:' frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

Rashika EL Ridi,
Cairo University, Egypt

Ashish Kumar,

Department of Health Research, India
Karine Ferreira Lopes,

Oswaldo Cruz Foundation (Fiocruz), Brazil
Anuradha Dube,

Central Drug Research Institute (CSIR), India

Clarisa B. Palatnik-de-Sousa
immgcpa@micro.ufrj.br

23 March 2025
28 May 2025
01 July 2025

Gomes DC, Fonseca-Ribeiro MP,
Alves-Silva MV and Palatnik-de-Sousa CB
(2025) The F1F3 recombinant chimera
induced higher vaccine efficacy than

its independent F1 and F3 components
against Leishmania (L.) infantum

chagasi mice infection.

Front. Immunol. 16:1598755.

doi: 10.3389/fimmu.2025.1598755

© 2025 Gomes, Fonseca-Ribeiro, Alves-Silva
and Palatnik-de-Sousa. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

Original Research
01 July 2025
10.3389/fimmu.2025.1598755

The F1F3 recombinant

chimera induced higher vaccine
efficacy than its independent F1
and F3 components against
Leishmania (L.) infantum chagasi
mice infection

Daniele Crespo Gomes, Maria Paula Fonseca-Ribeiro,
Marcus Vinicius Alves-Silva and Clarisa B. Palatnik-de-Sousa*

Laboratdrio de Biologia e Bioquimica de Leishmania, Instituto de Microbiologia Paulo de Goes,
Departamento de Microbiologia Geral, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil

Introduction: Visceral leishmaniasis (VL) is a severe human vector-borne CD4-
immunosuppressive disease that can be lethal if untreated soon after symptoms
arise. No vaccine is available against human VL, and its chemotherapy is highly toxic
and requires hospitalization. VL patients show substantially decreased CD4, total
and Leishmania-specific CD4+ T cell counts. Leishmania (L.) donovani nucleoside
hydrolase (NH36) is a DNA metabolism enzyme and a conserved marker of the
Leishmania genus. It has been considered, among other Leishmania antigens, a
vaccine candidate. In mice vaccinated with NH36, protection against VL is mediated
by a CD4, T cell response to the NH36 C-terminal domain (F3), and against
cutaneous leishmaniasis (CL), by a CD4+ response against F3 and a CD8+ response
against the NH36 N-terminal (F1). Vaccination with a recombinant chimera
containing the F1 and F3 domains expressed in tandem (F1F3) protected mice
against the heterologous CL infection by L. (L.) amazonensis and L. (V.) braziliensis.

Methods: In this investigation, BALB/c mice were immunized with either F1, F3, a
mixture of both, or with the F1F3 chimera, plus saponin and challenged with
amastigotes of L. (L.) infantum chagasi, the agent of VL in America.

Results: Before and after infection, the F1F3 chimera and the F3 vaccines
promoted the highest IgA, IgM, IgG, 1gGl, 1gG2a, IgG2b, and 1gG3 antibody
responses. The F1F3 chimera promoted the strongest intradermal response
against the leishmanial antigen, the highest body weight gain, and the most
potent reduction of the spleen and liver relative weights. In addition, the F1F3
chimera vaccine increased the secretion of IFN-vy, and, together with the F3
vaccine, the secretion of TNF-o by splenocytes. The F1F3 chimera and the F1
vaccine also promoted the strongest secretion of IL-10, which was very low in
mice immunized with F3. Thus, the IFN-y/IL-10 and TNF-a/IL-10 ratios,
characteristic of a Thl response, were increased in mice vaccinated with F3.
The F1F3 chimera and the F3 vaccine reduced the parasite load in the liver.

Discussion: The F1F3 chimera, as described for the heterologous CL infections,
also optimizes protection against the homologous visceral leishmaniasis
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infection by L. (L.) infantum chagasi, by a Thl contribution from the F3 peptide
and a regulatory response from the F1 peptide. Expression of the F1 and F3
domains in tandem induced higher efficacy than the simple mixture of the F1 and

F3 domains.

Leishmania (L.) infantum chagasi, visceral leishmaniasis, nucleoside hydrolase NH36,
F1F3 recombinant chimera, mixed or T-cell regulatory response

1 Introduction

Visceral leishmaniasis (VL), the most severe form of
leishmaniasis, is a human vector-borne protozoan disease caused
by parasites of the Leishmania genus, which is almost always fatal if
untreated soon after the rise of the symptoms. While 700,000 to
1,000,000 new leishmaniasis cases are registered annually,
approximately 50,000 to 90,000 cases correspond to VL, although
these might be underestimated. Most of them occur in Brazil,
Eastern Africa, and the Indian subcontinent (1). VL is
anthroponotic in Eastern Africa and the Indian Subcontinent
(ISC), and it is a canid zoonosis in South America, the
Mediterranean basin, China, and the Middle East (2, 3). High
lethality and relapses are reported in Brazil and East Africa (4-6).
Fever, weight loss, spleen and liver enlargement, anemia,
hypergammaglobulinemia, and progressive suppression of the
CD4" total and CD4" Leishmania-specific cellular immune
response characterize human VL.

On the other hand, cutaneous leishmaniasis (CL) is the most
frequent form of leishmaniasis that causes skin lesions, mainly
ulcers, on exposed parts of the body. These can leave lifelong scars
and cause severe disability or stigma. About 95% of the 600,000 new
annual CL cases occur in the Americas, the Mediterranean basin,
the Middle East, and Central Asia (1). Brazil has the highest
incidence of CL in America and is one of the 10 countries that
exhibit the highest number of CL cases in the world. Furthermore,
mucocutaneous leishmaniasis (MCL) leads to partial or total
destruction of the mucous membranes of the nose, mouth, and
throat. Over 90% of mucocutaneous leishmaniasis cases occur in
Bolivia, Brazil, Ethiopia, and Peru (1).

Since the areas affected by VL, CL, and MCL overlap
significantly geographically and no preventive vaccine is available
yet against any form of human leishmaniasis, it would be
worthwhile to develop a cross-protective vaccine based on a
Leishmania-conserved antigen.

Leishmania (L.) donovani nucleoside hydrolase NH36 is a vital
enzyme of the parasite’s metabolism (7) and, consequently, an
essential phylogenetic marker of the Leishmania genus (8, 9).
Leishmania (L.) donovani is the agent of VL in India and Central
Africa. The NH36 of Leishmania (L.) donovani shares high levels of
sequence identity with nucleoside hydrolases (NHs) of L. (L.)
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infantum chagasi (99%), the agent of VL of the Americas, with
NHs of L. (L.) amazonensis (92%), L. (V.) braziliensis (84%), L. (L.)
mexicana (93%), and L. (V.) guyanensis (84%), the agents of
cutaneous leishmaniasis of America (ACL), and with NHs of L.
(L.) tropica (97%) and L. (L.) major (95%-96%), the agents of CL of
the Old World (10-14). Therefore, NH36 became an excellent
candidate for conserved antigens for powerful vaccines that could
exert bivalent protection against VL and CL of humans
and animals.

Previous studies (15) demonstrated that the F3 domain of
NH36 formulated with saponin protects mice against VL caused
by Leishmania (L.) infantum chagasi, with a response mediated by
CD4" T cells and a small contribution from CD8" T cells. The F3
domain was the most potent immune-protective fraction of NH36
and reduced the parasite load by 88% (15). In contrast, in the
vaccination of mice against cutaneous leishmaniasis caused by
Leishmania (L.) amazonensis, the F1 domain was the one that
showed the most substantial reduction in lesion size with a response
mediated by CD8" T cells (16).

Recent approaches support that vaccination with a combination
of the most immunogenic fractions of a protein can optimize
vaccine efficacy (17-19)—for instance, the only current vaccine
licensed for the prevention of canine VL in Europe, called
LetiFend®, is composed of a recombinant chimeric protein
(Protein Q) formed by the genetic fusion of five antigenic
fragments from the Lip2a, Lip2b, H2A, and PO proteins (20) and
has shown efficacy and safety in a recent canine clinical assay (21).

Furthermore, the chimera vaccines, being more protective than
their isolated component fractions, could also determine cross-
immunity against diverse variants, strains, or species of pathogens
that cause the disease in different geographical regions, conferring,
in that way, universal protection. With this objective in mind, we
previously studied the immunoprotective potential of the F1 and F3
domains of NH36 expressed in tandem in the recombinant F1F3
chimera in the prevention of the heterologous cutaneous infections
caused in mice by L. (L.) amazonensis (10) or L. (V.) braziliensis
(22). When compared with the F1 or F3 independent domains,
vaccination with the F1F3 chimera promoted a more substantial
reduction of L. (L.) amazonensis (10) and L. (V.) braziliensis (22)
parasite loads (99.9% and 99.8%, respectively) and lesion sizes (84%
and 62%, respectively).
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Aiming to extend the study of the cross-protective capabilities
of the FIF3 chimera, in this investigation, we compared its
immunoprotective potential to that of the F1 and F3 domains
individually or combined in a simple mixture in the prevention of
the homologous visceral infection of mice by the American agent of
VL, Leishmania (L.) infantum chagasi.

2 Materials and methods

2.1 Ethical statement

This study was approved by the Ethics Committee on the Use
of Animals of the Federal University of Rio de Janeiro (CEUA-
UFR]) (IMPPG no. 44). To minimize animal suffering, all of the
experiments were performed according to the recommendations
of the National Institutes of Health (NIH) and the Brazilian laws
for animal safety. The animals were fed ad libitum and
maintained under controlled temperature with 12-h dark/light
cycles at the Instituto de Microbiologia Paulo de Goes,
Universidade Federal do Rio de Janeiro (UFR]) facilities. The
animals were euthanized following the guidelines established by
the National Council for the Control of Animal Experimentation
(CONCEA). The procedure followed the protocol recommended
by CONCEA, with a combination of dissociative anesthetics
ketamine (250 mg/kg) and xylazine (50 mg/kg) being
administered intraperitoneally at a dose three times higher than
that used for anesthetic induction to promote humane
euthanasia. Death was confirmed in a specific chamber with a
controlled atmosphere of carbon dioxide (CO,) using a gradual
flow equivalent to 20% of the chamber volume per minute, with
100% CO,. The flow was maintained for at least 1 min after
verifying the absence of clinical signs of life, such as respiratory
movements and heartbeats.

2.2 Recombinant antigen expression and
purification

The sequence of the nucleoside hydrolase (NH36) (314 amino
acids) has Genbank AY007193 and SwissProt-UniProt QSWQX2-
LEIDO accession numbers. The F1 domain represents the N-
terminal domain of NH36, which is composed of its first 103
amino acids. The F3 domain represents the NH36 C-terminal
moiety and is composed of amino acids 199 to 314 in the
sequence (15). The F1F3 chimera comprises the F1 and F3
domains linked in tandem. All of the antigens were cloned in the
PET28b expression vector between the sites of Ncol and Xhol and
were terminated by a sequence of six histidine residues at their C-
termini. For the expression of the recombinant antigens, Escherichia
coli BI21 (DE3) bacteria cells were transformed with the plasmids
pET28bF1, pET28bF3, or pET28bF1F3 (10, 22). Briefly, we placed 1
mL of each culture in 12 mL of LB medium supplemented with 30
pg/mL kanamycin and incubated them in a shaker at 250 x g and
37°C. When the suspensions reached an OD of 0.6-0.8 at 600 nm, 1
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mM of IPTG (isopropyl-beta-D-thiogalactopyranoside) was added
to induce protein expression, and the suspensions were incubated
for an additional 4 h. After that, the cultures were further
centrifuged for 20 min at 5,000 x g and 4°C, the supernatants
were discarded, and the bacterial pellets were stored at -20°C. For
purification, the bacterial pellets were mixed with 20 mL of
sonication buffer (7.52 g NaCl, 13.8 g NaH2PO4, 1 mM PMSF,
and 10 mg lysozyme), kept on an ice bath, and sonicated for 20
cycles of 5 s, with an interval of 10 s, in a Fisher Scientific Sonic
Dismembrator model 500. After that, the sonicated material was
centrifuged for 20 min at 15,000 x g and 4°C. The supernatants were
discarded since the F1, F3, and F1F3 antigens remained more
concentrated in the insoluble fraction of the bacterial pellets.
Furthermore, the antigens were purified according to the
instructions of the Ni-NTA resin manufacturer (Qiagen) (10, 22).
The proteins were finally dialyzed against 50 mM Tris-HCI, pH 8,
50 mM NaCl, 50% glycerol, and 0.1 mM DTT, and the absence of
LPS was confirmed using the LAL QCL-1000 kit (Lonza). SDS
PAGE confirmed the purity of the recombinant proteins on 15%
polyacrylamide gels stained with Coomassie Brilliant Blue-R-250
(Bio-Rad, USA).

2.3 Mice vaccination, challenge, and
clinical and parasitological outcomes

Female BALB/c mice at 2 to 4 months old were randomized
according to their weight (range: 15 to 35.5 g) and vaccinated
subcutaneously on the back, at weekly intervals, with three
injections of 100 ug of F1, F3, the F1 + F3 mixture, or 100 or 200
ug of the recombinant F1F3 chimera. The sample size for each
treatment was n = 26, corresponding to two identical experiments,
each with 13 mice per treatment. The mix of F1 + F3 contained 50
ug of F1 and 50 pg of F3. Each vaccine was formulated with 100 pg
of Riedel De Haen Saponin (Sigma) in 0.2 mL of NaCl 0.9% saline
solution. The control mice received only saline. At 1 week after the
complete immunization schedule, sera samples were collected, and
an intradermal reaction (IDR) against L. (L.) donovani (LD-1S/
MHOM/SD/00-strain 1S) lysate was performed. After the IDR, all
animals were intravenously inoculated with 3 x 10-" Leishmania
(L.) infantum chagasi (strain IOC-L 3324) infective amastigotes
obtained from hamster’s spleens.

At 15 days after infection, sera samples were collected again,
another intradermal test was performed, and 48 h after that, all
animals were euthanized. Corporal, spleen, and liver weights were
assessed, the parasite load was evaluated, and mice splenocytes were
incubated with NH36 to evaluate the expression of cytokines in the
supernatants. The increments of corporal weight, the spleen/body
relative weight, the liver/body relative weight, and the liver parasite
burden were considered major clinical outcomes to calculate the
vaccine’s efficacy. The parasite load was determined by optical
microscope observation of liver smears stained with Giemsa dye
using a x100 immersion objective and expressed as Leishman
Donovan units (LDU units) of Stauber = number of amastigotes/
1,000 organ cell nuclei x organ weight in milligrams (15, 23, 24).
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2.4 Antibody assays in sera

At 7 days after vaccination and 15 days after infection, blood
was collected by tail bleeding, and sera were obtained. Plates were
sensitized with 2 pg of recombinant NH36 protein in sodium
bicarbonate buffer, pH 9.6, and incubated for 1 h at 37°C and
overnight at 4°C. The plates were then washed with PBS** (PBS
0.018, pH 7.2, 1% milk, and 0.05% Tween 20), incubated with 1/100
serum diluted samples in PBS** for 1 h at 37°C, washed again with
PBS**, and incubated with 50 UL of peroxidase-conjugated goat
anti-mouse IgA, IgM, 1gG, IgGl, IgG2a, IgG2b, or IgG3 antibodies
(Southern Biotechnology Associates, Birmingham, AL, USA) or
with 50 pL of peroxidase-protein-A pool (Kirkegaard & Perry
Laboratories, Gaithersburg, MD, USA) at 1:1,000 dilution in
PBS**. The plates were incubated for 1 h and washed five times
with PBS**. The reactions were developed using an OPD buffer
(ortho-phenylenediamine—Sigma), stopped with 1 N sulfuric acid,
and recorded using a BioRad ELISA Reader at 492 nm filter. Each
serum sample was analyzed in triplicate (25).

2.5 Delayed type of hypersensitivity

The intradermal response (IDR) to Leishmania (L.) donovani
stationary-phase promastigote lysate was evaluated after sera
collection on day 7 after vaccination and day 15 after infection.
The promastigotes were cultured in vitro in 200 mL of Schneider’s
(Sigma) medium supplemented with 10% fetal calf serum (Cultilab,
SP, Brazil) under 150 x g at 28°C for 3 days until they reached the
stationary growth phase. The parasites were centrifuged, washed
with saline solution, counted in Neubauer chambers to prepare a
suspension of 10° promastigotes/mL, frozen in liquid nitrogen, and
thawed under a stream of running water five times so that cell lysis
could take place.

To evaluate the IDR response, the animals were inoculated with
100 pL of the lysate (10”7 L. (L.) donovani promastigotes) in the
footpad of the right hind paws. We used 100 pL of saline solution as
a negative control in the left hind paws. Paw measurements (five
measurements per animal) were conducted using a Mitutoyo caliper
at times 0, 24, and 48 h after the inoculation of the lysate. The IDR
response was measured as the difference in paw thickness before
and after lysate inoculation at each time point. For each mean, the
values of its respective negative control paws, injected with saline,
were subtracted (25).

2.6 Cytokine assays

Spleens were aseptically removed after euthanasia, and
splenocytes were obtained through maceration with the plunger
of a syringe. The macerate was placed in polystyrene tubes
containing ACK solution (0.15 M ammonium chloride, 0.01 M
potassium bicarbonate, and 0.0001 M EDTA) and centrifuged at
250 x g for 5 min repeatedly until all red blood cells were removed.
Then, the single-cell suspensions were washed with saline solution,
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suspended in 1 mL of RPMI medium (Sigma, Co) supplemented
with 10% fetal bovine serum (Nutricell, Campinas SP), 1% L-
glutamine, and 5 mM [-mercaptoethanol, and counted in a
Neubauer chamber (10). The splenocytes were distributed and
cultured on 96-well Costar plates at a concentration of 10°
splenocytes/well and exposed to 5 ug of recombinant NH36 per
well for 5 days at 37°C. The cytokine assay followed the
manufacturer’s instructions using the BD OptEIA Mouse TNF
ELISA Set II, IFN-y, and IL-10 ELISA Set II kits from BD
Biosciences. The absorbance values were recorded in a Perkin-
Elmer spectrophotometer with a 655-nm filter. The IFN-y/IL-10
and TNF-0/IL-0 ratios were also calculated.

2.7 Statistical analysis

Means of antibody absorbance values were compared by using
ANOVA and Dunn’s multiple comparisons. Means of IDR, secreted
cytokines, weight gain, liver and spleen relative weights, and LDU
values were compared using 95% confidence interval. A Pearson
two-tailed bivariate test was conducted for correlation analysis
using GraphPad Prism 6 software.

3 Results
3.1 Recombinant antigens

The recombinant proteins were solubilized with urea and
purified on a NiNTA column. Protein concentration was assayed
using the Lowry method and analyzed by electrophoresis in 15%
polyacrylamide gel (Supplementary Figure S1). All proteins were
successfully expressed. From left to right, we show the molecular
weight standards, the NH36 antigen (estimated molecular weight =
34,2387 kDa), the F1 and F3 domains, the F1F3lab chimera cloned
in our lab with non-optimized codons, and the FIF3GS chimera,
cloned by Genscript with optimized codons for E. coli. The
optimized chimera F1F3GS shows a molecular weight (m.w.) of
approximately 30 kDa, while the non-optimized chimera has a
slightly higher m.w. It is worth noting that the expression of the
F1F3lab chimera was feeble. In effect, while the yield of each batch
of the optimized F1F3 chimera, cloned by Genscript, was 8 mg/L
with just 4 h of induction, an induction time of 24 h was necessary
to obtain 0.333 mg/L of the F1F3Lab chimera. For this reason, the
mice were vaccinated using the FIF3GS chimera. F1 has 103 amino
acids and an estimated molecular weight = 10.8456 kDa. F3
contains 116 amino acids and has an estimated molecular weight
=13.1012 kDa. The F1F3 chimera is therefore composed of the F1
domain in its N-terminal and the F3 domain in its C-terminal,
contains 219 amino acids, and has an estimated molecular weight of
23.9287 kDa. Furthermore, the absence of LPS endotoxin was
confirmed using the LAL QCL-1000 kit (Lonza). The detected
concentrations of LPS were below 0.1 EU/mL and therefore
considered below the assay’s detection limit, effectively indicating
the absence of detectable endotoxin.
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3.2 The F1F3 chimera and the F3 vaccines
optimize the antibody response

We compared the anti-NH36 antibody response promoted by
F1, F3, F1 + F3, and the F1F3 chimera vaccines. Both before
(Figures la-g) and after infection (Figures 2a-g), the two
concentrations of the F1F3 chimera (100 and 200 pg) and the F3
vaccines promoted the highest IgA, IgM, IgG, 1gG1, IgG2a, IgG2b,
and IgG3 antibody absorbance values. However, the F3 vaccine was
slightly stronger than the F1F3-200 chimera only for IgGl after
vaccination (Figure 1f). In contrast, the F1 vaccine did not generate
a major antibody response (Figures 1 and 2). The F1 vaccine
absorbance values only differed from the saline controls in the
IgG1, IgG2a, and IgG2b subtypes after immunization (Figures 1f, c,
¢) and in the IgG1 subtype after infection (Figure 2f). Our results
also disclose that the association of F1 and F3 in tandem, in the
chimera, raised a better antigen presentation to APCs than the
simple mixture of the F1 and F3 domains (F1 + F3) (Figures la-g,
2a-g). Furthermore, there was no significant difference between the
two concentrations of the chimera, suggesting that 100 pg of the
vaccine is sufficient to optimize the antibody vaccine-generated
response (Figures la-g, 2a-g). After vaccination, 200 pg of the
chimera promoted higher IgG2a/IgG1 ratios than 100 pg, and both
were more potent than the F3 vaccine (Figure 1h). After infection
(Figure 2h), the F1F3 chimera (200 pg) induced the highest IgG2a/
IgG1 ratios. F3 was more potent than the F1 vaccine, which was not
different from the saline controls. These IgG2a/IgG1 antibody ratios
result in the F1F3 chimera stimulation of a more substantial Thl
response than the F3 vaccine. In contrast, the F1 vaccine did not
promote such a response. In addition, all of the vaccines, with the
exception of F1 for IgM, IgG, IgG2a, IgG2b, and IgG3, promoted
significant increases of antibody absorbance values after infection (p
< 0.012). The F3 and the two dosages of the F1F3 vaccine, which
were the most potent, exhibited absorbance increases after
infection, with a range of 42%-49% for IgA, 41%-69% for IgM,
145%-122% for IgG, 84%-103% for IgG1, 84%-78% for IgG2a,
55%-58% for IgG2b, and 131%-69% for IgG3. These increases
were, therefore, more pronounced for the IgG class, followed by the
IgG1, IgG2a, and IgG2b subclasses (Supplementary Figures S2a, b).
While F3 was more potent in IgG, IgG2a, and IgG3, one of the two
chimeras predominated in IgA, IgM, IgGl1, and IgG2b antibodies
(Supplementary Figures S2a, b).

3.3 The F1F3 chimera promotes the highest
IDR response

After immunization, both concentrations of F1F3 chimera were
more substantial than all the other vaccines (Figures 3a, b). A dose
of 100 ug of the chimera showed the best performance at 24 h after
antigen injection (Figure 3a), and at 48 h, both concentrations of
chimera were equally effective (Figure 4b). It is noteworthy that the
infection enhanced the IDR values induced by the vaccines, mainly
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at 24 h after injection (1.86-, 1.76- and 1.86-fold increases for F3,
F1F3 100, and F1F3 200, respectively), although both chimeras still
promoted the strongest responses. At 48 h, the F1F3-200 chimera
vaccine was predominant (Figure 3d). In contrast, despite being
composed of the exact domains, the F1 + F3 mixture was less potent
than the chimeras and was only stronger than the F3 vaccine after
immunization (Figures 3a, b). Furthermore, increases in IDR
responses after infection were more pronounced in mice
vaccinated with the F3 (108%), followed by the chimeras (89%
and 100% for the 100 and the 200 pg/dose, respectively) and the F1
+ F3 mixture (60%).

3.4 Thl-cytokines induced by the F3 and a
mixed cytokine response promoted by the
chimeras

After vaccination and after challenge, both chimeras promoted
the global strongest cytokine secretion. F1F3-200 induced the
highest secretion of IFN-y and IL-10 (Figures 4a, ¢, g, f) and F1F3
100 the strongest TNF-o response (Figures 4b, e). After challenge,
the chimeras induced an increase of IFN-7y levels (Figure 4d), and all
vaccines amplified the TNF-o. secretion (Figure 4e). It is worth
noting that the F3 and the F1F3-100 chimera intensified the TNF-o.
secretion to a similar extent (Figure 4e). In contrast, the
unvaccinated infected mice showed a high secretion of IL-10,
which was also present in mice that received all of the vaccines
containing the F1 domain. The F3 vaccine, in contrast, absolutely
prevented the increase of IL-10 after immunization (Figure 4c) and
after infection (Figure 4f), indicating that it induces a primary Thl
response. In agreement, after infection, the F3 vaccine determined
the maximal IFN-Y/IL10 ratios (five- to eight-fold higher than the
chimeras) (Figure 4i) and the most potent TNF-o/IL-10 ratios
(eight- to 11-fold higher than the chimeras) (Figure 4j). Conversely,
after infection, the F1F3 chimera vaccine at both doses promoted
mixed cytokine secreting with a strong secretion of the pro-
inflammatory IFN-y and TNF-a (Figures 4d, e) and the
regulatory IL-10 cytokines (Figure 4f).

3.5 Optimization of vaccine efficacy by the
F1F3 chimeras

The impact of vaccination on the clinical variables was studied
at the time of euthanasia. The F1 + F3 mixture promoted more
corporal weight gain than the F1 vaccine and, together with the
F1F3-200 chimera and F3, determined more gain than the F1F3-
100 vaccine (Figure 5a). There was, however, no difference between
the vaccines and the saline control. Additionally, compared with the
saline controls, both doses of the chimera promoted the most
substantial reduction of liver relative weights. The F1F3-100
reduced by 35%, the F1IF3-200 by 37.4% (Figure 5b), the F1 + F3
mixture by 29.4%, and the F3 vaccine by 20.2% of the liver relative
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Predominance of NH36-antibody responses promoted by the F3 and chimeras after vaccination. The mice were vaccinated with the F1, F3, F1+F3
mixture, or F1IF3 chimeras at 100 pg or 200 pg doses, all formulated with 100 ug saponin. Results represent the individual absorbance data of anti-
IgA (@), 19G (b), IgG2a (c), IgG3 (d), IgM (e), IgG1 (f) and 1gG2b (g) anti-NH36 antibodies in mice sera diluted 1/100, as measured by the ELISA assay,
and the individual IgG2a/IgG1 antibody ratios (h). Statistical differences were evaluated using the Kruskal-Wallis method and ANOVA. Horizontal bars
represent the means of two independent experiments with n = 26 mice per treatment. Asterisks and horizontal lines indicate significant differences

between treatments (p < 0.001).

Frontiers in Immunology

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1598755
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

10.3389/fimmu.2025.1598755

Gomes et al.
IgA
I *
a 159 T e
T *
1S £
[= (=
N N
D D
< <
n [}
o] o]
< <
1S £
[= (=
P o
< <
2] [}
o] o]
< <
1S £
= (=
[\] [\]
=) R
< <
n [}
o] Q
< <
d h -
* K]
k7]
Q
[ ] =
.’ =
£ “A v 0.0 # 5
(Sl 1.5 A‘A‘:‘ by % %'
le2) 0 e "]
) oe o
: 1.0- am At e - =
Re] - oo " -
< )
0.5 g o k=)
-] 3 g
ool ®® o . . r 8 0.04— T T T T T
,,}*“z S Q\x@ 5@3 . N ° é&e P Q\"& 'b\@ . ’190
& & & ® NSNS
P N < 3
FIGURE 2

Predominance of NH36-antibody responses promoted by the F3 and chimeras after infection. Mice were vaccinated with the F1, F3, F1 + F3 mixture,
or F1F3 chimeras at 100- or 200-pg doses, all formulated with 100 pg saponin. The results represent the individual absorbance data of anti-I1gA (a),
IgG (b), IgG2a (c), IgG3 (d), IgM (e), IgG1 (f), and IgG2b (g) anti-NH36 antibodies in mice sera diluted 1/100, as measured by the ELISA assay, and the
individual 19gG2a/IgG1 antibody ratios (h). Statistical differences were evaluated using the Kruskal-Wallis method and ANOVA. Horizontal bars
represent the means of two independent experiments with n = 19 mice per treatment. Asterisks and horizontal lines indicate significant differences

between treatments (p < 0.001).
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The F1F3 vaccine induces the strongest intradermal response. The mice were vaccinated with the F1, F3, F1 + F3 mixture, or F1F3 chimeras at 100-
or 200-pg doses, all formulated with 100 pg saponin. The results represent the individual intradermal size response to the leishmanial antigen in

millimeter after vaccination (a, b) and after infection (c, d). Horizontal bars represent the means of two independent experiments with n = 14 mice
per treatment after vaccination and n = 8 mice per treatment after infection. Asterisks and horizontal lines indicate significant differences between

treatments as assessed using 95% confidence interval.

weight while, in contrast, the F1 vaccine increased this variable by
11.6% (Figure 5b). Furthermore, the F1F3-100 and F1F3-200
chimeras reduced the relative weights of the spleens by 58.7% and
58.3%, respectively, and the F3 by 51.5% if compared to the saline
controls (Figure 5c). In contrast, the F1 vaccine and the mixture F1
+ F3 were not as efficient and showed reductions of 5.7% and 24.5%,
respectively (Figure 5c). Accordingly, the evaluation of the parasite
load in livers demonstrated that the F1F3-100 and F1F3-200
chimeras promoted reductions of 97.0% and 97.3%, respectively,
the F3 95.1%, and the F1 + F3 mixture 94.2% when compared to the
saline control (Figure 5d). Although the F1 vaccine was not effective
in increasing corporal weight or reducing the spleen and liver
relative weights, it reduced the parasite load by 59.0%, indicating
that the evaluation of parasite burden is a more sensitive approach.
Our results disclosed that we obtained vaccine efficacy optimization
by combining the epitopes of the F1 and F3 domains. Both chimeras
determined the strongest efficacy, protecting more than the mixture
F1 + F3 in spleen relative weight and reduction of parasite load,
indicating the benefit of presentation of both domains in tandem
rather than in a simple mixture. In addition and supporting the
achievement of optimization, the protection promoted by chimeras
was higher than that induced by F3 in liver relative weight and in
the reduction of parasite load (Figure 5d). Representative images of
live smears of controls treated with saline and of F1F3 vaccinated
mice are shown in Supplementary Figures S3a, b, respectively.
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3.6 Correlation between immunological
variables and clinical outputs

F1F3 vaccination effectively prevents L. (L.) infantum chagasi
infection VL, as shown by strong correlations between
immunological response and clinical evidence. As strong surrogates
of protection, the IgM, IgG, IgG1, IgG2a, IgG2b, and IgG3 antibody
absorbance values after infection were negatively and significantly
correlated with the relative weights of the spleens (Supplementary
Figures S4a-f) and livers (Supplementary Figures S4g-1) (Table 1).
The absorbance values of all of these antibodies after vaccination, in
addition to IgA, were also negatively correlated with the liver parasite
load (Table 2) (Supplementary Figures S5a-g).

Additionally, the increases of IDR responses after vaccination
(Supplementary Figures S6a-d) and the secretion of IFN-y and
TNF-a after infection (Supplementary Figures S6e-h) were
negatively correlated with the relative weights of spleens and
livers (Table 1). Furthermore, the IDR responses and the levels of
IFN-y, TNF-o and the TNF-o/IL-10 cytokine ratios after
vaccination (Supplementary Figures S7a-g) were also negatively
correlated to the liver LDU values, with all of them representing
strong correlates of protection (Table 2). In contrast, as expected for
disease markers, the liver parasite load was positively correlated
with the relative spleen and liver weights (Supplementary Figures
S71, g) (Table 2).
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Thi-cytokine secretion promoted by the F3 vaccine and mixed inflammatory/regulatory cytokine response induced by the chimeras. The mice were
vaccinated with the F1, F3, F1 + F3 mixture, or F1F3 chimeras at 100- or 200-ug doses, all formulated with 100 pg saponin. The results represent the
means of IFN-v (a, d), TNF-o (b, ), and IL-10 secretion (c, f) in response to NH36 after immunization and infection and the means of IFN-v/IL10 (g,
i) and TNF-o/IL10 ratios (h, j) secreted by splenocytes after immunization and after infection, as evaluated in the ELISA assay (expressed in pg/mL).
Horizontal bars represent the means + SE of two independent experiments with n = 6 mice per treatment after vaccination and n = 8 mice per
treatment after infection. Asterisks and horizontal lines indicate differences between treatments as disclosed using 95% confidence interval.

4 Discussion

We aimed to develop a vaccine based on a highly conserved
antigen in all species of the Leishmania genus. Such a vaccine would
be advantageous because it could achieve cross-protection and
prevent all types of leishmaniasis. With this purpose, we
previously demonstrated that the F1IF3 chimera promoted in mice
an optimized vaccine efficacy against the heterologous infections by
L. (L.) amazonensis (10), agent of diffuse cutaneous leishmaniasis,
and L. (V.) braziliensis (22), agent of cutaneous and mucocutaneous
leishmaniasis of America. In these two previous studies, as
described here in the mice model for VL, the F3 and the F1F3
were the most potent vaccines (10, 22). However, while as expected
after the homologous challenge with L. (L.) infantum chagasi the
increases of anti-NH36 antibody absorbances promoted by the F3
and the F1F3 vaccines were higher and more pronounced for the
IgG class followed by the IgG1, IgG2a, IgG2b, and IgG3 subclasses,
after the heterologous challenge by L. (V.) braziliensis the increases
were more substantial for the IgA class (99% and 122%,
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respectively) followed by the IgG2a (20% and 59%, respectively)
and IgG3 subclasses (46% and 59%, respectively) (22). The
predominance of an anti-NH36 IgA response after the challenge
with L. (V.) braziliensis is a significant achievement, considering
that L. (V.) braziliensis infection targets the skin and mucosal tissues
and that IgA antibodies are the most relevant in the protection of
mucosal tissues against microbial infections (26). In agreement,
after the heterologous challenge with L. (L.) amazonensis, the
antibody increases were lower than after infection with L. (L.)
infantum chagasi, but also mainly promoted by the F1F3 chimera,
as detected in IgG2a (36%), IgM (15%), and IgA (5%) increases of
antibody absorbances (10). Protection against leishmaniasis is
mainly related to the cellular T cell rather than to the B cell and
antibody responses (27), and vaccine antibodies in VL are only a
surrogate of protection (28). However, our antibody results
illustrate the generation of a cross-reactivity and indicate that a
vaccine against VL based on the F1F3 chimera could also generate
antibodies against agents of cutaneous leishmaniasis and behave in
endemic areas as a bivalent transmission-blocking vaccine (TBV)

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1598755
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gomes et al.

10.3389/fimmu.2025.1598755

saline

F1

F3

F1+F3
F1F3 100
F1F3 200

if 00

FIGURE 5

a b
4+ hd 15+
- * =
3 - 2
= - £
5 3 E
g £ 10
T, 2
2 5
g K
S ®
=1, 2%
i) k]
5 g
0- ~ oA
c d
\ \ 2000+
*
g3 *
£ £ 15004
© c
: 2 5
2 2 1000
s -
[ —
> 3
2 14 2 5004
2
o
o
5 0
o .
] 0_

Impact of vaccination on clinical variables. Mice were vaccinated with the F1, F3, F1 + F3 mixture, or F1F3 chimeras at 100- or 200-pg doses, all
formulated with 100 pg saponin. The results represent the gain in corporal weight in grams (g) (a), the liver/body relative weight as percentages (%)
(b), the spleen/body relative weight in percentages (%), (c) and the parasite load in the liver of mice infected with amastigotes of Leishmania (L.)
infantum chagasi expressed as LDU values (d) after euthanasia. Horizontal bars represent means + SE of two independent experiments with n = 8-
10 mice per treatment. Asterisks and horizontal lines indicate differences between treatments as assessed using 95% confidence interval.

(29, 30) against both VL and CL. Transmission-blocking vaccines
are essential for blocking the spread of insect-borne infectious
diseases in endemic areas. This concept is derived from the
development of anti-malaria vaccines (31). The antibodies
generated by the vaccine in a human or animal host, once
ingested by the vector, might impede the development of the
pathogen inside their guts, avoiding the infection of more
individuals. In this way, the vaccine might stop the epidemic cycle.

The IgG2a subclass is generally associated with a Th1(IFN-vy)
response (32). In agreement, in our study, IgG2a, IFN-vy, and TNF-o.
ratios correlate negatively with liver parasite load and with spleen and
liver relative weight, suggesting that these variables are positively
associated and are markers of the Thl response. However, no
significant correlation between them was detected. On the other
hand, the IgG1 subclass is commonly associated with a Th2 (IL-10)
response (32, 33). However, in our study, and as observed for IgG2a,
IgG1 correlated negatively with spleen and liver relative weight and
with parasite load, suggesting that it is also more associated with a
Thl than with a Th2 response. In agreement, the combined
enhancement of IgG2a and IgGl is commonly described as an
effect of QS21 saponin adjuvants, which are considered stimulants
of mixed Th1/Th2 responses (32, 34), that still promote strong
immune-protection against VL. Saponins can promote either pro-
inflammatory Th1/Th2 or only anti-inflammatory Th2 immunity
depending on the structure-activity relationships of their moieties
(34). Therefore, high levels of both IgG1 and IgG2 are expected when
using saponin (25, 35). While total IgG indicates adjuvanticity, it
cannot distinguish Thl from Th2 immunity (34). In our study,

Frontiers in Immunology

10

however, the IgG2a/IgG1 ratios after vaccination and after infection
strongly suggest a Thl response.

Furthermore, the response might be related not only to the
adjuvant but to the antigen epitopes since, as we described before
(10, 22) and in the present study, the F1F3 chimera and the FI, but
not the F3 component, promote mixed IFN-y, TNF-o, and IL-
10 responses.

The intradermal response to the leishmanial antigen is a strong
correlate of protection against VL (15, 28, 36-38). Only the vaccines
containing F3 domains promoted an IDR response against
Leishmania antigen. As an indication of important optimization
of the vaccine efficacy and cross-protection, the F1F3 chimera was
superior to the F3 and to the F1 + F3 mixture after challenge with L.
(L.) infantum chagasi, as it was described after infections with L. (L.)
amazonensis (10) and L. (V.) braziliensis (22).

In line with the increase in IDR response, the chimeras also
promoted the highest IFN-y and TNF-o, inflammatory cytokine
secretions before and after challenge with L. (L.) infantum chagasi.
The highest IFN-vy secretion was observed in mice vaccinated with
the chimeras, and the highest TNF-o levels were in mice
immunized with chimeras or the F3 vaccine. Conversely, the
F1F3 chimeras and F1 elicited a significant secretion of IL-10,
whereas the F3 vaccine did not induce such a response. These
differences determined a Th1 response after challenge only in mice
vaccinated with F3, with enhanced IFN-y/IL-10 and TNF-o/IL-10
ratios. In contrast, low ratios indicative of a regulatory profile were
found in mice immunized with the FIF3 chimera. In agreement
with that, after infection by L. (V.) braziliensis, the chimeras also
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TABLE 1 Correlations between antibodies, intradermal DTH response,
cytokines, and clinical outcomes.

Immunological Clinical

variable outcome

IgM after infection Spleen relative <0.0001 | -0.6136 | 0.3765
weight

IgG after infection Spleen relative <0.0001 | -0.6151 | 0.3783
weight

IgG1 after infection Spleen relative <0.0001 | -0.6863 | 0.4710
weight

IgG2a after infection Spleen relative 0.0001 | -0.5944 0.3533
weight

IgG2b after infection Spleen relative 0.0004 | -0.5583 = 0.3117
weight

IgG3 after infection Spleen relative <0.0001 | -0.6181 | 0.3820
weight

IgM after infection Liver relative 0.0012 | -0.5191 = 0.2694
weight

IgG after infection Liver relative 0.0015 | -0.5100 = 0.2601
weight

IgG1 after infection Liver relative 0.0002 | -0.5768 = 0.3327
weight

IgG2a after infection Liver relative 0.0026 | -0.4862 = 0.2364
weight

IgG2b after infection Liver relative 0.0095 = -0.4264 | 0.1818
weight

IgG3 after infection Liver relative 0.0015 | -0.5109 = 0.2610
weight

IDR 24 h after vaccination Spleen relative <0.0001 | -0.6543 | 0.4282
weight

IDR 48 h after vaccination Spleen relative <0.0001 = -0.6567 | 0.4312
weight

IDR 24 h after vaccination Liver relative 0.0001 | -0.5908 = 0.3490
weight

IDR 48 h after vaccination Liver relative <0.0001 | -0.6361 | 0.4046
weight

IFN-y after infection Spleen relative <0.0001 | -0.6054 | 0.3665
weight

TNF-o after infection Spleen relative <0.0001 = -0.6896 = 0.4756
weight

IFN-y after infection Liver relative 0.0012 | -0.5188 = 0.2691
weight

TNEF-o after infection Liver relative 0.0001 | -0.5925 = 0.3511
weight

generated stronger IDR responses and secretions of IFN-y, TNF-a,
and IL-10, suggesting a regulatory profile. At the same time, the F3
domain showed high ratios of cytokines IFN-Y/IL-10 and TNF-a/
IL-10 (22), suggesting a Th1 type response. After infection by L. (L.)
amazonensis, the IFN-yand TNF-o. secretion was also the highest in
mice vaccinated with the chimeras (10). On the other hand, after
infection by L. (L.) amazonensis and as observed in our
investigation, the mixture (F1 + F3) was not as effective as the
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chimera in the generation of a cellular immune response (10). These
results suggest that the expression of the F1 and F3 domains in
tandem in the recombinant chimera F1F3 optimizes the generation
of the immune response and promotes strong protection against the
parasite (10).

The Th1 response in VL is associated with the production of IL-
2, IL-12, IFN-y, TNF-q, nitric oxide (NO), and reactive oxygen
species (ROS). It contributes to protection from infection (11, 39),
while the Th2 immune response, characterized by the production of
IL-4, IL-10, TGF-B, IL-6, and others, is associated with disease
progression and with parasite growth (40). Patients with active VL
are immunosuppressed and do not respond to the Leishmanin skin
test. The severe VL in humans is associated with increased levels of
IL-10. On the other hand, the increased secretion of IFN-y and
TNF-o. by CD4" and CD8" T cells is related to the cure of patients
with VL (41). Furthermore, secretion of IFN-y is restored after
successful treatment (42, 43).

In contrast, however, the role of TNF-o. in VL is ambivalent. It
has been reported to be associated with the pathology (44-49) and
its cure or protection (44, 50, 51). In hamsters vaccinated with a Th1
chimeric protein, a decrease in splenic parasite load was associated
with a Thl response against L. (L.) donovani infection, with high
IFN-y and TNF-¢ and low IL-10 secretion (51). Additionally, in
mice vaccinated with the NH36 domains, increased DTH"
responses and ratios of TNFo/IL-10 CD4" producing T cells were
strong correlates of protection that induced a significant decrease in
parasite burden (15). Furthermore, as a marker protection against
VL, the F2 domain of NH36 induced the highest levels of IFN-v, IL-
1B, and TNF-o in DTH" asymptomatic and cured subjects from
Brazil (11). In addition, NH36 and the F1 domain promoted the
IFN-y and TNF-o secretion of PBMC from cured VL patients from
Spain (52).

Furthermore, the chimeras also induced the highest IL-10
secretion in our study. The existence of a balance of the immune
response of VL that controls active disease has been suggested (53).
Prominent levels of IL-10 not counterbalanced by high levels of
IFN-y may explain the occurrence of more severe states of VL.
Without considering the severity of the disease, IL-10 was present in
patient sera, and low levels of IFN-y were associated with VL
severity in children (53). IL-10 can be considered an
immunoregulatory cytokine, as regulatory T cells (Tregs) mediate
the suppression of innate and acquired immunity cells through the
secretion of IL-10, making it play an essential role in the
development of VL (53). Th2, or anti-inflammatory cytokine IL-
10, tends to impair the inflammatory response by producing
intramonocytic IL-10 and TGF-B (54). An association between
IL-10 production susceptibility of the host and progression to
severe VL has also been described (55, 56). Furthermore, the
splenic pathology of VL has also been correlated with high levels
of TNF and interleukin IL-10. While TNF mediates the destruction
of marginal zone macrophages and gp38(+) stromal cells, IL-10
determines diminished DC migration to T-cells and their
priming (57).

T regulatory epitopes for mice (10, 22) and for humans (58)
were described in the F3 domain and for mice in the F1 domain
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TABLE 2 Correlations between antibodies, intradermal DTH response,
cytokines, spleen, and liver relative weights and liver parasite loads.

Variable Clinical

correlations outcome

IgA after vaccination Liver parasite load 0.0018 -0.5033 | 0.2533
IgM after vaccination Liver parasite load <0.0001 | -0.6753 | 0.4561
IgG after vaccination Liver parasite load <0.0001 | -0.7906 | 0.6250
IgG1 after vaccination Liver parasite load <0.0001 | -0.7421 | 0.5507
IgG2a after vaccination Liver parasite load <0.0001 | -0.7494 @ 0.5616
IgG2b after vaccination Liver parasite load <0.0001 | -0.7769 | 0.6036
IgG3 after vaccination Liver parasite load <0.0001 | -0.6533 | 0.4268
IDR 24 after vaccination = Liver parasite load <0.0001 | -0.7902 | 0.6245
IDR 48 after vaccination = Liver parasite load <0.0001 | -0.7314 | 0.5350
INF-y after vaccination Liver parasite load 0.0005 -0.5501 | 0.3026
TNF-o after vaccination  Liver parasite load <0.0001 | -0.7204 | 0.5190
TNEF-0/IL-10 Liver parasite load 0.0042 -0.4661 | 0.2173
after vaccination

Liver relative weight Liver parasite load 0.0133 0.4088 | 0.1671
Spleen relative weight Liver parasite load 0.0142 0.4053 | 0.1643

(10). However, two HLA-Class II epitopes that induce a strong Th1
response in mice were also described in the sequence of F3 (10, 22).
This differential epitope composition might explain the
predominance of a Thl-driven response generated by the F3
vaccine, which is effective against infections by L. (L.) infantum
chagasi (24, 59), L. (L.) amazonensis (10, 16), and L. (L.) braziliensis
(22). In contrast, the contribution of T regulatory epitopes of the F1
domain expressed in tandem with F3 explains the mixed regulatory
response generated by the F1F3 chimera vaccine against the visceral
infection by L. (L.) infantum chagasi in the present investigation
and against the cutaneous infections by L. (V.) braziliensis (22) and
L. (L.) amazonensis (10). Epitopes of NH36 that stimulate both the
secretion of inflammatory and regulatory cytokines by PBMC of
human patients cured from VL or asymptomatic were recently
described and used in the composition of multiepitope vaccines
against VL (58).

Finally, regarding the clinical outputs, the F1F3 chimera
vaccine promoted the strongest gain in corporal weight,
reduction of liver and spleen relative weights, and the most
pronounced reduction of parasite load in livers, indicating that it
induced protection against the homologous infection by L. (L.)
infantum chagasi. As the chimeras also promoted the most
significant reduction in the size of the mice paws’ lesion and ear
lesions caused, respectively, by the heterologous infections with L.
(L.) amazonensis (10) and L. (V.) braziliensis (22), it is possible to
conclude that the F1F3 chimera determines cross-protection
against VL and CL in the mice model. The F3 vaccine was as
effective as the chimeras in the reduction of spleen relative weight
and L. (L.) infantum chagasi parasite load and stronger than the F1
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+ F3 mixture against infection by L. (L.) amazonensis (10). In a
previous work, we also demonstrated that the expression of the F1
and F3 fractions in tandem in the F1F3 chimera, rather than as a
simple mixture, enhanced the antigen presentation to the CD8"
and CD4" T cells, optimizing in this way the immune response
generated against infection by L. (L.) amazonensis (10). In the case
of future clinical studies of efficacy, the expression of both domains
in tandem in a chimera would facilitate the production of the
vaccine antigen in a pilot or scaling-up industrial scale. In contrast,
the F1 vaccine was not effective in increasing corporal weight or
reducing the spleen and liver relative weight and promoted a 38%
lower reduction in parasite load than the chimeras in mice infected
with L. (L.) infantum chagasi, while it did not induce any reduction
in lesion sizes due to L. (L.) amazonensis (10) or L. (V.) braziliensis
(22). The strong and significant correlations between the
immunological variables and the clinical and parasitological
outcomes in mice challenged with L. (L.) infantum chagasi
support our conclusions.

Therefore, the recombinant F1F3 chimera remains the best
choice. In addition to improving vaccine efficacy and prophylactic
protection against L. (L.) infantum chagasi, which causes VL, it also
optimizes vaccine efficacy and prophylactic protection against CL
caused by L. (L.) amazonensis and L. (V.) braziliensis. Thus, it
allows the design of a bivalent vaccine to be used to prevent both
types of leishmaniasis: cutaneous and visceral.
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SUPPLEMENTARY FIGURE 1

SDS-PAGE analysis of the purified recombinant proteins. From left to right: low
molecular weight markers (Pharmacia) (pm: 97, 66, 45, 30, 20.1, and 14.4 kDa),
NH36 (32 ug), F1 (40 pg), F3 (34 ug), F1-F3lab (14.2 pg) cloned with non-optimized
codons (black arrow), and F1-F3GS (28 pg) cloned with optimized codons by
Genscript (red arrow), all stained with Coomassie Brilliant Blue R-250 (BioRad).

SUPPLEMENTARY FIGURE 2

The antibody absorbance values increase after infection. The mice were
immunized with F3 or F1F3 chimeras at 100 or 200 ug doses, all formulated in
100 pg saponin. Increased absorbance values of anti-NH36 IgA, IgM, IgG,
1gG2a, 1gG2b, and IgG3 antibodies were expressed as percentages (a) and as
means of fold increases (b).

SUPPLEMENTARY FIGURE 3

Microscopic images of liver smears. Representative image of live smears of
saline-treated controls (a) and mice vaccinated with F1F3 and saponin (b) after
euthanasia, stained with Giemsa dye, and using a X100 immersion objective.
Images were acquired using an Axio Scope Al optical microscope equipped
with the Axiovision 4.9.1. imaging software (Carl Zeiss, Germany).

SUPPLEMENTARY FIGURE 4

Correlations between antibody levels after infection and clinical outcomes. The
mice were vaccinated with the F1, F3, F1+F3 mixture, or F1F3 chimeras at 100-
or 200-pg doses, all formulated in 100 pg saponin. Dots represent the individual
data results of correlation between spleen/body relative weight percent and
IgM (a), 1gG (b), IgGl(c), IgG2a (d), IgG2b (e), and IgG3 (f) antibody absorbance
values after infection and between liver/body relative weight percent and IgM
(9). 19G (h), IgG1(i), IgG2a (j). IgG2b (k), and IgG3 (1) antibody absorbance values
after infection. Correlation analyses were performed using the bivariate two-
tailed Pearson test in the GraphPad 6 Prism software.

SUPPLEMENTARY FIGURE 5

Correlations between antibody levels after vaccination and clinical outcomes.
The mice were vaccinated with the F1, F3, F1+F3 mixture, or F1F3 chimeras at
100- or 200-pg doses formulated in 100 pg saponin. Dots represent the
individual data results of the correlation between liver parasite load in LDU
values and IgA (a), IgM (b), IgG (c), IgG1 (d), IgG2a (e), IgG2b (f), and IgG3 (g)
antibody absorbance values after vaccination. Correlation analyses were
performed using the bivariate two-tailed Pearson test in GraphPad 6 Prism.

SUPPLEMENTARY FIGURE 6

Correlations between intradermal response to leishmanial antigen after
vaccination or cytokines after infection and clinical outputs. The mice were
vaccinated with the F1, F3, F1+F3 mixture, or F1F3 chimeras at 100- or 200-ug
doses formulated in 100 pg saponin. Dots represent the individual data results
of correlation between intradermal response to leishmanial antigen after
vaccination (in mm) and spleen (a, b) and liver/body relative weight percent
after infection (c, d) and of IFN-v (e, f) and TNF-o concentrations (pg/mL)
secreted after infection (g, h), and spleen and liver/body relative weight
percent, respectively, after infection. Correlation analyses were performed
using the bivariate two-tailed Pearson test in GraphPad 6 Prism software.

SUPPLEMENTARY FIGURE 7

Correlations between the liver parasite load and the intradermal response to
leishmanial antigen, cytokines after vaccination, and the spleen and liver relative
weights. The mice were vaccinated with the F1, F3, F1+F3 mixture, or F1F3
chimeras at 100- or 200-pg doses, all formulated in 100 pg saponin. Dots
represent the individual data results of correlations between the liver parasite
load (LDU values) and the intradermal response to leishmanial antigen after
vaccination (in mm) (a, b), the IFN-y (c) and TNF-a (d) concentrations (pg/mL),
the TNF-a/IL-10 ratios (e) secreted after vaccination (g, h), and the liver/body (f)
and spleen/relative weight percent (g) after infection. Correlation analyses were
performed using the bivariate two-tailed Pearson test in GraphPad 6 Prism.
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