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ABSTRACT

Background: Toll like receptors play a major role in immune responses against
Leishmania parasites. Objective: To evaluate the efficacy of vaccination with live
attenuated L. major and TLR4 agonist in protection against L. major infection. Methods:
Attenuated L. major was prepared by continuous sub-culturing of the parasite. A total of
90 mice were assigned to 9 groups including 6 groups of BALB/c (G1-6) and 3 groups
(G7-9) of C57BL/6 mice. Group 1 was the control groups, group 2 received the wild-
type L. major promastigotes, group 3 the attenuated line, group 4 the TLR4 agonist,
group 5 the wild-type L. major and TLR4 agonist, and group 6 the attenuated line along
with TLR4 agonist. Group 7 was control, group 8 received wild-type L. major and
group 9 the wild-type along with TLR4 agonist. Vaccinated mice were then challenged
with wild-type of L. major. Lesion size, parasite burden, and the expression levels of IL-
4, IFN-y, IL-2, 1L-17A, IL-10, TGF-p and TLR4 were evaluated before the challenge
while parasite burden and lesion size were evaluated. Results: Vaccinated mice with a
TLR4 agonist or attenuated L. major plus TLR4 agonist produced the highest levels of
IFN-y, IL-2, and IL-17A. Post-challenge analysis revealed that mice vaccinated with the
attenuated line along with TLR4 agonist displayed the lowest lesion size and parasite
load. These mice developed a predominant Thl immune response. Conclusion:
Vaccination with the attenuated L. major along with TLR4 agonist promotes a Thl-
mediated immune response which leads to the protection of BALB/c mice against L.
major infection.
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INTRODUCTION

Leishmaniasis is a protozoan parasitic disease which may present itself in cutaneous,
mucocutaneous, or visceral forms. Cutaneous leishmaniasis (CL) is the most common
form of the disease, producing lesions on the exposed parts of the body and caused by
certain Leishmania species (1). Both CL and visceral leishmaniasis (VL) are serious
health threats in a few Middle Eastern countries including Iran (2-5). Up to the present,
several killed and attenuated vaccines have been designed for CL, yet none of them is
capable of effectively precluding the development of leishmaniasis(6,7). Vaccination
with live attenuated Leishmania, called leishmanization, has been tested on humans
with satisfactory results. Leishmanization had been practiced successfully in Middle
Eastern countries including Iran up until it was stopped due to safety concerns, as
certain individuals developed non-healing lesions (8,9). A key element in the success of
vaccine development is selecting the proper adjuvant. Studies over the recent years have
demonstrated that co-injection of Leishmania parasite with Toll-like receptor (TLR)
agonists can reduce pathological lesions when administered to mice (10,11). TLRs are a
family of membrane proteins, mainly expressed on macrophage and dendritic cells,
regulating the production of inflammatory cytokines (12). TLRs recognize specific
pathogen-associated molecular patterns (PAMPs) in different pathogens and signaling
through these molecules is one of the primary responses of innate immune systems
against Leishmania (12,13). Engagement of some TLRs, particularly TLRs 2 and 4,
induces T helper (Th)l differentiation which plays a major part in controlling
leishmaniasis (13-15). Srivastava et al. showed that the activation of TLR9 in BALB/c
mice could reduce both the lesion size and pathogenicity of Leishmania in infected mice
(16). The use of TLR agonists as adjuvant in immunization against Leishmania has
proved to entail promising results (10).

TLR4 gets involved in the development of an effective immune response against
Leishmania by the initial induction of nitric oxide synthesis (17). TLR2 and TLR4 are
involved in the formation of effective immune responses in human leishmaniasis
(14,15,18,19). Tolouei et al. showed that the levels of TLR2 and TLR4 expression in
peripheral blood-derived macrophages of patients with healing forms of CL were
significantly higher than those with non-healing lesions (19). TLR4 has an essential role
as regards controlling Leishmania in mice since TLR4-knockout mice cannot effectively
prevent wound development caused by L. major (15). Recently, it has been determined
that leishmanization along with the administration of TLR2 agonist could reduce the
parasitic load in the mouse lesions (10). On the other hand, TLR4 agonist injection has
been shown to induce dendritic cells to produce high levels of such pro-inflammatory
cytokines as IL-12 (20). In view of the protective immune responses induced through
inoculating live attenuated L. major in humans, it is of utmost importance to study the
different ways of optimization along with a particular emphasis on reducing the
pathological lesions resulting from the parasites, as well as shortening the duration of
the presence of ulcers at the injection site.

Similar to TLR2, the injection of TLR4 agonist with live L. major is expected to control
parasite growth, reduce the pathological lesions, and create a specific Thl immune
response. Accordingly, the current study was designed to evaluate the efficacy of
vaccination with live attenuated L. major and TLR4 agonist concerning protection
against L. major infection in BALB/c mice.
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MATERIALS AND METHODS

Preparation of Attenuated L. major. Standard L. major (MRHO/IR/75/ER strain) was
cultivated in RPMI medium supplemented with 10% fetal calf serum, 100 pg/mL
streptomycin and 100 U/mL of penicillin. Attenuated L. major was prepared by
continuous sub-culturing of the parasite (21 times). Wild-type or attenuated
promastigotes were adjusted to 10*/mL in saline for animal inoculation with or without
TLR4 agonist synthetic MPLA (Invitrogen, Carlsbad, CA, USA), (20 pg/mL, in saline).
Mice were intradermally inoculated with 0.1 mL of promastigotes with/without TLR4
agonist (0.1 mL) at the base of their tails.

Preparation of Soluble Leishmania Promastigote Antigens. Soluble Leishmania
antigen (SLA) was prepared from the late (4-6 days) stationary phase of promastigotes
(21). In this regard, 30 mL of parasites was transferred in a 50 mL tube and centrifuged
at 2800xg for 15 min at 4°C. The pellets were washed three times in PBS and subjected
to three rapid freeze-thaw cycles. Samples were centrifuged at 5000xg for 20 min at
4°C. Supernatants were collected, and stored at -80°C until use.

Mice Immunization and Challenge. In this study, 4 to 6-week-old female BALB/c
(n=60) and female C57BL/6 mice (n=30) were kept under controlled conditions at a
temperature of 23+1°C, humidity of 50+5%, and 12:12 h light-dark cycles, with regular
access to food and water. The study protocol was approved by the Institutional Animal
Care and Use Committee of Shiraz University of Medical Sciences.

BALB/c mice were divided into 6 groups (n=10 in each group); G1 mice were the
control group with no injection, G2 mice were inoculated with wild-type L. major
promastigotes, G3 mice were inoculated with the attenuated L. major, G4 mice were
inoculated with TLR4 agonist, G5 mice were inoculated with wild-type L. major
promastigotes along with TLR4 agonist, and G6 mice were inoculated with the
attenuated L. major promastigotes and TLR4 agonist. C57BL/6 mice were further
categorized into 3 groups (G7 to G9; 10 mice in each group): G7 was considered as the
control group with no injection while G8 mice were inoculated with wild-type L. major
promastigotes and G9 mice with L. major wild-type promastigotes and 20 pg of TLR4
agonist. Within 21 days following the injection of wild-type L. major, small and thick
nodules appeared at the site of the injection. Direct Giemsa stained smears were taken
from the lesions and evaluated microscopically to corroborate the presence of L. major.
Upon the appearance of the lesions, their sizes were weekly measured using a vernier
caliper during the course of infection. Forty-five days post injection, 5 mice were
euthanized in each group and the parasite burden was determined in their spleen.
Seventy-two hours after stimulation with SLA, the levels of IL-2, IL-4, IL-10, and 1L-
17A, IFN-y, and TGF-$ were also evaluated in the supernatant of the mouse splenic
mononuclear cells. The production of these cytokines was also examined at mRNA
levels of the stimulated cells.

The remaining five mice in each group were intradermally challenged with wild-type L.
major promastigotes ( 10* cells in 0.1 mL) at the base of their tails. The lesion sizes in
the remaining mice were further measured every week. Following 45 days of challenge,
the mice were euthanized and their parasite burden was specified.

Evaluation of Cytokine Levels. Mononuclear cells were isolated from mice spleens
using Lymphodex (Inno-train, Kronberg, Germany) 45 days post-immunization.

Cells were then stimulated with 3 pg/mL of L. major SLA in a 96-well flat bottom cell
culture plate (10° cells/well) in duplicate. Cells cultured in RPMI 1640 were used as
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negative control and those stimulated with 10 pg/mL of concanavalin A (Sigma-Aldrich,
Louis, Missouri, USA) were considered as positive control. After 72h, cell culture
supernatants were removed and kept at -20°C and cell pellets were stored at -70°C until
use. The levels of Thl (IFN-y, TNF-a, IL-2), Th2 (IL-4, IL-5, IL-6, IL-10 and IL-13),
Th17 (IL-17A, IL-17F, IL-21), Th9 (IL-9) and Th22 (IL-22) cytokines, in the
supernatants of spleen cell cultures, were quantified by a multiplex bead-based assay
using a commercial kit (BioLegend, San Diego, CA, USA), based on the manufacturer’s
instructions. Briefly, for each cytokine to be measured, a mixture of antibody-coated
beads was incubated with the sample. After covering the cytokine by FITC-labeled
beads, which could be differentiated by their sizes and fluorescent intensities, a biotin-
conjugated secondary antibody mixture was added followed by incubating with PE-
conjugated streptavidin as the detector. The results were visualized with a FACSCalibur
flow cytometer (eBioscience, Santa Cruz, CA, USA) and the obtained data were
analyzed through the use of FlowCytomix Pro-3.0 software (BioLegend).

Evaluation of TLR4 and Cytokine Gene Expressions. Total RNA was extracted from
spleen-derived mononuclear cells using RNeasy Mini Kit (YektaTajhizAzma, Tehran,
Iran), according to the manufacturer’s instructions. After that, cDNA synthesis was
performed using RevertAid Reverse Transcriptase kit (Thermo Scientific, Norcross, GA,
USA) and IL-2, IL-4, IL-10, IL-17A, IFN-y, TGF-B and TLR4 transcript levels were
evaluated by real-time PCR using the primers listed in Table 1 (22,23) with B-actin gene
employed as calibrator. Real-time PCR was done in a total volume of 20 pL containing
10 puL of Maxima SYBR Green/ROX qPCR Master Mix (2x), 0.5 pL of forward and 0.5
uL of reverse primers, 1.5 pL of cDNA, and 7.5 pL of RNase free water. Real-time PCR
conditions for IL-2, IL-17A, IFNy, TLR4, and B-actin were 10 min at 95°C, 40 cycles of
20 s at 95°C, and 50 s at 60°C. Conditions for the gene amplifications of TGF-f3 and IL-
10 were 10 min at 9501, 40 cycles of 20 s at 95°C, 30 s at 58°C, and 20 s at 60°C. TGF-
B gene was amplified under similar conditions except for the annealing temperature
which was 59°C. Relative expression of target genes was calculated using 22T
method.

Table 1. Primers used for real-time PCR.

Target Accession Sequenc? of Prlmers Am[_)hcon Annealing
5'-3) size o Reference
gene number (bp) Temp. (°C)

F: GAGGAACTGGCAAAAGGATGGT
IFN-y — NM_008337 R: CGCTTATGTTGTTGCTGATGGC 116 60 2

F: GCAGGACTTTAAGGGTTACTTGGG
IL-10 NM_010548 R:GATTTCTGGGCCATGCTTCTC 103 >0 2

F: AACACTGAGGCCAAGGACTTC
IL-17A NM_010352 R: GTCTTCATTGCGGTGGAGAGT 144 60 2

F: GCAACAACGCCATCTAT

TGE-B NM 011577 R:AAGGTAACGCCAGGAAT 200 59 22
F: TTCATCAGCAATATCAGAGTAAC Current
L2 NM_008366 R: CTCAGAAAGTCCACCACAGT 104 60 study
R4 NMO21297 F: GCTTTCACCTCTGCCTTCAC b5 s 23

R: AGGCGATACAATTCCACCTG

‘ F: GCTACAGCTTCACCACCACAG
B-actin - NMO007393 R: GGTCTTTACGGATGTCAACGTC 288 60 23
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Evaluation of Parasite Burden. Parasite burden was quantified via amastigote count in
Giemsa-stained smears prepared from the lesion (24). Parasite burden was further
evaluated in impression smears from the mice spleens and expressed as Leishman—
Donovan units (LDU). The LDU index is defined through LDU = amastigote number/
1000 host cell nuclei x organ weight (g). Also, the ratio of the infected cells (those
containing amastigote) to the non-infected cells (those without parasite) and the
intensity of infection (mean of parasite number in the infected cells) were determined
(25).

Statistical Analysis. Nonparametric statistical tests and one-way analyses of variance
(ANOVA) were employed for the statistical analysis of the data. Means of the gene
expression, LDU and lesion sizeswere compared among different mouse groups by the
Kruskal-Wallis test. Data were analyzed using SPSS 16 and p<0.05 was considered as
statistically significant. GraphPad Prism version 5 was used for graphical presentations.

RESULTS

Cytokine Production at the mRNA and Protein Level.

As far as the level of IFN-y and IL-2 is concerned, there existed significant differences
between group 1(control group with no injection) and group 2 which received wild-type
parasite. The highest IFN-y level was found in G6 mice which received TLR4 along
with attenuated L. major, whereas G2 mice receiving wild-type L. major had the
minimum levels of IFN-y. Figure.1 shows the RNA transcript level of IFN-y and IL-2 in
different mice groups. G1 and G2 were significantly different in terms of the level of
IL-17A. A high level of IL-17A was observed in G6 which received TLR4 and
attenuated parasite and the lowest level belonged to G2. Figure.1 shows the level of IL-
17A in different mice groups. G1 and G6 had recognizable differences. The IL-10 and
TGF-B mRNA expressions were the highest in mice group 2 (BALB/c mice which
received wild-type L. major), (Figure.1).

It is worth mentioning that concerning the expression level of TGF-f and IL-10, a
significant difference was found between groups that received the wild-type of the
parasite and those receiving TLR4 or attenuated L. major. Th1/Th2 ratio was no
different among the mice groups. Nonetheless, mice immunized with attenuated parasite
plus TLR4 had the highest Thl immune response. The cytokine level of IL-4 was
specified via Flow cytometry while other cytokines were not detectable. A significant
difference was observed between positive controls (treated with Con. A) and sample test
(treated with L. major antigen). The BALB/c mice group 2 which received the wild type
of parasite had the highest level of IL4 production. In G3 and G4, vaccination induced a
Thl response and the level of IL-4 cytokine was very low. Figure.l shows the
differences between different mice groups as regards I1L-4 levels.

Expression of TLR4 in mice groups.

Certain changes were observed in TLR4 expression in L. major infected splenocytes of
susceptible (BALB/c) mice. The highest level of TLR4 expression belonged to G4 of
BALB/c mice, followed by G6 which received attenuated line plus TLR4 agonist.
Figure 1 shows the TLR4 transcription levels in different mice groups.
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Figure 1. Transcript levels of different cytokines and TLR4 in different BALB/c mice
groups. G1: untreated mice; G2: mice inoculated with wild-type L. major; G3: mice inoculated
with attenuated L. major; G4: mice inoculated with TLR4 agonist; G5: mice inoculated with wild-
type L. major and TLR4 agonist; G6: mice inoculated with attenuated L. major and TLR4 agonist
(* shows P<0.05, ** shows P<0.01).

In mice injected with different regimens and sacrificed 45 days after, the decrease in
parasite burden, in the spleen, was associated with the increase in the levels of IFN- vy,
and IL17A and the expression levels of TLR4. In BALB/c mice, the lowest LDUs were
respectively observed in G4 and G6, while the maximum LDU was found in G2 which
was also host to the highest percentage of infection, with G4 and G6 having the lowest
percentage. In C57BL/6 mice, the lowest LDU was seen in group 9 (where no parasites
were observed either) which received the wild-type parasite plus TLR4 agonist. Figure
2 illustrates the mean of LDU and the percentage of infection in the spleen of different
mice groups.

Lesion Size in different mice groups.

Further evaluated was the protective effect of vaccination with TLR4 adjuvant and
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leishmanization against L. major infection in BALB/c mice through measuring the
lesion size in the basal tail. The lesions were from healing to non-healing and ulcerative
forms. Significant differences were observed in the lesion sizes of different mice groups
(P<0.005). The highest lesion size belonged to G2 of BALB/c mice which received
wild-type parasite, whereas the lowest sizes were observed in both G3 and G4 (Figure.
2).
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Figure 2. Mean of LDU and percent of infection in the spleen in different group of mice.A
and B: mean of LDU at 45 days post infection; C: percent of infection in the spleen 45 days post
infection; D: mean of LDU at 90 days post infection; E: percent of infection in the spleen at 90
days post infection; F: lesion size at 45 days post infection; G: lesion size before (at 45 days)
and after (at 90 days) challenge. G1: untreated mice; G2: mice inoculated with wild-type L.
major; G3: mice inoculated with attenuated L. major; G4: mice inoculated with TLR4 agonist;
G5: mice inoculated with wild-type L. major and TLR4 agonist; G6: mice inoculated with
attenuated L. major and TLR4 agonist.(* shows P<0.05, ** shows P<0.01).
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DISCUSSION

To date, no effective vaccine has been developed for cutaneous leishmaniasis. This
study demonstrated that leishmanization using attenuated L. major parasites in
combination with TLR4 agonists prevents the development of lesions and reduces the
parasite load in susceptible mice. It is assumed that stimulation with TLR4 agonist
increases the proinflammatory cytokines and Thl-mediated immune response which
controlled the proliferation of parasite, resulting in smaller lesions and less parasite
burden. In this study, the Th2 immune response was observed in both BALB/c and
C57BL/6 mice which only received the wild type of the parasite. Of course, in the
resistant mice, the immune response was primarily directed toward Thl; however, the
production of IL-10 and TGF-f cytokines eventually resulted in an imbalance between
Thl and Th2 which can happen as a result of the increase in Th2 cytokines in mice
lacking TLR4 due to the injection of a wild-type strain of the parasite. It is widely
accepted that the imbalance between Thl and Th2 immune responses is a prominent
phenomenon which entails CL in mice (26). Vaccination of BALB/c mice with
attenuated L. major induces a strong Th1 immune response so as to prevent the parasite
proliferation. Leishmaniasis is associated with the inactivation of macrophages. LPG is
a virulence factor of Leishmania and a possible mechanism for the inactivation of
macrophages by LPG is the production of IL-10 and TGF-$ (27). Both cytokines can
deactivate macrophages which results in parasite survival. The co-injection of TLR4
agonist and attenuated line of L. major promote a Thl immune response by the down-
regulation of Th2 cytokine expression, mainly TGF-$ and IL10. It was found that the
expression of TLR4 was higher in vaccinated mice groups, in accordance with previous
reports demonstrating that the expression of TLR2, TLR4, and TLRS in the spleen
dendritic cells of BALB/c mice are higher compared with resistant mice (28). Moreover,
the findings of our study showed that leishmanization is a factor involved in the increase
in the TLR4 levels. Regarding the role of TLRs in cutaneous leishmaniasis, Halliday et
al. reported larger lesions and higher parasite burdens in both TLR2” and TLR4”" mice
compared to the wild-type mice inoculated with L. major or L. Mexicana promastigotes
(14), which is in line with Kropf et al. who made use of the same mouse model (11).
Murray et al. showed that the absence of TLR4 leads to an increase in parasitemia in
mice infected with L. donovani and the deviation of the immune response toward Th2
(29). Consistent with the present research, such studies further corroborate the role of
TLR4 with regards to cutaneous as well as visceral leishmaniasis. In response to L.
major, macrophages produce more arginase in mice lacking TLR4 in comparison with
TLR4-competent mice. It is assumed that TLR4 plays a role in inhibiting the alternative
activation of macrophages which is independent of the acquired immune response (15).
In the study of Komai-Koma, a reduction in the level of IL-4 was observed in the lymph
node of mice treated with anti-TLR4 antibodies (18). As expected, the present study
also showed a significant difference in IL-4 levels among BALB/c mice inoculated with
wild-type of L. major, a group where the level of this Th2-associated cytokine was also
increased.

It has recently been shown that IL-17 in patients with CL has a pro-inflammatory role
(30). On the other hand, IL-17 has been associated with protection against human
visceral leishmaniasis (31). In our study, it was found that leishmanization in the
presence of TLR4 agonist enhances Th17 immune responses related to the protection in
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mice vaccinated with attenuated parasite lines. Earlier studies have suggested that
intravenous injection of attenuated parasites (LIAHSP70-1I) to BALB/c mice induce
short-term immunity against the subsequent challenge with L. major. The provided
protection is the result of the attenuated parasites in the liver and the spleen of
immunized mice (32).

In conclusion, the present findings indicate that vaccination with live attenuated L.
major and TLR4 agonist promotes a Thl immune response in the vaccinated mice via
the increase in the levels of IFN-y, IL-2, and 1L-17A and a decrease in the levels of IL-
10 and TGF-p cytokines. We assumed that the absence of IL-10, IL-4 and TGF-$ and
the induction of strong IFN-y response led to protection in mice. It can ultimately be
concluded that an optimal way for protection against CL would be leishmanization with
attenuated L. major combined with TLR4 agonists.
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