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In Brazil, canine visceral leishmaniasis is an important public health problem due to its alarming growth.
The high prevalence of infected dogs reinforces the need for a vaccine for use in prophylactic vaccination
campaigns. In the present study, we evaluate the immunogenicity and protection of the best dose of
Chimera A selected through the screening of cytokines production important in disease. BALB/c mice
were vaccinated subcutaneously with three doses and challenged intravenously with 1 x 107 L. infantum
promastigotes. Spleen samples were collected to assess the intracellular cytokine profile production, T
cell proliferation and parasite load. At first, three different doses of Chimera A (5 pg, 10 pg and 20 ug)
were evaluated through the production of IFN-y and IL-10 cytokines. Since the dose of 20 pg showed
the best results, it was chosen to continue the study. Secondarily, Chimera A at dose of 20 pg was formu-
lated with Saponin plus Monophosphoryl lipid A. Vaccination with Chimera A alone and formulated with
SM adjuvant system was able to increase the percentage of the proliferation of specific T lymphocytes and
stimulated a Th1 response with increased levels of IFN-v, TNF-a and IL-2, and decreased of IL-4 and IL-10.
The vaccine efficacy through real-time PCR demonstrated a reduction in the splenic parasite load in ani-
mals that received Chimera A formulated with the SM adjuvant system (92%). Additionally, we observed
increased levels of nitric oxide in stimulated-culture supernatants. The Chimera A formulated with the
SM adjuvant system was potentially immunogenic, being able to induce immunoprotective mechanisms
and reduce parasite load. Therefore, the use of T-cell multi-epitope vaccine is promising against visceral
leishmaniasis.
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1. Introduction in 12 countries in the Americas with 52.176 reported cases in

humans between 2001 and 2015 [2,3]. Brazil has the main endemic

Caused by the species Leishmania donovani and L. infantum, vis-
ceral leishmaniasis (VL) is the most serious disease among leish-
maniasis since it can evolve to death in 95% of cases, if not
treated. Its main characteristics are prolonged fever, weight loss,
weakness, hepatosplenomegaly, hypergammaglobulinemia and
pancytopenia [1,2]. VL is present in 76 countries, being endemic
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areas of the disease in the Americas [2] with increased transmis-
sion mainly in the Northeast, Southeast and Midwest [3].
Therefore, it is imperative to develop strategies that contribute
to ensure the control of VL and its prevention [4]. The interruption
of the disease cycle in dogs can restrict transmission to humans.
Thus, developing a vaccine against canine visceral leishmaniasis
(CVL) is a potential, practical and effective strategy to control the
disease spread [5]. Additionally, vaccine design and development
are the most economical way of controlling neglected diseases
|6-8]. There are only three vaccines licensed against CVL. Among
them, one approved in Brazil, Leish-Tec® (Hertape Calier, Brazil),
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and the other two in Europe, Canileish® (Virbac, France) and Leti-
fend® (Laboratorios Leti, Spain) [9]. It is noteworthy that the World
Health Organization (WHO) encourages the development of
research that investigates potential vaccines against CVL [2].

The biotechnology applied to vaccinology is a suitable tool that
helps to accelerate the development of new potential vaccine can-
didates [10]. Reverse vaccinology is an approach that optimized
data analysis and computational recognition of vaccine targets
[11] by using genome sequences to identify peptides/proteins with
the elevated potencial |12]. After applying in silico prediction tech-
niques, vaccine candidates can be expressed as recombinant pro-
teins and tested in appropriate in vitro or in vivo models to
assess immunogenicity, memory induction, and protection [6,11].
The T cell epitopes are predicted based on the molecular events
related to the processing and presentation of antigens, mainly
the identification of peptides of a certain protein that will provoke
the desired immune response [6,13]. However, some studies sug-
gested that protein-based vaccines present low immunogenic
potential when not formulated with adjuvants [14,15]. Regarding
chimeras, Saponin adjuvant has been widely employed [16-18].
Saponins trigger a Th1 response, characterized by CD8" T cells,
and Th2 by IL-4 cytokine secretion [19-21], while Monophospho-
ryl lipid A stimulates a polarized Th1 immune response with the
production of IL-2, TNF-a and IFN-y and expression of costimula-
tory molecules [21,22]. These adjuvants have also been formulated
as adjuvant system [23,24]. The adjuvant system showed low reac-
togenicity and efficiently stimulated immune response mediated
by CD4" T cells, being an appropriate candidate for use in vaccines
against viruses or intracellular pathogens [23,24]. It is important to
consider that the use of adjuvants in vaccine formulation reduces
production costs due to improvement of vaccine efficacy and
requires less antigen and number of doses [25] since adjuvants
enhance the immune response to the target antigen activating
innate immunity [26,27].

Brito et al. [18] mapped T-cell epitopes of known L. infantum
proteins with immunogenic potential and then, designed Chimera
A (histone H2A, Lip2a, Lip0, LACK, and CPC). According to the
authors [18], Chimera A induced multifunctional T cells, CD4"
and CD8" T lymphocytes proliferation and IFN-y and TNF-u pro-
duction. However, the dose-response was not evaluated, as well
as the Chimera A formulated with other adjuvants than Saponin.
Although previous literature showed that similar vaccines were
not immunogenic, it was of our interest to assess the potential of
Chimera A alone in different doses to induce the production of
the main cytokines involved in the protection and susceptibility
of VL. Therefore, we aimed to investigate three different doses
(5 pg, 10 pg and 20 pg) of Chimera A alone regarding the cytokine
production, followed by the evaluation the immunogenicity and
efficacy of the best dose of Chimera A alone or formulated with
the adjuvant system (Saponin and Monophosphoryl lipid A)
against VL experimental.

2. Materials and methods
2.1. Ethics statement, mice and parasites

This research was approved (approval number 6977080518) by
the Ethical Committee on the Use of Animals (CEUA) of Federal
University of Ouro Preto (UFOP), Brazil.

Female BALB/c mice 6 to 8-week-old were sampled into four
groups (6 per group) at each stage. The study was divided into
two stages and all the experiments were conducted in duplicate.

Promastigotes of L. infantum (MCAN/BR/2008/0P46) main-
tained by passage in Syrian golden hamsters were cultured at
24 °C in medium Novy-MacNeal-Nicolle[Liver Infusion Tryptose
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(NNN/LIT) supplemented with 100 U/mL penicillin G and
100 mg/mL of streptomycin sulfate as described by [28]. Stationary
growth parasites were used to challenge the mice and to prepare
the soluble Leishmania antigen (SLA) [29].

2.2. Study design

2.2.1. Dose-response screening

First, the screening to choose the Chimera A dose was per-
formed based on the production of the intracellular cytokines
IFN-y and IL-10 by CD4" and CD8" T cells (Fig. 1A) and their ratio
IFN-v/IL-10. At first, we evaluated different doses of the chimeric
protein, the previously reported dose (10 pg), a lower dose
(5 pg), and a higher dose (20 pg). The mice received sterile saline
0.9% (SAL), and 5 pg (ChiA-5), 10 pg (ChiA-10) or 20 pg (ChiA-
20) of Chimera A. Chimera A was synthesized by GenScript as
described by [18] and was dissolved in sterile saline. The mice
were submitted to three subcutaneous immunizations in the dor-
sum, with two-week intervals between doses. Then after two
weeks, the mice were challenged with 1 x 107 stationary L. infan-
tum promastigotes intravenously. Animals were euthanized six-
weeks post-challenge to collect the spleen.

2.2.2. Evaluation of vaccine immunogenicity and efficacy

The dose of best response selected by the screening was used to
formulate the vaccine of our study. The Chimera A was employed
alone and formulated with the adjuvant system, composed of
two adjuvants, Saponin and Monophosphoryl lipid A. Thus, was
evaluated a complete immune response vaccination-induced, pro-
duction of intracellular cytokines IL-2, Th1-type cytokines (IFN-y
and TNF- o), immunoregulatory (IL-10) and Th2-type cytokine
(IL-4), T lymphocytes (CD3*CD4" and CD3'CD8") proliferation,
nitric oxide production and splenic parasite load (Fig. 2A).

Then after the choice of the best dose (20 pg), the animals were
divided into another four groups (6 per group): (1) received sterile
saline 0.9% (SAL); (2) adjuvant group received 30 pg of Saponin
plus 12,5pg of Monophosphoryl lipid A (SM); (3) received 20 ng
of Chimera A (ChiA-20); and (4) received 20 pg of Chimera A and
30 pg of Saponin plus 12,5pg of Monophosphoryl lipid A (ChiA-
20 + SM). Saponin (Sigma Chemical Co., St. Louis, MO) was pre-
pared in sterile saline, while Monophosphoryl lipid A (Avanti Polar
Lipids, Inc.) was resuspended at a concentration of 2 mg/mL with a
solution of BSA (Bovine Serum Albumin) according to the manufac-
turer’s instructions. The chimera was dissolved in sterile saline,
then added the adjuvant preparation.

2.3. Flow cytometry assessment intracellular cytokine profile
production and T lymphocytes proliferation

Six-weeks post-challenge, spleen samples were collected to
evaluate the immune response triggered by vaccination. Spleno-
cytes were submitted to stimulated-culture with SLA (50 pg/ml)
for 24 h to assess intracellular cytokines profile production and,
for 120 h, to assess the T lymphocytes proliferation. Cells were cul-
tured in 96-well round-bottom (Costar, USA) at 37 °C with 5% CO,.

2.3.1. Cytokine profile production assay

Briefly, the evaluation of intracellular cytokines production by
flow cytometry was performed as described by [18]. Brefeldin A
(Sigma-Aldrich, USA) (10 pg/mL) was added in culture four hours
before the end of the period of incubation. Some wells were stimu-
lated with Phorbol 12-myristate 13-acetate (5 ng/mL) and lono-
mycin (1 pg/mL) as a positive control. First, cells were incubated
with FVS450 for 15 min, then washed. Cells were marked with anti-
bodies against CD3 (BV650 anti-mouse, clone 145.2C11, BD Bio-
sciences, USA), CD4 (BV605 anti-mouse, clone RM4-5, BD
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Fig. 1. Dose-response screening through the production of IFN- y and IL-10 cytokines by T lymphocytes after vaccination with three doses of Chimera A and challenge with L.
infantum. (A) Flowchart showing the study design of dose-response screening. BALB/c mice were immunized with three different doses of Chimera A (5 pg, 10 pg and 20 pg)
and challenged with L. infantum. (B) Percentage of T lymphocytes producing intracellular cytokines IFN- vy and IL-10 and their ratio (IFN- vy [IL-10). Data are expressed as
medians + SD of two independent experiments. The letters “a”, “b”, “c” and “d” represent the significant differences with the control group SAL, ChiA-5, ChiA-10 and ChiA-20,

respectively (p-value < 0.05).

Biosciences, USA)and CD8 (BV786 anti-mouse, clone 53-6.7, BD Bio-
sciences, USA). Cells were fixed with FACS fixing solution (10 g/L
paraformaldehyde, 10.2 g/L sodium cacodylate, and 6.63 g/L sodium
chloride, pH 7.2), washed and permeabilized with PBS buffer plus
0.5% saponin and stained with antibodies against IL-2 (PE anti-
mouse, clone JES6-5H4, BD Biosciences, USA), IFN-y (AF700 anti-
mouse, clone XMG1.2, BD Biosciences, USA), TNF-a (PE-Cy7 anti-
mouse, clone LG.3A10, BD Biosciences, USA), IL-4 (PE anti-mouse,
clone 11B11, BD Biosciences, USA) and IL-10 (PE anti-mouse, clone
JES5-16E3, BD Biosciences, USA) at room temperature for 30 min.

The events (100,000) were acquired on the LSR Fortessa cytome-
ter (BD Biosciences). Data analysis was performed using the Flow]o
software. The cytokines profile was demonstrated by the percentage
values of the SLA-stimulated culture. For this analysis, was con-
ceived as a heatmap with the median of each cytokine. The produc-
tion of cytokines from the SAL group was considered as basal
production and discounted from the other groups.

2.3.2. Cell proliferation assay

The T cell proliferation was estimated by CFSE (Carboxyfluores-
cein succinimidyl ester) assay as described by [30]. Splenocytes
were incubated with 5 uM of CFDA-SE (Carboxyfluorescein diacetate
N-succinimidyl ester, Sigma Co.) and stimulated with SLA (50 pg/
ml) for 120 h. As a positive control, some wells were stimulated
with Concanavalin A mitogen (1 pg/mL). First, cells were incubated
with FVS450 for 15 min, then washed. Cells were treated with PBS
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and an inert protein (serum albumin 5%) and stained with antibod-
ies against CD3 (BV650 anti-mouse, clone 145.2C11, BD Bio-
sciences, USA), CD4 (BV605 anti-mouse, clone RM4-5, BD
Biosciences, USA) and CD8 (BV786 anti-mouse, clone 53-6.7, BD
Biosciences, USA) at room temperature for 30 min.

The events (100,000) were acquired on the LSR Fortessa
cytometer (BD Biosciences). Data analysis was performed using
the Flow]o software. The T lymphocytes proliferation was demon-
strated by the percentage values of the SLA-stimulated culture.

2.4. Nitric oxide production

The nitric oxide production in vaccinated mice was measured
by the Griess reagent. Thus, the 120-hour stimulated-culture
supernatants were collected and 50 pL dispensed in a 96-well
microtiter plate. After adding 50 pL of Griess reagent, the plate
was incubated at room temperature for 10 min. Absorbance was
measured on an ELISA reader (BIO-RAD) at 570 nm. The results
were expressed through the levels of total nitrite (pM).

2.5. Real-time PCR

In order to detect the presence of the parasites, we used the
real-time PCR as previously described by [31]. The pair of primers
(forward: 5’ GGG (G/T)AG GGG CGT TCT (G/C)CG 3'; reverse: 5 (G/
C)(G/C)(G/C)(A/T)CT AT(A/T) TTA CAC CAA CCC 3'), which amplify a
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Fig. 2. Percentage of T lymphocytes proliferation and producers of IL-2 after vaccination and challenge with L. infantum. (A) Flowchart showing the study design of evaluation
of T lymphocytes proliferation and intracellular IL-2 production. (B) Percentage of T lymphocytes (CD3*CD4* and CD3*CD8*) proliferation after SLA stimulation in BALB/c mice
splenocytes. (C) Percentage of T lymphocytes producing intracellular cytokine IL-2 after SLA stimulation in BALB/c mice splenocytes. Data are expressed as medians + SD of
two independent experiments. The letters “a”, “b”, “c” and “d” represent the significant differences with the control group SAL, adjuvant group SM, ChiA-20 and ChiA-20 + SM,
respectively (p-value < 0.05). (D) Spearman’s correlation test between the percentage of T lymphocytes proliferation (CD4" and CD8") and their production of the IL-2

cytokine.

120 bp fragment, were used to detect and quantify the parasite’s
target kinetoplastid DNA minicircle (multiple-copy gene of L. infan-
tum). The constitutive gene tumor necrosis factor alpha (TNF-a)
murine was used to verify DNA integrity. For amplification of the
TNF-o gene, the pair of primers used was forward: 5 TCC CTC
TCA TCA GTT CTA TGG CCCA 3’ and reverse: 5 CAGCA AGCATC-
TATGCACTTAGACCCC 3'. Reactions were performed using Sybr
green 1 (Bryt Green®, Promega, USA) fluorescence system in an
ABI Prism 7500 Sequence Detection System (Applied Biosystems,
USA). The quantification of the number of DNA copies of the para-
site was determined by means of a linear regression using the Ct
values obtained by the standard curve (efficiency 96.0%;
r? = 0.99). The results were expressed by the number of copies of
the parasite’s DNA per milligram of spleen.

2.6. Statistical analysis

Data was analyzed using GraphPad Prism 8.0 software. The data
were plotted as mean or median + standard deviation (SD) or stan-
dard error of means (SEM) from duplicate sets of experiments. Sta-
tistical differences were determined by Kruskal-Wallis followed by
Dunn’s multiple comparisons test and Mann-Whitney post test.
Correlation analyses were obtained by using Spearman’s r test.
The statistical significance was set at p-value < 0.05.

3. Results

3.1. Dose-response screening through production effector and
immunoregulatory cytokines by T lymphocytes

The analysis of the effector cytokine showed an increased per-
centage of T lymphocytes producers of IFN-y in all groups immu-
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nized with Chimera A when compared to the SAL group (p-
value < 0.02) (Fig. 1B). We found increased production of IFN-y
by CD4" T cells at the dose of 10 pg when compared to the other
doses evaluated (p-value < 0.05). For CD8" T cells, there was a sig-
nificant difference between the lowest dose compared to the 10 ug
and 20 pg doses (p-value < 0.02). In all immunized groups, we
observed a decreased percentage of CD4" and CD8" T cells that pro-
duce the immunoregulatory cytokine IL-10 in comparison with the
control group (p-value < 0.002) (Fig. 1B). Additionally, the group
immunized with 20 pg of Chimera A showed reduced production
of IL-10 by CD8" T cells in comparison with the groups that
received the doses of 5 pg and 10 pg (p-value < 0.01). Regardless
of the dose, the ratio between the production of intracellular
cytokines (IFN-y/IL-10) showed that Chimera A increases the pro-
duction of effector cytokine, but not the immunoregulatory cyto-
kine (Fig. 1B). This ratio was lower at the dose of 10 pg in CD4" T
cells when compared to 5 pg (p-value < 0.05) and 20 pg (p-
value < 0.003) doses. For CD8" T cells, the 20 ug dose had a more
expressive production of IFN-v, being different from the groups
immunized with 5 pg (p-value < 0.01) and 10 pg (p-
value < 0.005). Therefore, a dose of 20 ug was chosen to continue
the study.

3.2. Chimera a formulated with the SM adjuvant system vaccination
induce increased of T lymphocytes proliferation associated with IL-2
production

Regarding the proliferative activity of CD4" and CD8" T lympho-
cytes, vaccination with Chimera A alone and with the SM adjuvant
system increased the percentage of proliferation after antigen-
specific stimulation as compared with the SAL and adjuvant con-
trol groups (p-value < 0.01) (Fig. 2B). For CD4" T cells, there was
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no difference for proliferation between the vaccinated groups,
while for CD8* T cells there was only a small decrease in the group
vaccinated with Chimera A formulated with the SM adjuvant sys-
tem compare to Chimera A alone (Fig. 2B). We observed an
increased percentage of CD4" T cells producing IL-2 in Chimera A
compared to the SAL group (p-value < 0.005) (Fig. 2C). The IL-2
cytokine level increased for both CD4" and CD8* T cells in the
group vaccinated with Chimera A formulated with the SM adjuvant
system compared to the SAL, SM and Chimera A alone (p-
value < 0.003) (Fig. 2C). Spearman’s correlation showed a positive
correlation between IL-2 production and T lymphocytes prolifera-
tion for both populations, CD4" T cells (r 0.8252; p-
value < 0.002) and CD8" T cells (r = 0.7496; p-value < 0.01)
(Fig. 2D).

3.3. Vaccination led to a significant increase in IFN- y and TNF-a and
decrease the IL-4 and IL-10 produced by T lymphocytes

Chimera A alone and formulated with the SM adjuvant system
demonstrated an alike profile of intracellular cytokines production
in the vaccinated mice. Regarding pro-inflammatory cytokines,
there was an increased percentage of T lymphocytes, CD4" and
CD8", producers of IFN-y and TNF-a in vaccinated groups (Chimera
A alone and formulated with the SM adjuvant system) compared to
the SAL and SM groups (p-value < 0.03) (Fig. 3A). It is important to
highlight that vaccination with Chimera A formulated with the SM
adjuvant system demonstrates better performance in triggering
IFN- v and TNF-a production compared to vaccination with Chi-
mera A alone (p-value < 0.01). In addition, there was a decrease
in IL-4 and IL-10 production by CD4* and CD8" T cells in the vacci-
nated groups compared to the SAL and the adjuvant control group
(p-value < 0.02) (Fig. 3A). In summary, the use of the adjuvants sys-
tem strengthened the production of pro-inflammatory cytokines
and kept the production of anti-inflammatory cytokines lower than
those observed in the control groups, as can be observed in the
heatmap (Fig. 3B).

3.4. Chimera A formulated with the SM adjuvant system was able to
induce nitric oxide production and reduce the splenic parasite load

We observed a significant increase in nitric oxide levels pro-
duced by splenocytes only in the group vaccinated with Chimera
A formulated with the SM adjuvant system when compared with
the SAL and SM groups (p-value < 0.001) (Fig. 4A). To evaluate
the efficacy of the vaccine candidate the parasite load was quanti-
fied in the splenic compartment. No difference was found in the
parasite load in the spleen of the vaccinated mice with Chimera
A and the control groups. Notwithstanding, when Chimera A was
formulated with the SM adjuvant system, there was a remarkably
decreased parasite load in comparison with the SAL (p-
value < 0.0003), adjuvant control group (p-value < 0.0005), and
Chimera A alone (p-value < 0.003) (Fig. 4B).

3.5. Correlation between splenic parasite load and cytokines and nitric
oxide

Correlation analyses were performed by Spearman’s r test
between the splenic parasite load and the percentage of T lympho-
cytes, CD4" and CD8', producers of the IFN-y, TNF-o and IL-10
cytokines, as well as nitric oxide levels. We observed a positive cor-
relation between CD4" and CD8" T cells producers of IL-10 and par-
asite load in the spleen of the vaccinated mice (r = 0.5425; p-
value < 0.0319; r = 0.5791; p-value < 0.0259) (Table 1). However,
the correlation was negative for CD4'IFN-y* (r = —0.7196; p-
value < 0.0023), CD8'IFN-y* (r = —0.7105; p-value < 0.0027), CD4"-
TNF-o.* (r = -0.8047; p-value < 0.0003), and CD8'TNF-o"
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(r = —0.7864; p-value < 0.0008) (Table 1). We highlight the strong
correlation obtained between the parasite load and CD4*TNF-o*. In
addition, we also found a moderate correlation with the nitric
oxide levels data (r = —0.6844; p-value < 0.0044).

4. Discussion

Several efforts have been made emphasizing the characteriza-
tion and testing of antigens derived from different species of Leish-
mania as potential candidates for future vaccines. However, there
are still gaps in the mechanisms of protection and immune mem-
ory triggered by new vaccine and immunobiological candidates
[32]. Therefore, it is important to develop more effective candi-
dates, which can contribute not only to attenuate the dog’s clinical
condition, but also to interrupt the transmission cycle by providing
the effective immunization of the dog and/or blocking sandfly
infection.

The present study investigated the potential of Chimera A alone
and formulated with an adjuvant system (Saponin plus Monophos-
phoryl lipid A) to induce immunogenicity in BALB/c mice against
VL. Either alone or formulated with adjuvant system, vaccination
with Chimera A proved to be harmless and safe for administration.
Additionally, the animals did not present ulcers and/or signals of
pain or behavioural changes. Our results strengthened that vacci-
nation with Chimera A formulated with the SM adjuvant system
leads to the generation of a Th1 response and proliferation of T
lymphocytes against L. infantum.

At first, our study performed a comparative analysis of the pro-
duction of IFN-y and IL-10 cytokines induced by different doses
(5 pg, 10 pg and 20 pg) of a vaccine candidate. Doses 10 and
20 pg of Chimera A showed similar behavior regarding the produc-
tion of the effector cytokine. Despite the 10 pg dose presenting an
increase in the production of IFN-v, unfortunately it also increased
the production of IL-10 compared to the dose of 20 pg. The IFN-y
cytokine is known for stimulates the production of nitric oxide
by activated macrophages combating intracellular pathogens, pro-
motes the differentiation of CD4" T cells in the Th1, and inhibits the
development of Th2 [33]. In contrast, the cytokine IL-10 is associ-
ated with disease progression and susceptibility, acting on the
modulation of the immune response by blocking the activation of
the Th1 response and reducing the levels of IFN-y and nitric oxide
[34]. As known, a vaccine for leishmaniasis intends to stimulate
Th1 response. When we determined the ratio for the production
of intracellular cytokines by CD4" and CD8" T cells, we observed
an increase in the IFN-y production compared to IL-10. The IFN-
v/IL-10 ratio for CD8" T cells at the dose of 20 pug was substantially
higher than 5 and 10 pg. Similarly, Sachdeva et al. [35] found a pre-
dominance of the Thl response (higher values of the IFN-y/IL-10
ratio) in BALB/c mice immunized and challenged with L. donovani.
High values of the IFN-y/IL-10 ratio may provide a substantial
source of protection in immunized mice [36]. Therefore, the data
obtained allows us to choose the Chimera A 20 pg dose to continue
the study. According to [ 14,15], the protein-based vaccine presents
low immunogenicity, which can be improved when formulated
with adjuvants. To ensure enhanced immunogenicity, we evalu-
ated the Chimera A 20 pg alone and formulated with Saponin plus
Monophosphoryl lipid A.

To immunogenicity evaluation, we use flow cytometry analysis
to assess T lymphocytes (CD3*CD4" and CD3*CD8") proliferation
and the cytokine profile production after antigen-specific stimula-
tion. The data obtained demonstrated that the Chimera A alone and
formulated with the SM adjuvant system was able to increase the
percentage of the proliferation of specific T lymphocytes, corrobo-
rating the findings obtained by [37,38]. The detection of responsive
T lymphocytes is probably associated with a specific response to
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Fig. 3. Intracellular cytokine profile production induced by vaccination and challenge with L. infantum. (A) Percentage of T lymphocytes producing intracellular cytokines IFN-
¥, TNF-ot, IL-4 and IL-10 after SLA stimulation in BALB/c mice splenocytes. Data are expressed as medians * SD of two independent experiments. The letters “a”, “b”, “c” and
“d” represent the significant differences with the control group SAL, adjuvant group SM, ChiA-20 and ChiA-20 + SM, respectively (p-value < 0.05). (B) The heatmap is the
rainbow type, in which the greatest production is expressed from the yellow to red, while the blue to violet tones represent a low expression of cytokines. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

experimental infection by L. infantum, which demonstrates the presence of CD4" T cells that provides protection and control of
potential of Chimera A as a vaccine candidate. CD8" T response Leishmania parasites due to pro-inflammatory cytokine secretion
appears to be necessary, as it provides protection, as well as the [39,40]. There was an increase in IL-2 level produced by CD4*
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Fig. 4. Nitric oxide production and splenic parasite load after vaccination and challenge with L. infantum. (A) Nitric oxide production by splenocytes in supernatants of SLA-
stimulated culture. The results were expressed through the levels of total nitrite (uM). (B) Splenic parasite load of vaccinated and challenged BALB/c mice. Results are
expressed in amastigotes DNA copies per milligram of spleen. Data are expressed as means + SEM of two independent experiments. The letters “a”, “b”, “c” and “d” represent
the significant differences with the control group SAL, adjuvant group SM, ChiA-20 and ChiA-20 + SM, respectively (p-value < 0.05).

Table 1
Spearman’s correlation analyses.

Splenic parasite load

CD4* IFN* r -0,7196
p 0,0023

TNF* r —0,8047
p 0,0003
IL-10" r 0,5425
p 0,0319

CD8* IFN* r -0,7105
p 0,0027

TNF* r —0,7864
p 0,0008
IL-10" r 0,5791
p 0,0259

Nitric oxide r -0,6844
p 0,0044

and CD8" T cells in mice vaccinated with Chimera A formulated
with the SM adjuvant system. IL-2 is related to clonal expansion
of CD4" and CD8" T cells and secretion of Th1 cytokines [41].

We found an increased percentage of CD4" and CD8" T cells pro-
ducers of IFN-y and TNF-o in vaccinated mice that received Chi-
mera A formulated with the SM adjuvant system. [FN-y and TNF-
o are pro-inflammatory cytokines involved in protection against
leishmaniasis that deserve to be highlighted [41]. Dikhit et al.
[38] observed a significant increase in CD4" T cells producers of
IFN-y, while Martins et al. [16] found an increase of both CD4"
and CD8" T cells producers of IFN-y in vaccinated mice. Differently,
Alves-silva et al. [42] showed an increase for IFN-y and TNF-o.
These findings point to a Th1 response, as expected. The literature
widely addressed that effective vaccines activate innate immunity
through inflammatory responses, being advantageous in providing
immunogenicity [43].

After vaccination with Chimera A, we observed a decrease in IL-
4 and IL-10 levels, reinforcing the establishment of an inflamma-
tory response. The addition of the SM adjuvant system led to an
increase in IL-4 and IL-10 levels compared to vaccination only with
Chimera A. However, it remained lower when compared to the
group inoculated with saline. Susceptibility to leishmaniasis is
related to the development of a Th2 response, characterized by
the production of cytokines IL-4, IL-5 and IL-13 [44]. Previous stud-
ies suggest that the production of IL-10 may be related to its role in
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modulating the immune system, mainly in response to a pro-
inflammatory environment triggered after vaccination, acting as
a feedback mechanism by increasing its secretion [44]. In addition,
increased IL-10 may be necessary against an extremely polarized
immune response and, hence, seeking to limit tissue damage
[45,46].

The increased levels of IL-2, IFN-y and TNF-a found in our study
was also previously reported by Brito et al.[ 18] in BALB/c mice vac-
cinated with Chimera A (10 pg) associated with Saponin only. Sim-
ilar findings were observed by [38,47], but using a higher dose than
ours, respectively, 30 and 50 pg. Thus, even with a smaller dose, we
obtained results expressive as those previously mentioned, which
can be attributed to the immunogenic potential of chimera and
the use of adjuvants in the formulation.

The intensity and quality of the adaptive immune response are
influenced by the innate immune response, which is activated
more efficiently through the action of adjuvants. The adjuvants
used are TLRs agonists, which stimulate increased inflammation
through cells producing IFN-v and IL-2 and help antigen uptake
and presentation by APCs [21,48,49]. The vaccination with Chimera
A formulated with SM adjuvant system enhanced the cellular
immune response. This finding is possibly related to adjuvants’
effect that activates the immune system. Furthermore, Brito et al.
[18] showed a good interaction between Chimera A and murine
TLR3 and TLR4 receptors by using immunoinformatics tools.

The nitric oxide production in culture supernatant can also be
considered a biomarker of immunity against Leishmania since their
levels increase in vaccinated dogs |50]. Low nitrite production was
expected in the group inoculated with saline, due to the absence of
antigenic fragments during the immunization protocol. Although
vaccinated mice with Chimera A alone induced nitrite production,
it was not significant in comparison to the other groups, possibly
due to no activation of macrophages and, hence, no reduction in
the parasite burden. Instead, we observed increased nitrite produc-
tion in the group vaccinated with Chimera A formulated with the
SM adjuvant system, indicating possible activation of splenic
macrophages. The presence of activated macrophages, which pro-
duce nitric oxide and reactive oxygen species, is related to the
increase in specific CD4" T cells that produce the cytokines IFN-y
and TNF-o. Dikhit et al. [38], Lage et al. [51] and Dias et al. [17] also
found similar results, which may be associated with the use of
adjuvants in the formulation.
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To evaluate the vaccine efficacy, we quantified the parasite load
in the spleen, which is an organ largely affected by the Leishmania
parasite. There is the establishment of a persistent infection profile
in a murine model, which makes this organ useful for assessing
vaccine efficacy [34,52,53]. We did not observe any reduction in
parasite load in mice vaccinated with Chimera A alone. Thus,
despite being immunogenic, the Chimera A alone was not able to
provide protection. However, when formulated with the SM adju-
vant system, the parasite load significantly decreases (92%) in com-
parison to the SAL group. In contrast, Martins et al. [16] had low
reduction of parasite load (49.8%) in mice BALB/c vaccinated with
recombinant chimeric protein formulated with Saponin. Brito
et al. [18] found a reduction slightly minor than our results (82%)
when evaluated this same Chimera A formulated with Saponin
only. The murine model is widely useful to obtain a detailed anal-
ysis of immune response, contributing to select possible vaccine
candidates and potential adjuvants [44,53,54]. Nevertheless, it is
important to highlight that data obtained from murine models can-
not be generalized to other hosts, which implies further investiga-
tions regarding the establishment of potential prophylactic effects
in dogs and/or humans for example.

5. Conclusion

The Chimera A formulated with the SM adjuvant system was
considered immunogenic and capable of inducing potential
immunoprotective mechanisms against infection by L. infantum
in BALB/c mice. The vaccination provides a proinflammatory cyto-
kine profile with high levels of IFN-y and TNF-« and production of
nitric oxide, leading to a reduction in the splenic parasite load. The
data obtained were promising and highlight the potential use of T-
cell epitope-based vaccine against CVL.
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