the cheapest way of producing DNA-PROT vaccines- is a practical and cost-effective way for potential
"“off the shelf” supplying vaccines at very low prices for the protection against leishmaniases, and possibly against other
parasitic diseases affecting the poorest of the poor.
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Introduction underestimated, health problem: over 350 million people are at
risk, with a worldwide prevalence of more thanl2 million cases.
The clinical presentation is dependent upon both the parasite
species and the host’s immune response. Visceral leishmaniasis
(VL) is the most severe form of the disease with deadly epidemics
; . ‘ ° that periodically flare up but go mostly unnoticed. VL has an
diagnosis, treatment and prevention of these pathoger}s, however estimated annual incidence of 500 000, a 90% mortality rate if left
the difficulty of cultivating parasites in vitro, their complex untreated, and accounting for around 70 000 deaths per year, thus
organization and life cycle, coupled with its antigenic variability ranking second only to malaria for mortality and fourth for
morbidity amongst tropical parasitic diseases [2,3,4]. Leishmania
donovani causes anthroponotic VL, whereas L. infantum (syn. L.
chagast) 1s the causative agent of the zoonotic form, with the

Parasitic diseases are major causes of human disease and misery.
They plague billions of people among the poorest, killing millions
annually, and additionally causing millions of disability-adjusted
life years lost (DALY). New strategies are urgently needed for

are hampering the results [1].

Leishmaniases can serve as model for other parasitic diseases.
Leishmaniases are diseases caused by species of the kinetoplastid
parasite Leishmania spp. and transmitted by hematophagous

) : ) ) domestic dog as its main reservoir.
sandflies. Leishmaniases represent a major, although grossly
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The control of the disease, as it is the case for most parasitic
diseases, is almost confined to chemotherapy, but there are limited
number of drugs available, requiring long periods of administra-
tion, inducing serious side effects, prone to resistance development,
and not affordable for the poor [5]. Currently, it is widely accepted
that the concomitant immunity associated to resistance to both
human VL and canine leishmaniasis (CanL) is associated to a
skewed Thl-like immune response with an antigen-specific CD4"
T-cell population producing IFN-y, which in turns activates
macrophages to produce NO, the underlying molecule responsible
for the intracellular amastigote death [6,7]. In fact, the European
Medicines Agency has awarded marketing authorization for the
prophylaxis and early treatment of Canl. to domperidone
(Leisguard®, Laboratorios del Dr. Esteve, Barcelona, Spain) [8],
an antidopaminergic drug that can act as a proinflammatory
cytokine able to skew immune response towards a Thl-like
immune response, with cell-mediated immunity (CMI) inducing
natural killer cell induction and macrophage activation. Thus,
vaccines have been proposed as major cost-effective tools [9,10]
and have been established as a high priority by the World Health
Organization (resolution EB118.R3, Geneva 05/07). However, no
vaccine against human VL has been marketed to date. Two
vaccines have granted marketing authorization against CanL in
Brasil —Leishmune® (Pfizer Satide Animal, Sio Paulo, Brasil) [11]
and Leish-Tec® (Hertape Calier Saide Animal, Juatuba, Brasil)
[12]- and another one has just get a European registration —
CaniLeish® Virbac, Carros, France). However, the efficacy of
these vaccines remains controversial, particularly when compared
with those against viral and bacterial infections.

Several vaccination strategies against VL have been assayed
[13,14]. Killed vaccines have generally been immunogenic yet
ineffective. Recombinant protein-based vaccines have achieved
moderate protection in mice and dogs, but they often need to be
formulated with an adjuvant, which complicates the process for
getting marketing authorization, particularly in human medicine.
Naked DNA vaccines have also been tested reaching different
degrees of protection in rodents, but they have often proved
inadequate in providing protection in non-murine models [15].
The only two naked DNA vaccines assayed against L. mfantum in
dogs were not protective [16,17]. In order to enhance inmuno-
genicity, DNA vaccines can be improved by the heterologous
prime-boost (HPB) strategy, which potentially allows for higher
degrees of immunity and protection. This strategy selectively
amplifies memory T cells specific for the vaccine antigen [18].
Prime-boost assays carried out against Leishmania with the antigen
LACK achieved protection in mice [19], but was only moderate in
dogs [16,20,21]. In contrast, prime-boost vaccination using CPA
and CPB antigens was highly protective in both mice [22] and
dogs [23]. A cocktail of different evolutionary conserved antigens
would probably provide the best protection against the parasite, as
suggested elsewhere [24].

We have shown that insect-derived recombinant proteins
produced in insect larvae used as living biofactories, even in its
raw form, are useful for diagnosis [25,26,27,28,29,30,31], includ-
ing that of leishmaniasis [32,33], and vaccination [34,35,36,37].

In this study, we used four evolutionarily conserved L. wnfantum
antigens ~KMPII (kinetoplastid membrane protein-11, formerly
known as KMP-11), TRYP (tryparedoxin peroxidase, previously
known as TSA), LACK (L. infantum homologue of receptors for
activated C kinase), and PAPLE22 (potentially aggravating protein
of L. infantum)—, formerly shown to be potent B-cell and T-cell
immunogens in L. nfantum-infected dogs [32], to simultaneously
compare the protection induced using three vaccination strategies:
naked plasmid DNA (DNA), raw insect-derived recombinant
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protein (PROT), and HPB with naked plasmid DNA followed by
raw insect-derived recombinant protein (DNA-PROT). There are
several mouse-based models for modeling the immunity against
Leishmania, however vaccine studies against VL are hampered by
the lack of bio-models that accurately reflect the human disease,
being the best the golden hamster when experimental infection is
used, and the dog for natural infections [38]. Thus, we used the
golden hamster model of L. infantum infection, known to be the best
mimicking the outcome of this disease, characterized by parasite
visceralization, splenomegaly, cachexia, and progressive hyper-
gammaglobulinemia [39,40]. Susceptibility of the hamster to VL is
attributed to impaired macrophage effector function, as iNOS
transcription is relatively unresponsive to IFN-y, a finding also
reported in humans [41,42]. Potential drawbacks of the model are
that it uses outbred animals and suffers from lack of immunolog-
ical reagents and assays needed for the dissection of immune
responses [4,43].

Results

Safety

The first dose of protein vaccine was well tolerated, but the
second one induced transitory pruritus, which resolved within a
few hours. This occurred for both wild-type (Ni) and recombinant
protein extracts. DNA vaccination was well tolerated, and adverse
reactions were not noticed.

Immunogenicity

Specific seroreactivity to crude total L. mfantum antigen (CTLA)
was not detected before challenge in any vaccinated hamster.
Seroreactivity against recombinant antigens could not be evalu-
ated in groups immunized with 7. m protein extracts —PROT,
DNA-PROT, and control (C)- due to the non-specific responses
induced against larva antigens. In the DNA group, specific
responses were not detected against the recombinant antigens
KMPII, TRYP, or PAPLE22, with only one hamster showing
specific anti-rLACK antibodies.

In wvitro infected macrophages from DNA-PROT vaccinated
hamsters produced a significantly higher quantity of NO than
those from the C group (Mann-Whitney U; P=0.029), while no
differences were observed between DNA or PROT groups and the
C group (Figure 1). No significant differences were found between
the number of amastigotes infecting macrophages from the
vaccinated groups and the C group at 72 h post-in vitro infection
(Mann-Whitney U; P > 0.050 for all comparisons).

Parasitological Protection

The descriptive statistical analysis (Figure 2) identified an
extreme outlier in the blood parasite load from the DNA-PROT
group (Grubbs’ test; P=0.026 and 3.0x the interquartile range
outside the central box [44]), which was excluded in the
subsequent inferential analysis. When compared to the C group,
PROT vaccine was not protective neither in spleen (Mann-
Whitney U; P=0.818) nor in blood (Mann-Whitney U; P=0.179).
In contrast, DNA vaccine achieved significant parasitological
protection in spleen (Mann-Whitney U; P=0.015), but was not
protective in blood (Mann-Whitney U; P=0.792). Finally, DNA-
PROT vaccine induced significant parasitological protection in
spleen (Mann-Whitney U; P=0.030) and highly significant
parasitological protection in blood (Mann-Whitney U; P <
0.001). The results are shown in Figure 2.

One hamster from the DNA group and another one from DNA-
PROT group showed absolute sterile protection both in blood and
spleen.
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Figure 1. Box plot displaying minimum, first quartile, second quartile (median), third quartile, maximum, and outliers of the
production of NO achieved using different vaccination strategies. Production of NO by Leishmania infantum-infected macrophages
obtained from hamsters vaccinated with KMPII, TRYP, LACK, and PAPLE22 in the form of raw extracts of Trichoplusia ni larvae producing recombinant
proteins (PROT; n=4), naked plasmid (DNA; n=4), both vaccines combined in a prime-boost strategy (DNA-PROT; n=4), and in control hamsters (C;

n=4). Each sample was analyzed in triplicate. (*P =0.029).
doi:10.1371/journal.pone.0051181.g001

Specific Immune Response Induced Upon L. infantum
Challenge

Concentration of specific anti-L. ifantum antibodies in hamsters
from the DNA and PROT groups were not significantly different
to those from the C group (Mann-Whitney U; P > 0.050 for both
comparisons). Conversely, the DNA-PROT group produced
significantly lower anti-CTLA antibody concentrations than the
C group (Mann-Whitney U; P=0.004). The results are shown in
Figure 3. The concentration of antibodies against CTLA
significantly correlated with the parasite load both in blood
(Spearman’s p; P < 0.001) and spleen (Spearman’s p; P < 0.001).

Seroreactivity against recombinant antigens could not be
evaluated in the PROT and DNA-PROT groups due to the
antibody responses induced against larva proteins. In the DNA
group, one hamster showed antibodies against rKMPII, rLACK,
and rPAPLE22, and another one developed antibodies against
rLACK. Seroreactivity against rTRYP was not detected.

Histopathology

Findings compatible with leishmaniasis —follicular hyperplasia,
mononuclear inflammatory infiltrate in the periportal areas, and
hyperplasia of Kupffer cells in the sinusoids— were milder in the
DNA-PROT group in relation to the C group. Those hamsters
achieving absolute sterile protection, both in blood and spleen,
showed no histopathological abnormalities in the spleen or liver.
No histological abnormalities were found elsewhere.

Discussion

We used the preclinical golden hamster model of VL for a head-
to-head simultaneous comparison of the protective efficacy of
three vaccination strategies —based on the antigens KMPII,
TRYP, LACK, and PAPLE22- against L. infantum infection: raw
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insect-derived recombinant protein (PROT), DNA, and HPB
DNA-PROT.

In spite of the fact that vaccination with recombinant proteins
has been described as moderately effective against L. mfantum
infection in rodents [45,46], the immunization of hamsters with
crude rKMPIL, rTRYP, rLACK, and rPAPLE22 expressed in 7.
nt larvae did not achieve parasitological protection, and we could
not detect specific CMI. Raw protein extracts of larvae include
remains of baculovirus and it has been shown to stimulate
proinflamatory cytokines involved in the stimulation and mainte-
nance of Thl cellular immune responses [47], including those
against Lesshmania. This stimulation occurs through the MyD88-
TLRY pathway, being TLRY the innate receptor for unmethylated
CpG motifs —present in the baculoviral DNA-, that are considered
pathogen-associated molecular patterns and responsible for the
immunostimulatory Type I proproinflamatory response [48]. In
this way, the intrinsic immunostimulatory property of baculovirus
may alleviate the requirement of traditional adjuvants added to the
vaccine formulations [49,50,51]. In our case this stimulation
appears not to be enough, and the lack of traditional adjuvants
might explain the failure to induce a Thl response [24]. However,
few adjuvants have been approved for human vaccines, and they
currently appear inadequate to confer protection against other
intracellular parasitic diseases [52]. In contrast, other vaccines
using raw insect-derived recombinant proteins yielded successful
results against viral diseases [53], even in the absence of an
adjuvant [34] . This fact probably reflects the strong CMI required
for protection against intracellular parasites, or a deleterious effect
of some of the vaccine antigens used in our assay. KMPII [54],
LACK [55], and PAPLE22 [56] elicit human production of IL-10,
an anti-inflammatory cytokine capable of inhibiting synthesis of
Thl-like cytokines, which has also been described in infected
hamsters [57].
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Figure 2. Parasite load achieved using different vaccination strategies. Parasite load in spleen (relative, fold more DNA copies than the
calibrator) and parasite load in blood (parasites/mL) 20 weeks after Leishmania infantum challenge in hamsters vaccinated with KMPII, TRYP, LACK,
and PAPLE22. C: Control (n =6); PROT: Raw extracts of Trichoplusia ni larvae producing recombinant proteins (n =6); DNA: Naked plasmid DNA (n =6);
DNA-PROT: Both vaccines combined in a prime-boost strategy (n=5). Each sample was analyzed in triplicate.

doi:10.1371/journal.pone.0051181.9002

DNA vaccines have proven capable of stimulating antibody
production, as well as CD4+ and CD8+ T CMI [58]. In our study,
the DNA vaccine induced antibodies against rfLACK in one
hamster, but antibodies against the other vaccine antigens were
not detected, as it has been reported for other DNA candidates
[59]. Despite the lack of parasitological protection in blood, the
significant parasitological protection in spleen —that achieved
sterility in some animals— suggests that some degree of CMI
response was induced, although not enough for significant NO
production. DNA vaccine could have a deleterious effect on
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aberrant B-cell proliferation and antibody production associated
with disease [39], as it prevented hyperplasia of the lymphoid
follicles after challenge.

HPB vaccination using raw insect-derived recombinant proteins
after DNA achieved almost full parasitological protection in blood
and spleen, reaching sterility in some individuals. This protection
was associated with significant production of NO in the
macrophages, indicative of effective T-cell mediated anti-L.
infantum activity. Other studies have described an association
between vaccine protection and levels of NO production [60] or
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Figure 3. Seroreactivity achieved using different vaccination strategies. Seroreactivity against crude total Leishmania antigen (CTLA) 20
weeks after Leishmania infantum challenge in hamsters vaccinated with KMPIl, TRYP, LACK, and PAPLE22. C: Control; PROT: Raw extracts of
Trichoplusia ni larvae producing recombinant proteins; DNA: Naked plasmid DNA; DNA-PROT: Both vaccines combined in a prime-boost strategy. The

dotted line shows the cut-off value.
doi:10.1371/journal.pone.0051181.g003

iNOS expression [61] in hamster macrophages. Despite the
relative unresponsiveness of iINOS transcription to IFNy in the
hamster [42], other cytokines, such as IL-1, TNF, IFNa, or IFNf8
might induce NO production and protection [62]. Moreover, a
lower parasite-specific humoral response was observed in the
DNA-PROT group in relation to the C group after challenge.
This phenomenon —also described in hamsters vaccinated with
PAPLE22 DNA [63] and in other protective vaccines against VL
in hamsters [61] and dogs [12,21]— might be due to a redirection
of the Th2-like response towards a Thl-like response and/or to
the lower antigenic stimulation caused by lower parasite loads. In
this sense, our results showed a positive correlation between
parasite load in spleen and blood samples and the L. infantum-
specific humoral response, as previously described in hamsters
[40]. The DNA-PROT vaccine also prevented certain histopath-
ological alterations in spleen and liver that have been attributed to
leishmaniasis in hamsters and dogs [40,64].

Attempts to enhance the protective immune responses against
experimental murine leishmaniasis have been successful using
HPB vaccination strategies based on successive administration of
different DNA vector vaccines [65,66]. A number of antigen
candidates have been assayed on the murine model of VL in a
HPB approach based on DNA followed by protein produced using
traditional cell-culture technology, such as, ORFF [67], CPs [22],
and LACK [19]. Moreover, comparative vaccine potential of
DNA, protein, and HPB vaccination was evaluated against
leishmaniasis in the murine model [68,69]. Unfortunately,
experimental models often lack consistency with clinical settings
[70,71], thus being the major challenge the translation of results
from animal bio-models to human disease and the transition from
the laboratory to the field [72]. Because of the many analytical
tools available, the murine model of VL is an excellent one to
dissect the immunological bases but, when research is focused on
the disease, it is a very poor model because in most situations they
clear infection from both spleen and liver providing very little
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medical translational information. Conversely, the hamster model
of VL has very little tools for studying immunity being an
mcomplete model for immunological studies, but it reproduces
with high fidelity the clinical human disease [39,73]. Thus, when
studying the disease, not their immunological bases —that very
often do not translate directly into clinical disease—, the hamster
model is very robust and, by far, better and preferable over the
murine one, because of the added value of the high medical
translational information obtained.

To the authors’ knowledge, this is the first head-to-head
simultaneous comparison between naked DNA, raw insect-derived
recombinant protein, and HPB strategies performed using a
reliable and robust clinical model of VL. Our results show that the
HPB strategy with naked DNA and raw insect-derived recombi-
nant proteins -TKMPII, rTRYP, rLACK, and rPAPLE22— elicitis
a strong CMI response and parasitological protection against L.
infantum, better than that obtained with either the naked DNA or
protein vaccines used alone. Last but not least, our results
demonstrate that using naked DNA —the cheapest way of
obtaining DNA vaccines— coupled with raw recombinant proteins
produced in insect larvae biofactories —capable of producing large
quantities of recombinant protein per biomass unit at low
production costs and easy to scale-up [36]— is a practical and
cost-effective way for “off the shelf” supplying vaccine doses at a
very low price for the protection against leishmaniases, and
possibly against other parasitic diseases affecting the poorest of the
poor.

Materials and Methods

Ethics Statement

The experimental design and analyses have been planned to
ensure cost-benefit in the number of animals used and according
to the Three Rs [74,75]. The experimental procedures involved in
this research have been approved by the Ethics Committee on
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Animal and Human Research of the Universitat Autonoma de
Barcelona (CEEAH 662), in accordance with the ethical and legal
requirements (5/1995/Generalitat de Catalunya, 214/1997/
Generalitat de Catalunya, Real Decreto 1201/2005, 86/609/
CEE, 91/628/CEE and 92/65/CEE) concerning the use of
animals in research, and registered by the Department de Medi
Ambient of the Generalitat de Catalunya (DMAH 3922).

Gene Cloning and DNA Vaccine Construction

Gene cloning was performed as previously described [17]. The
primers used to amplify the coding sequences of the KMPII, TRYP,
and LACK genes have been described elsewhere [17] and the

coding region of PAPLE?? (GenBank accession number
AF123892) was amplified using forward 5'-
GGCCACTTCTCTCTTCTCCA-3’ and reverse 5'-

CTTGCCACATACACCAATCG-3" primers. The coding se-
quences of each gene were cloned separately into the pVAX1™
vector (Invitrogen™ ™, Carlsbad, CA, USA). Large-scale plasmid
preparations were performed using an EndoFree® Plasmid Giga
Kit (Qiagen®, Valencia, CA, USA) according to the manufactur-
er’s instructions.

Recombinant Proteins and Protein Vaccine Production
Recombinant proteins were obtained in baculovirus-infected
Trichoplusia ni larvae as described elsewhere [32,33]. Wild-type
baculovirus was used to obtain the control raw protein extract (Ni
antigen) for vaccination and ELISA. The concentrations of specific
recombinant proteins in the raw 7. m extracts were 1% for
recombinant KMPII protein (fKMPII), 0.5% for rTRYP, 2% for
rPAPLE22, and 5% for rLACK. Antigenic characterization of the
recombinant proteins has been explained elsewhere [32,33].

Experimental Design, Animals and Immunizations

Forty-four ten-week-old male golden hamsters (Mesocricetus
auratus, outbread strain Han:AURA) purchased from a commer-
cial source (Centre d’Elevage René Janvier, Le Genest-Saint-Isle,
France) were used for this study. The animals, housed in micro-
filter cages at animal biosafety level 2 facilities, were kept and
handled by a veterinarian.

Forty hamsters were randomly assigned to four equally sized
experimental groups: protein vaccine (PROT), naked DNA
vaccine (DNA), prime-boost vaccine (DNA-PROT), and control
(C). One hamster from the DNA-PROT group died during the
acclimatizing period and was not substituted. All groups were
handled in parallel so that infection inoculum was the same and
administered at the same time, as it was the case for vaccinations
and euthanasia. Samples from four additional hamsters that were
neither vaccinated nor infected (NIN) were used as controls for the
different techniques.

The PROT group received 2 intraperitoneal doses of a mixture
of raw larvae extracts containing 5 ug of each recombinant protein
in 200 pL of sterile saline solution. The DNA group received 3
intramuscular doses of 100 pg of each plasmid construction in
100 uL of sterile saline solution (50 uL into each tbialis cranialis
muscle). The DNA-PROT group received 3 doses of DNA
vaccine, followed by 2 doses of protein vaccine using the same
protocols as for the DNA group and the PROT group. Finally, the
C group received 3 doses of pVAX1™ without insert (400 ug) in
100 uL of sterile saline solution, followed by 2 doses of Ni antigen,
using the equivalent amount of total protein as in the DNA-PROT
group. The interval between immunizations was 2 weeks. The
safety of the vaccine prototypes was assessed at 1 h, 4 h, 24 h,
48 h, and 72 h after each vaccination by close observation and
clinical examination of the animals. No adjuvants were used in
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order to not to interfere with the actual protective response of the
different vaccination strategies and to allow comparisons.

Valid surrogate markers of protection against human
leishmaniasis and in clinical bio-models are still lacking. The
most widely used measure of vaccine potential has been to
monitor anti-Leishmania immune responses, either humoral or
cellular, over time but nucleic acid detection is an established
method for detection of Lewshmania parasite in blood and other
tissues [38]. As explained by WHO guidelines [76], confirma-
tion of infection by very sensitive methods such as PCR or
culture represent a very early end-point of the development of
the disease [77]. Thus, primary outcome measures were
differences between groups in parasite load and in NO
production, the main functional effector responsible for killing
Leishmamia and for controlling the infection [78]. Secondary
outcomes were differences in specific humoral immune response,
parasite killing, and histopathology.

Parasites and Challenge

Two weeks after the last immunization, four hamsters from each
vaccine group were euthanized to evaluate the immunogenicity of
each vaccination schedule. The remaining hamsters were
challenged with an intraperitoneal injection of 1 x 107 stationary
promastigotes of L. mfantum (strain MCAN/ES/92/BCN-83/
MON-1), clinically evaluated once a week for the presence of signs
compatible with leishmaniasis, and euthanized 20 weeks after
experimental infection. Parasites —kindly provided by Dr. M.
Gallego, Grup de Parasitologia Clinica, Universitat de Barcelona,
Spain— were obtained from a naturally infected dog that had not
received any treatment and were passaged through hamsters in
order to retain their full virulence.

Necropsy and Tissue Sampling

Hamsters were anesthetized by a 100 pL  intramuscular
injection containing 42.5 mg'mL~' ketamine, 9.5 mg'mL '
xylazine, and 1.5 mg'mL~" acepromazine. Then, a 5 mL sample
of intracardiac blood was collected and the animals were
cuthanized using CO,.

Peritoneal macrophages were collected by intraperitoneal
injection of cold Gibco Dulbecco’s Modified Eagle Medium
(DMEM) (Invitrogen™, Carlsbad, CA, USA) supplemented with
5% (v/v) FCS and 1% (w/v) EDTA, only from hamsters
euthanized after vaccination.

A sample of spleen tissue was collected and snap-frozen in liquid
nitrogen. Spleen size was roughly estimated at necropsy as length
x width (cm?). Normal spleen size range was estimated on the
basis of the results from hamsters in the NN group and calculated
as the mean area * 3 SD. Spleens larger than 2.7 em?® were
considered to be abnormally enlarged.

Samples of spleen, liver, and kidney were collected and fixed in
buffered 10% formaldehyde solution.

Crude Total Antigen and Recombinant Antigen-based
ELISA

The specific humoral immune response against CTLA and
recombinant L. mfantum antigens was measured by ELISA as
previously described [32,79].

For recombinant antigen-based ELISAs, each serum sample
was tested against each raw protein larva extracts containing
rKMPII, rTRYP, rLACK, rPAPLE22, and their corresponding
control N1 antigen prepared at the same concentration in the same
plate. For CTLA-ELISA, plates were coated with 2 pug of CTLA
per well. Working dilutions for sera were 1:10 (recombinant
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antigen-based ELISAs) or 1:400 (CTLA-ELISA). Anti-hamster
IgG antibody (Sigma-Aldrich®, St. Louis, MO, USA) diluted
1:1000 was used as a secondary antibody. A known positive serum
used as calibrator was included in all plates, and plates with
interassay variations = 10% were ruled out. The cut-off values for
both types of ELISA were established on the basis of optical
densities obtained from the NN group and calculated as the mean
+ 3 SD, resulting in 0.122 for C'TLA, 0.266 for rKMPII, 0.050 for
rTRYP, 0.284 for rLACK, and 0.376 for rPAPLE22.

ELISA results were expressed as optical densities (OD). For
those using recombinant antigens, absorbances were corrected by
subtracting the absorbance achieved by the serum on the control
antigen Ni extract from that achieved by the protein larva raw
extract containing specific recombinant antigen.

Quantification of NO Production and Parasite Killing by
Macrophages Infected in vitro

Peritoneal macrophages were harvested at 2 x 10° per well in a
16-well glass Lab-Tek ™™ -Chamber Slide™ System (Nalge Nunc
International, Rochester, NY, USA). In witro infection was
performed with stationary-phase promastigotes of L. wnfantum
(MCAN/ES/92/BCN-83/MON-1) at a parasite:macrophage
ratio of 7:1 for 4 h at 37°C in 5% CO,. Non-internalized
parasites were removed by gentle washing with pre-warmed PBS,
and infected macrophages were then cultured in Gibco DMEM
without Phenol Red (Invitrogen™, Carlsbad, CA, USA) supple-
mented with 5% (v/v) FGS for 72 h. Supernatants were then
collected and stored at —80°C, and slides were Giemsa-stained.

Culture supernatants were analyzed for their NO concentra-
tions using the Griess reaction by measuring combined oxidation
products of NO (NOy  and NOj ) after reduction with nitrate
reductase in a Colorimetric Assay (Cayman Chemical Company,
Ann Arbor, MI, USA). The number of amastigotes per 100
macrophages was determined by microscopic examination of
Giemsa-stained slides.

Real-time PCR Amplification of L. infantum DNA from

Spleen and Blood Samples
L. wnfantum DNA was specifically detected and quantified as
described elsewhere using the Tagman® real-time PCR (qQPCR)

References

1. WHO (2012) Initiative for Vaccine Research (IVR). Geneva: World Health
Orzanization. Available: http://www.who.int/vaccine_research/en/. Accessed
2012 Nov 8.

2. Desjeux P (2004) Leishmaniasis: current situation and new perspectives. Comp
Immunol Microbiol Infect Dis 27: 305-318.

3. Bern C, Maguire JH, Alvar J (2008) Complexities of assessing the disease burden
attributable to leishmaniasis. PLoS Negl Trop Dis 2: e313.

4. Kedzierski L (2010) Leishmaniasis Vaccine: Where are We Today? J Glob Infect
Dis 2: 177-185.

5. Croft SL, Sundar S, Fairlamb AH (2006) Drug resistance in leishmaniasis. Clin
Microbiol Rev 19: 111-126.

6. Holzmuller P, Bras-Goncalves R, Lemesre JL (2006) Phenotypical characteris-
tics, biochemical pathways, molecular targets and putative role of nitric oxide-
mediated programmed cell death in Leishmania. Parasitology 132 Suppl: S19
32.

7. Kaye P, Scott P (2011) Leishmaniasis: complexity at the host-pathogen interface.
Nat Rev Microbiol 9: 604-615.

8. Gomez-Ochoa P, Castillo JA, Gascon M, Zarate JJ, Alvarez F, et al. (2009) Use
of domperidone in the treatment of canine visceral leishmaniasis: a clinical trial.
Vet J 179: 259-263.

9. Dye C (1996) The logic of visceral leishmaniasis control. Am J Trop Med Hyg
55: 125-130.

10. Lee BY, Bacon KM, Shah M, Kitchen SB, Connor DL, et al. (2012) The
economic value of a visceral leishmaniasis vaccine in Bihar state, India.
Am J Trop Med Hyg 86: 417-425.

11. Borja-Cabrera GP, Correia Pontes NN, da Silva VO, Paraguai de Souza E,
Santos WR, et al. (2002) Long lasting protection against canine kala-azar using

PLOS ONE | www.plosone.org

Leishmania Vaccine: Comparison of Strategies

(Applied Biosystems™, Foster City, CA, USA) targeting con-
served DNA regions of the kinetoplast minicircle DNA, and the
cukaryotic 18S RNA Pre-Developed TagMan Assay Reagents
(Applied Biosystems, Foster City, CA, USA) as internal reference
gene. For spleen, relative quantification was performed by the
97 AAC method [80] using as calibrator the sample showing the
lowest ACt and results expressed as x-fold more DNA copies than
this calibrator sample [81]. For blood, quantification was
performed by the 2 ~AAC method [80] using as calibrators spiked
samples with a known number of parasites/well, thus allowing
determining the number of parasites in any PCR sample,
independently of the amount of DNA added or the presence of
inhibitors, and results expressed as parasites/mL [82].

Histopathology

Samples of liver, spleen and kidney were embedded in paraffin,
and sections were stained by hematoxylin and eosin for
histopathological study with high-power light microscopy at x400.

Statistical Analysis

Two-tailed non-parametric techniques were used throughout
the study. Statistical significance for a posteriors comparisons was
corrected for multiple simultaneous comparisons employing a
rough false discovery rate [83]. All analyses were carried out using

SPSS v.14.0 (SPSS Inc, Chicago, IL, USA).

Acknowledgments

We thank Dr. Peter C. Melby —University of Texas Health Science Center
at San Antonio, Department of Medicine (Infectious Diseases)— and his
team for valuable training of AR at his lab.

Author Contributions

Conceived and designed the experiments: FI' AR JA. Performed the
experiments: FI' ARC JA. Analyzed the data: FT' ARC JA. Contributed
reagents/materials/analysis tools: MCN MDL SGS FR EPM JME. Wrote
the paper: FT ARC JA.

the FML-QuilA saponin vaccine in an endemic area of Brazil (Sao Goncalo do
Amarante, RN). Vaccine 20: 3277-3284.

12. Fernandes AP, Costa MM, Coelho EA, Michalick MS, de Freitas E, et al. (2008)
Protective immunity against challenge with Leishmania (Leishmania) chagasi in
beagle dogs vaccinated with recombinant A2 protein. Vaccine 26: 5888-5895.

13. Kaye PM, Aebischer T (2011) Visceral leishmaniasis: immunology and prospects
for a vaccine. Clin Microbiol Infect 17: 1462-1470.

14. Evans KJ, Kedzierski L (2012) Development of Vaccines against Visceral
Leishmaniasis. ] Trop Med 2012: 892817.

15. Ulmer JB, Wahren B, Liu MA (2006) Gene-based vaccines: recent technical and
clinical advances. Trends Mol Med 12: 216-222.

16. Ramiro MJ, Zarate JJ, Hanke T, Rodriguez D, Rodriguez JR, et al. (2003)
Protection in dogs against visceral leishmaniasis caused by Leishmania infantum
is achieved by immunization with a heterologous prime-boost regime using
DNA and vaccinia recombinant vectors expressing LACK. Vaccine 21: 2474~
2484.

17. Rodriguez-Cortes A, Ojeda A, Lopez-Fuertes L, Timon M, Altet L, et al. (2007)
Vaccination with plasmid DNA encoding KMPII, TRYP, LACK and GP63
does not protect dogs against Leishmania infantum experimental challenge.
Vaccine 25: 7962-7971.

18. Woodland DL (2004) Jump-starting the immune system: prime-boosting comes
of age. Trends Immunol 25: 98-104.

19. Dondji B, Perez-Jimenez E, Goldsmith-Pestana K, Esteban M, McMahon-Pratt
D (2005) Heterologous prime-boost vaccination with the LACK antigen protects
against murine visceral leishmaniasis. Infect Immun 73: 5286-5289.

20. Ramos I, Alonso A, Marcen JM, Peris A, Castillo JA, et al. (2008) Heterologous
prime-boost vaccination with a non-replicative vaccinia recombinant vector

December 2012 | Volume 7 | Issue 12 | e51181



27.

29.

30.

31.

33.

34.

36.

37.

38.

39.

40.

41.

43.

44,

expressing LACK confers protection against canine visceral leishmaniasis with a
predominant Th1-specific immune response. Vaccine 26: 333-344.

. Ramos I, Alonso A, Peris A, Marcen JM, Abengozar MA, et al. (2009) Antibiotic

resistance free plasmid DNA expressing LACK protein leads towards a
protective Thl response against Leishmania infantum infection. Vaccine 27:

6695-6703.

. Rafati S, Zahedifard F, Nazgouee F (2006) Prime-boost vaccination using

cysteine proteinases type I and II of Leishmania infantum confers protective
immunity in murine visceral leishmaniasis. Vaccine 24: 2169-2175.

. Rafati S, Nakhaee A, Taheri T, Taslimi Y, Darabi H, et al. (2005) Protective

vaccination against experimental canine visceral leishmaniasis using a combi-
nation of DNA and protein immunization with cysteine proteinases type I and II
of L. infantum. Vaccine 23: 3716-3725.

. Coler RN, Reed SG (2005) Second-generation vaccines against leishmaniasis.

Trends Parasitol 21: 244-249.

. Barderas MG, Wigdorovitz A, Merelo F, Beitia F, Alonso C, et al. (2000)

Serodiagnosis of African swine fever using the recombinant protein p30
expressed in insect larvae. J Virol Methods 89: 129-136.

. Perez-Filgueira DM, Gonzalez-Camacho F, Gallardo C, Resino-Talavan P,

Blanco E, et al. (2006) Optimization and validation of recombinant serological
tests for African Swine Fever diagnosis based on detection of the p30 protein
produced in Trichoplusia ni larvae. J Clin Microbiol 44: 3114-3121.

Ferrer E, Gonzalez LM, Martinez-Escribano JA, Gonzalez-Barderas ME,
Cortez MM, et al. (2007) Evaluation of recombinant HP6-Tsag, an 18 kDa
Taenia saginata oncospheral adhesion protein, for the diagnosis of cysticercosis.
Parasitol Res 101: 517-525.

. Perez-Martin E, Grau-Roma L, Argilaguet JM, Nofrarias M, Escribano JM, et

al. (2008) Development of two Trichoplusia ni larvae-derived ELISAs for the
detection of antibodies against replicase and capsid proteins of porcine circovirus
type 2 in domestic pigs. J Virol Methods 154: 167-174.

Gomez-Sebastian S, Perez-Filgueira DM, Gomez-Casado E, Nunez MC,
Sanchez-Ramos 1, et al. (2008) DIVA diagnostic of Aujeszky’s disease using an
insect-derived virus glycoprotein E. J Virol Methods 153: 29-35.

Jimenez de Oya N, Galindo I, Girones O, Duizer E, Escribano JM, et al. (2009)

Serological immunoassay for detection of hepatitis E virus on the basis of
genotype 3 open reading frame 2 recombinant proteins produced in
Trichoplusia ni larvae. J Clin Microbiol 47: 3276-3282.

Alonso-Padilla J, de Oya NJ, Blazquez AB, Escribano-Romero E, Escribano JM,
et al. Recombinant West Nile virus envelope protein E and domain III expressed
in insect larvae protects mice against West Nile disease. Vaccine 29: 1830-1835.

. Todoli F, Perez-Filgueira M, Galindo I, Gomez-Sebastian S, Escribano JM, et

al. (2009) Seroreactivity against raw insect-derived recombinant KMPII, TRYP,
and LACK Leishmania infantum proteins in infected dogs. Vet Parasitol 164:
154-161.

Todoli F, Galindo I, Gomez-Sebastian S, Perez-Filgueira M, Escribano JM, et
al. (2010) Dynamics and Predictive Potential of Antibodies against Insect-
Derived Recombinant Leishmania infantum Proteins during Chemotherapy of
Naturally Infected Dogs. Am J Trop Med Hyg in press.

Perez-Filgueira DM, Resino-Talavan P, Cubillos C, Angulo I, Barderas MG, et
al. (2007) Development of a low-cost, insect larvae-derived recombinant subunit
vaccine against RHDV. Virology 364: 422-430.

. Perez-Martin E, Gomez-Sebastian S, Argilaguet JM, Sibila M, Fort M, et al.

(2010) Immunity conferred by an experimental vaccine based on the
recombinant PCV2 Cap protein expressed in Trichoplusia ni-larvae. Vaccine
28: 2340-2349.

Millan AF, Gomez-Sebastian S, Nunez MC, Veramendi J, Escribano JM (2010)
Human papillomavirus-like particles vaccine efficiently produced in a non-
fermentative system based on insect larva. Protein Expr Purif 74: 1-8.
Gomez-Casado E, Gomez-Sebastian S, Nunez MC, Lasa-Covarrubias R,
Martinez-Pulgarin S, et al. (2011) Insect larvae biofactories as a platform for
influenza vaccine production. Protein Expr Purif 79: 35-43.

Duthie MS, Raman VS, Piazza FM, Reed SG (2012) The development and
clinical evaluation of second-generation leishmaniasis vaccines. Vaccine 30:
134-141.

Requena JM, Soto M, Doria MD, Alonso C (2000) Immune and clinical
parameters associated with Leishmania infantum infection in the golden hamster
model. Vet Immunol Immunopathol 76: 269-281.

Rica-Capela M]J, Cortes S, Leandro C, Peleteiro MC, Santos-Gomes G, et al.
(2003) Immunological and histopathological studies in a rodent model infected
with Leishmania infantum promastigotes or amastigotes. Parasitol Res 89: 163
169.

Melby PC, Yang J, Zhao W, Perez LE, Cheng J (2001) Leishmania donovani
p36(LACK) DNA vaccine is highly immunogenic but not protective against
experimental visceral leishmaniasis. Infect Immun 69: 4719-4725.

. Perez LE, Chandrasekar B, Saldarriaga OA, Zhao W, Arteaga LT, et al. (2006)

Reduced nitric oxide synthase 2 (NOS2) promoter activity in the Syrian hamster
renders the animal functionally deficient in NOS2 activity and unable to control
an intracellular pathogen. J Immunol 176: 5519-5528.

Zivcee M, Safronetz D, Haddock E, Feldmann H, Ebihara H (2011) Validation
of assays to monitor immune responses in the Syrian golden hamster
(Mesocricetus auratus). J Immunol Methods 368: 24-35.

Yerushalmi R, Tyldesley S, Kennecke H, Speers C, Woods R, et al. (2012)
Tumor markers in metastatic breast cancer subtypes: frequency of elevation and
correlation with outcome. Ann Oncol 23: 338-345.

PLOS ONE | www.plosone.org

46.

47.

48.

49.

50.

51.

54.

56.

57.

58.

. Ahmed SB, Touihri L, Chtourou Y, Dellagi K, Bahloul C (2009) DNA based

60.

61.

62.

63.

64.

66.

67.

68.

69.

Leishmania Vaccine: Comparison of Strategies

. Coler RN, Goto Y, Bogatzki L, Raman V, Reed SG (2007) Leish-111f, a

recombinant polyprotein vaccine that protects against visceral Leishmaniasis by
elicitation of CD4+ T cells. Infect Immun 75: 4648-4654.

Goto Y, Bogatzki LY, Bertholet S, Coler RN, Reed SG (2007) Protective
immunization against visceral leishmaniasis using Leishmania sterol 24-c-
methyltransferase formulated in adjuvant. Vaccine 25: 7450-7458.

Abe T, Takahashi H, Hamazaki H, Miyano-Kurosaki N, Matsuura Y, et al.
(2003) Baculovirus induces an innate immune response and confers protection
from lethal influenza virus infection in mice. J Immunol 171: 1133-1139.

Abe T, Hemmi H, Miyamoto H, Moriishi K, Tamura S, et al. (2005)
Involvement of the Toll-like receptor 9 signaling pathway in the induction of
innate immunity by baculovirus. J Virol 79: 2847-2858.

Hervas-Stubbs S, Rueda P, Lopez L, Leclerc C (2007) Insect baculoviruses
strongly potentiate adaptive immune responses by inducing type I IFN.
J Immunol 178: 2361-2369.

Madhan S, Prabakaran M, Kwang J (2010) Baculovirus as vaccine vectors. Curr
Gene Ther 10: 201-213.

Molinari P, Crespo MI, Gravisaco MJ, Taboga O, Moron G (2011) Baculovirus
capsid display potentiates OVA cytotoxic and innate immune responses. PLoS
One 6: ¢24108.

. Coler RN, Carter D, Friede M, Reed SG (2009) Adjuvants for malaria vaccines.

Parasite Immunol 31: 520-528.

. Barderas MG, Rodriguez F, Gomez-Puertas P, Aviles M, Beitia F, et al. (2001)

Antigenic and immunogenic properties of a chimera of two immunodominant
African swine fever virus proteins. Arch Virol 146: 1681-1691.

de Carvalho LP, Soto M, Jeronimo S, Dondji B, Bacellar O, et al. (2003)
Characterization of the immune response to Leishmania infantum recombinant
antigens. Microbes Infect 5: 7-12.

. Carvalho LP, Passos S, Dutra WO, Soto M, Alonso C, et al. (2005) Effect of

LACK and KMPI1 on IFN-gamma production by peripheral blood
mononuclear cells from cutaneous and mucosal leishmaniasis patients.
Scand J Immunol 61: 337-342.

Suffia I, Ferrua B, Stien X, Mograbi B, Marty P, et al. (2000) A novel
Leishmania infantum recombinant antigen which elicits interleukin 10
production by peripheral blood mononuclear cells of patients with visceral
leishmaniasis. Infect Immun 68: 630-636.

Melby PC, Tryon VV, Chandrasekar B, Freeman GL (1998) Cloning of Syrian
hamster (Mesocricetus auratus) cytokine cDNAs and analysis of cytokine mRNA
expression in experimental visceral leishmaniasis. Infect Immun 66: 2135-2142.
Huygen K (2005) Plasmid DNA vaccination. Microbes Infect 7: 932-938.

vaccination with a cocktail of plasmids encoding immunodominant Leishmania
(Leishmania) major antigens confers full protection in BALB/c mice. Vaccine
27: 99-106.

Basu R, Bhaumik S, Basu JM, Naskar K, De T, et al. (2005) Kinetoplastid
membrane protein-11 DNA vaccination induces complete protection against
both pentavalent antimonial-sensitive and -resistant strains of Leishmania
donovani that correlates with inducible nitric oxide synthase activity and IL-4
generation: evidence for mixed Thl- and Th2-like responses in visceral
leishmaniasis. J Immunol 174: 7160-7171.

Gomes R, Teixeira C, Teixeira MJ, Oliveira F, Menezes M], et al. (2008)
Immunity to a salivary protein of a sand fly vector protects against the fatal
outcome of visceral leishmaniasis in a hamster model. Proc Natl Acad Sci U S A
105: 7845-7850.

Bronte V, Zanovello P (2005) Regulation of immune responses by L-arginine
metabolism. Nat Rev Immunol 5: 641-654.

Fragaki K, Suffia I, Ferrua B, Rousscau D, Le Fichoux Y, et al. (2001)
Immunisation with DNA encoding Leishmania infantum protein papLe22
decreases the frequency of parasitemic episodes in infected hamsters. Vaccine
19: 1701-1709.

siunchetti RC, Mayrink W, Carneiro CM, Correa-Oliveira R, Martins-Filho
OA, et al. (2008) Histopathological and immunohistochemical investigations of
the hepatic compartment associated with parasitism and serum biochemical
changes in canine visceral leishmaniasis. Res Vet Sci 84: 269-277.

Gonzalo RM, del Real G, Rodriguez JR, Rodriguez D, Heljasvaara R, et al.
(2002) A heterologous prime-boost regime using DNA and recombinant vaccinia
virus expressing the Leishmania infantum P36/LACK antigen protects BALB/c
mice from cutaneous leishmaniasis. Vaccine 20: 1226-1231.

Lange UG, Mastroeni P, Blackwell JM, Stober CB (2004) DNA-Salmonella
enterica serovar Typhimurium primer-booster vaccination biases towards T
helper 1 responses and enhances protection against Leishmania major infection
in mice. Infect Immun 72: 4924-4928.

Tewary P, Jain M, Sahani MH, Saxena S, Madhubala R (2005) A heterologous
prime-boost vaccination regimen using ORFF DNA and recombinant ORFF
protein confers protective immunity against experimental visceral leishmaniasis.
J Infect Dis 191: 2130-2137.

Rafati S, Ghaemimanesh F, Zahedifard I (2006) Comparison of potential
protection induced by three vaccination strategies (DNA/DNA, Protein/Protein
and DNA/Protein) against Leishmania major infection using Signal Peptidase
type I in BALB/c mice. Vaccine 24: 3290-3297.

Mazumder S, Maji M, Das A, Ali N (2011) Potency, efficacy and durability of
DNA/DNA, DNA/protein and protein/protein based vaccination using gp63
against Leishmania donovani in BALB/c mice. PLoS One 6: e14644.

December 2012 | Volume 7 | Issue 12 | e51181



. Perel P, Roberts I, Sena E, Wheble P, Briscoe C, et al. (2007) Comparison of

treatment effects between animal experiments and clinical trials: systematic
review. British Medical Journal 334: 197-200.

. Robertson DG (2008) The Muddle of Models: What You Don’t Know Can

Hurt You. Chemical Research in Toxicology 21: 1917-1922.

. Kedzierski L, Zhu Y, Handman E (2006) Leishmania vaccines: progress and

problems. Parasitology 133 Suppl: S87-112.

. Melby PC, Chandrasekar B, Zhao W, Coe JE (2001) The hamster as a model of

human visceral leishmaniasis: progressive disease and impaired generation of
nitric oxide in the face of a prominent Thl-like cytokine response. J Immunol

166: 1912-1920.

. Russell W, Burch R (1959) The Principles of Humane Experimental Technique.

London: Methuen.

. Banks RE (1995) The 4th R of research. Contemp Top Lab Anim Sci 34: 50-51.
. WHO (1997) Guidelines for the Evaluation of Plasmodium falciparum Vaccines in

Populations Exposed to Natural Infections. Geneva: World Health Organisa-
tion.

. Palatnik-de-Sousa CB (2012) Vaccines for canine leishmaniasis. Front Immunol

3 (Article 69): 1-15.

PLOS ONE | www.plosone.org

79.

80.

81.

82.

83.

Leishmania Vaccine: Comparison of Strategies

. Bogdan C, Rollinghoff M (1998) The immune response to Leishmania:

mechanisms of parasite control and evasion. International Journal for
Parasitology 28: 121-134.

Riera C, Valladares JE, Gallego M, Aisa M]J, Castillejo S, et al. (1999)
Serological and parasitological follow-up in dogs experimentally infected with
Leishmania infantum and treated with meglumine antimoniate. Vet Parasitol
84: 33-47.

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:
402-408.

Alberola J, Rodriguez A, Francino O, Roura X, Rivas L, et al. (2004) Safety and
efficacy of antimicrobial peptides against naturally acquired leishmaniasis.
Antimicrob Agents Chemother 48: 641-643.

Francino O, Altet L, Sanchez-Robert E, Rodriguez A, Solano-Gallego L, et al.
(2006) Advantages of real-time PCR assay for diagnosis and monitoring of
canine leishmaniosis. Vet Parasitol 137: 214-221.

Benjamini Y, Hochberg Y (1995) “Controlling the false discovery rate: a
practical and powerful approach to multiple testing. Journal of the Royal
Statistical Society, Series B (Methodological) 57: 289-300.

December 2012 | Volume 7 | Issue 12 | e51181



