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Abstract: Leishmania amazonensis parasites are etiological agents of cutaneous leishmaniasis in the
New World. BALB/c mice are highly susceptible to L. amazonensis challenge due to their inability to
mount parasite-dependent IFN-y-mediated responses. Here, we analyzed the capacity of a single
administration of the LIAHSP70-II genetically-modified attenuated L. infantum line in preventing
cutaneous leishmaniasis in mice challenged with L. amazonensis virulent parasites. In previous studies,
this live attenuated vaccine has demonstrated to induce long-protection against murine leishmaniasis
due to Old World Leishmania species. Vaccinated mice showed a reduction in the disease evolution due
to L. amazonensis challenge, namely reduction in cutaneous lesions and parasite burdens. In contrast
to control animals, after the challenge, protected mice showed anti-Leishmania IgG2a circulating
antibodies accompanied to the induction of Leishmania-driven specific IFN-y systemic response.
An analysis performed in the lymph node draining the site of infection revealed an increase of
the parasite-specific IFN-upgamma production by CD4" and CD8" T cells and a decrease in the
secretion of IL-10 against leishmanial antigens. Since the immunity caused by the inoculation of
this live vaccine generates protection against different forms of murine leishmaniasis, we postulate
LiAHSP70-II as a candidate for the development of human vaccines.

Keywords: Leishmania amazonensis; live vaccines; attenuated parasites; murine leishmaniasis; BALB/c
mice; [FN-y

1. Introduction

Leishmania amazonensis parasites are one of the causative agents of different forms of
American cutaneous leishmaniasis (ACL), including localized (LCL) and disseminated
forms, as well as the most severe and incurable clinical form, anergic diffuse cutaneous
leishmaniasis (DCL) [1]. The immunopathology of these forms varies from the existence
of a predominant Th1l response against the parasite in LCL patients to the induction of
Th2-mediated responses accompanied with a very limited production of IFN-y against
parasite antigens in patients with anergic DCL [1,2]. This species belongs to the Leishmania
subgenus and coexists with different species of the Viannia subgenus such as L. braziliensis,
L. guyanensis or L. panamensis [3]. Although murine models do not reproduce the complexity
of the disease in humans, they have been used to advance the analysis of the immune
response against Leishmania. In the most paradigmatic model of CL, the infection with the
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Old World cutaneotropic L. major species, effective immunity depends on the induction
of a parasite-specific IFN-upgamma-mediated response. This response is able to induce
nitric oxide-dependent killing of amastigotes in infected macrophages and is observed in a
disease-resistant model where C57BL/6 mice are infected. On the other hand, susceptibility
is associated to the induction of parasite-specific IL-4 and IL-10-mediated responses, as
in the L. major-BALB/c model [4]. In the case of L. amazonensis, BALB/c mice fail to
resolve the infection due to the difficulty in generating Th1 responses in addition to the
parasite-specific production of IL-10 [5,6].

BALB/c mice have been extensively employed for the development of therapeutic
strategies [7], as well as for the design of vaccines. Different strategies of vaccination
have been tested in the L. amazonensis-BALB/c model using different sources of antigens,
including the use of L. amazonensis total parasite extracts administered in different prepa-
rations [8-12], parasite protein fractions [13] or L. amazonensis-defined antigens, usually
injected as DNA vaccines [14,15]. In addition, some protection has been reported for
vaccines composed by protein extracts [16] or defined antigens [17,18] from other Leishma-
nia species.

In recent years, the use of attenuated strains for the generation of vaccines against
visceral leishmaniasis (VL) [19] or CL [20] has proven to be an interesting alternative to the
immunization of subunit-based vaccines. In this sense, there are very few references regard-
ing the analysis of these vaccines in murine models of infection by L. amazonensis. Recently,
a single inoculation of photoinactivated L. amazonensis promastigotes was injected in the ear
dermis of BALB/c mice and induced short-term protection against a virulent homologous
challenge in the tail base [21]. In addition, BALB/c mice were injected with L. infantum pro-
mastigotes bearing genes encoding for toxic proteins able to kill the amastigote forms in the
vertebrate host. They presented a less severe disease when challenged with L. amanonensis,
namely a reduction in skin lesions and parasite load compared to the animals of a control
group [22]. Regarding the use attenuated lines generated by genetic modification, it has
been shown that BALB/c mice vaccinated with a dihydrofolate-reductase thymidylate
synthase L. major null mutant (Lmdhfr-ts™) were partially protected against a L. amazonensis
infective challenge administered in the short term [23].

Evidences on the use of live vaccines against CL due to L. amazonensis infections are
still scarce. In this work, we present the effect of vaccination with the attenuated strain of
L. infantum LiAHSP70-1I in the subsequent evolution of cutaneous leishmaniasis caused
by an infection with L. amazonensis. Vaccination with this attenuated cell line was able to
induce an immune response capable of controlling CL [24,25] and VL [26] development
caused by L. major or L. infantum infectious challenge in BALB/c mice, respectively. We
present here data regarding the evolution of the CL disease as well as the immune response
elicited in vaccinated and unvaccinated mice after L amazonensis challenge.

2. Materials and Methods
2.1. Mice, Parasites, Vaccination, and Challenge

Female BALB/cOlaHsd mice (6 weeks old at the beginning of the assays) were
purchased from Envigo (Huntingdon, UK). The procedures were achieved according
to the Directive 2010/63/UE-Recommendation 2007 /526 /EC (European Union) and to
the RD53/2103 from the Spanish Government. Experiments were approved by the Centro
de Biologia Molecular Severo Ochoa by the Animal Care and Use Committee (reference
CEEA-CBMSO 23/243), the Bioethical Committee of the Spanish Consejo Superior de
Investigaciones Cientificas (reference 795/2019) and the Government of the Autonomous
Community of Madrid (Spain) under the reference PROEX134/19.

The following Leishmania parasites species were employed: The attenuated cell line
L. infantum MCAN/ES/96/BCN150 [Ahsp70-11:NEO/Ahsp70-11::HYG] [27] for vaccination,
L. infantum (MCAN/ES/96/BCN150) for preparation of soluble leishmanial antigen (SLA)
employed in the analysis of the anti-parasite humoral response post-vaccination (see below),
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and L. amazonensis (IFLA /BR/67/PHS8), generously provided by Dr. Javier Moreno (ISCI],
Spain) for challenge and SLA preparation (post-challenge humoral and cellular analyses).

Promastigote forms were grown in Schneider medium (Gibco, NY, USA) supple-
mented with 10% Fetal Calf Serum (FCS) (Sigma, MO, USA), 100 U/mL of penicillin and
100 pg/mL of streptomycin (complete Schneider medium) at 26 °C. Complete medium
was additionally supplemented with 20 pug/mL of G418 (Sigma, MO, USA) and 50 ug/mL
of hygromycin (Sigma, MO, USA) for growing the attenuated cell line.

2.2. Vaccination, Challenge, and Disease Follow-Up

Vaccination was performed subcutaneously (s.c.) as described in [26]. Briefly, 1 x 107
LiAHSP70-II promastigotes (in 30 uL of phosphate saline buffer (PBS)) were single- admin-
istered in the right footpad. In all cases, a control group was established (receiving only
PBS). For challenge, BALB/c mice from the control or the vaccinated groups received 5 x
10* (low dose group: n = 5 per group) or 5 x 10° (high dose group: n = 8 per group) L. ama-
zonensis stationary promastigotes s.c. (in 30 pul of PBS) in the left footpad. Challenge was
done 12 weeks after vaccination. All the experiments were performed independently two
times. Data shown in the figures represent one experiment with similar results obtained in
a second one using the same number of animals. In all the assays, samples were processed
and analyzed independently from each mouse.

Infection follow-up was performed by assessing footpad swelling with a metric digital
caliper. Lesion size was expressed as thickness of the L. amazonensis left footpad minus
thickness of the right footpad. For parasite burden quantification a limiting dilution assay
was performed as described in [25,28]. Briefly, after sacrifice the popliteal lymph nodes
draining (DLN) the site of vaccination (right popliteous) or challenge (left popliteous), the
left footpad, the spleen and a piece of approximately 20 mg of the liver were independently
homogenized and filtered through 70 um cell strainers (Corning Gmbh, Kaiserslautern,
Germany) to obtain cell suspensions. Individual samples were serially diluted (1/3)
in triplicates in a 96-well flat-bottomed microtiter plate containing complete Schneider
medium supplemented or not by 20 pg/mL G418 and 50 pug/mL hygromycin. The number
of viable parasites was determined from the highest dilution at which promastigotes could
be grown up to 14 days of incubation at 26 °C and is indicated per whole organ.

2.3. Sera Preparation and ELISA

Sera were obtained from blood samples taken 12 weeks after vaccination and 14 weeks
after challenge (low dose) or 11 weeks after challenge (high dose). SLA were prepared by
three freezing and thawing cycles of stationary promastigotes suspended in PBS followed
by centrifugation for 15 min at 12,000 x g using a microcentrifuge. For ELISA, L. infantum
or L. amazonensis SLA was employed to analyze the reactivity of the samples before and
after challenge, respectively. Assays were performed as previously described [25] using
96-well MaxiSorp plates (Nunc, Roskilde, Denmark) (1 ng per well). The sera end-point
titer of IgG1 and IgG2a specific for SLA was calculated as the inverse value of the highest
serum dilution factor giving an absorbance > 0.15. Anti-IgG1 or anti-IgG2a horseradish
peroxidase-conjugated anti-mouse immunoglobulins were purchased from Nordic BioSite
(Taby, Sweden). In all the assays, samples were collected and processed individually.

2.4. In Vitro Spleen Cell Stimulation and Analysis of Cytokine Concentration in Culture Supernatants

For the analysis of the systemic production of cytokine, primary cultures were estab-
lished from the spleen as described above, but using RPMI complete medium (RPMI
medium (Sigma) supplemented with 10% heat-inactivated FCS, 20 mM L-glutamine,
200 U/mL penicillin, 100 pg/mL streptomycin and 50 pg/mL gentamicin) instead of
Schneider medium. Cells (5 x 10° per ml) were cultured during 72 h at 37 °C in 5% CO, in
the absence or in the presence of L. amazonensis SLA at 12 pg/mL or Concanavalin A (ConA)
at1 ug/mL of final concentration. The levels of IFN-y, IL-10 or IL-4 in culture supernatants
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were determined by sandwich ELISA using commercial kits (Thermo Fischer Scientific,
Waltham, MA, USA). In all the assays, samples were collected and processed individually.

2.5. In Vitro DNLs Cell Stimulation and Analysis of Cytokine Concentration in Culture
Supernatants

DLNSs cell cultures (left popliteous) were established in RPMI complete medium. For
anti-CD3/antiCD28 stimulation, 96-well High Bind COSTAR plates were coated for 2 h
with at 37 °C with antiCD3e (Clone 145-2C11; 1 ug per well). DLN cells (1 x 10° per well)
were cultured during 12 h at 37 °C in 5% CO; in the presence of 0.2 pg of anti-CD28 (clone
37.51). Plates and antibodies were purchased by Thermo Fisher (Waltham, MA, USA). For
control, cells were cultured in the same conditions in the absence of both antibodies.

For SLA stimulation, DLN cells (2 x 10° cells/mL) were co-cultured during 48 h at
37 °C in 5% CO;, with granulocyte-macrophage colony-stimulating factor (GMCSF) bone
marrow-derived cells (BM-DCs) stimulated or not with SLA (4 x 10 ° cells/mL). BM-
DCs cells were obtained from BM suspensions by culturing for 7 days in RPMI complete
medium supplemented with 20 ng/mL of recombinant GMCSF (Peprotech, London, UK).
For stimulation, BM-DCs were pulsed with L. amazonensis SLA (3 pg/mL) the last 24 h
of culture. The levels of IFN-y, IL-10 or IL-4 in culture supernatants were determined
by sandwich ELISA using commercial kits (Thermo Fischer Scientific). In all the assays,
samples were collected and processed individually.

2.6. Analysis of T Cell Populations by Flow Cytometry

For identification of T cell producing cytokines in L. amazonensis infected DLNS, cell
cultures were established and co-cultured with BM-DCs pulsed or not with L. amazonensis
SLA as described above, but during 24 h. In addition, cultures were treated with 10 ug/mL
brefeldin A (Sigma) the last 6 h. Then, cells were harvested, washed in PBS with 1% heat-
inactivated FCS (PBSw) and incubated with Mouse BD Fc Block (BD Biosciences; Franklin
Lakes, NJ, USA). Next, cells were stained with antibodies specific for the CD3 (clone 145-
2C11; APC), CD4 (clone RM4-5; BV570) and CD8 (clone 53-6.7; FITC) during 30 min at
4 °C. After washing in PBSw cells were fixed and permeabilized with Cytofix/Cytoperm
(BD Biosciences, Franklin Lakes, NJ, USA) during 30 min at 4 °C. Next, PE/Cy7 anti-
mouse IFN-y (clone XMG1.2) antibody was added for 30 min at 4 °C. Finally, cells were
washed and analyzed. Labelled antibodies were purchased from BioLegend (San Diego,
CA, USA). Samples were analyzed using a FACS Canto II flow cytometer and FACSDiva
Software (BD Biosciences, Franklin Lakes, NJ, USA) and processed and plotted with Flow]Jo
Software (Flow]Jo LLC, Ashland, OR, USA). In all the assays, samples were collected and
processed individually.

2.7. Statistical Analysis

Data (samples n > 8) were analyzed by the D' Agostino and Pearson normality test.
Parametric data were analyzed by a two-tailed Student t-test. Non-parametric data (or
data with n < 8) were analyzed by a Mann-Whitney test. Differences were considered
significant when p < 0.05. Statistical analysis was performed using the Graph-Pad Prism 5
program (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. The LiAHSP70-II Based Vaccine Induces Long-Term Protection Against a L. amazonensis
Virulent Challenge in BALB/c Mice

We first analyzed the long-term effect of vaccination with the LIAHSP70-II attenuated
line in the development of murine leishmaniasis due to the infection with a high dose of
L. amazonensis (5 x 10° stationary phase promastigotes). For comparison, a group of mice
inoculated with the vaccine diluent (PBS) at the time of vaccination was also challenged
with the infective species. Skin lesions appeared from the seventh week in both groups
of animals (Figure 1A). Footpad swelling decreased significantly in vaccinated animals
compared to controls (Figure 1A) until week 11 after challenge.
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Figure 1. Course of Leishmania amazonensis infection in control and vaccinated mice. BALB/c mice
were inoculated with PBS (control) or with 1 x 107 LiIAHSP70-II attenuated promastigotes suspended
in PBS (vaccinated) in the right footpad. At week 12 after vaccination control and vaccinated mice
were challenged with 5 x 10° ((A,B); high dose, n=8) or 5 x 10* ((C,D); low dose, 1 = 5) stationary
L. amazonensis promastigotes in the left footpad. In (A) and (C), swelling was calculated weekly and
it is given as the difference in thickness between the challenged and the contralateral footpad (mean
+ standard deviation (SD)). Parasite burden was individually determined by a limiting dilution
assay in the left footpad and the left popliteal lymph node at week 11 (B) or 14 (D) after infectious
challenge and it is represented as the mean + SD. * (p < 0.05; Student’s t-test). Results from one out
of two similar experiments are represented. No parasites were detected in the liver or the spleen of
mice from control or vaccinated groups in any of the experiments.

At week 11 after challenge L. amazonensis promastigotes were detected in the left
footpad and the corresponding draining lymph node (DLN; left popliteal) in control and
vaccinated mice groups (Figure 1B). Remarkably, lower parasite burdens (1.68-logg in the
DLN, p = 0.0003; 1.51-log1o in the footpad, p = 0.002) were observed at both locations in
the vaccinated animals with regard of the mice from the control group (Figure 1B). No
Leishmania parasites (vaccine or infectious challenge) were found in internal organs such
as liver and spleen (additional file 1: Figure S1). The persistent presence of the parasite
composing the vaccine was only found in the right popliteal node draining the site of
vaccination (additional file 1: Figure S1).

A complete control of the time-dependent development of pathological lesions due
to vaccination was observed when animals were challenged with 5 x 10* stationary
L. amazonensis promastigotes (low dose; Figure 1C). In fact, in the fourteenth week post-
challenge, all vaccinated animals presented an infected footpad similar to the uninfected
one (Figure 1C). In spite of the lack of lesions, vaccinated animals had L. amazonensis
parasites in the infected footpads and the corresponding DLNs. However, parasite burden
was several orders of magnitude smaller in vaccinated mice compared to unvaccinated
controls (2.92-logjo in the DLN, p = 0.0001; 3.22-log1g in the footpad, p = 0.005) (Figure 1D).

3.2. Vaccination with the LIAHSP70-1I Attenuated Cell Line Modulates the Profile of the
Anti-Leishmanial Antibodies and Parasite-Specific Systemic Cytokine Secretion after Challenge
with L. amazonensis

Next, we determined the parasite-specific (anti-SLA) IgG1 and IgG2a antibody titer
in the sera from animals from the low dose and high dose models. For comparison, we
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determined the humoral response against the parasite in all mice at the time of challenge
(week 12 after vaccination). As expected, at that time only vaccinated mice showed
anti-leishmanial antibodies of both, IgG1 and IgG2a subclasses, in similar levels to these
previously described [25,26] (Figure 2). After infectious challenge at the time of the sacrifice,
mice from both control groups showed an IgG1 predominant antibody response against
the parasite antigens, being the titer of the anti-SLA IgG1 subclass significantly higher than
the IgG2a subclass (p = 0.01, low dose; p = 0.0009, high dose) (Figure 2). On the contrary,
vaccinated mice groups showed similar titers or the anti-SLA IgG1 and IgG2a antibodies
against the parasite. Infection causes a boost in antibody production, since both subclasses
titers were higher in magnitude after L. amazonensis infection compared to these observed
pre-challenge: IgG1, p = 0.023, low dose; p = 0.0043, high dose; IgG2a, p = 0.049, low dose;
p = 0.0176, high dose (Figure 2). Comparison of the anti-Leishmania antibody titer between
animals of the control and vaccinated groups after challenge demonstrate that vaccination
resulted in a significant increase in the production of antibodies of the IgG2a subclass
against SLA (p = 0.012, low dose; p = 0.027, high dose) and a significant decrease (p = 0.015,
low dose; p = 0.0029, high dose) in the titer of the anti-SLA IgG1 subclass after infection
with L. amazonensis (Figure 2).

[J Control
30,000 4 [I] Vaccinated *

20,000 =~ —

10,000

Antibody titer

L i i=a O Tgof

1 1
IlgG1 | IgG2a | 1gG1 | 1gG2a | 1gG1 |lgG2a

Pre-challenge |Post-challenge |Post-challenge
Low dose High dose

Figure 2. Humoral responses against Leishmania parasites. The reciprocal end-point titers of the
IgG1 and IgG2a anti-leishmanial subclasses were analyzed by ELISA 12 weeks after the inoculation
of the LiIAHSP70-II attenuated line (pre-challenge; n =13; L. infantum soluble leishmanial antigens
(SLA)), 14 weeks after challenge (5 X 10* promastigotes; low dose n = 5) and 11 weeks after challenge
(5 x 10° promastigotes; high dose n = 8) with L. amazonensis using SLA of this last species. Data are
represented as whisker (min to max) plots and represent one out of two experiments with similar
results. X (p < 0.05 statistical differences among titer from the pre-challenge and both post-challenge
mice; * (p < 0.05 between titers from control and vaccinated groups); + (p < 0.05 between IgG1 and
IgG2a form animals of the control group) analyzed by Kruskal-Wallis test.

Since the production of IgG1 or IgG2a has been related to the induction of Th2 or Thl
response, respectively [29], our data suggest that vaccination down-modulates the predom-
inant L. amazonensis-mediated Th2 response generated in the control animals, increasing
the production of a pro-inflammatory Th1l-mediated response against the parasite. To test
this hypothesis, we studied the systemic cytokine response elicited in animals infected with
L. amazonensis. Polyclonal stimulation of splenocytes with the mitogen ConA generated
similar levels of cytokines in mice from the control and vaccinated groups (Figure 3A,B).
On the contrary, the secretion of SLA-specific cytokines (parasite stimulus) was different
in control and vaccinated mice (Figure 3C,D). In high and low dose models, vaccinated
mice produced significantly increased levels of IFN-y with respect controls: p = 0.0008,
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low dose; p = 0.0002, high dose (Figure 3C,D). Similar levels of parasite-specific IL-10 were
detected in supernatants established from control or vaccinated mice after SLA stimulation
independent of the dose (Figure 3C,D). A decrease in the production of the Th2-related
IL-4 cytokine upon stimulation with SLA was observed in mice from the vaccinated group
that was only significant in the animals from the low dose model (p = 0.016) (Figure 3C).
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Figure 3. Analyses of the systemic production of cytokines. BALB/c mice were inoculated with PBS (control) or with 1 x 107
LiAHSP70-1I attenuated promastigotes suspended in PBS (vaccinated) in the right footpad. At week 12 after vaccination
control and vaccinated mice were challenged with 5 x 10* ((A,C); low dose, n = 5) or 5 x 10° ((B,D); high dose, n = 8)
stationary L. amazonensis promastigotes in the left footpad. Animals were sacrificed at week 11 (high dose) or week 14
(low dose) post-challenge and their spleen cells were independently cultured in the presence of ConA (1 ug/mL; (A,B)),
L. amazonensis SLA (12 ug/mL) or in medium alone (C,D). The levels of IFN-y, IL-10, and IL-4 were assessed by ELISA in
culture supernatants and are shown as whisker (min to max) plots. * (p < 0.05) shows the statistical differences between
control and vaccinated groups (Mann-Whitney test). Results from one out of two similar experiments are represented.

3.3. Vaccinated Animals Show a Local Cytokine Response Directed towards the Production of
IFN-vy against the Parasite

Next, we analyzed the cytokine production in the left popliteal lymph node that drains
the site of infection for the high dose model using anti-CD3 and anti-CD28 antibodies, as a
global stimulus, or BM-DCs loaded or not with SLA as a parasite-specific stimulus. The
production of the three cytokines studied (IFN-y, IL-10, and IL-4) using T cell-stimulating
antibodies was much higher in the animals of the control group than in vaccinated animals,
correlating to the greater severity of the disease (Figure 4A). This increased immunological
activity of the animals from the control group was also evidenced by co-cultivating the
lymph node cells with BM-DCs alone, improving antigen presentation in an unspecific
manner. Although the levels are moderate, the production of IFN-y, IL-10 and IL-4 was
significantly greater in the animals of the control group when compared with the vaccinated
one (p = 0.0152, p = 0.0022, p = 0.0087, respectively) as shown in Figure 4B. The cytokine
pattern changed radically when the response against the parasite proteins was analyzed.
These data, shown in Figure 4B (BM-DCs + SLA), demonstrated a significant increase
in the production of parasite-dependent IFN-y (p = 0.0087) and a significant decrease in
the production of IL-10 (p = 0.0087) in vaccinated animals relative to control ones. No
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significant differences were found in parasite-driven IL-4 production between control and
vaccinated animals in the DLN (Figure 4B).
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Figure 4. Analyses of the production of cytokines in the lymph node draining the site of L. amazonensis challenge. BALB/c
mice were inoculated with PBS (control) or with 1 x 107 LIAHSP70-II attenuated promastigotes suspended in PBS (vac-
cinated) in the right footpad. At week 12 after vaccination control and vaccinated mice were challenged with 5 x 10°
stationary L. amazonensis promastigotes in the left footpad (1 = 8). Animals were sacrificed at week 11 and the left popliteal
lymph node cells were cultured in 96-well plates coated with anti-CD3 in complete medium supplemented with anti-CD28.
As a control, similar cultures were performed in the absence of stimulating antibodies (A). Equivalent cultures were
established and grown with BM-DCs loaded or not with SLA (B). The presence of IFN-y, IL-10, and IL-4 was determined by
ELISA in culture supernatants. Data are shown as whisker (min to max) plots. * (p < 0.05; BM-DCs + SLA) or * (p < 0.051;
BM-DCs) shows the statistical differences between control and vaccinated groups (Mann-Whitney test). Results from one

out of two similar experiments are represented.

We next determined the presence of cells producing IFN-y in the L. amazonensis
infected popliteal lymph node in control and vaccinated mice. For this last group, we
found a parasite-dependent production of this cytokine. Both CD4* but specially CD8*
parasite-specific IFN-y secreting T cells were detected in the L. amazonensis infected
popliteal lymph node of the mice vaccinated with the attenuated line (additional file

2: Figure S2 and Figure 5).
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Figure 5. Involvement of T cells in the parasite-dependent production of cytokines. BALB/c mice
were inoculated with PBS (control) or with 1 x 107 LiAHSP70-II attenuated promastigotes suspended
in PBS (vaccinated) in the right footpad. At week 12 after vaccination control and vaccinated mice
were challenged with 1 x 106 stationary L. amazonensis promastigotes in the left footpad (n = 8).
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At week 11 after challenge the cells from the left popliteal lymph node were co-cultured with BM-DCs
pulsed or not with SLA. Afterwards cells were processed for flow cytometry. The percentages of
IFN-y secreting cells in CD4* or CD8* gates are shown. Data are shown as whisker (min to max)
plots. * (p < 0.05) shows the statistical differences between control and vaccinated groups; * (p < 0.05)
shows the statistical differences between SLA-stimulated and unstimulated cells (Mann-Whitney
test). Results from one out of two similar experiments are represented.

4. Discussion

Until now, the only successful vaccination strategy against CL in humans has been
leishmanization, which consists in the inoculation of L. major promastigotes into the skin.
Upon self-healing of the CL lesion, individuals generate resistance against CL caused by
the same or related species such as L. tropica [30]. This approach is difficult in the case of
ACL due to the high pathogenicity of the species that cause it, including L. amazonensis.
In addition, leishmanization experiments performed with low doses of parasites in the
BALB/c mouse have shown that the inoculation of L. amazonensis does not generate
homologous protection as is the case with L. major [31] or even with L. infantum [32]. A
similar result was obtained when the C57BL/6 mouse model was employed. Contrary to
what occurs after infection by L. major, the lesions are not eliminated spontaneously and
the infection does not generate protection against a secondary challenge [33]. Interestingly,
assays performed in the rhesus monkey model revealed that animals recovered from CL due
L. major or L. braziliensis infection were protected against L. amazonensis infective challenge,
opening up the possibility of carrying out cross-protection vaccination schedules. [34]. Since
biosecurity concerns make problematic the use of infective forms, the use of attenuated
cell lines offers the possibility of generate immunity without inducing the disease. This
strategy, studied mainly for experimental models of VL [35] and CL caused by L. major and
species for the Viannia subgenus like L. braziliensis [20] has not been extensively studied in
the case of L. amazonensis.

Regarding the use of genetically modified attenuated parasite, the inoculation of
the L. major dhfr-ts™ attenuated strain in murine models revealed that this strategy is
feasible to partially protect in the short-term against an L. amazonensis challenge [23]. The
results presented in this work reinforce this hypothesis demonstrating that vaccination
with live attenuated vaccines was able to induce protection and, importantly, revealing
that the achieved protection is maintained long-term. This is an important issue since
single vaccination programs will help to maintain immunity in endemic regions of human
leishmaniasis that usually coincide with disadvantaged regions in terms of health and
economic resources. The choice of this attenuated Leishmania cell line for designing vaccines
was based on our previous works demonstrating the strong short and long-term CD4* and
CD8* T cell-mediated memory response found in vaccinated mice, that mediates protection
against the heterologous challenge with L. major (BALB/c and C57BL/6 mice) [24,25]
and the long-term capacity to reduce the severity of the chronic phase due to L. infantum
challenge in BALB/c mice [26]. The ability to maintain long-term protection after curing the
disease or after administration of an attenuated strain has been associated with concomitant
immunity generated by the presence of a persistent population of parasites, formed by non-
replicating parasites that eventually can resume replication, providing a source of antigens
to keep parasite-specific T cells circulating [36,37]. Our previous data [25,26] and data
shown in this work (Figure S1) demonstrate the continued presence of limited numbers
of attenuated vaccine parasites in the lymph node draining the site of vaccination, while
remaining absent in internal organs, as well as the site of infective challenge. This is an
important issue in terms of biosecurity, since our results show that secondary infections do
not cause the reactivation of the infection with the LiIAHSP70-II parasites or their dispersal
throughout the whole organism. The low numbers of persistent functional parasites
found in the popliteal draining the site of vaccination (below 100 parasites per lymph
node; Figure S1 and reference [25]) are similar to those detected for the most evolved live
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attenuated vaccines based on L. donovani or L. major deficient in the centrin gene encoding a
calcium binding cytoskeletal protein (LdCen”" or LmCen™"). The subsistence of these parasite
lines was detected when administered either intradermically or s.c. in both hamster and
mice models [38,39]. Regarding this point, we want to highlight that, in the L. major-
C57BL/6 mice model, protection was correlated to the maintenance of IFN-y-secreting
effector T cells that were detected promptly in the site of infective challenge. In this
sense, the presence of short-lived effector IFN-y-secreting T cells (CD4*CD44M8"y6C*),
previously associated with concomitant immunity [40], were associated to protection
against a L. major challenge in LmCen™" vaccinated mice [38]. Reinforcing the biosecurity
of the LIAHSP70-II vaccine, our previous data demonstrated that this line was unable to
cause disease in hamsters, a model of infection that is highly susceptible when challenged
with infective L. infantum promastigotes, or in SCID mice [24].

Regarding cross-protection, the fact that the attenuated vaccine studied in this work
was generated from a L. infantum strain isolated from a dog affected by VL [41], does
not represent a limitation regarding its use against different forms of leishmaniasis. As
mentioned above, this strain was first characterized as cross-protective when studied in
susceptible and resistant murine models of CL caused by L. major [24,25]. In addition, other
attenuated strains based on viscerotropic species were characterized as protective against
CL due to parasite species other than L. amazonensis [42,43]. There is also evidence of the
protective capacity of subunit vaccines based on antigens of parasite species that cause VL,
such as vaccines formulated with ribosomal proteins from L. infantum (LRP) [16], some
domains of the L. donovani nucleoside hydrolase (NH) [44], or a recombinant multiantigenic-
composed DNA vaccine (HisAK70) generated by different DNA regions encoding several
proteins from L. infantum [18]. Finally, it was reported recently that inoculation of L. infan-
tum parasites programmed for their destruction in the host (because of the expression of
genes encoding proteins toxic for the parasite) protects BALB/c mice against a L. amazonesis
challenge [22].

Concerning the protection achieved by the LiAHSP70-II based vaccine our data show
the existence of differences in the degree of protection depending on the number of parasites
used for infective challenge. No cutaneous lesions were found in the mice receiving 5 x 10*
stationary-phase promastigotes, while some lesions were developed in mice receiving a
higher inoculum size. This differential effect of the infectious dose on the evolution of
the disease was not observed in other vaccine models such as C57BL/6 mice inoculated
with a total protein-based vaccine LaAg [45]. On the other hand, the influence of the
L. amazonensis inoculum size in the progression of the disease was previously reported
for different murine models [6] and also influenced the studies regarding the effects of
immunonutrition in the outcome of infection in BALB/c and C57BL/6 mice [46]. In the
same direction, the protective effect of a vaccine based on the intranasal administration of
extracellular serine proteases is inversely proportional to the infectivity of the inoculum [13].
It is difficult to make a comparative study of the efficacy of the LIAHSP70-1I vaccine in
relation to other vaccines using attenuated parasites [23], vaccines based on the inoculation
of inactivated L. amazonensis parasites [21] or subunit vaccines [14,16,18,44] because of the
use of different inoculum sizes or L. amazonensis strains. However, our results demonstrate
that a single administration of the LiAHSP70-II-based vaccine is able to induce a similar, or
even improved, protection in the long term compared to what other vaccines are able to
provide in the short-term when a high dose model was employed.

It is a consolidated concept that protection against L. amazonensis, as with other
species of the parasite, is related to the generation of an IFN-y-mediated response against
the parasite prompted by vaccination [47]. Our results demonstrated that protection
induced by LiAHSP70-II was also correlated to the induction of a Th1 systemic response
against leishmanial antigens, evidenced by an increase of IFN-y production in the spleen
(Figure 3) and an increase in the titers of anti-SLA IgG2a circulating antibodies (Figure 2).
These results are in line with other protective vaccines tested in the BALB/c model, and
reinforce the assumption that increased parasite-dependent IFN-y-mediated responses is a
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prerequisite for the development of a vaccine against L. amazonensis [8,13,17]. Furthermore,
after infection, vaccinated mice showed lower titers of anti-Leishmania IgG1 antibodies
than control unvaccinated mice. These data suggest that the protection observed was
also related to the decrease in the systemic Th2 response against the parasite (Figure 2).
Precisely, the animals challenged with the low dose, which presented a higher degree
of protection, showed a significant decrease in the production of IL-4 in the spleen after
stimulation with parasitic antigens compared to the controls (Figure 3). A decrease in the
Th2 response against the parasite has been observed in some protective vaccines assayed
in the L. amazonensis BALB/c model [13,14,17,18] but did not occur for other vaccines that
also protected mice against disease development [8,9,48]. It can be concluded that the
control of Th2 responses, although not an essential requirement to generate a protective
vaccine against L. amazonensis, does appear to be associated with an increase in the Th1
response in some of the experimentally tested vaccines.

We show (Figure 4B) that, at the location of infection (popliteal DLN), control mice
challenged with L. amazonensis secrete comparable amounts of parasite-specific IFN-y,
IL-4, and IL-10. These data are in accordance with others studies in which the immune
response after challenge was studied in the DLN [48,49] or in the infected footpad [13].
This situation changes in the protected mice, where anti-parasite IFN-y is the predominant
secreted cytokine, as also occurred in mice vaccinated with other protective vaccines [18,48].
The percentage of both CD4* and CD8* T lymphocytes producing IFN-y in the DLN is
higher for the animals protected by vaccination with LIAHSP70-II compared to their
unvaccinated controls. This is a key observation, since it has been shown that protection
against L. amazonensis in murine models correlated to the generation of both cell types
secreting IFN-y [44,50,51]. In this sense, protection induced by a DNA vaccine encoding
for the parasite superoxide dismutase was associated to the induction of CD8" T cells
secreting IFN-y [48]. Moreover, our results also evidence a decrease in the local production
of IL-10 (Figure 4B), a cytokine related to the progression of the pathology [52-54], that
was also decreased in the infected DLN of BALB/c mice protected against the disease by
vaccination with total parasite extracts where cysteine proteases, known virulence factors,
had been depleted [49]. The control of the local secretion of IL-10, would favor the ability
of IFN-vy to activate the leishmanicidal capacities of Leishmania-infected macrophages and,
therefore, contribute to the control of infection at the site of challenge.

5. Conclusions

It can be concluded that the administration of the LiIAHSP70-II vaccine is capable of
controlling the progression of CL generated by the infection of L. amazonensis in BALB/c
susceptible mice. Protection is evidenced by a control of the size of the skin lesions as well as
a decrease in the parasite load at the site of infection and in its DLN with respect to control
unvaccinated animals. The immune correlate to protection was the induction of parasite-
specific IFN-y responses, evidenced at the systemic and local levels, accompanied by the
control of systemic Th2-mediated humoral responses and a reduction in IL-10 secretion
at the local level. The data presented in this work highlight the protective capacities
of the LIAHSP70-II vaccine, since its immunization has been related to the induction of
long-term protection against the infection of different species of parasites that cause CL
(L. major and L. amazonensis) as well as infection with a viscerotropic species. In addition to
the wide range of protection obtained by the use of this genetically altered cell line, the
development of immunity in the absence of skin lesions typically found in leishmanized
patients meets the ethical standards necessary for the design of a vaccine able to protect
people for different forms of leishmaniasis.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2076-260
7/9/2/363/s1, Figure S1: Presence of parasites in different organs and tissues. BALB/c mice were
inoculated with PBS (control) or with 1 x 107 LiIAHSP70-II attenuated promastigotes suspended in
PBS (vaccinated) in the right footpad. At week 12 after vaccination animals were challenged with
5 x 10° stationary L. amazonensis promastigotes in the left footpad. Parasite burden was individually
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determined by a limiting dilution assay in the liver, spleen and left or right popliteal lymph node
at week 11 after challenge in the presence or the absence of the indicated antibiotics. Data are
represented as whisker (min to max) plots. Figure S2: Analysis of lymph node T cell populations.
Representative panels and gating strategy of experiments performed for obtaining data from Figure 5.

Author Contributions: Conceptualization, M.S., ] M.R., and S.I.; Formal analysis, M.S., J.C.S., JM.R,,
and S.I.; Funding acquisition, M.S., JM.R., and S.I.; Investigation, M.S., L.R., ].C.S., E.C.L.C., and
E.H.-G.; Methodology, M.S., L.R,, J.C.S,, E.C.L.C,, and E.H.-G.; Project administration, M.S., ] M.R.,
and S.I; Resources, M.S., . M.R,, and S.I.; Supervision, M.S. and S.I.; Writing—original draft, M.S.,
J.M.R,, and S.I.; Writing—review and editing, M.S., J.C.S., E.C.L.C.,, ] M.R,, and S.I. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by grants from Ministerio de Ciencia e Innovacion FISPI11/00095
and FISPI14/00366 (FEDER FUNDING) to M.S. and RYC-2016-19463 and RT12018-343 to S.I. JM.R.
and M.S. are funded by the Fondo de Investigaciones Sanitarias (ISCIII-RETICRD16/0027 /008-
FEDER). E.H.G. is supported by a FPI grant from the Spanish Ministerio de Ciencia e Innovacion.
Institutional grants from the Fundacién Ramoén Areces and Banco de Santander to the CBMSO are
also acknowledged. The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Institutional Review Board Statement: Experiments were approved by the next institutions: Animal
Care and Use Committee of the Centro de Biologia Molecular Severo Ochoa (reference CEEA-CBMSO
23/243). Bioethical Committee of the Spanish Consejo Superior de Investigaciones Cientificas
(reference 795/2019). Government of the Autonomous Community of Madrid, Spain (reference
PROEX134/19).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in Figures 1-5 and
Supplementary Figures S1 and S2.

Acknowledgments: We dedicate this article to our Carlos Alonso who recently passed away and
played a key role in the development of vaccines against leishmaniasis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Silveira, ET. What makes mucosal and anergic diffuse cutaneous leishmaniases so clinically and immunopathogically different?
A review in Brazil. Trans. R. Soc. Trop. Med. Hyg. 2019. [CrossRef]

2. Silveira, ET,; Blackwell, ]. M.; Ishikawa, E.A.; Braga, R.; Shaw, ].].; Quinnell, R.J.; Soong, L.; Kima, P.; McMahon-Pratt, D.; Black,
G.EF; etal. T cell responses to crude and defined leishmanial antigens in patients from the lower Amazon region of Brazil infected
with different species of Leishmania of the subgenera Leishmania and Viannia. Parasite Iimmunol. 1998, 20, 19-26. [CrossRef]

3.  Silveira, FT,; Lainson, R.; Corbett, C.E. Clinical and immunopathological spectrum of American cutaneous leishmaniasis with
special reference to the disease in Amazonian Brazil: A review. Mem. Inst. Oswaldo Cruz 2004, 99, 239-251. [CrossRef]

4. Alexander, ].; Brombacher, F. T helper1/t helper2 cells and resistance/susceptibility to Leishmania infection: Is this paradigm still
relevant? Front. Immunol. 2012, 3, 80. [CrossRef]

5. Scott, P.; Novais, FO. Cutaneous leishmaniasis: Immune responses in protection and pathogenesis. Nat. Rev. Immunol. 2016,
16, 581-592. [CrossRef]

6. Pereira, B.A.; Alves, C.R. Immunological characteristics of experimental murine infection with Leishmania (Leishmania) amazonensis.
Vet. Parasitol. 2008, 158, 239-255. [CrossRef]

7. De Lara da Silva, C.E.; Oyama, J.; Ferreira, F.B.P.,; de Paula Lalucci-Silva, M.P,; Lordani, T.V.A.; de Lara da Silva, R.C.; de Souza
Terron Monich, M.; Teixeira, ].J.V.; Lonardoni, M.V.C. Effect of essential oils on Leishmania amazonensis: A systematic review.
Parasitology 2020, 147, 1392-1407. [CrossRef]

8. Sanchez, M.V.; Elicabe, R.J.; Di Genaro, M.S.; Germano, M.].; Gea, S.; Garcia Bustos, M.E;; Salomon, M.C.; Scodeller, E.A.;
Cargnelutti, D.E. Total Leishmania antigens with Poly(I:C) induce Th1 protective response. Parasite Immunol. 2017, 39. [CrossRef]

9.  Cargnelutti, D.E.; Salomon, M.C.; Celedon, V.; Garcia Bustos, M.F.; Morea, G.; Cuello-Carrion, ED.; Scodeller, E.A. Immunization
with antigenic extracts of Leishmania associated with Montanide ISA 763 adjuvant induces partial protection in BALB/c mice
against Leishmania (Leishmania) amazonensis infection. J. Microbiol. Immunol. Infect. 2016, 49, 24-32. [CrossRef]

10. Hernandez, M.X,; Barcante, T.A.; Vilela, L.; Tafuri, W.L.; Afonso, L.C.; Vieira, L.Q. Vaccine-induced protection against Leishmania
amazonensis is obtained in the absence of IL-12/23p40. Immunol. Lett. 2006, 105, 38—47. [CrossRef]

11. Pinto, E.F; Pinheiro, R.O.; Rayol, A.; Larraga, V.; Rossi-Bergmann, B. Intranasal vaccination against cutaneous leishmaniasis with

a particulated leishmanial antigen or DNA encoding LACK. Infect. Immun. 2004, 72, 4521-4527. [CrossRef]


http://doi.org/10.1093/trstmh/trz037
http://doi.org/10.1046/j.1365-3024.1998.t01-1-00126.x
http://doi.org/10.1590/S0074-02762004000300001
http://doi.org/10.3389/fimmu.2012.00080
http://doi.org/10.1038/nri.2016.72
http://doi.org/10.1016/j.vetpar.2008.09.015
http://doi.org/10.1017/S0031182020001304
http://doi.org/10.1111/pim.12491
http://doi.org/10.1016/j.jmii.2014.01.006
http://doi.org/10.1016/j.imlet.2005.12.002
http://doi.org/10.1128/IAI.72.8.4521-4527.2004

Microorganisms 2021, 9, 363 13 of 14

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Pinto, E.F; de Mello Cortezia, M.; Rossi-Bergmann, B. Interferon-gamma-inducing oral vaccination with Leishmania amazonensis
antigens protects BALB/c and C57BL/6 mice against cutaneous leishmaniasis. Vaccine 2003, 21, 3534-3541. [CrossRef]

De Matos Guedes, H.L.; da Silva Costa, B.L.; Chaves, S.P.; de Oliveira Gomes, D.C.; Nosanchuk, J.D.; De Simone, S.G.; Rossi-
Bergmann, B. Intranasal vaccination with extracellular serine proteases of Leishmania amazonensis confers protective immunity to
BALB/c mice against infection. Parasites Vectors 2014, 7, 448. [CrossRef]

Campbell, K.; Diao, H.; Ji, J.; Soong, L. DNA immunization with the gene encoding P4 nuclease of Leishmania amazonensis protects
mice against cutaneous leishmaniasis. Infect. Immun. 2003, 71, 6270-6278. [CrossRef]

Campbell, K.; Popov, V.; Soong, L. Identification and molecular characterization of a gene encoding a protective Leishmania
amazonensis Trp-Asp (WD) protein. Infect. Immun. 2004, 72, 2194-2202. [CrossRef] [PubMed]

Chavez-Fumagalli, M.A_; Costa, M.A; Oliveira, D.M.; Ramirez, L.; Costa, L.E.; Duarte, M.C.; Martins, V.T.; Oliveira, ].S.; Olortegi,
C.C.; Bonay, P; et al. Vaccination with the Leishmania infantum ribosomal proteins induces protection in BALB/c mice against
Leishmania chagasi and Leishmania amazonensis challenge. Microbes. Infect. 2010, 12, 967-977. [CrossRef] [PubMed]

Duarte, M.C.; Lage, D.P; Martins, V.T.; Costa, L.E.; Carvalho, A.; Ludolf, F; Santos, T.T.O.; Vale, D.L.; Roatt, B.M.; Menezes-Souza,
D.; et al. A vaccine composed of a hypothetical protein and the eukaryotic initiation factor 5a from Leishmania braziliensis
cross-protection against Leishmania amazonensis infection. Immunobiology 2017, 222, 251-260. [CrossRef]

Martinez-Rodrigo, A.; Dias, D.S.; Ribeiro, P.A.F; Roatt, BM.; Mas, A.; Carrion, ]J.; Coelho, E.A.F.; Dominguez-Bernal, G.
Immunization with the HisAK70 DNA Vaccine induces resistance against Leishmania amazonensis infection in BALB/c mice.
Vaccines 2019, 7, 183. [CrossRef]

Saljoughian, N.; Taheri, T.; Rafati, S. Live vaccination tactics: Possible approaches for controlling visceral leishmaniasis. Front. Im-
munol. 2014, 5, 134. [CrossRef]

Zabala-Penafiel, A.; Todd, D.; Daneshvar, H.; Burchmore, R. The potential of live attenuated vaccines against Cutaneous
Leishmaniasis. Exp. Parasitol. 2020, 210, 107849. [CrossRef]

Viana, S.M.; Celes, ES.; Ramirez, L.; Kolli, B.; Ng, D.K.P,; Chang, K.P,; de Oliveira, C.I. Photodynamic Vaccination of BALB/c
Mice for Prophylaxis of Cutaneous Leishmaniasis Caused by Leishmania amazonensis. Front. Microbiol. 2018, 9, 165. [CrossRef]
Zorgi, N.E.; Arruda, L.V,; Paladine, I.; Roque, G.A.S.; Araujo, T.F; Brocchi, M.; Barral, M.; Sanchiz, A.; Requena, ].M.; Abanades,
D.R; et al. Leishmania infantum transfected with toxic plasmid induces protection in mice infected with wild type L. infantum or
L. amazonensis. Mol. Immunol. 2020, 127, 95-106. [CrossRef] [PubMed]

Veras, P; Brodskyn, C.; Balestieri, F; Freitas, L.; Ramos, A.; Queiroz, A.; Barral, A.; Beverley, S.; Barral-Netto, M. A dhfr-ts~
Leishmania major knockout mutant cross-protects against Leishmania amazonensis. Mem. Inst. Oswaldo Cruz 1999, 94, 491-496.
[CrossRef] [PubMed]

Carrion, J.; Folgueira, C.; Soto, M.; Fresno, M.; Requena, ].M. Leishmania infantum HSP70-II null mutant as candidate vaccine
against leishmaniasis: A preliminary evaluation. Parasites Vectors 2011, 4, 150. [CrossRef]

Solana, J.C.; Ramirez, L.; Corvo, L.; de Oliveira, C.I.; Barral-Netto, M.; Requena, ].M.; Iborra, S.; Soto, M. Vaccination with a
Leishmania infantum HSP70-1I null mutant confers long-term protective immunity against Leishmania major infection in two mice
models. PLoS Negl. Trop. Dis. 2017, 11, €0005644. [CrossRef] [PubMed]

Solana, J.C.; Ramirez, L.; Cook, E.C.; Hernandez-Garcia, E.; Sacristan, S.; Martin, M.E.; Manuel Gonzalez, V.; Reguera, R.M.;
Balana-Fouce, R.; Fresno, M.; et al. Subcutaneous immunization of Leishmania HSP70-II null mutant line reduces the severity of
the experimental visceral leishmaniasis in BALB/c mice. Vaccines 2020, 8, 141. [CrossRef]

Folgueira, C.; Quijada, L.; Soto, M.; Abanades, D.R.; Alonso, C.; Requena, ].M. The Translational Efficiencies of the two Leishmania
infantum HSP70 mRNAs, differing in their 3'-Untranslated regions, are affected by shifts in the temperature of growth through
different mechanisms. J. Biol. Chem. 2005, 280, 35172-35183. [CrossRef] [PubMed]

Buffet, P.A.; Sulahian, A.; Garin, Y.J.; Nassar, N.; Derouin, F. Culture microtitration: A sensitive method for quantifying Leishmania
infantum in tissues of infected mice. Antimicrob. Agents Chemother. 1995, 39, 2167-2168. [CrossRef]

Coffman, R.L. Mechanisms of helper T-cell regulation of B-cell activity. Ann. N. Y. Acad. Sci. 1993, 681, 25-28. [CrossRef]
Mohebali, M.; Nadim, A.; Khamesipour, A. An overview of leishmanization experience: A successful control measure and a tool
to evaluate candidate vaccines. Acta Trop. 2019, 200, 105173. [CrossRef]

Courret, N.; Lang, T.; Milon, G.; Antoine, J.C. Intradermal inoculations of low doses of Leishmania major and Leishmania amazonensis
metacyclic promastigotes induce different immunoparasitic processes and status of protection in BALB/c mice. Int. |. Parasitol.
2003, 33, 1373-1383. [CrossRef]

Ferrua, B.; Luci, C.; Le Fichoux, Y,; Paul, A.; Marty, P. Imprinting of BALB/c mice with low Leishmania infantum parasite dose
markedly protects spleen against high-dose challenge. Vaccine 2006, 24, 589-596. [CrossRef]

Cortes, D.F.; Carneiro, M.B.; Santos, L.M.; Souza, T.C.; Maioli, T.U.; Duz, A.L.; Ramos-Jorge, M.L.; Afonso, L.C.; Carneiro, C.;
Vieira, L.Q. Low and high-dose intradermal infection with Leishmania major and Leishmania amazonensis in C57BL/6 mice. Mem.
Inst. Oswaldo Cruz 2010, 105, 736-745. [CrossRef]

Porrozzi, R.; Santos da Costa, M.V,; Teva, A.; Falqueto, A.; Ferreira, A.L.; dos Santos, C.D.; Fernandes, A.P.; Gazzinelli, R.T.;
Campos-Neto, A.; Grimaldi, G., Jr. Comparative evaluation of enzyme-linked immunosorbent assays based on crude and
recombinant leishmanial antigens for serodiagnosis of symptomatic and asymptomatic Leishmania infantum visceral infections in
dogs. Clin. Vaccine Immunol. 2007, 14, 544-548. [CrossRef]

Jain, K.; Jain, N.K. Vaccines for visceral leishmaniasis: A review. J. Immunol. Methods 2015, 422, 1-12. [CrossRef]


http://doi.org/10.1016/S0264-410X(03)00427-4
http://doi.org/10.1186/1756-3305-7-448
http://doi.org/10.1128/IAI.71.11.6270-6278.2003
http://doi.org/10.1128/IAI.72.4.2194-2202.2004
http://www.ncbi.nlm.nih.gov/pubmed/15039343
http://doi.org/10.1016/j.micinf.2010.06.008
http://www.ncbi.nlm.nih.gov/pubmed/20601076
http://doi.org/10.1016/j.imbio.2016.09.015
http://doi.org/10.3390/vaccines7040183
http://doi.org/10.3389/fimmu.2014.00134
http://doi.org/10.1016/j.exppara.2020.107849
http://doi.org/10.3389/fmicb.2018.00165
http://doi.org/10.1016/j.molimm.2020.08.006
http://www.ncbi.nlm.nih.gov/pubmed/32949849
http://doi.org/10.1590/S0074-02761999000400011
http://www.ncbi.nlm.nih.gov/pubmed/10446007
http://doi.org/10.1186/1756-3305-4-150
http://doi.org/10.1371/journal.pntd.0005644
http://www.ncbi.nlm.nih.gov/pubmed/28558043
http://doi.org/10.3390/vaccines8010141
http://doi.org/10.1074/jbc.M505559200
http://www.ncbi.nlm.nih.gov/pubmed/16105831
http://doi.org/10.1128/AAC.39.9.2167
http://doi.org/10.1111/j.1749-6632.1993.tb22865.x
http://doi.org/10.1016/j.actatropica.2019.105173
http://doi.org/10.1016/S0020-7519(03)00179-6
http://doi.org/10.1016/j.vaccine.2005.08.057
http://doi.org/10.1590/S0074-02762010000600002
http://doi.org/10.1128/CVI.00420-06
http://doi.org/10.1016/j.jim.2015.03.017

Microorganisms 2021, 9, 363 14 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Mandell, M.A.; Beverley, S.M. Continual renewal and replication of persistent Leishmania major parasites in concomitantly immune
hosts. Proc. Natl. Acad. Sci. USA 2017, 114, E801-E810. [CrossRef]

Sacks, D.L. Vaccines against tropical parasitic diseases: A persisting answer to a persisting problem. Nat. Immunol. 2014,
15, 403-405. [CrossRef]

Zhang, W.W.; Karmakar, S.; Gannavaram, S.; Dey, R.; Lypaczewski, P; Ismail, N.; Siddiqui, A.; Simonyan, V.; Oliveira, F.;
Coutinho-Abreu, I.V,; et al. A second generation leishmanization vaccine with a markerless attenuated Leishmania major strain
using CRISPR gene editing. Nat. Commun. 2020, 11, 3461. [CrossRef]

Fiuza, ]J.A.; Dey, R.; Davenport, D.; Abdeladhim, M.; Meneses, C.; Oliveira, F; Kamhawi, S.; Valenzuela, J.G.; Gannavaram,
S.; Nakhasi, H.L. Intradermal immunization of Leishmania donovani Centrin Knock-Out parasites in combination with salivary
protein LJM19 from sand fly vector induces a durable protective immune response in hamsters. PLoS Negl. Trop. Dis. 2016,
10, e0004322. [CrossRef]

Peters, N.C.; Pagan, A ].; Lawyer, P.G.; Hand, TW.; Henrique Roma, E.; Stamper, L.W.; Romano, A.; Sacks, D.L. Chronic parasitic
infection maintains high frequencies of short-lived Ly6C*CD4* effector T cells that are required for protection against re-infection.
PLoS Pathog. 2014, 10, €1004538. [CrossRef]

Fernandez-Cotrina, J.; Iniesta, V.; Belinchon-Lorenzo, S.; Munoz-Madrid, R.; Serrano, F.; Parejo, J.C.; Gomez-Gordo, L.; Soto, M.;
Alonso, C.; Gomez-Nieto, L.C. Experimental model for reproduction of canine visceral leishmaniosis by Leishmania infantum. Vet.
Parasitol. 2013, 192, 118-128. [CrossRef] [PubMed]

Selvapandiyan, A.; Dey, R.; Nylen, S.; Duncan, R.; Sacks, D.; Nakhasi, H.L. Intracellular replication-deficient Leishmania donovani
induces long lasting protective immunity against visceral leishmaniasis. J. Immunol. 2009, 183, 1813-1820. [CrossRef]

Dey, R.; Natarajan, G.; Bhattacharya, P.; Cummings, H.; Dagur, PK,; Terrazas, C.; Selvapandiyan, A.; McCoy, ].P, Jr.; Duncan, R.;
Satoskar, A.R.; et al. Characterization of cross-protection by genetically modified live-attenuated Leishmania donovani parasites
against Leishmania mexicana. J. Immunol. 2014, 193, 3513-3527. [CrossRef] [PubMed]

Nico, D.; Gomes, D.C.; Alves-Silva, M.V,; Freitas, E.O.; Morrot, A.; Bahia, D.; Palatnik, M.; Rodrigues, M.M.; Palatnik-de-Sousa,
C.B. Cross-Protective immunity to Leishmania amazonensis is mediated by CD4* and CD8" epitopes of Leishmania donovani
Nucleoside Hydrolase terminal domains. Front. Immunol. 2014, 5, 189. [CrossRef] [PubMed]

Pratti, J.E.; Ramos, T.D.; Pereira, J.C.; da Fonseca-Martins, A.M.; Maciel-Oliveira, D.; Oliveira-Silva, G.; de Mello, M.E.; Chaves,
S.P; Gomes, D.C; Diaz, B.L.; et al. Efficacy of intranasal LaAg vaccine against Leishmania amazonensis infection in partially
resistant C57BL/6 mice. Parasites Vectors 2016, 9, 534. [CrossRef]

Bezerra, I; Oliveira-Silva, G.; Braga, D.; de Mello, M.E; Pratti, ].E.S.; Pereira, J.C.; da Fonseca-Martins, A.M.; Firmino-Cruz, L.;
Maciel-Oliveira, D.; Ramos, T.D.; et al. Dietary Vitamin D3 Deficiency increases resistance to Leishmania (Leishmania) amazonensis
infection in mice. Front. Cell. Infect. Microbiol. 2019, 9, 88. [CrossRef] [PubMed]

Coutinho De Oliveira, B.; Duthie, M.S.; Alves Pereira, V.R. Vaccines for leishmaniasis and the implications of their development
for American tegumentary leishmaniasis. Hum. Vaccines Immunother. 2020, 16, 919-930. [CrossRef]

Campos, B.L.; Silva, T.N.; Ribeiro, S.P.; Carvalho, K.I; Kallas, E.G.; Laurenti, M.D.; Passero, L.F. Analysis of iron superoxide
dismutase-encoding DNA vaccine on the evolution of the Leishmania amazonensis experimental infection. Parasite Immunol. 2015,
37,407-416. [CrossRef]

de Matos Guedes, H.L.; Pinheiro, R.O.; Chaves, S.P.; De-Simone, S.G.; Rossi-Bergmann, B. Serine proteases of Leishmania
amazonensis as immunomodulatory and disease-aggravating components of the crude LaAg vaccine. Vaccine 2010, 28, 5491-5496.
[CrossRef]

Alves-Silva, M.V.; Nico, D.; Morrot, A.; Palatnik, M.; Palatnik-de-Sousa, C.B. A Chimera Containing CD4* and CD8* T-Cell
Epitopes of the Leishmania donovani Nucleoside Hydrolase (NH36) optimizes cross-protection against Leishmania amazonesis
infection. Front. Immunol. 2017, 8, 100. [CrossRef]

Nico, D.; Gomes, D.C.; Palatnik-de-Sousa, I.; Morrot, A.; Palatnik, M.; Palatnik-de-Sousa, C.B. Leishmania donovani Nucleoside
Hydrolase terminal domains in cross-protective immunotherapy against Leishmania amazonensis murine infection. Front. Immunol.
2014, 5, 273. [CrossRef] [PubMed]

Firmino-Cruz, L.; Ramos, T.D.; da Fonseca-Martins, A.M.; Maciel-Oliveira, D.; Oliveira-Silva, G.; Pratti, J.E.S.; Cavazzoni, C.;
Chaves, S.P,; Oliveira Gomes, D.C.; Morrot, A.; et al. Inmunomodulating role of IL-10-producing B cells in Leishmania amazonensis
infection. Cell. Immunol. 2018, 334, 20-30. [CrossRef] [PubMed]

Yang, Z.; Mosser, D.M.; Zhang, X. Activation of the MAPK, ERK, following Leishmania amazonensis infection of macrophages.
J. Immunol. 2007, 178, 1077-1085. [CrossRef] [PubMed]

Norsworthy, N.B.; Sun, J.; Elnaiem, D.; Lanzaro, G.; Soong, L. Sand fly saliva enhances Leishmania amazonensis infection by
modulating interleukin-10 production. Infect. Immun. 2004, 72, 1240-1247. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.1619265114
http://doi.org/10.1038/ni.2853
http://doi.org/10.1038/s41467-020-17154-z
http://doi.org/10.1371/journal.pntd.0004322
http://doi.org/10.1371/journal.ppat.1004538
http://doi.org/10.1016/j.vetpar.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23102507
http://doi.org/10.4049/jimmunol.0900276
http://doi.org/10.4049/jimmunol.1303145
http://www.ncbi.nlm.nih.gov/pubmed/25156362
http://doi.org/10.3389/fimmu.2014.00189
http://www.ncbi.nlm.nih.gov/pubmed/24822054
http://doi.org/10.1186/s13071-016-1822-9
http://doi.org/10.3389/fcimb.2019.00088
http://www.ncbi.nlm.nih.gov/pubmed/31024859
http://doi.org/10.1080/21645515.2019.1678998
http://doi.org/10.1111/pim.12206
http://doi.org/10.1016/j.vaccine.2010.04.109
http://doi.org/10.3389/fimmu.2017.00100
http://doi.org/10.3389/fimmu.2014.00273
http://www.ncbi.nlm.nih.gov/pubmed/24966857
http://doi.org/10.1016/j.cellimm.2018.08.014
http://www.ncbi.nlm.nih.gov/pubmed/30170688
http://doi.org/10.4049/jimmunol.178.2.1077
http://www.ncbi.nlm.nih.gov/pubmed/17202371
http://doi.org/10.1128/IAI.72.3.1240-1247.2004
http://www.ncbi.nlm.nih.gov/pubmed/14977924

	Introduction 
	Materials and Methods 
	Mice, Parasites, Vaccination, and Challenge 
	Vaccination, Challenge, and Disease Follow-Up 
	Sera Preparation and ELISA 
	In Vitro Spleen Cell Stimulation and Analysis of Cytokine Concentration in Culture Supernatants 
	In Vitro DNLs Cell Stimulation and Analysis of Cytokine Concentration in Culture Supernatants 
	Analysis of T Cell Populations by Flow Cytometry 
	Statistical Analysis 

	Results 
	The LiHSP70-II Based Vaccine Induces Long-Term Protection Against a L. amazonensis Virulent Challenge in BALB/c Mice 
	Vaccination with the LiHSP70-II Attenuated Cell Line Modulates the Profile of the Anti-Leishmanial Antibodies and Parasite-Specific Systemic Cytokine Secretion after Challenge with L. amazonensis 
	Vaccinated Animals Show a Local Cytokine Response Directed towards the Production of IFN- against the Parasite 

	Discussion 
	Conclusions 
	References

