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ARTICLE INFO ABSTRACT

Keywords: There is a need for new, effective, and less expensive and toxic treatment for Leishmaniasis. It seems that the use
Liposome of a suitable adjuvant and a delivery system is effective in inducing immune reactions for protection. Liposomes
Imiquimod can be applied as immunoadjuvants to trigger immune reactions to different antigens. The adjuvant effects of

Immune response

imiquimod using DSPC liposomes containing SLA (soluble Leishmania antigens) were studied on the type and
Leishmania major

intensity of the produced immune reaction to the challenge of Leishmania major in BALB/c mice. Liposomes were
produced by the lipid film procedure. BALB/C mice were immunized subcutaneously, three times at 2-week
intervals and with various formulations. Lesion development and the parasite burden in the spleens and feet after
the challenge with Leishmania major, Thl cytokine (IFN-y), and the IgG isotype titration were assessed to
evaluate the induced immune reaction and the protection level.

The group of mice immunized with Liposome DSPC +Imiquimod + SLA revealed less severe footpad swel-
ling, being significantly different (P < .05) from other groups. A higher level of IgG2a and IFN-y secretion was
observed in the mice immunized with Liposome DSPC + Imiquimod +SLA than the control group. These ob-
servations imply that the DSPC liposome containing imiquimod induces the Thl immune response that is pro-

tective against the challenge of Leishmania major.

1. Introduction

Leishmaniasis is a protozoan infectious disease that is caused by
some species of Leishmania and is transmitted by the infected sand fly
bites. Based on the parasite species and the immune reaction of the
host, the disease outcomes range from asymptomatic infections to
clinical forms (WHO, 2016). Symptoms are manifested more pre-
valently as single self-healing cutaneous lesions, uncontrolled parasite
replications, the generation of the non-healing cutaneous, mucosal, or
even visceral illness, and chronic metastatic dissemination in the skin.
The manifestations are multifactorial and depend on complicated in-
teractions among the host, the parasite, as well as environmental fac-
tors, such as the genetic background, Leishmania species, and the im-
munological status of the host (Hartley et al., 2014).

Research has revealed that most available medications have major
challenges and limitations, including fast renal expulsion or a short
half-life in the blood circulation system, toxicity, and high costs. In
most cases, complications hamper the treatment significantly (Heidari-
Kharaji et al., 2016). No certain vaccine has so far been found against
leishmaniasis. Vaccination using controlled infection with the viable
parasites, or “leishmanization” practiced in the West Asian countries
has been stopped because of undesired complications (Greenblatt,
1980; Nadim et al., 1983).

In addition, the use of live vaccines creates numerous problems,
including the development of many cases of uncontrolled skin damage,
psoriasis exacerbation, and other skin diseases. Nevertheless, despite
creative endeavors made in the past, a few first-generation vaccines of
whole killed Leishmania alone or mixed with BCG reached phase III
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clinical treatments (Badiee et al., 2007; Coler et al., 2002; Raman et al.,
2012). Thus, a definitive stage in the vaccine development attempts
requires an enhanced perception of the functional heterogeneity of T-
cell cytokine reactions. Naive CD4 + T cells may turn into a functional
proper subset called Thl or Th2 cells after activation. Thus, a critical
phase in the development of the vaccine needs the enhanced perception
of the functional heterogeneity of T-cell cytokine reactions (Copland
et al., 2005; Darrah et al., 2007).

The control of leishmaniasis is regulated by the cell-mediated im-
mune response, since the parasites evade the humoral immune response
by residing in the phagolysosomes of macrophages. The proliferation of
Thl (T helper) cells induces immunization through leishmanicidal cy-
tokines, including IL-12, IFN-y and TNF-a, yet the Th2 cell induces
immunization through IL-4, IL-5, IL-10, and IL-13, with the trans-
forming growth factor beta generation being related to susceptibility to
the disease (Coler et al., 2002; Darrah et al., 2007; Rhee et al., 2002;
Uzonna et al., 2001).

One of the reasons for the limited effectiveness of first-generation
vaccines is the lack of a convenient adjuvant. Using a proper adjuvant is
crucial in inducing the immune reaction required for protection
(Noazin et al., 2008; Soto et al., 2009). Imiquimod (R837) and the more
powerful analogues, i.e. R-848 and S-28463, are from a family of imi-
dazoquinolines, with imiquimod having an immune response modifier
with a potent indirect antiviral activity. The antiviral activity of imi-
quimod was first shown in guinea pigs infected with the herpes simplex
virus. Imiquimod is now an approved treatment for external genital
warts caused by the human papillomavirus infection(Jurk et al., 2002).

The innate immune response can be activated by various pathogen-
associated molecular patterns via Toll-like receptors (TLRs), with this
playing an important role in directing the acquired immune response
(Iwasaki and Medzhitov, 2004). From among the 11 mammalian TLRs,
TLRs 3, 7, 8, and 9 are present in the endosomes of cells and detect the
nucleic acids of intracellular DNA and RNA pathogens(Takeda et al.,
2003; Wickelgren, 2006).

Through its immunomodulatory activity, imiquimod exerts some
effects on various cells involved in the immune system and induces the
release of a number of cytokines, including interferon (IFN-y), the
tumor necrosis factor (TNF)-a, interleukin (IL)-1b, IL-6, and IL-8
(Iwasake and Medzhitov, 2004; Jurk et al., 2002).

Using a gene array approach, consistent with the ability of imi-
quimod to activate the killing of intracellular Leishmania amastigotes, it
was demonstrated that the imiquimod's related compound S-28463
induced gene expression associated with macrophage activation and
inflammatory responses, including NF-kB, IL-1, iNOS, and MIP-1
(Buates and Matlashewski, 2001). Later on, it was discovered that
imiquimod resembled structurally the single stranded RNA capable of
activating macrophages through stimulating the TLR7 pathway
(Hemmi et al., 2002).

Monocytes and macrophages are the principal target cells for imi-
quimod (Iwasake and Medzhitov, 2004; Jurk et al., 2002), since imi-
quimod has been shown to modulate the activity of monocytes and
macrophages, resulting in antiviral effects; it has also been proved as a
safe and effective medication against cutaneous lesions caused by viral
infections. The combination of delivery systems and
munopotentiating adjuvants is a useful approach to the rational design
of vaccines (Moon et al., 2011; Nordly et al., 2011).

Despite efforts that now span more than a century, a licensed vac-
cine for use in human is not yet available. It seems that the limited
efficacy of experimental vaccines is due to lack of appropriate adjuvant
and/or delivery system(Badiee et al., 2013; Khamesipour et al., 2006).
Hence, the use of particulate delivery systems as the carriers of antigens
or immunostimulatory adjuvants is a valuable strategy for the effective
delivery to the antigen-presenting cells (APCs) to enhance vaccine ef-
ficacy. Particle-based delivery systems, such as liposomes have the
potential for the successful delivery of antigens, because of their bio-
degradability, biocompatibility, and non-immunologic size and surface

im-
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charge, which can then be further improved through the incorporation
of additional antigenic or immustimulatory adjuvant components to or
onto the particle carrier system (Iwasake and Medzhitov, 2004; Jurk
et al., 2002).

So far, apart from liposomes, various nanocarriers, such as micelles,
polymersomes, archaeosomes, and ISCOMs have been employed to
deliver protein antigens to professional APCs (Badiee et al., 2008; Joshi
et al., 2012; Kataoka et al., 2012; Krishnan et al., 2003; Mazumder
et al.,, 2011; Mehravaran et al., 2016; Mehravaran et al., 2015a;
Mehravaran et al., 2015b; Smith et al., 2013). Utilizing liposomes as a
transport method to deliver antigens was first conducted some years
ago. Liposomes are artificial closed vesicles made of concentric lipid
bilayers, which are isolated by aqueous domains and used as delivery
systems for proteins, peptides, drugs, and DNA and may also be applied
as immunoadjuvants to stimulate immune reactions in different anti-
gens (Alving, 1995; O'Hagan and Singh, 2003). In this study, distearoyl
phosphatidylcholine (DSPC) was examined because of its great transi-
tion point and cholesterol, which makes the liposomes turn into steady
liposomes that inhibit easy clearance from blood. Numerous studies
have shown that liposomes act as immunological adjuvants for a wide
range of involved bacterial and viral antigens associated with human
and veterinary immunization. The major feature of particulate ad-
juvants and transfer systems is the efficient antigen delivery for im-
proved uptake by antigen exhibiting cells (APCs), especially dendritic
cells (DCs). These adjuvants are mainly taken up by classical APCs, such
as macrophages and DCs (Badiee et al., 2009; Davis and Gregoriadis,
1987; Patere et al., 2017; Tafaghodi et al., 2016).

In the current research, the adjuvant effects of imiquimod were
studied using DSPC liposomes containing SLA (soluble Leishmania an-
tigens) on the type and intensity of the produced immune reaction to
the challenge of Leishmania major in BALB/c mice.

2. Materials and methods
2.1. Animals, ethics statement

Studies were performed with Female 6-8 week old BALB/c mice.
The mice were holed in the Animal Research Center of Zahedan
University of Medical Sciences and fed with tap water and standard
laboratory pellet chow. Animals were kept at 21 °C in a colony room at
12/12h light/dark cycle with free access to food and water. The pro-
tocol was confirmed by the Institutional Ethical Committee and
Research Advisory Committee of Zahedan University of Medical
Sciences (Education Office dated March 31, 2010; proposal code,
88527), on the basis of the Specific National Ethical Guidelines for
Biomedical Research issued by the Research and Technology Deputy of
Ministry Of Health and Medicinal Education (MOHME) of Iran.

2.2. Parasites, imiquimod, and soluble leishmania antigen (SLA)

L. major strain (MRHO/IR/75/ER) employed in this treatment was
utilized in leishmanization and to prepare experimental Leishmania
vaccine and leishmanin test in Iran(Alimohammadian et al., 1993;
Khamesipour et al., 2006). Imiquimod (R837) was provided from In-
vivogen Company. The preparation of SLA was done applying the
protocol developed with some modifications. The parasites were har-
vested at stationary phase and rinsed three times using HEPES buffer
(10 mM + sucrose 10%, pH7.4) (Scott et al., 1987). Then, promasti-
gotes was set to 1.2 x 109 per mL in buffer having enzyme inhibitor
cocktail, 50-ul/ml (Sigma, St. Louis, MO, USA). The parasites were then
lysed by freeze-thaw procedure accompanied by probe sonication in an
ice bath. The supernatant of the centrifuged lysate parasites was gath-
ered, dialyzed against HS buffer solution, and sterilized by passage
through a 0.22 pm membrane and kept at —70 °C. The concentration of
protein of the SLA was indicated applying BCA (bicinchoninic acid)
protein assay kit (Thermo Scientific, USA)(Bainor et al., 2011).
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2.3. Liposome preparation and characterization

Liposomes were provided applying lipid film procedure. The lipid
phase made of DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine)
(20 mM; Avanti polar lipids, USA) and cholesterol (10 mM; Avanti polar
lipids, USA) (2:1 M ratio) were dissolved in a sterile tube in chloroform.
The solvent was removed using rotary evaporation (Hettich, Germany),
depositing a thin lipid film on the wall of tube. The lipid film was then
freeze—dried (TAITEC, Japan) across the night to remove the solvent
totally. The lipid film was hydrated and dispersed in sterile buffer
(HEPES buffer 10 mM pH 7.4) with SLA (2 mg/ml). The multilamellar
vesicles (MLVs) were converted to unilamellar vesicles by bath soni-
cator (Bandelin, Germany) at 45 °C for 15 min under argon. The lipo-
some dispersion was extruded 13 times by 400nm polycarbonate
membranes (Avestin, Canada). The zeta potential and particle size of
liposome preparations were obtained applying Dynamic Light
Scattering Instrument (Nano-ZS, Malvern, UK). Particle sizes were re-
ported as poly dispersity index (PDI) and the mean *+ standard de-
viation (n = 3). The zeta potentials were determined on the same ma-
chine by the zeta potential mode as the means + zeta deviation (n = 3)
(O'Hagan and Singh, 2003).

2.4. Characterization of the prepared formulations

Analysis of SLA and liposomal SLA analytical SDS-PAGE was done to
qualitatively calculate the SLA concentration encapsulated in the lipo-
somal SLA (Lip-SLA). The discontinuous system was made of running
and stacking gel of 1 mm thickness (12.5% and 4.78% w/v acrylamide,
respectively). The electrophoresis buffer was 25mM Tris, 192 mM
glycine, and 0.1% SDS at pH 8.3. Electrophoresis was done for 45 min at
140V constant voltages. The same SLA amount (2.5 or 5_g) was loaded
to every well for various formulations. After electrophoresis, the gels
were stained for protein detection with silver (Torchilin, 2005).

2.5. Immunization of BALB/c mice

BALB/c mice, 10 mice in every group, were immunized sub-
cutaneously (SC) three times at a 3-week interval in the footpad (RF)
with one the after formulations: HEPES buffer, SLA, Lip DSPC, Lip+
imiquimod, Lip+ Imiquimod + SLA, in final volume of 50 pl.

2.6. Challenge with L. major promastigotes

The control and immunized group of mice; two weeks following the
last injection of booster, 1 x 10° late stationary phase L. major pro-
mastigotes in 50 pl volume inoculated SC into the right footpad. In each
mouse lesion progression was followed by weekly measurement of the
thickness of the footpad using a digital caliper (Mitutoyo Measuring
Instruments, Japan). Grading of lesion size was done by subtracting the
thickness of uninfected contralateral footpad from that of the infected
one.

2.7. Quantitative parasite burden after challenge

The viable parasite, spleens, and footpad from mice vaccinated with
L. major were harvested in every treatment group. The number of viable
L. major parasites in the mice footpad and spleen was obtained by
limitation of dilution assay procedure as previously defined (Taswell,
1981; Titus et al., 1985). The mice were killed at week 6 after-chal-
lenge. The feet were removed aseptically and homogenized in RPMI
1640 supplemented with 10% v/v heat inactivated FCS (Eurobio,
Scandinavie), 2mM glutamine, 100 units of penicillin per ml, and
100 pug/ml of streptomycin sulfate (RPMI-FCS). The homogenate was
diluted in eight serial 10-fold dilutions with the media and put in every
well of flat-bottom 96-well microtiter plates (Nunc, Denmark), having
solid layer of rabbit blood agar in tetraplicate; they were incubated for
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7-10days at 25 = 1 °C. The negative and positive wells (absence and
presence of motile parasite, respectively) were identified by an invert
microscope (CETI, UK). The number of viable parasite per spleen was
determined using GraphPad Prism software, a statistical technique for
limitation of the dilution assay (Taswell, 1981).

2.8. Antibody isotype assay

The levels of antigen-specific serum IgG subclasses were measured
by a standard enzyme linked immunosorbent assay (ELISA) procedure.
Samples of blood were obtained from mice at week 2 prior to and at
week 6 after challenge. The sera were separated and stored at —20 °C.
The evaluation of anti-SLA IgG total, IgG1, and IgG2a was carried out to
identify bound antibodies (Badiee et al., 2007). Microtiter plates (Nunc,
Denmark) were covered with 50 ul of SLA (10 ug/ml) in PBS buffer
(0.01 M, pH?7.3) and serial dilutions of serum at 4 °C overnight. The
plates were treated with HRP-rabbit anti-mouse IgG isotype based on
the instructions of the manufacturer (Invitrogen Inc., USA). Optical
density (OD) was indicated at 450 nm by 630 nm as the criterion wa-
velength.

2.9. ELISpot

ELISpot assay was done for identification of gamma interferon (IFN-
y) and interleukin-4(IL-4), applying mouse ELISpot kits from U-cytech
(Utrecht, the Netherlands). Three mice from every group at week 2 after
the last injection of booster (before challenge) were killed, and their
splenocytes were separated and restimulated in vitro via either SLA as a
recalled antigen or mitogen Concanavalin A (Con A) as a positive
control. ELISpot plates were covered with anti-IFN-y or anti-IL-4 anti-
bodies and incubated overnight at 4 °C. The splenocytes (5 x 105 cells/
well) were cultured in triplicate in 200 pl with merely DMEM (as
background responses), medium having Con A (as positive controls), or
medium with 10 pg/ml of SLA in the pre-coated plates. Spot counting
was performed by Kodak 1D software (Version 3.5, Eastman Kodak,
Rochester, New York) after incubation (37 °C, 5% CO2) for 24 h (for
IFN-y assay) or 48 h (for IL-4 assay). The average number of spots = SD
in triplicate wells was obtained and stated as spot-forming units (SFU)
per 105 splenocytes.

2.10. Flow cytometry

Determine cellular uptake of formulations, spleenocytes were se-
parated 2 weeks after the last booster and stained for intracellular cy-
tokine IFN-y (anti-IFN-y-FITC) and IL-4 (anti-IL-4-FITC) based on BD
protocols Cytofix/Cytoperm™ plus Fixation/Permeabilization Kit.
Splenocytes (10° cells/ml) in medium with GolgiPlug™ (1 ul/ml) were
excited with PMA/ionomycin cocktail (2pl/ml) for 4h at 37 °C. 10°
splenocytes were added into tubes of flow cytometry after stimulation,
and rinsed twice with stain buffer (2% FCS in PBS). Splenocytes were
stained with1 pl anti CD4-PE-cy5 antibody and 1 pl anti-CD8a-PE-cy5
antibody in isolated tubes at 4 °C for 30 min. The cells were rinsed with
stain buffer and fixed by solution og Cytofix/Cytoperm™. The fixed cells
were rinsed twice with Perm/Wash™ buffer and then stained with 1 ul
anti-IFN-y- FITC antibody at 4 °C for 30 min. CD4 cells were also stained
with 1l anti-IL-4-PE antibody. The cells were washed with Perm/
Wash™ buffer and suspended in 300 pl stain buffer for flow cytometric
analysis Calibur (BD Biosciences, USA).

2.11. Statistical analysis

The Statistical difference among groups were recorded and analyzed
in GraphPad Prism software. One-way ANOVA statistical test assessed
the significance of the variations between different groups.
Tukey—Kramer multiple comparisons were done as a post-test to eval-
uate the means in different mice groups. P < .05 was assumed as
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Fig. 1. SDS-PAGE analysis; Lane A: Low-range protein standard (Sigma, USA);
Lane B: SLA; Lane C: Empty Liposome; Lane D: Empty Liposome + Imiquimod;
Lane E: Lip 4+ Imiquimod + SLA.

statistically meaningful.
3. Results
3.1. Liposome characterization

Lip+SLA+ Imiquimod, Lip+ Imiquimod, and Empty liposome in
this research were homogenous vesicles with, respectively, average
diameters of 215 = 11nm (PDI: 0.3 = 0.01), 195 * 8nm (PDI:
0.321 = 0.01) and 174 = 12nm (PDI: 0.218 * 0.01). The zeta po-
tentials were, respectively, —6.5 * 2 and - 1.84 £+ 3 and
8.83 = 1 mV, (n = 3). The SLA entrapment in Liposome was estimated
64.6 + 6.2% (n = 3). The SLA concentration in prepared formulations
was set to 50 pug per 50 pl just prior to injection. Liposomal SLA and SLA
characterization was done by SDS-PAGE electrophoresis (Fig. 1). SLA
SDS-PAGE analysis demonstrated different protein bands with several
ranges. The liposomal SLA analysis showed almost each band alike free
SLA, revealing that proteins with SLA were entrapped into the for-
mulation after the preparation of liposomes.

3.2. Challenge results

Swelling of footpad in BALB/c mice was controlled by weekly
evaluation (Fig. 2). The size of lesion was developed at a fast rate in
controls receiving SLA or buffer in comparison with the group of mice
immunized with Lip DSPC, Lip+ Imiquimod, and Lip+ Imiquimod +
SLA after challenge. At the end of the research, the lowest lesions sizes
with significant variation (P < .05) was observed in mice immunized
Lip+ Imiquimod + SLA with other mice.

3.3. Parasite burden in footpad after challenge

The viable L. major number was determined in the infected footpad
of various mice groups at week 6 post inoculation (Fig. 3A). Mice im-
munized with Lip +Imiquimod + SLA revealed the least parasite burden
in comparison to others, but there was no meaningful variation in the
parasites' number in all vaccinated groups in comparison to the control.

3.4. Parasite burden in spleen

At week 7 post challenge, the viable L. major parasites number was
estimated in the spleen of various mice groups (Fig. 3B). Mice im-
munized with Lip +Imiquimod + SLA revealed the least live parasites
compared with other groups. However, no meaningful difference was
seen in the splenic parasite count in all vaccinated groups in compar-
ison to the control.

3.5. Antibody response

To indicate the type of immune reaction generated, the anti-SLA IgG
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Fig. 2. Footpad swelling in BALB/c mice immunized SC, three times in 3-week
intervals, with SLA, Lip DSPC, Lip+ Imiquimod, Lip+Imiquimod+ SLA or
buffer alone. The footpad thickness of each mouse was measured on both
footpads for 42 days. Each point represents the average increase in footpad
thickness = SEM (n = 7). *P < .05 when the mice immunized with Lip+
Imiquimod + SLA are compared with the mice that received HEPES buffer.

antibodies specific IgG1, IgG2a, and IgG subclasses were titrated prior
to (Fig. 4A-C) and after (Fig. 5A-C) the challenge. Before challenge as
shown in Fig. 4A-C, there was a considerable (P < .0001) variation in
the levels of IgGlin Lip DSPC + Imiquimod and Lip DSPC +Imiquimod
+SLA compared with the control group (1/200 serum dilutions)
(Fig. 4A). The greatest IgG2a level was observed in the mice sera im-
munized with Lip DSPC +Imiquimod+SLA, Lip DSPC + Imiquimod
and Lip DSPC that were notably (P < .0001) higher than the control
receiving HEPES buffer(Fig. 4B). Also there was a considerable
(P < .0001) variation IgG Abs in the mice sera immunized with Lip
DSPC, Lip DSPC + Imiquimod, Lip DSPC +Imiquimod + SLA in com-
parison to the control receiving HEPES buffer (Fig. 4C). Following
challenge with L. major promastigotes, a critical variation was seen in
the IgG1, IgG2a, and IgG Abs levels in the mice sera immunized with
different formulations in comparison to the control receiving HEPES
buffer (Fig. 5A-C).

Interestingly, the mice sera immunized with Lip DSPC +Imiquimod
+SLA, Lip DSPC +Imiquimod and Lip DSPC produced considerably
(P < .0001) the greatest IgG2a and IgG1 antibodies titer in comparison
with those that received HEPES buffer (1,/200, 1/2000, 1/20000 serum
dilutions) (Fig. 5A, B). Also, the IgG level in the mice sera immunized
with all formulations was considerably (P < .0001) more than the
HEPES buffer group (1/200 serum dilution) (Fig. 5C).

3.6. ELISpot results

To determine the level of INF-y and IL-4 and evaluate the effec-
tiveness of formulations in induction of cellular immune reaction,
various liposomal constructs were calculated by ELISpot assay. The
ELISpot assays revealed that splenocytes separated from the mice im-
munized with SLA (P < .01), Lip DSPC, Lip+Imiquimod, and Lip
+Imiquimod + SLA secreted notably (P < .0001) higher IFN-y com-
pared to the mice immunized with HEPES buffer (Fig. 6). In contrast, IL-
4 production was identifiable in spleen after stimulation of antigen for
all mice groups, amounts of IL-4 were significantly different in Lip
+Imiquimod and Lip+ Imiquimod +SLA formulations compared with
the mice receiving HEPES buffer (Fig. 6).
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Fig. 3. Footpad parasite burden (3A) and spleen parasite burden (3B) in BALB/c mice. Mice immunized SC, three times in 3-week intervals with SLA, Lip DSPC, Lip
+Imiquimod, Lip+ Imiquimod + SLA or buffer alone after challenge with L. major promastigotes. A limiting dilution analysis was performed after challenge on the
cells isolated from the spleen and foot of individual mice and cultured in tetra plicate in serial 8-fold dilutions. The wells were assessed microscopically for Leishmania
major growth, and the number of viable parasite per spleen was determined by GraphPad Prism5 software. The bar represents the average score = SEM (n = 3).
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Fig. 4. The levels of anti-SLA specific IgG1 (A), IgG2a (B), and IgG (C) antibodies based on mean absorbance in sera of BALB/c mice before challenge. Mice
immunized SC, three times in 3-week intervals, with SLA, Lip DSPC, Lip DSPC + Imiquimod, Lip DSPC +Imiquimod+ SLA or buffer alone. Blood samples were
collected from the mice 2 weeks after the last booster. The assays were performed using ELISA method in triplicate at 200, 2000, 20,000, or 200,000-fold dilution for

each serum sample. Values are represented as mean =+

3.7. Flow cytometry results

For assessing the antigen-specific T cell reactions, splenocytes were
separated in various mice groups after vaccination. Extracellular
staining was applied for surface markers of CD8 and CD4. Intracellular
cytokine staining was applied for IL-4 and IFN-y cytokines accompanied
by flow cytometry analyses. CD4 and CD8 markers show the IFN-y and
IL4 frequency generating cells, respectively, in Th1 and Th2 population.
Fig. 7 shows that CD8 + /IFN-y cells frequency in the mice immunized
with Lip+Imiquimod and Lip+Imiquimod+SLA were significantly
(P < .01, P < .001) more than other mice, respectively. Moreover,
flow cytometric also revealed IL-4 generation in cells CD4, implying
that T cell-dependent humoral immunity; Lip +Imiquimod + SLA for-
mulation was less than other mice groups (P < .05).
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SD. * indicates significant difference between the groups, ****, P < .0001.

4. Discussion

Leishmaniasis is an overlooked tropical disease associated with
immunosuppression and poverty. The high toxicity of accessible med-
ications (amphotericin B, miltefosine, and paromomycin), HIV co-in-
fection, and resistant parasites pose a worldwide threat in terms of
leishmaniasis (Evans and Kedzierski, 2011). In spite of advancements in
terms of purification and delivery, Leishmania genomics and proteomics
(Myler and Fasel, 2008), modern biotechnology for antigen expression,
and the great accessibility of murine models in the field of experimental
immunology, Leishmania vaccinology still suffers from several impedi-
ments that limit developments towards the production of efficient and
universal vaccines (Gradoni, 2015; Myler and Fasel, 2008).

The production the Leishmania vaccine is a challenging task, mainly
hampered by the insufficient knowledge of parasite pathogenesis and
the immune complexity reactions required for protection (Mutiso et al.,
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Fig. 5. Levels of anti-SLA specific IgG1 (A), IgG2a (B), and IgG (C) in sera of BALB/c mice; Mice immunized SC, three times in 3-week intervals, with, SLA, Lip DSPC,
Lip DSPC + Imiquimod, Lip DSPC +Imiquimod + SLA, or buffer alone; Blood samples were collected from the mice 2 weeks after the last booster and 8 weeks after
challenge. The anti-SLA IgG1, 1gG2a, and IgG levels were assessed using ELISA method. The assays were performed in triplicate at 200, 2000, 20,000, or 200,000-fold

dilution for each serum sample. Values are represented as mean + SD. * indicates significant difference between the groups, ****P < .0001.

2013). Therefore, some efforts are being made to introduce new can-
didates for the production of the Leishmania vaccine. The use of ap-
propriate adjuvants and/or delivery systems in stimulating a proper
immune reaction to leishmaniasis is effective in introducing an efficient
vaccine against leishmaniasis. Liposomal cargos loaded with protein
antigens combined with the described immunostimulatory molecules
imitating pathogens in a reductionist mode are interesting formulations
to induce protective T cell immunity. The use of TLR agonists and li-
posomes induces the concurrent antigen presentation and pathways of
targeting pattern recognition receptors (PRRs) for the efficient expan-
sion of effector T cells (Bal et al., 2011; Elamanchili et al., 2007).
Hence, liposomes containing immunostimulating adjuvants as vaccine
delivery systems were provided and applied to deliver soluble Leish-
mania antigens as a first-generation vaccine; the protection and immune
reactions were also studied in the mouse model for leishmaniasis.

The innate immune reaction may be stimulated by various pa-
thogen-associated molecular patterns via Toll-like receptors (TLRs).
This is a crucial step in inducing the immune response. Using TLR
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agonists as vaccine adjuvants may be an efficient strategy for the de-
velopment of vaccines with enhanced protective immunity (Zhang and
Matlashewski, 2008). Since imiquimod has been licensed for the topical
use in humans and is a TLR agonist, its capacity as a vaccine adjuvant
was studied by a well-developed live infection model, i.e. the Leish-
mania major infection in BALB/c mice. Adjuvants could be used to
improve and/or prolong immune reactions. Their mechanism should be
fully understood, since vaccine adjuvants may act via mechanisms in-
volving the depot formation, the improvement of antigen delivery and
uptake, the offering of suitable antigen presenting cells, and the pro-
voking of stimulatory chemokines and cytokines (Perrie et al., 2016).
The elimination of parasitic infections needs various adaptive im-
mune reactions based on the causative pathogen, with intracellular
protozoa (such as Plasmodium and Leishmania spp) requiring a Th1-type
immune reaction triggered by IFN-y production, which activates mac-
rophages and parasite killing (Halliday et al., 2016; Hojatizade et al.,
2017). In this study, to evaluate the immune reaction, various para-
meters, such as the size of footpad swelling, the antibody level in the

201 IL-4
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Fig. 6. Cytokine level was evaluated through measuring IFN-y and IL-4 production in immunized mice at week 2 after the last booster injection. Mononuclear
splenocytes were cultured in the presence of SLA (10 pg/ml), and the IFN-y release and IL-4 release from splenocytes induced by different liposomal formulations
were determined using ELISpot assay. The data are represented as mean + SEM (n = 3). * indicates significant difference between the groups, **** (P < .0001),

*** (P < .001), ** (P < .01).
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Fig. 7. After the last booster, splenocytes were isolated and restimulated, and then stained for surface CD8, CD4, and intracellular IFN-y and IL-4. Splenocytes were
gated by side vs. forward scatter light followed by staining with CD8Pe-cy5 and CD4Pe-cy5. Plots show log fluorescence intensity for IFN-y- FITC and IL-4-PE. The
data are represented as mean * SEM, (n = 3). *** (P < .001), ** (P < .01),and * (P < .05) denote significant differences from buffer and all other formulations.

sera, and the parasite burden in the footpads or spleens of the infected
mice were analyzed and compared among the mouse groups (Jaafari
et al., 2007).

In the current study, immunization with SLA did not protect BALB/c
mice, taking into account the size of footpad swelling, spleens, the foot
parasite burden, and cytokine assays. Exacerbation due to SLA, when
there is no Thl-promoting adjuvant, occurs because SLA can develop
Th2 reactions by itself (Watanabe et al., 2004). The coexistence of Th1l
and Th2 reactions by the immunization of SLA is also in line with the
results of other studies (Afonso et al., 1994; Bhowmick et al., 2007).
IFN-y is crucial for the natural protection against and healing of leish-
maniasis through the activation of macrophages (Nylen et al., 2003).
The level of the cytokine IFN-y, being indicative of the Th1 reaction in
the supernatant of the cultured splenocytes of the mice immunized with
Lip+ Imiquimod + SLA, stimulates a highly potent Th1 type reaction in
comparison with SLA or buffer groups (Nylen et al., 2003).

In this study, the higher IgG2a level was considered as an indicator
of resistance to leishmaniasis, indicating that Lip+ Imiquimod +SLA
stimulated the highest IgG2a level. The least number of live parasites in
the footpads and spleens was observed in the Lip+ Imiquimod + SLA
formulation compared to the other groups. The results showed that the
smallest lesion size was observed in the mice immunized with Lip +
Imiquimod + SLA with the significant difference of (P < .05), 6 weeks
after the challenge with other groups. In this respect, the data implied
that SLA in association with the liposomes, including DSPC and
Imiquimod induced protective reactions to the leishmaniasis in murine
model. Numerous adjuvants combined with vaccine candidates to im-
prove the effectiveness of weak immunogenic antigens and induce ad-
ditive or synergistic T-cell reactions have been shown to be inefficient
when there is no adjuvant or subunit vaccine (Badiee et al., 2013).
Imiquimod influences are mediated by stimulating natural immunity,
especially, the secretion of monocyte/macrophage-derived cytokines,
such as IFN- y and the tumor necrosis factor (TNF) (Kubli-Garfias et al.,
2017).

In this study, it was demonstrated that the combination of imi-
quimod and liposomal proteins triggered the CD4™ T cell reaction, in
comparison with liposomal proteins with no imiquimod. Both in vitro
and in vivo evaluations showed that the imiquimod adjuvanted lipo-
somal SLA induced more powerful CD8"* T-cell reactions than the re-
action induced by the liposomal protein alone. In contrast, poor T-cell
reactions were observed when the activation was induced by SLA.
These observations showed the specificity of the adjuvanted liposomal
formulation to improve the presentation of the entrapped antigen MHC-
I. Research shows that a small liposome-encapsulated antigen may
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activate more T cell reactions than the identical content of the free
protein, in vivo and in vitro (Maji et al., 2016). The findings of the
current study also indicated that small amounts of antigens were
needed for immunization to activate CD4™ and CD8™" T cell reactions
efficiently. Developing an effective delivery system is required to target
professional APCs for the presentation and processing of encapsulated
antigens via MHC complexes to elicit broad spectrum T-cell reactions
and resist prevalent infections, such as malaria, tuberculosis, leishma-
niasis, viral illnesses, and cancers (Homhuan et al., 2009; Peachman
et al., 2005).

Vaccine delivery systems, like liposomes, improve the uptake of the
related antigens into APCs. Bilayer composition affects the uptake and
interaction of liposomes via APCs and the type of the immune reaction
induced (Copland et al., 2005; Nobs et al., 2004). Liposomes provided
with DPPC or DSPC having the rgp63 antigen manifested more en-
trapment effectiveness and triggered the Thl reaction, unlike liposomes
provided with EPC (Badiee et al., 2009; Watson et al., 2012). Distearoyl
phosphatidylcholine (DSPC), due to high transition point, along with
the helper lipid cholesterol can turn into stable liposomes to inhibit
their simple removal from the blood. The formulation of the DSPC/Chol
liposome was selected, since liposome rigidity increased through sub-
stituting the underivatized phosphatidyl choline with phospholipids at
an elevated transition temperature (Tc), like DSPC (Tc = 54°C)
(Frezard, 1999). Antigens entrapped in DSPC liposomes showed a un-
ique approach to protecting and delivering encapsulated antigens to
trigger antigen-specific cellular immune reactions. Antigens en-
capsulated in liposomes might trigger protective immune reactions
against experimental visceral leishmaniasis; however, the
munostimulation pathways are not identified (Maji et al., 2016). Li-
posomes with a high Tc improved the adjuvant activity, since they had
higher membrane rigidity in vivo, so the entrapped solutes (e.g. anti-
gens) remained with the carrier for a long time; hence, they triggered a
more powerful immune reaction than the ones entrapped in phospho-
lipids with a low Tc (Watson et al., 2012). Moreover, the cholesterol in
the vesicles simplified the cytoplasmic secretion of the antigens and
inhibited lysosomal degradation. The in vivo-elevated stability of the
vesicles stimulate the CD8+ T-cell reaction better (Ignatius et al.,
2000). DSPC liposomes were effectively taken up by APCs, being crucial
for the induction of the protective Th1l type of immunological reactions
and required for protection against leishmaniasis.

In general, liposomes containing the imiquimod adjuvant trigger
protection against the challenge of L. major in the BALB/c mice. The
complicated effects of lipid compositions and immunostimulatory ad-
juvants on the triggered immune reactions should be considered.

im-
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