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Abstract: Visceral leishmaniasis (VL) persists as a major public health problem, and since 

the existing chemotherapy is far from satisfactory, development of an effective vaccine 

emerges as the most appropriate strategy for confronting VL. The development of an effective 

vaccine relies on the selection of the appropriate antigen and also the right adjuvant and/or 

delivery vehicle. In the present study, the protective efficacy of poly(D,L-lactide-co-glycolide) 

(PLGA) nanoparticles (NPs), which were surface-modified with a TNFα-mimicking eight-

amino-acid peptide (p8) and further functionalized by encapsulating soluble Leishmania 

infantum antigens (sLiAg) and monophosphoryl lipid A (MPLA), a TLR4 ligand, was 

evaluated against challenge with L. infantum parasites in BALB/c mice. Vaccination with 

these multifunctionalized PLGA nanoformulations conferred significant protection against 

parasite infection in vaccinated mice. In particular, vaccination with PLGA-sLiAg-MPLA or 

p8-PLGA-sLiAg NPs resulted in almost complete elimination of the parasite in the spleen for 

up to 4 months post-challenge. Parasite burden reduction was accompanied by antigen-specific 

humoral and cellular immune responses. Specifically, injection with PLGA-sLiAg-MPLA 

raised exclusively anti-sLiAg IgG1 antibodies post-vaccination, while in p8-PLGA-sLiAg-

vaccinated mice, no antibody production was detected. However, 4 months post-challenge, 

in mice vaccinated with all the multifunctionalized NPs, antibody class switching towards 

IgG2a subtype was observed. The study of cellular immune responses revealed the increased 

proliferation capacity of spleen cells against sLiAg, consisting of IFNγ-producing CD4+ 

and CD8+ T cells. Importantly, the activation of CD8+ T cells was exclusively attributed to 

vaccination with PLGA NPs surface-modified with the p8 peptide. Moreover, characterization 

of cytokine production in vaccinated–infected mice revealed that protection was accompanied 

by significant increase of IFNγ and lower levels of IL-4 and IL-10 in protected mice when 

compared to control infected group. Conclusively, the above nanoformulations hold promise 

for future vaccination strategies against VL.
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Plain language summary
Visceral leishmaniasis (VL) persists as a major public health 

problem, and since existing drugs have proved to be ineffective, 

research effort is driven towards the development of an effective 

vaccine. In the present study, poly(D,L-lactide-co-glycolide) nano-

particles (NPs) surface-modified with a TNFα-mimicking peptide, 

encapsulating soluble Leishmania antigens and the adjuvant mono-

phosphoryl lipid A, were evaluated as vaccine candidates against 

experimental VL. Vaccination with the above multifunctionalized 

NPs resulted in significant reduction of the parasite burden in the 

liver and spleen, the main target organs of Leishmania. According 

to our results, protection was related to the existence of antigen-

specific cellular immune responses and more specifically to the 

activation of IFNγ-producing CD4+ and CD8+ T cells, followed by 

switching of IgG antibody subclasses towards IgG2a. Moreover, 

significantly lower levels of cytokines related with disease exacerba-

tion were observed in vaccinated and infected mice. Conclusively, 

the nanoformulations used in the present study hold promise for 

future vaccination strategies against VL.

Introduction
Leishmaniasis is a vector-borne disease caused by the 

intracellular parasites of the genus Leishmania and displays 

a spectrum of clinical manifestations from self-healing 

cutaneous to life-threatening visceral form of disease.1 The 

disease is prevalent in larger areas of tropical, subtropical 

and the Mediterranean countries, and according to the WHO, 

310 million people are at risk. The most severe form of the 

disease is visceral leishmaniasis (VL) with nearly 300,000 

new cases and 20,000 deaths per year.2 Available chemo-

therapy is far from satisfactory, as existing drugs have many 

side effects and practically show limited efficacy in some 

endemic areas due to the development of resistant parasites.3,4 

Hence, there is an urgent need to develop an effective vaccine 

against leishmaniasis.

Vaccination against leishmaniasis has been pursued 

using different strategies, ranging from inoculation of virulent 

parasites to immunization with killed parasite prepara-

tions, live attenuated parasites, recombinant proteins or 

plasmid DNA coding for defined Leishmania antigens.5,6 

Development of an effective vaccine relies not only on the 

selection of the appropriate antigen but also on selecting the 

right adjuvant and/or delivery vehicle.

Polymeric micro- and nanoparticulate formulations are 

currently considered as ideal vaccine delivery systems. 

Among them, biodegradable poly(D,L-lactide-co-glycolide) 

(PLGA) nanoparticles (NPs) have attracted considerable 

attention due to their biocompatibility and have been already 

approved by the US Food and Drug Administration (FDA) 

and European Medicines Agency (EMA) as drug carriers.7 

PLGA-based vaccine delivery systems possess several 

advantages such as sustained and controlled antigen release, 

adjuvant co-encapsulation, protection from degradation by 

enzymes, as well as the ability of specific tissue targeting.8,9 

Several studies have demonstrated that these nano-sized 

delivery systems can induce both humoral and cell-mediated 

specific immune responses via activation of dendritic cells 

(DCs) in animals in combination with tumor antigenic 

peptides,10,11 or parasitic12 or viral antigenic molecules.13,14

Several types of micro- or nanoformulations (ie, lipo-

somes, chitosan, PLGA) and antigens have been tested up 

till now for vaccine development against leishmaniasis with 

encouraging results.15,16 In particular, whole heat-inactivated 

Leishmania major parasites, the causative agent of cutaneous 

leishmaniasis (CL), or their soluble antigens17,18 as well as 

specific parasitic antigens (eg, KMP-11)19 in combination 

with adjuvants have been evaluated in experimental models 

of CL or VL with promising results.

Immune response against leishmaniasis depends on cell-

mediated immunity and is associated with the development 

of different T cell populations.20 CD4+ Th1 cells are critical 

for the control of Leishmania infections, due to their ability to 

produce IFNγ, which activates macrophages and DCs, leading 

to parasite killing. Moreover, CD8+ T cells that produce IFNγ 

also hold an important role in protection development against 

VL.21 On the contrary, certain T cell populations (eg, regulatory 

T cells) have been proved to be important in disease develop-

ment through production of suppressive cytokines. Recent 

studies demonstrate that IL-10 is the major immunosuppres-

sive cytokine in VL.22,23 It has been shown that downregulation 

of those T cell populations increases the potential of vaccine 

success. Thus, an exclusive generation of a vaccine-induced 

Th1 or CD8+ response is insufficient to ensure protection and 

cannot predict vaccine success in experimental VL.24,25

According to previous results from our group, nano-

formulations based on PLGA NPs or PLGA NPs surface-

modified with a TNFα-mimicking eight-amino-acid peptide 

(p8) loaded with a crude mix of proteins from L. infantum 

promastigotes (soluble Leishmania antigens, sLiAg) and/or 

monophosphoryl lipid A (MPLA), a known TLR4 ligand 

serving as adjuvant, were efficiently internalized by DCs, 

which in turn induced the development of antigen-specific 

T cell populations in vitro.26 Taking into consideration these 

data, we designed this study to investigate whether vaccina-

tion with the above multifunctionalized nanoformulations 

would induce similar immune response in the in vivo as 

those induced in the in vitro system and subsequently confer 
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protection in the murine model of VL. Furthermore, the type 

of the immune responses elicited in mice vaccinated with 

the above nanoformulations and infected with L. infantum 

was also studied.

Materials and methods
experimental animals, parasite 
maintenance and sliag preparation
Female BALB/c mice (6–8 weeks old) used in the present study 

were obtained from the breeding unit of the Hellenic Pasteur 

Institute (HPI; Athens, Greece) and reared in institutional facili-

ties under specific pathogen-free environmental conditions at 

an ambient temperature of 25°C. Mice were provided with 

sterile food and water ad libitum, and all animal protocols were 

conducted in strict accordance with the National Law 56/2013, 

which adheres to the European Directive 2010/63/EU for 

animal experiments, and complied with the Animal Research: 

Reporting of In Vivo Experiments (ARRIVE) guidelines. The 

study was approved by the Animal Bioethics Committee of 

the HPI (Approval Number: 4455/10-07-2014).

L. infantum strain GH8 (MHOM/GR/2001/GH8), origi-

nally isolated from a Greek patient suffering from VL,27 was 

kept in a virulent state by continuous passage in BALB/c mice. 

A homogenized spleen tissue sample from an infected BALB/c 

mouse was cultured in RPMI-1640 medium (Biochrom AG, 

Berlin, Germany) supplemented with 24 mM NaHCO
3
, 2 mM 

L-glutamine, 100 u/mL penicillin, 100 μg/mL streptomycin, 

10 mM HEPES (Thermo Fisher Scientific, Waltham, MA, 

USA) and 10% (v/v) fetal bovine serum (FBS; Applichem, 

Darmstadt, Germany). Stationary-phase promastigotes were 

harvested by centrifugation at 650× g for 10 min at 4°C. The 

pellet was washed by phosphate-buffered saline (PBS: 4.3 mM 

Na
2
HPO

4
, 1.4 mM KH

2
PO

4
, 2.7 mM KCl, 137 mM NaCl) and 

resuspended at a concentration of 2×108 cells/mL. A volume 

of 100 μL of this preparation was injected intravenously in 

the lateral tail vein of each mouse.

Preparation of sLiAg was carried out as previously 

described.26

Vaccination of mice and challenge 
infection
Female BALB/c mice (6–8 weeks old; five animals/group/

time point) were vaccinated subcutaneously, into the scruff 

and the base of tail, with the following particle formulations: 

(i) PLGA-sLiAg, (ii) PLGA-sLiAg-MPLA, (iii) p8-PLGA-

sLiAg, and (iv) p8-PLGA-sLiAg-MPLA, which will be 

referred to as multifunctionalized NPs, as well as with PLGA, 

p8-PLGA or the soluble form of sLiAg + MPLA as control 

groups. The above nanoformulations were synthesized and 

characterized according to Margaroni et al.26 Mice injected 

with 200 μL of PBS served as negative control. Two booster 

vaccinations followed at 2-week intervals. Vaccinated mice 

received 15 μg of encapsulated or free sLiAg and 2 μg of 

encapsulated or free MPLA (Sigma Aldrich, St Louis, MO, 

USA) per 200 μL of PBS; those immunized with PLGA or 

p8-PLGA received an equivalent of PLGA encapsulating 

sLiAg weight of NPs in PBS. Two weeks after the second 

booster vaccination, mice were challenged with 2×107 freshly 

transformed stationary-phase L. infantum promastigotes in 

100 μL PBS intravenously via the lateral tail vein.

Determination of antibody response
Two weeks after the final booster vaccination, as well as 2 and 

4 months post-challenge, serums from vaccinated and infected 

animals were analyzed by enzyme-linked immunosorbent 

assay (ELISA) for the presence of sLiAg-specific antibodies.28 

In brief, 96-well microtiter plates (Greiner, Kremsmuenster, 

Austria) were coated with 5 μg/mL sLiAg diluted in PBS 

overnight at 4°C. The plates were blocked with 2% bovine 

serum albumin (BSA) (Sigma Aldrich) in PBS at 37°C for 1.5 

h to prevent nonspecific binding. After washing with PBS con-

taining 0.05% Tween 20, the plates were incubated with serial 

dilutions of sera (1:50 to 1:51,200) for 1.5 h at 37°C. Then, the 

plates were incubated with biotinylated anti-mouse IgG1 and 

IgG2a antibodies (AbD Serotec, Oxford, UK) according to the 

manufacturer’s instructions for 1 h at 37°C and after washing 

were treated with horse radish peroxidase (HRP) streptavi-

din solution (AbD Serotec) for 1 h at 37°C. The plates were 

washed and developed with 3,3’,5,5’-Tetramethylbenzidine 

(TMB) substrate (Pierce, Waltham, MA, USA). Absorbance 

was read at 450 nm. Results are expressed as titer, that is, the 

maximum dilution in which the OD value of the sample is 

higher than the cut-off OD (OD of blank ±2 SD).

spleen cell proliferation and cytokine 
assays
Five mice from each group were sacrificed 2 weeks after the 

last booster vaccination and 2 and 4 months post-challenge, 

and the spleens were aseptically removed and mechanically 

teased into single-cell suspension in RPMI-1640 medium. 

Spleen cells were cultured in triplicates in 96-well U bottom 

plates (Greiner) at a density of 2×106 cells/mL and stimu-

lated with 12.5 μg/mL of sLiAg. The cells incubated with 

3 μg/mL Con A (Sigma Aldrich) or medium alone served 

as negative or positive control, respectively. The cells were 

incubated for 96 h in 5% CO
2
 at 37°C and pulsed for the final 
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18 h with 0.5 μCi of [3H]thymidine (PerkinElmer, Waltham, 

MA, USA). The cells were harvested, and lymphocyte pro-

liferation was determined by radioactivity incorporation on a 

microplate scintillation and luminescence counter (Microbeta 

Trilux; Wallac, Turku, Finland). For cytokine determination, 

after 72 h incubation, culture supernatants, from similar 

cultures as described above, were collected and analyzed 

using a Milliplex mouse cytokine detection system for IFNγ, 

IL-4 and IL-10 according to the manufacturer’s instructions 

(EMD Millipore, Billerica, MA, USA). Each sample was 

assayed in duplicate, and cytokine standards and quality 

controls supplied by the manufacturer were run on each plate. 

Data were acquired on a Luminex 200™ (Luminex Corpo-

ration, Austin, TX, USA) and analyzed using xPONENT 

software (Luminex).

Flow cytometry assay for cell 
phenotyping and cytokine production in 
vaccinated and infected mice
Five mice from each group were sacrificed 2 weeks after 

the second booster vaccination, as well as 2 and 4 months 

post-challenge, and the spleens were aseptically removed. 

Single-cell suspension was prepared as described above. 

Spleen cells were cultured in 24-well flat-bottom plates 

(Greiner) at a density of 1×106 cells/mL and stimulated with 

12.5 μg/mL of sLiAg for 48 h. The cells were incubated with 

2.5 μg/mL of Brefeldin A (Sigma Aldrich) for 4 h. The cells 

were fixed using 2% paraformaldehyde in PBS for 15 min at 

room temperature and then were triple-stained with allophy-

cocyanin (APC)-conjugated hamster anti-mouse CD3e (clone 

145-2C11), fluorescein isothiocyanate (FITC)-conjugated rat 

anti-mouse CD4 (clone RM4-5) or CD8a (clone 53-6.7) and 

phycoerythrin (PE)-conjugated rat anti-mouse IFNγ (clone 

XMG1.2) for 30 min at 4°C in permeabilization buffer (PBS 

supplemented with 3% [v/v] FBS and 0.1% [v/v] saponin). All 

antibodies were from BD Pharmingen (San Diego, CA, USA). 

Each sample was run in triplicate, and 20,000 cells/sample 

were analyzed on a FACS Calibur (Becton Dickinson, Frank-

lin Lakes, CA, USA), and the data acquired were processed 

with FlowJo software version 10.0 (Tree Star Inc, Ashland, 

OR, USA). Results are presented as a percentage (%) of posi-

tive cells ± SD from three independent experiments.

Determination of parasite burden with 
quantitative real-time polymerase chain 
reaction (qPcr)
DNA was extracted from about 10 mg of spleen or liver 

tissue from infected mice using QIAamp® DNA Mini Kit 

(Qiagen, Hilden, Germany) according to the manufacturer’s 

instructions. The quantity and purity of the DNA were deter-

mined with the spectrophotometer NanoDrop® 2000 (Thermo 

Fischer Scientific).

Parasite burden was determined using TaqMan-

based qPCR assay as previously described29 with slight 

modifications. Briefly, the assay was performed in a 

final volume of 20 μL containing 4 μL DNA template 

(150 ng), 10 μL of TaqMan master mix (2×) (Kapa Bio-

systems, Wilmington, MA, USA), 15 pmol of forward 

(5′-GGCGGCGGTATTATCTCGAT-3′) and 5 pmol of 

reverse (5′-ACCACGAGGTAGATGACAGACA-3′) 
primers (VBC Biotech, Vienna, Austria) (targeting a 74-bp 

region of the L. major gene encoding the arginine transporter 

AAP3 gene) and 25 pmol of TET-labeled TaqMan® probe 

(TET-5′-ATGTCGGGCATCATC-3′-BHQ; VBC Biotech). 

Each qPCR test was run in triplicate on a SaCycler-96 RUO 

cycler (Sacace Biotechnologies, Como, Italy). The cycling 

conditions were 95°C for 10 min, followed by 40 cycles at 

95°C, 15 s and 62°C, 60 s. The standard curve method for 

absolute quantification of parasite number was used. Quanti-

fication was performed using standard curves prepared from 

DNA extracted from tenfold serial dilution of L. infantum 

parasites (range 1–1×105).

statistical analysis
Data shown are representative of at least three independent 

experiments. Differences were assessed by one-way analysis 

of variance (ANOVA) using Tukey post-test. Analyses were 

conducted using Prism software (version 5.0; GraphPad 

Software, Inc, La Jolla, CA, USA). Statistical significance 

was set at the level of P,0.05.

Results
Vaccination with multifunctionalized 
Plga NPs confers protection against 
experimental Vl
We have previously reported that by improving DCs targeting 

via surface modification with the p8 peptide or by enhancing 

stimulatory activity via MPLA, PLGA NPs loaded with sLiAg 

induces a mature and fully functionalized DCs phenotype. 

These fully mature DCs, in turn, induce the development of 

different antigen-specific T cell populations in vitro.26 To 

determine the protective efficacy of these synthesized multi-

functionalized PLGA NPs, age-matched BALB/c mice were 

vaccinated with various nanoformulations, soluble form of 

sLiAg + MPLA or PBS as indicated in the “Materials and 

methods” section. Subsequently, 2 weeks after the second 

booster vaccination, mice were challenged with highly 

virulent L. infantum promastigotes. Parasite burden was 
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estimated in target visceral organs, the liver and spleen, 2 and 

4 months post-challenge by qPCR (Figure 1A). Continuous 

reduction of parasite burden in both the liver and spleen of 

PLGA NPs-vaccinated mice was observed at both time points 

post-challenge. Specifically, mice receiving sLiAg encapsu-

lated in PLGA NPs acquired significantly enhanced resistance 

to hepatic infection at 2 months (P,0.001), although this did 

not exceed 50% reduction in peak parasite burden detected 

Figure 1 Parasite burden in vaccinated–infected BalB/c mice. (A) groups of mice (n=5) were vaccinated with PBs, Plga, Plga-sliag, Plga-sliag-MPla, p8-Plga, 
p8-Plga-sliag, and p8-Plga-sliag-MPla three times with 2-week intervals. Two weeks after the second booster vaccination, mice were challenged with 2×107 stationary-
phase promastigotes of Leishmania infantum. Parasite burden was assessed in (B and C) the liver and (F and G) the spleen 2 and 4 months post-challenge by qPcr. Parasite 
reduction in vaccinated groups compared to PBs control group in (D and E) the liver and (H and I) the spleen 2 and 4 months post-challenge. each bar represents the 
mean ± SD for each group of mice. Dashed line indicates the minimum level of parasites determined in the lymphoid organs of infected mice. Significant differences between 
vaccinated–infected groups and PBs group or among groups are indicated by asterisks: *P,0.05, **P,0.01 or ***P,0.001.
Abbreviations: L. infantum, Leishmania infantum; PBs, phosphate-buffered saline; Plga, poly(D,l-lactide-co-glycolide); sliag, soluble Leishmania infantum antigens; MPla, 
monophosphoryl lipid a; p8, eight-amino-acid peptide; qPcr, quantitative real-time polymerase chain reaction; pc, post-challenge.
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in PBS or PLGA control groups (Figure 1B and D), reach-

ing 67% reduction at 4 months post-challenge (Figure 1C 

and E). Importantly, the co-encapsulation of MPLA or 

surface modification of PLGA NPs loaded with sLiAg 

with the p8 peptide resulted in further reduction of parasite 

burden in the liver 2 months post-infection as compared to 

mice vaccinated with PLGA-sLiAg (PLGA-sLiAg-MPLA: 

2.06±0.44 vs 13.63±0.81×106 parasites/liver, 92% parasite 

reduction, P,0.001, and p8-PLGA-sLiAg: 1.32±0.12 vs 

13.63±0.81×106 parasites/liver, 91% parasite reduction, 

P,0.001), which was kept stable till 4 months post-challenge. 

It must be noted that the simultaneous presence of p8 and 

MPLA in PLGA nanoformulations did not enhance resistance 

to infection, since a 84% parasite reduction was detected in 

PBS control mice (P,0.001) (Figure 1B–E).

In contrast to naturally acquired resistance to hepatic 

infection, L. infantum persists in the spleen of BALB/c 

mice, with the concomitant development of considerable 

organ-specific pathology similar to that seen in human kala 

azar. In this aspect, it was important to evaluate the impact 

of vaccination in this organ. In the spleen, vaccination with 

PLGA-sLiAg resulted in 69% (P,0.01) reduction of parasite 

burden at 2 months post-challenge, compared to PBS control 

group, while encapsulation of MPLA or surface modification 

of p8 in PLGA NPs (ie, PLGA-sLiAg-MPLA and p8-PLGA-

sLiAg) resulted in further reduction of parasitic load as 

compared to that detected in mice vaccinated with PLGA-

sLiAg NPs at 2 months post-challenge, ranging from 66% 

to 82% (PLGA-sLiAg-MPLA: 0.21±0.15 vs 1.19±0.23×106 

parasites/spleen, P,0.05 and p8-PLGA-sLiAg: 0.41±0.13 vs 

1.19±0.23×106 parasites/spleen, P,0.01) (Figure 1F and H) 

(P,0.001). At 4 months post-challenge, when infection 

is well established, although the parasite load in control 

infected mice increased, the number of parasites in mice 

vaccinated with PLGA NPs encapsulating sLiAg remained 

low reaching 86% of parasite reduction (10.89±3.29 vs 

76.06±19.09×106 parasites/spleen, P,0.001). Specifically, 

it was of interest that vaccination with PLGA-sLiAg-MPLA 

and p8-PLGA-sLiAg resulted in almost complete elimination 

of the parasite in the spleen, since protection reached the level 

of 96% (3.27±0.24 vs 76.06±19.09×106 parasites/spleen, 

P,0.001) and 99% (0.74±0.45 vs 76.06±19.09×106 parasites/

spleen, P,0.001), respectively. Moreover, vaccination with 

p8-PLGA-sLiAg-MPLA imparted protection from infection, 

however not at higher levels, that reached 93% (5.25±2.82 

vs 76.06±19.09×106 parasites/spleen, P,0.001) (Figure 1G 

and I). As expected, vaccination with PLGA, p8-PLGA or 

non-encapsulated sLiAg + MPLA did not affect the levels of 

parasitic burden which remained high at comparable levels 

to PBS control mice at both time points.

These data indicated the importance of adjuvant encap-

sulation or surface modification with the p8 peptide of the 

selected nanoformulations as reflected in the reduction of 

parasitic load in both target organs. A confirmatory limiting 

dilution analysis also verified the presence or absence of live 

parasites in the liver and spleen of PLGA NPs-vaccinated 

and infected mice (data not shown).

Vaccination with multifunctionalized 
PLGA NPs elicited antigen-specific 
humoral and cellular immune responses
Antibody isotype profile provides a convenient surrogate 

marker of Th1 and Th2 CD4+ T cell differentiation. We 

therefore analyzed the response to sLiAg at the end of vac-

cination and after challenge infection at predetermined time 

points in the serum obtained from mice vaccinated with 

PLGA NPs and PBS control mice groups (Figure 2A). As 

shown in Figure 2, PLGA-sLiAg and PLGA-sLiAg-MPLA 

were the only vaccination regimens that induced anti-sLiAg 

antibody responses, which were exclusively of IgG1 iso-

type (4,800±2,263 and 2,400±1,131 vs 50±0, P,0.001) 

(Figure 2B and E), suggesting that vaccination with these 

nanoformulations stimulated predominantly a Th2 response. 

Interestingly, mice immunized with p8-surface-modified 

nanoformulations failed to produce any antibody response 

to sLiAg before challenge.

Following challenge with L. infantum, there was a 

small change in the isotype profile in mice vaccinated with 

PLGA-sLiAg or PLGA-sLiAg-MPLA, with an overall 

dominance of IgG1 production at 2 months post-challenge, 

which however was significantly lower to that detected in 

control mice groups (9,600±4,525 vs 51,200±0, P,0.001 

and 25,600±0 vs 51,200±0, P,0.05) (Figure 2C and F). At 

4 months, the levels remained stable and still significantly 

lower than those detected in PBS control group (25,600±0 

vs 51,200±0, P,0.001 and 21,333±7,390 vs 51,200±0, 

P,0.001) (Figure 2D) followed by a substantial increase of 

sLiAg-specific IgG2a production (PLGA-sLiAg: 900±611 

vs 1,067±462 and PLGA-sLiAg-MPLA: 4,800±2,263 vs 

1,067±462, P,0.001) (Figure 2G), further suggesting an 

isotype switching towards Th1 response. The increase of 

IgG2a antibody production as compared to PBS control 

mice correlated with the decreasing parasite load in the 

respective vaccinated mice groups. Moreover, mice vac-

cinated with the p8-surface-modified NPs continued not to 

produce sLiAg-specific IgG1 antibodies till the end of the 
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study (4 months post-challenge). Importantly, at this time 

point, an exclusive, probably Th1-driven IgG2a response 

towards sLiAg, although at low levels, was detected, 

which in the case of p8-PLGA-sLiAg-vaccinated mice was 

significantly enhanced as compared to PBS control mice 

groups (2,400±1,131 vs 1,067±462, P,0.001) (Figure 2H). 

Specific anti-sLiAg IgG1 and IgG2a levels induced in control 

mice groups vaccinated with PLGA or p8-PLGA, pre- or 

post-challenge, were comparable with those induced in mice 

vaccinated with PBS.

As the induction of a strong IgG1 response post-vaccination 

was unexpected, we directly examined the cellular immune 

Figure 2 Specific anti-sLiAg antibodies raised in vaccinated–infected BALB/c mice. (A) groups of mice (n=5) were vaccinated with PBs, sliag + MPla, Plga, Plga-sliag, 
Plga-sliag-MPla, p8-Plga, p8-Plga-sliag or p8-Plga-sliag-MPla three times with 2-week intervals. Two weeks after the second booster vaccination, mice were 
challenged with 2×107 stationary-phase promastigotes of Leishmania infantum. (B and E) Two weeks after the last vaccination and (C, D, F and G) 2 and 4 months post-
challenge, specific anti-sLiAg IgG1 and IgG2a antibodies were determined in mice serum using ELISA. Samples were run in duplicates. (H) Igg2a-to-Igg1 ratio. results are 
expressed as titer ± sD, that is, the maximum dilution in which sample OD . cut-off OD. Significant differences between mice vaccinated with the multifunctionalized NPs 
and PBs control group are indicated by asterisks: *P,0.05 or ***P,0.001.
Abbreviations: sliag, soluble Leishmania infantum antigens; PBs, phosphate-buffered saline; MPla, monophosphoryl lipid a; Plga, poly(D,l-lactide-co-glycolide); p8, eight-
amino-acid peptide; NPs, nanoparticles; pc, post-challenge; elIsa, enzyme-linked immunosorbent assay; OD, optical density.
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responses raised by PLGA NPs vaccination in vitro 

( Figure 3A). To understand the nature of immune response 

generated by PLGA NPs vaccination, we firstly assessed 

the presence of sLiAg-specific cell-mediated responses. 

According to conventional recall assays, spleen cells iso-

lated from mice vaccinated with PLGA-sLiAg exhibited 

significantly higher proliferation levels in response to sLiAg 

as compared to non-vaccinated mice, 2 weeks after the last 

vaccination (14.00±0.42 vs 1.00±0.01, P,0.05). Moreover, 

vaccination with PLGA-sLiAg-MPLA resulted in even 

higher lymphoproliferative responses, as stimulation index 

value was about twofold higher (22.25±5.02, P,0.001) 

over the PLGA-sLiAg-vaccinated mice group. Splenocytes 

obtained from mice vaccinated with the p8-PLGA-sLiAg 

(11.26±4.05 vs 1.00±0.01, P,0.05) or p8-PLGA-sLiAg-

MPLA (10.18±2.43 vs 1.00±0.01, P,0.05) nanoformulations 

also exhibited a significant proliferation over the PBS control 

group, which however was at similar levels to that detected 

in splenocytes obtained from PLGA-sLiAg-vaccinated group 

(Figure 3B).

Since active VL is characterized by impairment of 

T cell proliferation, an effective antileishmanial vaccine 

should be able to restore T cell responses. Accordingly, 2 

months post-infection, mice vaccinated with the PLGA-

sLiAg, PLGA-sLiAg-MPLA or p8-PLGA-sLiAg were able 

to maintain the significantly high proliferative capacity 

of splenocytes, almost twofold higher over PBS control 

group (PLGA-sLiAg: 2.64±1.27 vs 1.27±0.48, P,0.05, 

PLGA-sLiAg-MPLA: 2.64±0.81 vs 1.27±0.48, P,0.01 

and p8-PLGA-sLiAg: 2.19±0.86 vs 1.27±0.48, P,0.05), 

which was less robust as compared to that detected post-

vaccination, since no statistical significant difference was 

observed among the above groups and PLGA or p8-PLGA 

control groups, respectively. However, at 4 months post-

challenge, a further increase in splenocyte proliferation 

capacity was detected reaching approximately threefold 

Figure 3 lymphoproliferative responses in vaccinated–infected BalB/c mice. (A) groups of mice (n=5) were vaccinated with PBs, sliag + MPla, Plga, Plga-sliag, Plga-
sliag-MPla, p8-Plga, p8-Plga-sliag or p8-Plga-sliag-MPla three times with 2-week intervals. Two weeks after the second booster vaccination, mice were challenged 
with 2×107 stationary-phase promastigotes of Leishmania infantum. (B) Two weeks after the last vaccination and (C) 2 and 4 months post-challenge, spleen cells were 
harvested and stimulated in vitro with sliag (12.5 μg/ml) for 96 h in 5% cO2 at 37°C, and sLiAg-specific proliferation was measured by assessing thymidine incorporation. 
samples were run in triplicates. results are expressed as mean stimulation index ± SD. Significant differences between vaccinated and PBS control group or among groups 
are indicated by asterisks: *P,0.05, **P,0.01 or ***P,0.001.
Abbreviations: L. infantum, Leishmania infantum; PBs, phosphate-buffered saline; sliag, soluble Leishmania infantum antigens; MPla, monophosphoryl lipid a; Plga, poly(D,l-
lactide-co-glycolide); p8, eight-amino-acid peptide; pc, post-challenge.
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over PBS control group in mice that were vaccinated with 

PLGA-sLiAg-MPLA (3.91±1.25 vs 1.81±0.31, P,0.01), 

p8-PLGA-sLiAg (4.36±0.94 vs 1.81±0.31, P,0.01) or 

p8-PLGA-sLiAg-MPLA (5.28±0.99 vs 1.81±0.31, P,0.01) 

and exhibited almost complete elimination of parasite load 

in the spleen (Figure 3C).

To fully characterize the cellular immune response to 

sLiAg, we proceeded with intracellular cytokine stain-

ing followed by flow cytometry (Figure 4A). According 

to the results, 2 weeks post-vaccination, the frequency of 

IFNγ-producing CD4+ T cells was less than 2%, and no 

differentiation among vaccinated and non-vaccinated mice 

was observed (Figure 4B and Table 1). The results obtained 

from analyzing IFNγ-producing CD8+ T cells were quite dif-

ferent. The control, PLGA-sLiAg and PLGA-sLiAg-MPLA 

group mice had a very low frequency of CD8+ T cells able to 

produce IFNγ in vitro in response to sLiAg. However, sLiAg 

stimulation of spleen cells obtained from p8-PLGA-sLiAg 

and p8-PLGA-sLiAg-MPLA induced significant increase 

in the number of CD8+ T cells producing IFNγ (Figure 4C 

γ γ

Figure 4 IFNγ-producing cD4+ and cD8+ T cells in vaccinated BalB/c mice. (A) groups of mice (n=5) were vaccinated with PBs, sliag + MPla, Plga, Plga-sliag, Plga-
sliag-MPla, p8-Plga, p8-Plga-sliag or p8-Plga-sliag-MPla three times with 2-week intervals. Two weeks after the second booster vaccination, spleen cells were 
isolated and stimulated with sliag (12.5 μg/ml) for 48 h. (B) cD3+cD4+IFNγ+ and (C) cD3+cD8+IFNγ+ cells were determined using flow cytometry. The results are the mean 
value ± sD of each group of mice (n=5). Significant differences between vaccinated and PBS control group are indicated by asterisks: ***P,0.001.
Abbreviations: PBs, phosphate-buffered saline; sliag, soluble Leishmania infantum antigens; MPla, monophosphoryl lipid a; Plga, poly(D,l-lactide-co-glycolide); p8, eight-
amino-acid peptide; FACS, fluorescence activated cell sorting.

Table 1 Percentage of cD3+cD4+IFNγ+ and cD3+cD8+IFNγ+ cells in the spleens from mice vaccinated with the Plga-based NPs and 
challenged with Leishmania infantum

IFNγ production from CD4+ or CD8+ T cells

PBS sLiAg + MPLA PLGA PLGA-sLiAg PLGA-
sLiAg-MPLA

p8-PLGA p8-PLGA-sLiAg p8-PLGA-
sLiAg-MPLA

cD3+cD4+IFNγ+

Pre-challenge 1.54±0.50 1.35±0.88 1.28±0.35 1.03±0.20 0.85±0.46 2.15±0.43 2.04±1.26 0.55±0.11
2 months pc 0.89±0.34 0.76±0.14 0.54±0.16 0.99±0.02 0.98±0.10 1.16±0.16 1.22±0.37 1.11±0.24
4 months pc 1.96±0.63 1.46±0.16 2.29±0.06 3.19±0.48* 2.79±0.39* 2.14±0.49 2.99±0.50* 0.71±0.31

cD3+cD8+IFNγ+

Pre-challenge 1.25±0.31 2.14±0.40 2.69±0.23 2.67±0.37 2.61±0.63 2.63±0.70 5.43±0.09*** 4.92±1.60***
2 months pc 2.49±0.96 1.39±0.24 2.30±0.50 4.06±0.68 3.98±0.19 4.35±0.79 6.97±0.87*** 6.01±1.06**
4 months pc 8.91±1.05 4.39±0.04 7.27±2.57 5.46±3.94 9.40±3.25 5.13±0.22 13.30±2.54* 12.22±2.87*

Note: The values represent the mean ± standard deviation. Statistical significance at the level of *P,0.05, **P,0.01 and ***P,0.001 compared to PBs control group.
Abbreviations: Plga, poly(D,l-lactide-co-glycolide); NPs, nanoparticles; PBs, phosphate-buffered saline; sliag, soluble Leishmania infantum antigens; MPla, monophosphoryl 
lipid a; p8, eight-amino-acid peptide; pc, post-challenge.
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and Table 1). Analysis of these populations at 2 months 

post-challenge showed that PLGA-sLiAg- and PLGA-sLiAg-

MPLA-vaccinated mice preserved the same profile regarding 

IFNγ-producing CD4+ and CD8+ T cells as compared to PBS 

control mice, a finding that was consistent with the exclusive 

presence of increased anti-sLiAg IgG1 antibodies during 

this time period. Importantly, at 4 months post-challenge, 

a significant increase in the number of IFNγ-producing 

CD4+ T cells was detected in the spleens of not only PLGA-

sLiAg- (3.19%±0.48% vs 1.96%±0.63%, P,0.05) and 

PLGA-sLiAg-MPLA-vaccinated mice (2.79%±0.39% vs 

1.96%±0.63%, P,0.05) but also p8-PLGA-sLiAg-vaccinated 

mice (2.99%±0.50% vs 1.96%±0.63%, P,0.05), over PBS 

control mice, consistent with the antibody isotype switching 

towards IgG2a. It must be noted that the spleens obtained 

from p8-PLGA-sLiAg - (13.30%±2.54% vs 8.92%±1.05%, 

P,0.05) and p8-PLGA-sLiAg-MPLA-vaccinated mice 

(12.22%±2.87% vs 8.92%±1.05%, P,0.05) continued to 

preserve the significantly enhanced numbers of sLiAg-

specific IFNγ-producing CD8+ T cells, which were further 

increased over those detected at 2 months post-challenge 

(Figure 5 and Table 1).

It is well known that Th1 immunity is marked by IFNγ 

secretion, while Th2 cytokines like IL-4 promote humoral 

responses. Moreover, the dominant production of IFNγ 

against IL-4 and/or IL-10 plays an important role in the 

induction of immunity against leishmaniasis. Thus, we com-

pared the levels of the above cytokines in the supernatants of 

spleen cells restimulated with sLiAg 4 months post-infection 

in order to gain insight into the cellular mechanisms pres-

ent at this time point, which are characterized by significant 

reduction of parasite load in vaccinated mice. sLiAg-recall 

assays revealed that, in mice vaccinated with PLGA-sLiAg, 

levels of secreted IFNγ were increased by 38.86% com-

pared to PBS control mice. Moreover, IFNγ production was 

significantly higher in mice vaccinated with PLGA-sLiAg-

MPLA, compared to PBS control mice (134.00±9.53 vs 

62.29±25.03 pg/mL, P,0.001). Importantly, the surface 

modification of PLGA-sLiAg or PLGA-sLiAg-MPLA NPs 

with the p8 peptide further increased IFNγ production com-

pared to non-modified NPs (p8-PLGA-sLiAg: 175.5±47.4 

vs 103.6±7.07 pg/mL and p8-PLGA-sLiAg-MPLA: 

171.20±18.16 vs 134.00±9.53 pg/mL, P,0.05) (Table 2).

Furthermore, the spleen cells obtained from mice vac-

cinated with PLGA-sLiAg, PLGA-sLiAg-MPLA and 

p8-PLGA-sLiAg showed a decrease in their capacity 

to produce IL-4 compared to PBS control group, a phe-

nomenon that was enhanced in the spleen cells obtained 

from p8-PLGA-sLiAg-MPLA-vaccinated mice (PLGA-

sLiAg: 39.8±17.7 vs 62.5±14.2 pg/mL, P,0.05, PLGA-

sLiAg-MPLA: 37.0±7.5 vs 62.5±14.2 pg/mL, P,0.05, 

p8-PLGA-sLiAg: 44.5±6.0 vs 62.5±14.2 pg/mL, P,0.05 

and p8-PLGA-sLiAg-MPLA: 8.2±4.7 vs 62.5±14.2 pg/mL, 

P,0.001) (Table 2). Moreover, all PLGA-sLiAg-vaccinated 

mice groups produced significantly lower IL-10 levels (PLGA-

sLiAg: 55.5±21.7 vs 263.0±71.3 pg/mL, P,0.001, PLGA-

sLiAg-MPLA: 40.4±2.4 vs 263.0±71.3 pg/mL, P,0.001, 

p8-PLGA-sLiAg: 79.00±35.1 vs 263.0±71.3 pg/mL,  

P,0.001 and p8-PLGA-sLiAg-MPLA: 19.4±9.0 vs 

263.0±71.3 pg/mL, P,0.001) compared to PBS control mice, 

irrespective of their modification (Table 2).

Collectively, it could be said that the enhanced pro-

duction of IFNγ in mice vaccinated with PLGA-sLiAg, 

PLGA-sLiAg-MPLA, p8-PLGA-sLiAg and p8-PLGA-

sLiAg-MPLA outbalanced both IL-4 and IL-10 production 

compared to control infected mice (Table 2), demonstrating 

the development of protective cellular immune responses 

associated with the existence of protective sLiAg-specific 

CD4+ Th1 and/or CD8+ T cells, followed by secondary spe-

cific sero-responses (Figure 2).

Discussion
The induction of sustained immune responses for the lifelong 

protection of individuals from a variety of diseases is the 

primary goal of a successful vaccine. Several attempts have 

been undertaken to develop such a vaccine against leishmani-

asis, but there is still no licensed vaccine for humans. To date, 

deliberate inoculation of live parasites (leishmanization) is 

the only vaccination strategy capable of achieving long-

term protection against the disease. However, observations 

of adverse side effects30,31 have shifted the focus of vaccine 

development to subunit vaccines. These vaccines are safer 

than live vaccines, but they lack strong immunogenicity and 

thus require the use of an adjuvant.32 Therefore, microparticu-

late and nanoparticulate formulations are currently consid-

ered as the ideal vaccine delivery systems. Although several 

antigens have been tested for vaccine development, soluble 

leishmanial antigens are still part of vaccine development 

research due to their proven immunogenicity, as already 

mentioned. Immunization of BALB/c mice with sLiAg 

entrapped in positively or negatively charged liposomal car-

riers has elicited protection against VL.33–35

In a previous study of ours, we have found that PLGA-

based nanoformulations loaded with soluble antigens from 

late log-phase L. infantum promastigotes, the causative agent 

of VL, in combination with MPLA as an adjuvant or surface 
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Figure 5 IFNγ-producing cD4+ and cD8+ T cells in vaccinated–infected BalB/c mice. (A) groups of mice (n=5) were vaccinated with PBs, sliag + MPla, Plga, Plga-
sliag, Plga-sliag-MPla, p8-Plga, p8-Plga-sliag or p8-Plga-sliag-MPla three times with 2-week intervals. Two weeks after the second booster vaccination, mice 
were challenged with 2×107 stationary-phase promastigotes of Leishmania infantum. Two and four months post-challenge, spleen cells were harvested and stimulated in vitro 
with sliag (12.5 μg/ml) for 72 h in 5% cO2 at 37°c. cD3+cD4+IFNγ+ and cD3+cD8+IFNγ+ cells were determined using flow cytometry. (B) representative dot plots and 
(C) diagram showing IFNγ-producing cD4+ T cells 2 and 4 months post-infection. (D) representative dot plots and (E) diagram showing IFNγ-producing cD8+ T cells 2 
and 4 months post-infection. The results are the mean value ± SD of each group of mice. Significant differences between vaccinated and PBS control group are indicated by 
asterisks: *P,0.05, **P,0.01 or ***P,0.001.
Abbreviations: L. infantum, Leishmania infantum; PBs, phosphate-buffered saline; sliag, soluble Leishmania infantum antigens; MPla, monophosphoryl lipid a; Plga, poly(D,l-
lactide-co-glycolide); p8, eight-amino-acid peptide; pc, post-challenge; FACS, fluorescence activated cell sorting; SSC, side-scattered light; FSC, forward-scattered light.
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modified with p8 mimicking the TNFα docking region can be 

taken up more efficiently by DCs, expressing a mature and 

fully functionalized phenotype. These fully functionalized 

DCs could present sLiAg and induce the development of 

antigen-specific Th1 cells.26 The development of the above 

in vitro system for evaluating the synthesized nanoformula-

tions prompted us to investigate PLGA NPs encapsulating 

sLiAg and MPLA and surface modified with the p8 peptide 

for their protective efficacy against experimental VL.

L. infantum parasites multiply faster in the liver during the 

first 4 weeks of infection; however, self-control of the infec-

tion is observed in this organ. By contrast, parasites multiply 

slower in the spleen; however, infection is persistent in this 

organ.36 The fact that PLGA and p8-PLGA NPs are taken up 

by spleen cells after subcutaneous administration26 strength-

ens the possible role of these NPs as effective vaccine carriers 

against VL. Indeed, subcutaneous vaccination of susceptible 

BALB/c mice with PLGA-sLiAg, PLGA-sLiAg-MPLA, 

p8-PLGA-sLiAg or p8-PLGA-sLiAg-MPLA resulted in 

significant reduction of the parasitic load 2 and 4 months 

post-infection both in the liver and spleen. Notably, 4 months 

post-infection, the level of protection in the liver ranged 

from 64% to 92%, speeding up the phenomenon of self-

healing observed in this organ, while vaccination with PLGA 

nanoformulations resulted in significant parasite reduction, 

also, in the spleen, ranging from 44% to 99% (Figure 1). 

Encapsulation of MPLA in PLGA-sLiAg NPs resulted in 

significant reduction of parasitic load in accordance with 

previous studies demonstrating the necessity for an adjuvant 

for experimental vaccines against leishmaniasis36–40 but also 

against other intracellular pathogens.41,42 The conjugation of 

the p8 peptide to PLGA-sLiAg NPs resulted in protection 

levels similar to those induced by PLGA-sLiAg-MPLA 

vaccination. Interestingly, vaccination with PLGA-sLiAg-

MPLA or p8-PLGA-sLiAg resulted in almost sterile 

protection in the spleen 4 months post-challenge infection 

indicating an important role of MPLA encapsulation, as well 

as for p8 conjugation to nanoformulations.

Higher IgG2a/IgG1 is associated with resistance to 

leishmaniasis, as it is considered an indicator of enhanced 

Th1 vs Th2 immune response.15 According to our results, 

vaccination only with PLGA-sLiAg or PLGA-sLiAg-MPLA 

raised specific anti-sLiAg IgG1 antibodies (Figure 2), a result 

which is in accordance with the absence of IFNγ production 

from CD4+ T cells. Although high IgG1 titers, signature of 

Th2 response, are associated with susceptibility in VL, previ-

ously published results support that early development of Th2 

cells holds an important role in the generation of CD8+ T cell 

memory and contributes to protection against infection in VL 

models.43,44 Moreover, vaccination with PLGA-sLiAg-MPLA 

resulted in significantly higher levels of IgG2a antibodies 

compared to control infected mice, indicating the impor-

tance of MPLA in enhancing Th1-type responses (Figure 2). 

Although protection against leishmaniasis depends more on 

the cellular than on the humoral immune response, it is worth 

noting that the skewing IgG subtypes observed at 4 months 

post-challenge are strong surrogates of protection,45 which 

indicate the decrease of parasite load.46–48

Protection against leishmaniasis is believed to be depen-

dent upon IL-12 driven production of IFNγ, which drives 

the immune response towards a Th1-type phenotype. This 

process is suppressed during infection, and a successful 

immunization protocol should be able to activate the signal 

between antigen-presenting cells and T cells. IFNγ, from 

CD4+ Th1 cells or CD8+ T cells as part of the acquired 

immune response, mediates macrophage activation, nitric 

oxide production and parasite killing.49

In different models of leishmaniasis, CD4+ T cell produc-

tion of IFNγ has been found to be necessary and sufficient 

for inducing protection,50,51 and some of the earlier studies 

Table 2 cytokine production in mice vaccinated with the Plga-based NPs and challenged with Leishmania infantum, 4 months post-
challenge, and ratios of IFNγ/Il-4 and IFNγ/Il-10

Cytokine production (pg/mL)

PBS PLGA PLGA-sLiAg PLGA-sLiAg-MPLA p8-PLGA p8-PLGA-sLiAg p8-PLGA-sLiAg-MPLA

cytokine production
IFNγ 62.3±25.0 23.9±12.7 103.6±7.1 134.0±9.5*** 76.6±8.1 175.5±7.4*** 171.7±18.2***
Il-4 62.5±14.2 42.8±10.9 39.8±17.7* 36.9±7.5* 43.2±4.3* 44.5±6.0* 8.2±4.7***
Il-10 263.0±71.3 270.4±84.7 55.5±21.7*** 40.4±2.4*** 247.4±30.1 79.0±35.1*** 19.4±9.0*** 

ratio
IFNγ/Il-4 0.99±0.21 0.62±0.35 1.85±0.38 3.60±0.60 0.56±0.01 3.90±0.66 21.05±6.02
IFNγ/Il-10 0.24±0.03 0.10±0.07 1.32±0.15 3.36±0.05 0.31±0.01 2.24±0.45 8.82±1.2

Note: The values represent the mean ± standard deviation. Statistical significance at the level of *P,0.05 and ***P,0.001 compared to PBs control group.
Abbreviations: Plga, poly(D,l-lactide-co-glycolide); NPs, nanoparticles; PBs, phosphate-buffered saline; sliag, soluble Leishmania infantum antigens; MPla, monophosphoryl 
lipid a; p8, eight-amino-acid peptide.
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reported that CD8+ T cells were ineffective in providing 

efficient control against challenge infection with L. major.52 

However, the present perception of CD8+ T cells has 

changed with significant observations of failure of CD8+ 

T cell-deficient mice to control parasitic growth suggesting 

that CD8+ T cells play an important role in immunity against 

infection with L. major.53–55 There are also data that strongly 

support the crucial role of CD8+ T cells not only in primary 

response to infection in experimental VL but also as major 

mediators of resistance upon reinfection.56–59

In order to analyze the relative contribution of CD4+ and 

CD8+ IFNγ-producing T cells in protection elicited in our 

experimental model, the percentage of these populations 

in spleen cells of vaccinated and infected mice was deter-

mined. Vaccination with p8-PLGA-sLiAg or p8-PLGA-

sLiAg-MPLA significantly enhanced CD3+CD8+IFNγ+ cells 

compared to control group. The activation of CD8+ T cells 

was long-lasting in terms of mice vaccinated with p8-PLGA-

sLiAg or p8-PLGA-sLiAg-MPLA contributing to high levels 

of protection and almost elimination of the parasite. This 

result is in accordance with previous studies showing that 

CD8+ T cells play an important role in protection against VL in 

mice vaccinated with sLiAg encapsulated in liposomes.34,60

PLGA particles loaded with the model antigen OVA pro-

mote cross-presentation and the development of CD8+ T cell 

population.61,62 Additionally, our observations are supported 

by in vivo studies showing that antigen cross-presentation 

and the subsequent generation of cytotoxic T cell responses 

is correlated with PLGA NPs63,64 and particularly with those 

with size of 300 nm, similar to the size of nanoformulations 

used in the present study.65 It is believed that PLGA NPs pro-

mote cross-presentation of antigens through the mechanism of 

endosomal escape, that is, NPs’ cytosolic delivery following 

endocytosis.66 Acidic enviroment in endosomal compartment 

results in positive charge of PLGA NPs, which possibly facili-

tates endosomal escape.67 However, even if a particular type of 

NP promotes a certain pathway of antigen processing, it does not 

mean the exclusion of the other alternative pathway of antigen 

presentation.68 Consequently, PLGA-based NPs used in the 

present study may have presented encapsulated sLiAg through 

major histocompatibility complex (MHC) class I and II mol-

ecules, as shown by both CD4+ and CD8+ T cells activation.

In contrast to observations in murine CL, where a polar-

ized response is sufficient for protection69 and a concomitant 

Th2 abrogates even strong Th1 function,70,71 a mixed Th1/Th2 

response is essential for protection against VL.43,72,73 Studies 

in mice74 and humans75 indicated that IL-10 and not IL-4 

is the major immunosuppressive cytokine in VL and the 

absence of IL-10 is associated with resistance to infection.76,77 

In accordance with the above studies, we showed that in 

mice vaccinated with PLGA-sLiAg, PLGA-sLiAg-MPLA, 

p8-PLGA-sLiAg and p8-PLGA-sLiAg-MPLA, significantly 

lower production of IL-10, compared to control infected 

mice, was observed proving the important role of this 

cytokine in protection from VL.

In this context, determination of cytokine levels secreted 

from spleen cell cultures of vaccinated and infected mice 

restimulated with sLiAg was conducted. The modification 

of PLGA-sLiAg and PLGA-sLiAg-MPLA NPs with the p8 

resulted in higher production of IFNγ compared to mice vac-

cinated with non-modified NPs. Along with IFNγ production, 

a co-existence of IL-4 was observed. However, the ratio of 

IFNγ/IL-4 production was higher in vaccinated compared to 

non-vaccinated mice (Table 2) indicating that the balance of 

Th1/Th2 was in favor of protective responses.

Conclusion
The present study demonstrates that vaccination with the 

multifunctionalized PLGA NPs encapsulating sLiAg and/or 

MPLA and/or surface modified with the p8 peptide resulted 

in activation of IFNγ-producing CD4+ and CD8+ T cells. 

However, only PLGA-sLiAg-MPLA and p8-PLGA-sLiAg 

NPs could provide almost sterile protection against infection 

with L. infantum. The protection observed was attributed to 

increased production of IFNγ followed by suppression of IL-4 

and IL-10 production. It seems that PLGA-sLiAg-MPLA and 

p8-PLGA-sLiAg can achieve the same result through probably 

different mechanisms, since solely p8-modified NPs were able 

to activate CD8+ T cells. This could be an explanation of why 

MPLA encapsulation in already p8-modified nanoformulations 

did not further enhance the protection effect. Collectively, the 

data presented here suggest that the above nanoformulations 

hold promise for future vaccination strategies against VL.
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