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Vaccination is the most effective tool against infectious diseases. Subunit vaccines are safer compared to live-attenuated vaccines
but are less immunogenic and need to be delivered with an adjuvant. Adjuvants are essential for enhancing vaccine potency by
improving humoral and cell-mediated immune responses. Only a limited number of adjuvants are licensed for human vaccines,
and their mode of action is still not clear. Leishmania eukaryotic initiation factor (LeIF) has been described having a dual role,
as a natural adjuvant and as an antigen that possesses advantageous immunomodulatory properties. In this study, we assessed
the adjuvant properties of recombinant Leishmania infantum eukaryotic initiation factor (LieIF) through in vitro and in vivo
assays. LieIF was intraperitoneally administered in combination with the protein antigen ovalbumin (OVA), and the widely
used alum was used as a reference adjuvant. Our in vitro studies using J774A.1 macrophages showed that LieIF induced
stimulatory effects as demonstrated by the enhanced surface expression of CD80 and CD86 co-stimulatory molecules and the
induced production of the immune mediators NO and MIP-1α. Additionally, LieIF co-administration with OVA in an in vivo
murine model induced a proinflammatory environment as demonstrated by the elevated expression of TNF-α, IL-1β, and NF-
κB2 genes in peritoneal exudate cells (PEC). Furthermore, PEC derived from OVA-LieIF-immunized mice exhibited elevated
expression of CD80 molecule and production of NO and MIP-1α in culture supernatants. Moreover, LieIF administration in the
peritoneum of mice resulted in the recruitment of neutrophils and monocytes at 24 h post-injection. Also, we showed that this
immunopotentiating effect of LieIF did not depend on the induction of uric acid danger signal. These findings suggest the
potential use of LieIF as adjuvant in new vaccine formulations against different infectious diseases.

1. Introduction

Vaccines are an indisputable achievement of medical sci-
ence since millions of lives have been saved from infectious
diseases, while they also contribute significantly in reducing
healthcare expenditure [1]. Nowadays, there are still several
diseases that cause significant morbidity and mortality
worldwide because either there is no access to vaccine market
or the existing vaccines confer suboptimal protection.
Another factor is the emergence of new pathogens or re-
emergence of old ones [2]. New technologies divided into

three major categories related to antigen discovery, adjuvants
and vaccine vector delivery and deciphering human immune
responses, have recently been developed providing a revolu-
tion in vaccine development [3].

The term adjuvant, derived from the Latin word adjuvare
that means “to help” [4], comprises all compounds that have
the ability to enhance and/or shape antigen-specific immune
responses [5, 6]. Adjuvants are used in vaccine formulations
in order to enhance the immunogenicity of highly purified
native or recombinant antigens, to reduce the amount of
antigen or the number of immunizations needed for the
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establishment of a protective immunity, and generally to
improve the efficacy of vaccine formulations. Therefore,
identification and determination of mode of action of potent
adjuvants are particularly important for vaccine discovery [7].

Vaccine adjuvants represent a diverse class of com-
pounds, such as microbial products (e.g., pertussis toxin,
cholera toxin, bacterial flagellin, and heat shock proteins),
cytokines (e.g., IL-12, IFN-γ, and granulocyte-macrophage
colony-stimulating factor (GM-CSF)), toll-like receptor ago-
nists (e.g., LPS, poly(I:C), and CpG), mineral salts (e.g.,
alum), emulsions (e.g., MF59 and Freund’s), microparticles,
liposomes, and virosomes [8, 9]. So far, very few adjuvants
are being used in licensed human and livestock vaccines,
such as alum, MF59, monophosphoryl lipid A plus alum
(AS04), and saponin (QS-21) [8, 10].

Various adjuvants exert their functions through different
mechanisms of action including formation of antigen depot,
induction of immune mediators such as cytokines and che-
mokines, activation of antigen-presenting cells (APCs)
(e.g., dendritic cells (DCs)), enhancement of antigen uptake
by APCs, and induction of local inflammation and cellular
recruitment [11]. Delineation of adjuvants’ mode of action
provides valuable scientific knowledge for the induction of
competent interplay among innate and adaptive immu-
nity, while the deep understanding of the mechanism of
action of adjuvants is indispensably important in expediting
their development.

Until now, alum-based compounds still remain the pre-
dominant human adjuvants due to their safety, ease of prep-
aration, and stability [2]. Thus, alum is found in numerous
commercial vaccines including HAV, HBV, HPV, diphthe-
ria and tetanus (DT), Haemophilus influenzae type B
(HIB), and pneumococcal conjugate vaccines [12]. Alum’s
mechanism of action includes the depot effect even though
there are reports demonstrating that depot formation is
not required for alum adjuvanticity [13, 14], the induction
of Th2-type immune responses, the stimulation of inflam-
mation at the injection site like the production of proinflam-
matory cytokines, and the recruitment of innate immune
cells [15, 16]. However, the use of alum presents several
drawbacks: (a) is a poor inducer of T-cell mediated
responses in humans, namely, Th1-type or cytotoxic T-cell
responses which are essential in protective immunity
against intracellular pathogens (such as Leishmania) and
(b) vaccines containing alum cannot be sterilized by stan-
dard methods, e.g., filtration, be deep frozen, or be lyophi-
lized [2]. Thus, the development of new effective vaccine
formulations that require strong cellular-mediated immunity
needs the use of appropriate adjuvants.

Leishmaniasis is a tropical and subtropical disease found
in 98 countries, while the achievement of developing safe,
effective, durable, and low-cost prophylactic vaccines against
the disease is still a major challenge [17]. Several native
and recombinant Leishmania proteins have been success-
fully tested as vaccine candidate antigens against leishmani-
asis revealing a number of important immune compounds
that determine the immune outcome towards protection or
exacerbation of experimental infections [18]. Interestingly,
among these Leishmania proteins, recombinant Leishmania

eukaryotic initiation factor (LeIF) has been described as
an antigen able to induce a protective Th1-type immune
response against leishmaniasis [19, 20]. LeIF protein has
403 residues and is highly conserved among Leishmania spe-
cies, also showing high sequence similarity to the mamma-
lian translation initiation factor eIF4A [20, 21]. It has also
advantageous immunomodulatory properties, like induction
of the production of Th1-type cytokines, IL-12 and IFN-γ, by
human peripheral mononuclear cells (PBMCs) from either
leishmaniasis patients or normal individuals [19]. It is also
able to induce the production of IL-12, IL-10, and TNF-α
by monocytes, macrophages, and DCs derived from healthy
volunteers [20, 22, 23]. Additionally, we have recently shown
that recombinant Leishmania infantum eukaryotic initiation
factor (LieIF) in the presence of IFN-γ inhibits L. donovani
growth in murine macrophages [24] and is able to induce
phenotypic maturation and functional differentiation of
murine bone marrow-derived DCs (unpublished data).
Moreover, the NH2-terminal part (1-226) of LeIF, known
to preserve its immunomodulatory properties [19, 20], has
been incorporated in a trifusion recombinant protein vac-
cine, Leish-111f, which was shown to be protective in mice
models, when administered in association with immune
adjuvants [25–27]. Furthermore, the Leish-111f protein vac-
cine formulated with the monophosphoryl lipid A (MPL)
adjuvant in an oil-in-water stable emulsion using synthetic
squalene (MPL-SE) has been tested in clinical trials demon-
strating its safety and immunogenicity, supporting the future
plan for its clinical development in prophylaxis of human
cutaneous and mucosal leishmaniasis (ClinicalTrials.gov
Identifier: NCT00121862, NCT00121849, NCT00111553,
NCT00111514, and NCT00486382) [28]. In addition, LeIF
has been used as adjuvant to promote the induction of
Th1-type immune response against the tumor-associated
MUC1 tandem repeat peptide in a chimpanzee animal model
[29]. It has been shown that the vaccination with tumor-
associated MUC1 tandem repeat peptide in combination
with LeIF induced proliferative T cell responses and expres-
sion of IFN-γ by CD4+ peripheral blood and lymph node T
cells in immunized chimpanzees [29].

Until recently, adjuvant selection was empirical and
despite the wide use of alum adjuvant in licensed human vac-
cines, their mode of action is not well characterized. In the
present study, we present data showing the potential of LieIF
to provide adjuvant properties in in vitro and in vivo assays.
To achieve this objective, recombinant LieIF adjuvant was
tested in vitro for its ability to potentiate antigen presentation
properties of J774A.1 macrophages and in vivo for its capa-
bility to generate the requisite cellular environment favoring
the development of adaptive immune responses.

2. Materials and Methods

2.1. Laboratory Animals. Six- to eight-week-old female
BALB/c mice were obtained from the breeding unit of
Hellenic Pasteur Institute (HPI; Athens, Greece). All experi-
mental animals were housed in a specific pathogen-free ani-
mal facility, at a temperature of 22-25°C and a photoperiod
of 12h. They received a balanced diet of commercial food
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pellets and water ad libitum. The reporting of the animal
experiments in this study followed the ARRIVE guidelines.
In vivo experimentation was approved by the Institutional
Protocols Evaluation Committee according to PD 56/2013
as adoption of Directive 2010/63/EU. Protocol license was
issued by the Official Veterinary Authorities of the Prefecture
of Attiki in compliance with the above legislation in force.

2.2. Macrophage Culture. The immortalized J774A.1 macro-
phage cell line was purchased from the American Type Cul-
ture Collection (ATCC; Rockville, USA/ATCC No. TIB-67).
The J774A.1 macrophage cells were cultured in complete
RPMI-1640 medium (Biochrom AG, Berlin, Germany),
i.e., RPMI-1640 supplemented with 2mM L-glutamine,
10mM Hepes, 24mM NaHCO3, 50μM of 2-mercaptoetha-
nol, 100U/mL penicillin, 100μg/mL streptomycin, and 10%
v/v heat-inactivated fetal bovine serum (FBS; Gibco, Paisley,
UK). Cells were maintained in 25 cm2 cell culture flasks
(CELLSTAR, Greiner Bio-one, Germany), at 37°C with 5%
CO2 environment. J774A.1 macrophage cells were cultured
to 80% confluence, and monolayers of cells were routinely
harvested by gentle scraping with a cell scraper and diluted
1 : 5 in fresh medium. Cells were counted in a Malassez
hemocytometer, and the viability (>95%) of J774A.1 cells
was determined by trypan blue exclusion dye.

2.3. Cloning, Expression, and Purification of LieIF Protein.
The LieIF gene was amplified from L. infantum (MHOM/-
TN/88/Aymen) genomic DNA by PCR, as previously
described [24]. The LieIF construct was subcloned into the
NdeI and XhoI sites of pET-22b expression vector (Novagen,
San Diego, CA, USA). LieIF protein was expressed in
Origami (DE3) E. coli strain (Novagen) and purified using
Ni-affinity chromatography, as previously reported [22].
Protein concentration was determined using the Bio-Rad
Protein Assay (Hercules, CA, USA) with the use of bovine
serum albumin (BSA) as a standard while its purity was ver-
ified on a 12% Coomassie-stained SDS-PAGE gel (Figure 1).
Recombinant LieIF was tested for the amount of endotoxin
levels (≤5 EU/mg) using the Limulus amebocyte lysate
(LAL) assay (Charles River, USA).

2.4. Antigens and Adjuvant. OVA antigen was purchased
from Sigma-Aldrich Corp. (USA) and was also tested for bac-
terial endotoxin using the LAL assay. At the dose used in our
experiments, the endotoxin level of OVA was ≤0.001μg/mL.
Imject Alum adjuvant (Pierce, Rockford, USA) is a mixture
of aluminum hydroxide and magnesium hydroxide and was
mixed at a 1 : 1 ratio with a solution of OVA antigen in
phosphate-buffered saline (PBS) pH = 7 4, followed by stir-
ring for at least 1 h to effectively absorb the antigen.

2.5. Immunization Protocols. Female BALB/c mice, n = 20/
group, were injected intraperitoneally (i.p.) in the right lower
quadrant using a 26-gauge needle, with 500μL of LieIF sus-
pension (10μg/mouse) in sterile PBS containing equal quan-
tity of OVA (10μg/mouse) (OVA-LieIF), or with 10μg of
OVA alone in 500μL PBS, while mice receiving only PBS
were included as negative control (Figure 2(a)), as previously
described [16]. In another set of experiments, BALB/c mice

received the known adjuvant alum (10mg/mouse) in combi-
nation with OVA (10μg/mouse) (OVA-alum) (Figure 3(a)).
Two, 6, and 24 h after injection, the peritoneal exudate cells
(PEC) were harvested with 5mL of ice-cold PBS. Cells were
depleted from red blood cells with ammonium-chloride-
potassium lysing buffer (ACK buffer), pH = 7 2 (0.15M
NH4Cl, 10mM KHCO3, and 0.1mM Na2EDTA) and resus-
pended in complete RPMI-1640 medium.

2.6. Flow Cytometry. For the detection of B7 co-stimulatory
molecules (CD80 and CD86) in J774A.1 macrophages, cells
were stimulated with LieIF (10μg/mL) for 24h, at 37°C with
5% CO2 environment. The protein concentration was care-
fully selected after concentration kinetic experiments [24].
As a positive control for macrophage stimulation, J774A.1
cells were cultured with LPS (1μg/mL) derived from Escher-
ichia coli (Sigma-Aldrich, USA), as previously described in
similar experimental conditions [30]. Accordingly, PEC were
harvested in ice-cold PBS, as described in Section 2.5. At the
end of the incubation period, cells were centrifuged at 600 × g
for 10min and then were resuspended in PBS at a density of
5 × 106 cells/mL. Cells were washed in FACS buffer (PBS-3%
FBS) and were stained with anti-CD80 and anti-CD86
monoclonal antibodies conjugated with fluorescein (FITC)
(BD Biosciences, Belgium), for 30min.

For the detection of recruited cells at 6 and 24h after
intraperitoneal injections, cell suspensions of peritoneal
lavage were centrifuged at 600 × g for 10min. The cell pellets
were resuspended in PBS and stained with anti-CD11b
monoclonal antibody conjugated with FITC together with
anti-F4/80 monoclonal antibody conjugated with phycoery-
thrin (PE) (AbD Serotec, UK) or anti-Ly6C or anti-Ly6G
monoclonal antibodies conjugated with PE (BD Biosciences,
Belgium), for 30min.

Control unstained samples were similarly processed for
all the above cases. 20,000 events were analyzed for each
sample in a FACSCalibur cytometer (Becton-Dickinson,
San Jose, CA, USA), and data were analyzed with FlowJo
V.10.0.8 software (Tree Star Inc., Ashland, OR, USA).
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Figure 1: Expression and purification of the recombinant LieIF
protein. Aliquots of purified protein were resolved by SDS-PAGE
gel and stained with Coomassie Brilliant Blue. The positions of the
Bio-Rad prestained markers (in kDa) are indicated at the left.
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Figure 2: Continued.
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2.7. Chemokine Production. J774A.1 macrophages were incu-
bated with LieIF for 24 h, at 37°C in the presence of 5% CO2.
Macrophages cultured with LPS (1μg/mL) or cultured only
with complete RPMI-1640 medium were used as positive
and negative controls, respectively. Accordingly, for the
determination of MIP-1α in PEC derived from immunized
mice as described in Section 2.5, cells (at a density of 1 ×
106 cells/mL) were further incubated in vitro with the follow-
ing antigens: LieIF (10μg/mL), recombinant murine (rm)
IFN-γ (1 ng/mL), LPS (1μg/mL) [31], or with combinations

of LieIF+IFN-γ or LPS+IFN-γ, for 24 h at 37°C under 5%
CO2 environment. At the end of the incubation periods, cul-
ture supernatants were collected to determine MIP-1α che-
mokine levels by ELISA. The ELISA kit (900-K125) was
purchased from PeproTech Corp. (Rocky Hill, NJ), and the
assay was performed according to the manufacturer’s
instructions. The concentration of MIP-1α was calculated
by using a standard curve generated by recombinant MIP-
1α starting at 0.5 ng/mL and serially diluted in duplicate.
The detection threshold was at 8 pg/mL.
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Figure 2: In vivo effect of recombinant LieIF protein on the peritoneal exudate cells. (a) Schematic representation of the experimental
protocol. Female BALB/c mice were i.p. injected in the right quadrant with 500 μL of LieIF suspension (10 μg/mouse) in sterile PBS
containing equal quantity of OVA protein (10 μg/mouse) or with 500μL of OVA suspension (10 μg/mouse) in sterile PBS, while mice
receiving only PBS were included. 2 and 24 h after injection, the peritoneal exudate cells (PEC) were harvested with 5mL of ice-cold PBS.
(b) Relative expression of TNF-α, IL-1β, and NF-κB2 genes in PEC. 2 h post-immunization, PEC were derived from each experimental
group and relative expression of TNF-α, IL-1β, and NF-κB2 genes was determined by real-time PCR, performed with a SYBR Green PCR
Master Mix. The expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used for normalization, and all expression
levels were computed via the ΔΔCt method. Results shown are representative of three independent experiments. ∗ indicates statistically
significant differences compared to PBS-immunized mice while ∗∗ indicates significant differences compared to OVA-immunized group.
(c) Recombinant LieIF protein induces the upregulated expression of CD80 co-stimulatory molecule in PEC. 24 h post-immunization,
PEC were harvested from each experimental group and cell surface expression of CD80 and CD86 co-stimulatory molecules was assessed
by FACS analysis. The results are expressed as median fluorescent intensity (MFI) and as percentage (%) of cells expressing CD80 and
CD86 molecules. Data are presented as mean values ± SD of three independent experiments. The histogram overlay is representative of
one experiment. ∗ and ∗∗ indicate statistically significant differences as compared to PBS- and OVA-immunized groups, respectively. (d)
Recombinant LieIF protein promotes the production of NO by PEC. 24 h post-immunization, PEC were harvested from each
experimental group and were further incubated in vitro with LieIF (10 μg/mL), IFN-γ (1 ng/mL), and LPS (1 μg/mL) or with LieIF+IFN-γ
and LPS+IFN-γ, for 24 h at 37°C under 5% CO2 environment. After the incubation period, NO production of each experimental group
was determined in supernatants with the Griess reaction. Data are presented as mean values ± SD of three independent experiments. For
each in vivo experimental group, comparisons with cultured PEC that received no stimulation in vitro (light green bars) are indicated with
∗ and comparisons with cultured PEC received LPS (red bars) or LPS+IFN-γ (yellow bars) are indicated with ≠. Comparisons among the
in vivo experimental groups are indicated with ∗∗. (e) Recombinant LieIF protein elicits the secretion of MIP-1α by PEC. 24 h post-
immunization, PEC were harvested from each experimental group and were further incubated in vitro with LieIF (10 μg/mL), IFN-γ
(1 ng/mL), and LPS (1 μg/mL) or with LieIF+IFN-γ and LPS+IFN-γ, for 24 h at 37°C in the presence of 5% CO2 environment. At the end
of incubation period, culture supernatants were collected and MIP-1α levels were determined by ELISA. Data are presented as mean
values ± SD of three independent experiments. For each in vivo experimental group, comparisons with cultured PEC that received no
stimulation in vitro (light green bars) are indicated with ∗, comparisons with cultured PEC that received LPS (red bars) or LPS+IFN-γ
(yellow bars) are indicated with ≠, and comparisons between cultured PEC that received LieIF (light blue bars) and LieIF+IFN-γ (orange
bars) are indicated with ≠≠. Comparisons among the in vivo experimental groups are indicated with ∗∗.
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2.8. Quantification of Extracellular Nitric Oxide (NO). The
NO synthesis was measured as the accumulation of nitrites
in cell culture supernatants using the Griess reaction
(Sigma-Aldrich, USA), according to manufacturer’s protocol
[32]. For the determination of NO in J774A.1 macrophages,
cells were stimulated with LieIF for 24 h and then culture
supernatants were collected. Macrophages cultured with
LPS (1μg/mL) were used as the positive control and cells cul-
tured only with complete RPMI-1640 medium constituted
the negative control. Accordingly, for the determination of
NO in PEC derived from immunized mice as described in
Section 2.5, cells (at a density of 1 × 106 cells/mL) were fur-
ther incubated in vitro with the following antigens: LieIF
(10μg/mL), IFN-γ (1 ng/mL), LPS (1μg/mL), or with combi-
nations of LieIF+IFN-γ or LPS+IFN-γ, for 24 h at 37°C under
5% CO2 environment [33]. At the end of the incubation
period, culture supernatants were collected.

50μL of each sample supernatant was mixed with 100μL
of Griess reagent (1 : 1 solution A : solution B; 1% w/v
sulfanilamide in 5% w/v phosphoric acid (solution A) and
0.1% v/v naphthylethylenediamine dihydrochloride in dis-
tilled water (solution B)) [34]. The relative NO concentra-
tions were calculated using a standard curve generated
with known amounts of NaNO2, and the absorbance was
measured at 570nm with a Dynatech Laboratories MRX
spectrophotometer (Germany).

2.9. Gene Expression Analysis. PEC were derived from immu-
nized and non-immunized BALB/c mice (Section 2.5) at 2 h
post-immunization, and RNA was extracted using an
RNeasy Mini Kit (Qiagen, Germany) according to manufac-
turer’s instructions. The quantity and purity of extracted
RNA were determined with the spectrophotometer Nano-
Drop® 2000 (Thermo Scientific, USA). RNA (1μg) was used
as a template for cDNA synthesis using a SuperScript II kit
(Invitrogen Molecular Probes™) and oligo-dTs (Promega,
WI, USA), and all reactions included the recombinant ribo-
nuclease inhibitor, RNaseOUT™ (Invitrogen).

Real-time polymerase chain reaction (real-time PCR)
was performed using an Exicycler 96 (Bioneer, Daejeon,
Korea) with a SYBR Green PCR Master Mix (Kapa Biosys-
tems, Boston, USA). The expression of the glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) gene was used for nor-
malization. Specific primers for genes of interest: interleukin-
1β (IL-1β), tumor necrosis factor-α (TNF-α), subunit 1 and
subunit 2 of nuclear factor kappa-B (NF-κB1 and NF-κB2),
and GAPDH were designed by Qiagen (QuantiTect Primer
Assays; Qiagen, Netherlands) and were run in triplicate.
The PCR was conducted according to Qiagen’s PCR protocol
for the QuantiTect Primer Assays. The cycling conditions
were 94°C for 10min, followed by 40 cycles at 94°C for 10 s
and 60°C for 30 s. All expression levels were computed via
the ΔΔCt method [35].
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Figure 3: In vivo effect of recombinant LieIF protein on the response of innate immune cells. (a) Schematic representation of the experimental
protocol. Female BALB/c mice were i.p. injected in the right quadrant with 500 μL of LieIF suspension (10 μg/mouse) in sterile PBS
containing equal quantity of OVA protein (10 μg/mouse) (OVA-LieIF) or with 500 μL of OVA suspension (10 μg/mouse) in sterile PBS.
Mice of the positive control received the known adjuvant alum (10mg/mouse) in combination with OVA (10 μg/mouse) (OVA-alum).
Mice receiving only PBS were also included. Six and 24 h after injection, the peritoneal exudate cells (PEC) were harvested with 5mL of
ice-cold PBS. (b) Recombinant LieIF protein recruits innate immune cells to the peritoneal cavity. Six and 24 h after immunization, the
peritoneal lavage was harvested and the percentages of neutrophils (Ly6G+-CD11b+), monocytes (Ly6C+-CD11b+), and macrophages
(F4/80+-CD11b+) were determined by FACS. Results are presented in 2D line charts and in representative contour plots. ∗ indicates
statistical difference compared with the PBS-immunized mice (negative control group), and ∗∗ indicates statistical difference compared to
OVA-immunized mice. (c) The immunopotentiating effect of LieIF does not depend on the production of uric acid. The levels of uric acid
(mg/dL) were measured in serum of immunized mice using the enzymatic colorimetric uricase PAP method. The results are presented as
the mean ± SD, and data shown are representative of three independent experiments. ∗ indicates statistically significant differences as
compared to the negative control.
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2.10. Serum Uric Acid Determination. Serum samples were
collected from immunized mice, described in Section 2.5,
at 6 and 24h post-immunization. Serum uric acid (SUA)
levels in (mg/dL) were determined by the enzymatic color-
imetric uricase PAP method [36], according to manufac-
turer’s instructions and using a Cobas Mira autoanalyzer
(Roche, Switzerland), kindly accessed by V. Sideris, MD,
at Diagnostiki Athinon, Clinical and Research Laboratory
(Athens, Greece).

2.11. Statistical Analysis. The data shown are representative
of at least three independent experiments and are presented
as mean values ± standard deviation (SD). In the in vivo pro-
cedures, we used six to seven animals per group and the
experiments were repeated three times. Statistical analysis
was performed by the two-sided Mann-Whitney test using
the IBM SPSS Statistics software (v.24). P values less than
0.05 were considered to indicate statistical significance.

3. Results

3.1. Recombinant LieIF Induces the Upregulation of CD80 and
CD86 Co-stimulatory Molecules in J774A.1 Macrophages.
LieIF was expressed and purified by Ni-affinity chromatogra-
phy and its purity was more than 90% (Figure 1). Firstly, the
phenotypic changes of murine macrophages in response to
LieIF were analyzed; since the expression of co-stimulatory
molecules (e.g., CD80, CD86) on APCs, macrophages, and
DCs is critical in shaping the extent and nature of immune
responses [37]. LieIF-stimulated macrophages were labeled
with antibodies directed against the B7 surface markers
(CD80 and CD86). FACS analysis showed that stimulation
of J774A.1 macrophages with LieIF induced a significant
increase in the expression of CD80 and CD86 co-
stimulatory molecules in terms of MFI (Figures 4(a) and
4(c)) along with the percentage (%) of J774A.1 cells
(Figures 4(b) and 4(c)). Specifically, LieIF-stimulated mac-
rophages exhibited a 1.3-fold increase of MFI of cells
expressing both CD80 and CD86 molecules (Figures 4(a)
and 4(c)) along with a 1.3- and a 2.2-fold increase of %
of J774A.1 cells expressing CD80 (62 1 ± 2 5% vs. 49 4 ±
4 8%) and CD86 (41 8 ± 4 8% vs. 19 2 ± 1 05%), respec-
tively, as compared with unstimulated cells (Figures 4(b)
and 4(c)). It is also noteworthy that LieIF-stimulated macro-
phages exhibited similar expression of CD80 and CD86 mol-
ecules as compared to the expression caused by LPS-
stimulated cells (p = 0 386 and 0.657, respectively) (Figure 4).

3.2. Recombinant LieIF Induces the Production of Nitric
Oxide and MIP-1α Chemokine by J774A.1 Macrophages.
NO production is a marker for macrophage activation and
one of the major antimicrobial mechanisms of macrophages.
Indeed, sustained production of NO endows macrophages
with cytotoxic activity against viruses, bacteria, fungi, proto-
zoa, helminths, and tumor cells [38]. NO levels were mea-
sured in culture supernatants of J774A.1 macrophages after
their in vitro stimulation with LieIF and the amount of the
released NO is given in Figure 5. The obtained data indi-
cated that NO production in LieIF-stimulated cells was

significantly higher (141 89 ± 44 63 ng/mL) as compared
to unstimulated cells (47 77 ± 6 9 ng/mL, p = 0 004) and
the amount of produced NO was almost equal to the
levels produced by the LPS-stimulated J774A.1 cells
(113 15 ± 25 33ng/mL, p = 0 327) (Figure 5).

On the other hand, chemokines play an important role in
the selective movement of leucocytes into areas of inflam-
mation [39]. Macrophage inflammatory protein-1 alpha
(MIP-1α) is a member of the CC chemokine family and is a
chemotactic attractant for lymphocytes, monocytes, and
eosinophils [40]. MIP-1α levels were also measured in culture
supernatants of J774A.1 macrophages after their in vitro
stimulation with LieIF, and the amount of the produced
MIP-1α is also shown in Figure 5. Clearly, LieIF induced
the secretion of statistically significant amounts of MIP-1α
chemokine by J774A.1 macrophages in vitro as compared
to unstimulated cells (402 76 ± 42 6 pg/mL vs. 337 15 ±
34 5 pg/mL, p = 0 045) while these amounts were similar to
those produced by LPS-stimulated J774A.1 macrophages
(391 47 ± 32 78 pg/mL, p = 0 855).

3.3. Effect of Recombinant LieIF Co-administered with OVA
Antigen on the Innate Immune Response Elicited after
Intraperitoneal Injection. BALB/c mice were intraperitoneally
immunized either with OVA antigen alone or with LieIF pro-
tein together withOVA antigen dissolved in PBS, or PBS alone
as negative control, as it is shown in Figure 2(a). At 2 and 24h
after injection, PEC were harvested in order to determine the
primary response induced. The expression of proinflamma-
tory immune genes and immune mediators that may indicate
the capacity of LieIF to trigger locally in vivo an immunologi-
cal profile describing an adjuvant activity was measured.

3.3.1. Recombinant LieIF Induces a Proinflammatory
Environment at the Injection Site. Most of the times, adju-
vants are associated with the transient secretion of cytokines
and chemokines which mediates the formation of a local pro-
inflammatory environment composed of various immune
cells recruited to the injection site [41]. Production of IL-
1β, IL-6, and TNF-α cytokines is one of the hallmarks of
the inflammatory response and plays an important role in
the initiation of innate immunity [42, 43]. The relative
expression of TNF-α, IL-1β, and NF-κB2 genes was deter-
mined by real-time PCR at 2 h post-immunization. Obtained
data demonstrated that co-administration of OVA-LieIF is
able to induce a proinflammatory environment at the injec-
tion site as illustrated by the elevated gene expressions.
More specifically, TNF-α gene expression in PEC from
OVA-LieIF-immunized mice was 25.8- and 1.6-fold upregu-
lated compared to the corresponding expression level in PEC
from PBS- and OVA-immunized mice (p = 0 037 and 0.456,
respectively; Figure 2(b)). Furthermore, the IL-1β gene
expression in mice that received OVA-LieIF was 585- and
61.5-fold upregulated as compared to that in PBS- and
OVA-immunized mice (p ≤ 0 050; Figure 2(b)). At last, we
determined the expression of two members of the NF-κB
family NF-κB1 and NF-κB2 genes that play an important role
in the regulation of immune and inflammatory responses.
We observed an upregulation of 648- and 40.6-fold of NF-
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κB2 gene expression in PEC from OVA-LieIF-immunized
mice versus the control groups of PBS- and OVA-
immunized mice, respectively (p ≤ 0 050; Figure 2(b)). The
NF-κB1 gene expression was equal in mice of both immu-
nized groups (data not shown).

3.3.2. Effect of Recombinant LieIF on the Functional
Maturation of PEC. At first, changes in the expression of
co-stimulatory molecules in PEC, elicited by OVA-LieIF
intraperitoneal co-administration, were analyzed and it was
found that PEC derived from OVA-LieIF-immunized mice
exhibited elevated expression of CD80 molecule in terms of
MFI along with the percentage (%) of cells (Figure 2(c)). Spe-
cifically, PEC from OVA-LieIF-immunized mice exhibited a
1.3-fold increase of MFI as compared with both PBS- and
OVA-immunized mice (p ≤ 0 050) at 24 h post-injection.

Moreover, OVA-LieIF-immunized mice exhibited an ele-
vated number of cells expressing CD80 (24 6 ± 4 9%) as com-
pared with PBS- (17 1 ± 2 4%) and OVA- (16 9 ± 0 4%)
immunized mice (p = 0 023 and 0.004, respectively), at 24 h
post-injection (Figure 2(c)). No upregulated expression of
CD86 was induced by OVA-LieIF or OVA administration
(Figure 2(c)).

Moreover, the NO levels in culture supernatants of PEC
obtained from immunized mice of each experimental group
were also determined. In vitro restimulation of PEC with
LieIF alone or LieIF+IFN-γ led to increased NO production
in all experimental groups as compared with the NO pro-
duced from unstimulated cells (p values ranging from 0.009
to 0.034) (Figure 2(d)). Likewise, stimulation with LieIF
+IFN-γ resulted also in equal or higher amounts of NO pro-
duction in all experimental groups, as stimulation with LPS
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Figure 4: Effect of recombinant LieIF protein on the expression of co-stimulatory molecules by J774A.1 macrophages. Macrophages were
stimulated with recombinant LieIF (10 μg/mL) for 24 h, and the expression of CD80 and CD86 molecules was measured using FACS with
the use of specific monoclonal fluorochrome-labeled antibodies. Macrophages stimulated with LPS (1 μg/mL) were used as the positive
control while unstimulated cells were used as the negative control. The results are expressed as (a) median fluorescent intensity (MFI) and
(b) percentage (%) of macrophages expressing CD80 and CD86 molecules. Data are presented as mean values ± SD of three independent
experiments. (c) Histogram overlays are representative of one experiment. ∗ indicates statistically significant differences as compared to
the negative control.
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or LPS+IFN-γ, respectively (recorded p values 0.046, 0.050,
0.275, and 0.289) (Figure 2(d)). Unstimulated cells derived
from OVA-LieIF-immunized mice demonstrated a moder-
ate increase of NO production when compared to the
PBS- or OVA-immunized mice (p = 0 091). Of note, the
immunization with OVA-LieIF promoted noticeably
increased NO levels upon stimulation with LieIF or LieIF+
IFN-γ as compared with PBS- and OVA-immunized mice
also restimulated with LieIF±IFN-γ (p values 0.046 and
0.009) (Figure 2(d)). Overall, the data on NO production
indicated that LieIF promoted macrophage activation when
administered in vivo.

Next, it was determined whether coadministration of
OVA-LieIF elicited the production of MIP-1α, the known
chemotactic attractant for lymphocytes. MIP-1α was mea-
sured in PEC culture supernatants after in vitro restimulation
with LieIF±IFN-γ and LPS±IFN-γ for 24 h. The obtained
data showed that the secreted levels of MIP-1α were signifi-
cantly higher in supernatants of PEC restimulated in vitro
with recombinant LieIF±IFN-γ than those of unstimulated
cells (p values ranging from 0.009 to 0.018), for all the exper-
imental groups (Figure 2(e)). It was also noticed that stimu-
lation with LieIF+IFN-γ resulted in equal or higher levels
of secreted MIP-1α in all experimental groups, as compared
to those induced by stimulation with LPS or LPS+IFN-γ,
respectively (recorded p values 0.018, 0.237, and 1.000)
(Figure 2(e)). It is noteworthy that the induction of MIP-1α
secretion was significantly enhanced in unstimulated PEC
derived from OVA-LieIF-immunized mice than that of cor-
responding secretion from the PBS- or OVA-immunized
mice (p = 0 018). Moreover, OVA-LieIF-immunized mice
had an enhanced MIP-1α production upon stimulation with
LieIF±IFN-γ (Figure 2(e)), as compared to PBS- and OVA-
immunized mice (recorded p values 0.009, 0.083, and 0.237).

3.4. Assessment of the Effect of Recombinant LieIF on the
Response of Innate Immune Cells. BALB/c mice were either
immunized with LieIF protein together with an equal
amount of OVA antigen (OVA-LieIF), or with alum plus
OVA (OVA-alum), while other mice received OVA anti-
gen alone. Mice of the negative control group received
sterile PBS (Figure 3(a)). The innate immune response to
LieIF in the peritoneum, 6 and 24 h after immunization,
was investigated.

Within 24 h after injection, OVA-LieIF administration
induced a marked increase of Ly6G+-CD11b+ neutrophils,
as compared to PBS- and OVA- immunized mice
(p = 0 034 and 0.025, respectively; Figure 3(b)). The effect
of LieIF on the recruitment of neutrophils was similar to
alum (p = 0 456; Figure 3(b)). Furthermore, at the same time
point, as compared to PBS-immunized mice, OVA-LieIF
led to a significant recruitment of inflammatory Ly6C+-
CD11b+ monocytes (p = 0 023; Figure 3(b)), previously
shown to be immediate precursors for DCs [44, 45]. As
it is shown here, LieIF leads to the recruitment of cells
that coincide to key players of the inflammatory reaction
such as neutrophils and monocytes. The results reported
here revealed that the alterations in peritoneal cell popula-
tions elicited by co-administration of OVA-LieIF almost
mimicked the alterations elicited by alum.

It has been demonstrated that alum induces a strong neu-
trophilic influx accompanied by the production of IL-1β,
akin to the response seen when the endogenous danger sig-
nal, uric acid, is injected into the peritoneal cavity [46, 47].
Kool et al. demonstrated that the immunopotentiating effect
of alum depends on the induction of uric acid. In the present
study, we checked if the immunopotentiating effect described
above and attributed to LieIF was mediated by the presence
of uric acid acting as a danger signal. Our results indicated
that the administration of LieIF did not reveal an increase
in uric acid levels (Figure 3(c)), suggesting the induction of
a different mechanism of attraction of cells to the peritoneal
cavity as compared to that induced by alum.

4. Discussion

Only a handful of adjuvants are approved for prophylac-
tic vaccination of humans, despite their obvious benefits,
decades of research, and hundreds of preclinical candidates
[11]. Failures of adjuvants during the development phase
are related to the manufacturing process (e.g., lack of a repro-
ducible formulation, negative impact on antigen stability) or
to local or systemic adverse events [12]. Recent advances in
the immune pathways involved in the modulation of the
host-protective immune response have opened new avenues
to design improved vaccine adjuvants [12].

In this study, we have demonstrated that the recombi-
nant Leishmania infantum eukaryotic initiation factor
(LieIF) acts as a prostimulatory agent on monocytic cell types
in in vitro and in vivo assays by inducing innate immune
responses and could be considered as a potential molecular
adjuvant. Initially, LeIF had been proven as a potent inducer
of immunity exhibiting advantageous immunomodulatory
properties such as the induction of production of IL-12,
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IL-10, and TNF-α by monocytes, macrophages, and DCs
derived from healthy volunteers [20, 22, 23]. Moreover,
we have recently demonstrated using reverse vaccinology
approaches that selected parts of LieIF can be used to
develop innovative subunit protective vaccine candidates
able to induce effective immunity mediated by MHC class
I-restricted as well as class II-restricted T cell responses
[48, 49]. Additionally, LeIF has been harnessed as a vac-
cine adjuvant targeted to cancer [29]. Collectively, these data
suggested the potential of LeIF as a vaccine adjuvant that
deserves further investigation. Our study features a number
of important strengths towards the assessment of its adjuvant
properties in in vitro and in vivo assays. To our knowledge,
this is the first study that evaluated the ability of LieIF protein
to induce the upregulation of both CD80 and CD86 macro-
phage surface molecules which is indispensable for the acti-
vation of T cells by APCs [50]. Also, we have demonstrated
that LieIF induced increased expression of co-stimulatory
molecules CD86, CD80, and CD40 in murine BMDCs
(unpublished data), in consistence with another study where
L. braziliensis eIF protein (LbeIF), having 98% identity with
LieIF, was reported to induce upregulation of CD80 on
human monocyte-derived macrophages [20]. Moreover, in
the present study, we explored the ability of LieIF to activate
host macrophages as demonstrated by the production of
NO and MIP-1α chemokine in the supernatants of LieIF-
stimulated J774A.1 macrophages [22]. These immune medi-
ators are regulators of inflammatory responses since NO is
an effector molecule in macrophage-mediated cytotoxicity
[51] and MIP-1α is a chemoattractant mediator to a vari-
ety of cells including monocytes, eosinophils, and T and B
cells to sites of infection, leading to the clearance of the
microorganisms [52].

The introduction of an adjuvant in new vaccine formula-
tion or in already licensed vaccine is still a challenge and may
take several years of intensive research [15]. Thus, the under-
standing of their mechanism(s) of action would facilitate the
acceleration of the development of effective adjuvants. In this
regard, we further evaluated the potential of LieIF to provide
adjuvant properties in an in vivomurine experimental model.
Although, as mentioned above, some reports have indicated
that LeIF is a natural Th1-type adjuvant [21], this is the
first study documenting the adjuvant properties of LieIF
using a murine model. In the present study, noticeable side
effects such as abnormal behavior were not observed after
intraperitoneal administration of LieIF. Analysis of immune
parameters, such as phenotypic and functional differentia-
tion of the cells locally recruited in the peritoneum after
LieIF administration, revealed that LieIF protein is able to
confer adjuvant properties to OVA, a soluble protein antigen,
when both were intraperitoneally administered, as illustrated
by the upregulated expression of the CD80 molecule and the
increased production of NO and MIP-1α in PEC. Macro-
phage activation induced by the immunization of mice with
OVA-LieIF was demonstrated by induction of NO synthesis
in response to in vitro restimulation with recombinant LieIF
protein. Immunization with OVA antigen alone did not
enhance NO production by PEC even after stimulation
with LPS or LPS+IFN-γ. Furthermore, a significant MIP-

1α release was observed in culture supernatants of PEC
derived from OVA-LieIF-immunized mice compared to
other experimental groups after different potent in vitro
stimulations. Moreover, a number of observations support
that a cluster of genes encoding cytokines, innate immune
receptors, interferon-induced genes, and gene encoding
adhesion molecules are defined as “adjuvant core response
genes” since they have been found to be modulated by adju-
vants such as alum, MF59, and CpG-ODN at the injection
site [53]. To this end, we determined the relative expression
of two prototypic proinflammatory cytokines, IL-1β and
TNF-α, and demonstrated that LieIF induced significant
higher levels of IL-1β and TNF-α gene expression in PEC as
early as 2 h post-immunization. Collectively, the above data
demonstrate that proinflammatory signals elicited by LieIF
result to a proinflammatory environment at the injection site
and this is indeed a mechanism common to various known
adjuvants [41].

To more critically address the adjuvant properties of
LieIF, we used a similar approach which had been used for
alum, a widely used adjuvant in humans [16]. Mice were
immunized with LieIF in combination with the poorly
immunogenic OVA antigen in order to assess the cellular
recruitment into the peritoneal lavage fluid. We found that
LieIF was effective to provoke similar recruitment of immune
cells at the injection site as compared to alum, namely,
increased frequencies of neutrophils and monocytes at 24 h
post-immunization, even though, in contrast with alum, the
immunopotentiating effect of LieIF was not mediated by uric
acid danger signal.

In conclusion, the present study provides evidence that
LieIF acts as an immune potentiator by inducing a proin-
flammatory environment at the injection site that enables
the recruitment of innate immune cells, induces cytokine
expression, activates macrophages, and exhibits stimulatory
effects for antigen presentation.

5. Conclusions

In this study, we demonstrate the adjuvant properties of
LieIF that collectively suggest its potential use for novel vac-
cine formulations. LieIF induces the upregulation of CD80
and CD86 co-stimulatory molecules, as well as the produc-
tion of the NO and MIP-1α immune mediators in vitro, by
J774A.1 macrophages. Moreover, LieIF is able to promote
macrophage activation and to induce a proinflammatory
environment at the injection site after its intraperitoneal co-
administration with OVA antigen in a murine model. Addi-
tionally, LieIF leads to the recruitment of neutrophils and
monocytes at the injection site, similar to alum’s effect.

Abbreviations

APCs: Antigen-presenting cells
DCs: Dendritic cells
FACS: Fluorescence-activated cell sorter
IFN-γ: Interferon gamma
IL-10: Interleukin 10
IL-12: Interleukin 12

11Journal of Immunology Research



LieIF: Leishmania infantum eukaryotic initiation factor
LPS: Lipopolysaccharide
MIP-1α: Macrophage inflammatory protein-1 alpha
NO: Nitric oxide
PEC: Peritoneal exudate cells
r: Recombinant
TNF-α: Tumor necrosis factor alpha.

Data Availability

All data related to this study have been provided within the
manuscript and are also available from the corresponding
author based on a reasonable request.

Conflicts of Interest

The authors declare no conflict of interest.

Acknowledgments

This study was supported by the project entitled “Infec-
tious and Neurodegenerative Diseases in the 21st Century:
Study of Basic Mechanisms for the Development of the
Translational Research and Cutting Edge Technologies
Aiming to Effective Diagnosis Prevention and Therapy”
which was cofunded by the European Regional Develop-
ment Fund and National Resources, in the framework
of the action: “KRIPIS: Development Proposals of Research
Institutions,” issued by the Greek General Secretariat for
Research and Technology, Ministry of Education (Award
number: MIS450598). MB was supported through a Calm-
ette and Yersin fellowship of the Institut Pasteur. IG’s and
MB’s activities are supported by the Ministry of Higher Edu-
cation and Scientific Research in Tunisia (LR16IPT04).

References

[1] S. Rauch, E. Jasny, K. E. Schmidt, and B. Petsch, “New vaccine
technologies to combat outbreak situations,” Frontiers in
Immunology, vol. 9, article 1963, 2018.

[2] S. Lee and M. T. Nguyen, “Recent advances of vaccine
adjuvants for infectious diseases,” Immune Network, vol. 15,
no. 2, pp. 51–57, 2015.

[3] W. C. Koff, D. R. Burton, P. R. Johnson et al., “Accelerating
next-generation vaccine development for global disease pre-
vention,” Science, vol. 340, no. 6136, article 1232910, 2013.

[4] F. R. Vogel, “Adjuvants in perspective,” Developments in Bio-
logical Standardization, vol. 92, pp. 241–248, 1998.

[5] S. G. Reed, M. T. Orr, and C. B. Fox, “Key roles of adjuvants in
modern vaccines,” Nature Medicine, vol. 19, no. 12, pp. 1597–
1608, 2013.

[6] S. Calabro, M. Tortoli, B. C. Baudner et al., “Vaccine adjuvants
alum and MF59 induce rapid recruitment of neutrophils and
monocytes that participate in antigen transport to draining
lymph nodes,” Vaccine, vol. 29, no. 9, pp. 1812–1823, 2011.

[7] N. Petrovsky and J. C. Aguilar, “Vaccine adjuvants: current
state and future trends,” Immunology and Cell Biology,
vol. 82, no. 5, pp. 488–496, 2004.

[8] J. H. Wilson-Welder, M. P. Torres, M. J. Kipper, S. K.
Mallapragada, M. J. Wannemuehler, and B. Narasimhan,

“Vaccine adjuvants: current challenges and future approaches,”
Journal of Pharmaceutical Sciences, vol. 98, no. 4, pp. 1278–
1316, 2009.

[9] M. V. Sanchez, R. J. Eliçabe, M. S. di Genaro et al., “Total Leish-
mania antigens with Poly(I:C) induce Th1 protective
response,” Parasite Immunology, vol. 39, no. 11, 2017.

[10] H. F. J. Savelkoul, V. A. Ferro, M. M. Strioga, and V. E. J. C.
Schijns, “Choice and design of adjuvants for parenteral and
mucosal vaccines,” Vaccines, vol. 3, no. 1, pp. 148–171, 2015.

[11] J. de Souza Apostólico, V. A. S. Lunardelli, F. C. Coirada, S. B.
Boscardin, and D. S. Rosa, “Adjuvants: classification, modus
operandi, and licensing,” Journal of Immunology Research,
vol. 2016, Article ID 1459394, 16 pages, 2016.

[12] M. L. Mbow, E. de Gregorio, N. M. Valiante, and R. Rappuoli,
“New adjuvants for human vaccines,” Current Opinion in
Immunology, vol. 22, no. 3, pp. 411–416, 2010.

[13] S. Hutchison, R. A. Benson, V. B. Gibson, A. H. Pollock,
P. Garside, and J. M. Brewer, “Antigen depot is not required
for alum adjuvanticity,” The FASEB Journal, vol. 26, no. 3,
pp. 1272–1279, 2012.

[14] P. Marrack, A. S. McKee, and M. W. Munks, “Towards an
understanding of the adjuvant action of aluminium,” Nature
Reviews Immunology, vol. 9, no. 4, pp. 287–293, 2009.

[15] G. Del Giudice, R. Rappuoli, and A. M. Didierlaurent, “Corre-
lates of adjuvanticity: a review on adjuvants in licensed vac-
cines,” Seminars in Immunology, vol. 39, pp. 14–21, 2018.

[16] M. Kool, T. Soullié, M. van Nimwegen et al., “Alum adjuvant
boosts adaptive immunity by inducing uric acid and activating
inflammatory dendritic cells,” The Journal of Experimental
Medicine, vol. 205, no. 4, pp. 869–882, 2008.

[17] S. Iborra, J. C. Solana, J. M. Requena, and M. Soto, “Vaccine
candidates against Leishmania under current research,” Expert
Review of Vaccines, vol. 17, no. 4, pp. 323–334, 2018.

[18] J. M. Mutiso, J. C. Macharia, and M. M. Gicheru, “A review of
adjuvants for Leishmania vaccine candidates,” Journal of Bio-
medical Research, vol. 24, no. 1, pp. 16–25, 2010.

[19] Y. A. W. Skeiky, M. Kennedy, D. Kaufman et al., “LeIF: a
recombinant Leishmania protein that induces an IL-12-
mediated Th1 cytokine profile,” The Journal of Immunology,
vol. 161, no. 11, pp. 6171–6179, 1998.

[20] P. Probst, Y. A. W. Skeiky, M. Steeves, A. Gervassi, K. H. Grab-
stein, and S. G. Reed, “A Leishmania protein that modulates
interleukin (IL)-12, IL-10 and tumor necrosis factor-α produc-
tion and expression of B7-1 in human monocyte-derived
antigen-presenting cells,” European Journal of Immunology,
vol. 27, no. 10, pp. 2634–2642, 1997.

[21] Y. A. Skeiky, J. A. Guderian, D. R. Benson et al., “A recombi-
nant Leishmania antigen that stimulates human peripheral
bloodmononuclear cells to express a Th1-type cytokine profile
and to produce interleukin 12,” The Journal of Experimental
Medicine, vol. 181, no. 4, pp. 1527–1537, 1995.

[22] M. Barhoumi, A. Garnaoui, B. Kaabi, N. K. Tanner, and
I. Guizani, “Leishmania infantum LeIF and its recombinant
polypeptides modulate interleukin IL-12p70, IL-10 and
tumour necrosis factor-α production by human monocytes,”
Parasite Immunology, vol. 33, no. 10, pp. 583–588, 2011.

[23] M. Barhoumi, A. Meddeb-Garnaoui, N. K. Tanner,
J. Banroques, B. Kaabi, and I. Guizani, “DEAD-box proteins,
like Leishmania eIF4A, modulate interleukin (IL)-12, IL-10
and tumour necrosis factor-alpha production by human mono-
cytes,” Parasite Immunology, vol. 35, no. 5-6, pp. 194–199, 2013.

12 Journal of Immunology Research



[24] O. Koutsoni, M. Barhoumi, I. Guizani, and E. Dotsika,
“Leishmania eukaryotic initiation factor (LeIF) inhibits par-
asite growth in murine macrophages,” PLoS One, vol. 9,
no. 5, article e97319, 2014.

[25] Y. A. W. Skeiky, R. N. Coler, M. Brannon et al., “Protective
efficacy of a tandemly linked, multi-subunit recombinant
leishmanial vaccine (Leish-111f) formulated in MPL® adju-
vant [vol 20, pg 3292, 2002],” Vaccine, vol. 20, no. 31-32,
pp. 3783–3783, 2002.

[26] R. N. Coler, Y. Goto, L. Bogatzki, V. Raman, and S. G.
Reed, “Leish-111f, a recombinant polyprotein vaccine that
protects against visceral leishmaniasis by elicitation of CD4+

T cells,” Infection and Immunity, vol. 75, no. 9, pp. 4648–
4654, 2007.

[27] S. Sakai, Y. Takashima, Y. Matsumoto, S. G. Reed, Y. Hayashi,
and Y. Matsumoto, “Intranasal immunization with Leish-111f
induces IFN-γ production and protects mice from Leishmania
major infection,” Vaccine, vol. 28, no. 10, pp. 2207–2213, 2010.

[28] I. D. Vélez, K. Gilchrist, S. Martínez et al., “Safety and immu-
nogenicity of a defined vaccine for the prevention of cutaneous
leishmaniasis,” Vaccine, vol. 28, no. 2, pp. 329–337, 2009.

[29] S. M. Barratt-Boyes, A. Vlad, and O. J. Finn, “Immunization of
chimpanzees with tumor antigen MUC1 mucin tandem repeat
peptide elicits both helper and cytotoxic T-cell responses,”
Clinical Cancer Research, vol. 5, no. 7, pp. 1918–1924, 1999.

[30] F. D'Acquisto, T. Iuvone, L. Rombolà, L. Sautebin, M. di
Rosa, and R. Carnuccio, “Involvement of NF-κB in the reg-
ulation of cyclooxygenase-2 protein expression in LPS-
stimulated J774 macrophages,” FEBS Letters, vol. 418,
no. 1-2, pp. 175–178, 1997.

[31] E. E. B. Ghosn, A. A. Cassado, G. R. Govoni et al., “Two phys-
ically, functionally, and developmentally distinct peritoneal
macrophage subsets,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 107, no. 6,
pp. 2568–2573, 2010.

[32] D. Tsikas, “Analysis of nitrite and nitrate in biological fluids by
assays based on the Griess reaction: appraisal of the Griess
reaction in the L-arginine/nitric oxide area of research,” Jour-
nal of Chromatography B, vol. 851, no. 1-2, pp. 51–70, 2007.

[33] I. D. Kyriazis, O. S. Koutsoni, N. Aligiannis, K. Karampetsou,
A. L. Skaltsounis, and E. Dotsika, “The leishmanicidal activity
of oleuropein is selectively regulated through inflammation-
and oxidative stress-related genes,” Parasites & Vectors,
vol. 9, no. 1, p. 441, 2016.

[34] B. B. Aggarwal and K. Mehta, “[15] Determination and
regulation of nitric oxide production from macrophages by
lipopolysaccharides, cytokines, and retinoids,” Methods in
Enzymology, vol. 269, pp. 166–171, 1996.

[35] K. J. Livak and T. D. Schmittgen, “Analysis of relative gene
expression data using real-time quantitative PCR and the
2-ΔΔCT method,” Methods, vol. 25, no. 4, pp. 402–408, 2001.

[36] N. Kageyama, “A direct colorimetric determination of uric
acid in serum and urine with uricase-catalase system,” Clinica
Chimica Acta, vol. 31, no. 2, pp. 421–426, 1971.

[37] N. Khan, U. Gowthaman, S. Pahari, and J. N. Agrewala,
“Manipulation of costimulatory molecules by intracellular
pathogens: veni, vidi, vici!!,” PLoS Pathogens, vol. 8, no. 6,
article e1002676, 2012.

[38] J. MacMicking, Q. W. Xie, and C. Nathan, “Nitric oxide and
macrophage function,” Annual Review of Immunology,
vol. 15, no. 1, pp. 323–350, 1997.

[39] A. Zlotnik and O. Yoshie, “Chemokines: a new classification
system and their role in immunity,” Immunity, vol. 12, no. 2,
pp. 121–127, 2000.

[40] Y. Hatano, K. Katagiri, and S. Takayasu, “Increased levels
in vivo of mRNAs for IL-8 and macrophage inflammatory
protein-1 alpha (MIP-1α), but not of RANTES mRNA in
peripheral blood mononuclear cells of patients with atopic
dermatitis (AD),” Clinical and Experimental Immunology,
vol. 117, no. 2, pp. 237–243, 1999.

[41] S. Awate, L. A. Babiuk, and G. Mutwiri, “Mechanisms of action
of adjuvants,” Frontiers in Immunology, vol. 4, p. 114, 2013.

[42] B. Su, J. Wang, X. Wang et al., “The effects of IL-6 and TNF-α
as molecular adjuvants on immune responses to FMDV and
maturation of dendritic cells by DNA vaccination,” Vaccine,
vol. 26, no. 40, pp. 5111–5122, 2008.

[43] M. Akdis, A. Aab, C. Altunbulakli et al., “Interleukins (from
IL-1 to IL-38), interferons, transforming growth factor β,
and TNF-α: receptors, functions, and roles in diseases,” The
Journal of Allergy and Clinical Immunology, vol. 138, no. 4,
pp. 984–1010, 2016.

[44] G. J. Randolph, K. Inaba, D. F. Robbiani, R. M. Steinman, and
W. A. Muller, “Differentiation of phagocytic monocytes into
lymph node dendritic cells in vivo,” Immunity, vol. 11, no. 6,
pp. 753–761, 1999.

[45] F. Geissmann, S. Jung, and D. R. Littman, “Blood monocytes
consist of two principal subsets with distinct migratory prop-
erties,” Immunity, vol. 19, no. 1, pp. 71–82, 2003.

[46] C. J. Chen, Y. Shi, A. Hearn et al., “MyD88-dependent IL-1
receptor signaling is essential for gouty inflammation stimu-
lated by monosodium urate crystals,” Journal of Clinical Inves-
tigation, vol. 116, no. 8, pp. 2262–2271, 2006.

[47] F. Martinon, V. Pétrilli, A. Mayor, A. Tardivel, and J. Tschopp,
“Gout-associated uric acid crystals activate the NALP3 inflam-
masome,” Nature, vol. 440, no. 7081, pp. 237–241, 2006.

[48] O. S. Koutsoni, J. G. Routsias, I. D. Kyriazis et al., “In silico
analysis and in vitro evaluation of immunogenic and immuno-
modulatory properties of promiscuous peptides derived from
Leishmania infantum eukaryotic initiation factor,” Bioorganic
& Medicinal Chemistry, vol. 25, no. 21, pp. 5904–5916, 2017.

[49] M. Agallou, E. Athanasiou, O. Koutsoni, E. Dotsika, and
E. Karagouni, “Experimental validation of multi-epitope
peptides including promising MHC class I- and II-restricted
epitopes of four known Leishmania infantum proteins,” Fron-
tiers in Immunology, vol. 5, p. 268, 2014.

[50] D. J. Lenschow, T. L. Walunas, and J. A. Bluestone, “CD28/B7
system of T cell costimulation,” Annual Review of Immunol-
ogy, vol. 14, no. 1, pp. 233–258, 1996.

[51] R. Korhonen, A. Lahti, H. Kankaanranta, and E. Moilanen,
“Nitric oxide production and signaling in inflammation,” Cur-
rent Drug Targets Inflammation and Allergy, vol. 4, no. 4,
pp. 471–479, 2005.

[52] P. Menten, A. Wuyts, and J. Van Damme, “Macrophage
inflammatory protein-1,” Cytokine & Growth Factor Reviews,
vol. 13, no. 6, pp. 455–481, 2002.

[53] F. Mosca, E. Tritto, A. Muzzi et al., “Molecular and cellular
signatures of human vaccine adjuvants,” Proceedings of the
National Academy of Sciences of the United States of Amer-
ica, vol. 105, no. 30, pp. 10501–10506, 2008.

13Journal of Immunology Research


	New Insights on the Adjuvant Properties of the Leishmania infantum Eukaryotic Initiation Factor
	1. Introduction
	2. Materials and Methods
	2.1. Laboratory Animals
	2.2. Macrophage Culture
	2.3. Cloning, Expression, and Purification of LieIF Protein
	2.4. Antigens and Adjuvant
	2.5. Immunization Protocols
	2.6. Flow Cytometry
	2.7. Chemokine Production
	2.8. Quantification of Extracellular Nitric Oxide (NO)
	2.9. Gene Expression Analysis
	2.10. Serum Uric Acid Determination
	2.11. Statistical Analysis

	3. Results
	3.1. Recombinant LieIF Induces the Upregulation of CD80 and CD86 Co-stimulatory Molecules in J774A.1 Macrophages
	3.2. Recombinant LieIF Induces the Production of Nitric Oxide and MIP-1α Chemokine by J774A.1 Macrophages
	3.3. Effect of Recombinant LieIF Co-administered with OVA Antigen on the Innate Immune Response Elicited after Intraperitoneal Injection
	3.3.1. Recombinant LieIF Induces a Proinflammatory Environment at the Injection Site
	3.3.2. Effect of Recombinant LieIF on the Functional Maturation of PEC

	3.4. Assessment of the Effect of Recombinant LieIF on the Response of Innate Immune Cells

	4. Discussion
	5. Conclusions
	Abbreviations
	Data Availability
	Conflicts of Interest
	Acknowledgments

