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Abstract

One strategy to control leishmaniasis is vaccination with potent antigens alongside suitable
adjuvants. The use of toll-like receptor (TLR) agonists as adjuvants is a promising approach
in Leishmania vaccine research. Leishmania (L.) tropica is among the less-investigated
Leishmania species and a causative agent of cutaneous and sometimes visceral leishmani-
asis with no approved vaccine against it. In the present study, we assessed the adjuvant
effects of a TLR4 agonist, monophosphoryl lipid A (MPL) and a TLR7/8 agonist, R848
beside two different types of Leishmania vaccine candidates; namely, whole-cell soluble L.
tropica antigen (SLA) and recombinant L. tropica stress-inducible protein-1 (LtSTI1). BALB/
¢ mice were vaccinated three times by the antigens (SLA or LtSTI1) with MPL or R848 and
then were challenged by L. tropica. Delayed-type hypersensitivity (DTH), parasite load, dis-
ease progression and cytokines (IL-10 and IFN-y) responses were assessed. In general
compared to SLA, application of LtSTI1 resulted in higher DTH, higher IFN-y response and
lower lymph node parasite load. Also compared to R848, MPL as an adjuvant resulted in
higher DTH and lower lymph node parasite load. Although, no outstanding ability for SLA
and R848 in evoking immune responses of BALB/c mice against L. tropica infection could
be observed, our data suggest that LtSTI1 and MPL have a better potential to control L. tro-
picainfection and could be pursued for the development of effective vaccination strategies.

Introduction

Leishmaniases are members of the neglected tropical diseases (NTDs), caused by intracellular
protozoans of Leishmania genus which are transmitted via phlebotomine sand fly bites. There
are three main forms of leishmaniases: visceral, cutaneous, and mucocutaneous. Approxi-
mately 350 million people live in areas with risk of leishmaniases in 98 countries. The disease
affects 12 million people and its incidence is approximately two million cases per year [1].
Leishmania tropica is among the less-known Leishmania species which causes cutaneous
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leishmaniasis (CL) and rarely, visceral leishmaniasis (VL) in many endemic regions of the
world [2]. Few studies have so far been dedicated to the pathology of L. tropica and the host
immune responses against this parasite. Interestingly, the observed pathology of L. tropica in
humans and experimental models is different from all other well-known Leishmania species,
such as L. major [3]. These issues call for further studies on this source of a major public health
problem, even more urgently.

Current available drugs for leishmaniasis are expensive and toxic. Moreover, there are
reports that point to incidents of drug resistance by Leishmania species [4]. An alternative
mean to control leishmaniases is vaccination with potent antigens in conjunction with suitable
adjuvants.

Although several whole-cell, single purified, and recombinant Leishmania antigens have
been used as vaccine candidates, so far there is no approved vaccine against leishmaniases [5].
Such antigens need suitable adjuvants to induce appropriate, long-lasting and protective
immune responses [6]. Among the anti-leishmanial experimental vaccines, whole-cell killed
vaccines have certain advantages such as high stability, high safety and low cost. Moreover,
they can be manufactured in low-income endemic countries with relatively low technological
skills [7, 8]. On the other hand, vaccines based on single purified or recombinant antigens also
have many advantages, such as being well characterized and free from cellular products [9].
Since no approved effective vaccine for leishmaniases is available, research on both types of
these prophylactics are ongoing.

Experimental animals are commonly-used models for exploring the immunological param-
eters of human leishmaniases. BALB/c mice are one of the most frequently studied animals for
research on well-known Leishmania species, such as L. major. In contrast, few investigations
have been done using experimental animal models to study L. tropica infection. The initial
studies confronted with difficulties in setting up the infection in vivo [3]. However, it was
revealed later that BALB/c mice could be a suitable model in this regard, due to chronic infec-
tion caused in these mice by different isolates of L. tropica [10-13].

To our best of knowledge, there is no report on vaccination against L. tropica in experimen-
tal animal models. Therefore, based on previous studies on L. major, here for the first time we
tried to evaluate two kinds of L. tropica vaccine candidates (i.e. the whole-cell killed and a
recombinant antigen) in an experimental animal model. For this purpose, L. tropica soluble
Leishmania antigen (SLA) and recombinant LtSTI1 (a homologous protein of L. major stress-
inducible protein-1, LmSTI1) were selected. LmSTTI1 is a vaccine candidate which has shown
protection against CL when used with suitable adjuvants [14-16]. L. major SLA combined
with proper adjuvants have also been used as a whole cell killed vaccine and have exhibited
protection potentials [17-20]. Currently, finding potential adjuvants which can direct and
intensify specific immune responses and immunological memory by the innate immune
response is a main objective to control complex pathogens such as Leishmania species.

Toll-like receptors (TLRs) agonists are molecules that interact with TLRs on the immune
cells such as antigen-presenting cells. Such agonists are capable of activating the innate
immune responses and can also trigger the function of the specific immune responses [21].
Thus, TLR agonists are interesting molecules to be used as adjuvants. There are several defined
TLRs some of which are present in the cells endosomes (i.e. TLRs 3, 7, 8, and 9) and others are
located on the cell membrane (i.e. TLRs 1, 2, 4, 5, and 6) [22]. The agonists for TLRs that facili-
tate the generation of T helper cell responses may be considered as T cell adjuvants [23]. This
has been particularly important in the development of vaccines against pathogens that are con-
trolled by cellular immune responses, such as Leishmania species [23].

TLRs 7 and 8 can naturally recognize viral single stranded RNA [24]. R848 (resiquimod) is
a molecule, capable of activating both TLRs 7 and 8 [25] and has shown adjuvant capacity in
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many animal models [26]. Monophosphoryl lipid A (MPL) which can interact with TLR4 is a
detoxified form of lipopolysaccharide (endotoxin) with strong adjuvanticity [27]. In our previ-
ous work, we tested the immune responses due to MPL and R848 adjuvants against L. major
SLA in BALB/c mice [20].

In the present study, to further elucidate the effects of these two adjuvants, we used them
alongside two different types of vaccine candidates (i.e. SLA and recombinant LtSTI1), against
L. tropica infection.

Materials and methods
Parasite

The isolated L. tropica strain MHOM/AF/88/KK27 from Afghanistan was kindly donated by
Dr. D. Sacks (Laboratory of Parasitic Diseases, National Institute of Health, Bethseda, Mary-
land, USA). The procedure of species confirmation and parasite culture were as mentioned in
our previous reports [28, 29]. L. tropica parasites were cultured in Novy MacNeal Nicolle
(NNN) media and then BALB/c mice were infected by the cultured parasites. L. tropica para-
sites were then retrieved from the mice’s lymph nodes for preservation of their virulence.

Amplification, subcloning and nucleotide sequencing of LtStil

L. tropica genomic DNA was extracted by a commercial QTAamp DNA Mini Kit (Qiagen,
USA). Leishmania stress-inducible protein-1 (Sti 1) region is a conserved sequence in Leish-
mania genome which is called LmStiI in L. major and LtStil in L. tropica. Based on well-
known LmStil sequence of L. major (NCBI GenBank accession number XM_001681088.1),
the following primers were designed to amplify LtStil: Forward, 5/ ~ACTAGGATCCGACGCAA
CTGAGC-3";Reverse, 5/ ~GCTCGAATTCCTGACCAAAACGAATG-3" . Polymerase chain
reaction (PCR) was performed using Exprime Taq enzyme (GeNet Bio, South Korea) which
exhibits proofreading activity, under the following program: 94°C for 5 min, 30 cycles of
95°C—60 sec, 61°C—60 sec and 72°C—90 sec, and finally 72°C for 10 min. The PCR prod-
uct was T/A cloned into pTZ57R/T using InsTAclone PCR cloning kit, (Thermoscientific,
USA) according to the manufacturer’s instructions. pTZ57R/T plasmids containing LtSti1
insert were extracted by TIANprep Mini Plasmid Kit (Tiangen, China) and sequenced by
the plasmid’s universal primers (TAG, Denmark). Pairwise sequence alignment was per-
formed using CLUSTALW program (http://www.ebi.ac.uk/clustalw/).

Cloning, expression, and purification of LtSTI1

The LtStil region was PCR amplified by the following forward and reverse primers, harboring
Ndel and BamHI restriction sites (underlined), respectively: Forward, 5’ ~GGACATATGGAC
GCAACTGAGCTAAAGAAC-3';Reverse, 5’ —~-TACGGATCCCTACTGACCAAAACGAATGA
T-G-3’.The amplicon and pET-15b cloning/expression vector (Novagen) were digested by
the corresponding restriction enzymes (Ndel and BamHI) and the ligation reaction was set up
at 1:1 molar ratio to insert the double-digested amplicon downstream of the vector-derived
6xHis-tag of pET15b in correct ORF using T4-ligase (Tiangen, China), according to the manu-
facturer’s instructions.

The recombinant pET-15b plasmid containing LtStil construct was confirmed (by restric-
tion analyses and DNA sequencing) and was transformed into Escherichia coli BL21 (DE3) for
protein expression. The expression was induced by addition of 1M IPTG to Escherichia coli
BL21 (DE3) culture harboring the confirmed plasmid and grown at 37°C (200 RPM) at
0OD600 ~0.5, and the growth was continued for 4 h after the induction. The expressed
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recombinant protein was confirmed by SDS-PAGE and Western blotting analyses using anti-
HisG-HRP Antibody (Invitrogen, Carlsbad, USA), according to the manufacturer’s
instructions.

The recombinant LtSTII protein which was expressed as insoluble inclusion bodies was
purified by Ni-NTA agarose matrix (Qiagen, USA) with 8 M urea, according to the manufac-
turer’s instruction. Urea was removed using 10K-Amicon Ultra-15 columns (Millipore, Ire-
land), after 5 washing steps by LPS-free PBS buffer. The protein concentration was measured
by Bradford assay [30]. Lipopolysaccharide (endotoxin) was removed from the protein solu-
tions by Triton X-114 method as previously described [31]. The level of endotoxin was quanti-
fied by QCL-1000 Chromogenic Limulus amoebocyte lysate (LAL) test (BioWhittaker),
according to the manufacturer’s instructions. All molecular assays and procedures were per-
formed according to standard protocols [32].

Antigens and adjuvants

L. tropica soluble Leishmania antigen (SLA) was prepared according to the procedure
described for L. major SLA, previously [20]. Briefly, parasites were harvested at the stationary
phase of the culture and washed 3 times with PBS buffer and then were subjected to freeze-
thaw cycles (5 rounds) and centrifuged (16,000 xg, 20 min, 4°C). The supernatant was col-
lected as SLA and tested by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). R848 and MPL adjuvants were purchased from Sigma-Aldrich (Germany) and
Invivogen (France), respectively.

Study animals

BALB/c mice (5-7 weeks old, female) were purchased from Pasteur Institute of Iran (Produc-
tion Complex, Karaj, Iran). All experiments of the present study were approved by Ethics
Committee of the Pasteur Institute of Iran (license number 95/0201/20704). The death of mice
was not a likely outcome or a planned experimental endpoint due to our experimental manip-
ulations, because according to the literature related to L. tropica, no death was presumed to
occur during our experiments. Caring for and using the mice in this study were done accord-
ing to “Iranian national ethical guidelines: How to work with laboratory animals”. Mice were
maintained in the animal care facility under conventional conditions, kept in ventilated room
in cages under 12 h of light and 12 h of darkness with unlimited access to water and food.
Mice were monitored daily to assess animal health and well-being. Before removal of spleen
and lymph nodes, the mice were euthanized by cervical dislocation.

Immunization and infection

BALB/c mice were randomly divided into 7 groups (15 mice/group) as follow: LtSTI1 (indi-
cated by “L”), LtSTI1+MPL (indicated by “LM”), LtSTI1+R848 (indicated by “LR”), SLA (indi-
cated by “S”), SLA + MPL (indicated by “SM”), SLA + R848 (indicated by “SR”), and PBS. The
vaccination, challenge and immune assay program were as shown in Fig 1.

TLR agonists (MPL and R848) were prepared according to the manufacturer’s instruction.
In the adjuvanted groups, 20 pg of each adjuvant was applied to the vaccine preparation. Each
mouse in the antigen-received groups obtained 25 or 10 pug of SLA or LtSTI1, respectively. Six
weeks after the vaccination, each mouse was challenged with 2 x10° L. tropica stationary pro-
mastigotes. The percentage of morphologically metacyclic promastigotes in whole stationary
phase promastigotes was ~25-35%, counted by Ficoll enrichment, as previously reported [33].
In order to assay long-term immunity of LtSTI1-received groups, 5 mice of these groups were
challenged, 16 weeks after the last vaccination.
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Fig 1. Schematic diagram of the vaccination, challenge and assays program. BALB/c mice were vaccinated 3 times with 2-week intervals and 6 weeks
later (at week 10) were challenged by L. tropica promastigotes. In order to assay long-term immunity, 5 mice which had received LtSTI1 and the control
groups were challenged, 16 weeks after the last vaccination (i.e. week 20). Three mice of each group were euthanized, 1 day before as well as 8 and 16
weeks after the challenge for the cytokines assays. W; week.

https://doi.org/10.1371/journal.pone.0204491.g001
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Swelling measurements

The development of the swelling at injection site (right footpad) was monitored weekly using a
dial-gauge caliper (Mitutoyo, Japan). The swelling values (in mm) were measured by subtrac-
tion of the thickness of the infected footpad from the thickness of an un-infected contralateral
footpad.

Assessment of delayed type hypersensitivity (DTH)

Twenty-four hours after the challenge, DTH was evaluated by measuring the thickness of the
infected footpad, similar to measuring of the lesion, as mentioned above.

Parasite load assay

Parasite load was measured by Real-Time PCR method, as previously mentioned [34, 35].
Briefly, DNA of the spleens and the draining lymph nodes were extracted using DNeasy
Blood & Tissue Kit (Qiagen, USA). Equal dilutions of each sample (10 ng/ul) were made. Real-
time hot-start PCR was performed in final volumes of 25 ul, using SYBR green master mix and
the following primers that target the conserved region of the kinetoplast DNA (kDNAI prim-

ers): Forward, 5’ - GGGTAGGGGCGTTCTGC-3";Reverse, 5/ — TACACCAACCCCCAGT
TTGC-3’. The thermocycling program was 95°C—4 min, 42 cycles of 95°C—10 sec and 60°C
—35 sec, followed by a melting analysis. To quantify the parasites, a standard curve was gener-
ated using different dilutions of 10° to 10° copies of L. tropica genomic DNA and the parasite
loads of the samples were determined by interpolation from the standard curve.

Cytokines measurements

One day before the challenge, and also 8 and 16 weeks after L. tropica infection, draining
lymph nodes of the mice (3 mice of each group) were harvested and cultured in presence of
10 pg/ml of antigen (LtSTI1 or SLA) or 2 ug/ml of Concanavalin A (as a positive control). Un-
stimulated cells were used as a negative control. After 72 h, culture supernatants were col-
lected, and IL-10 and IFN-y levels were measured by DuoSet ELISA kits, according to the
manufacturer’s instructions (R&D system, USA). These ELISA kits had a detection limit of
31.2-2000 pg/ml.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204491 September 24, 2018 5/16


https://doi.org/10.1371/journal.pone.0204491.g001
https://doi.org/10.1371/journal.pone.0204491

o @
@ : PLOS | ONE Two vaccine candidates against Leishmania tropica

Statistical analysis

To perform multiple comparisons of more than two groups, one-way analysis of variance
(ANOVA) with Tukey’s post hoc test were used. The student’s t-test was used for comparison
between two groups. A p value < 0.05 was assumed to be significant. The mean

value + standard deviation (SD) or standard error of the mean (SEM) was applied to express
the data.

Results
Characterization of LtStil sequence

Sequence of LtStil DNA was determined and submitted to NCBI GenBank (Accession No.
KU744840). The alignment of LtStil and LmStil (GenBank accession No. XM_001681088.1)
showed 98.2% homology at nucleotide level.

Characterization of recombinant LtSTI1 protein

The final recombinant construct (pET15b-LtSti1) was verified by nucleotide sequencing and
restriction digestion. Double digestion of recombinant pET15b-LtSti1 construct by Ndel and
BamHI showed two distinct amplicons of ~1641 bp and ~5708 bp, indicating LtStil insert and
pET15b vector, respectively (Fig 2A). As expected, after induction by 1M IPTG, the ~ 64 kDa
band of LtSTI1 protein was visualized on 10% SDS-PAGE gel (Fig 2B). Also, a single ~ 64 kDa
band of the purified protein was observed on SDS-PAGE (Fig 2B). The expression of recombi-
nant LtSTI1 was further verified by immunoblotting using an anti-His monoclonal antibody
(Fig 2C). LPS removal by Triton-X114 method reduced the endotoxin level of recombinant
LtSTI1 to lower than 3 endotoxin unit (EU), measured by LAL test (results not shown).

DTH responses and parasite load results

All the antigen-received groups caused a higher DTH response than PBS groups, although the
difference was only statistically significant in some groups. Groups which received MPL plus

i ul 4ah 3h 2h e
¢ . 130
- 95 kDa 100
‘* __ 70kDa 2= fete -
e 62 kDa 55

40

-

- 42 kDa

(a) (b) (c)

Fig 2. Cloning, expression, and purification of LtSTI1. (a) Cloning of LtSti1 in pET15b vector was confirmed by double digestion of the final construct. Lane D,
digested pET15b-LtStil construct with Ndel and BamHI restriction enzymes which showed two distinct bands of ~1641 bp and ~5708 bp, indicating LtStiI insert and
pET15b vector, respectively; UD, undigested construct. (b) LtSTI1 protein expression and purification showed distinct ~64 kDa band on SDS-PAGE. Lane UT; crude
extract of un-induced Escherichia coli (control), lane I; crude extract of IPTG-induced Escherichia coli, Lane P; purified protein, Lane Mw; molecular-weight marker. (c)

Western blot analysis of LtSTI1 protein using anti-His monoclonal antibody. Crude extract of the induced Escherichia coli at 2, 3, and 4 h after IPTG induction are
shown as 2h, 3h and 4h. The arrow indicates LtSTI1 protein. Mw, molecular-weight marker.

https://doi.org/10.1371/journal.pone.0204491.g002
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antigen, caused a higher DTH response than the other groups. Moreover, LM group had a
higher DTH response than groups that received SLA and MPL(SM group) as shown in Fig 3.

Measuring the mice footpad thickness which was continued up to 16 weeks after the chal-
lenge, showed little or no significantly different swelling in our experimental groups (Fig 4).

No parasite was seen in any spleen samples of our experimental groups. Meanwhile, the
results of the lymph nodes parasite load (Fig 5) showed an almost similar pattern in both
assays, performed at 8 weeks and 16 weeks after the challenge; however, the parasite numbers
were much higher at week 16, compared to week 8. Although all LtSTI1-received groups
showed a lower parasite load than the control, the group which received MPL (LM group) had
a lower parasite load than the others. In SLA-received groups, the lowest parasite load was
seen in SM group. In SR group, the parasite load was higher than the control. Comparison of
groups which received LtSTI1 (with or without the adjuvant) and SLA (with or without the
adjuvant), showed that LtSTI1 was more potent in parasite reduction than SLA.

Immune responses

Using ELISA, the concentrations of IFN-y and IL-10 secreted from the cultured cells were
assayed. None of our experimental groups showed a remarkable level of cytokine before and 8
weeks after the challenge. Before the challenge, the cytokines levels were very low and even
lower than the detection limit of the ELISA kits (31.2 pg/ml). Although at week 8 after the
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Fig 3. Delayed-type hypersensitivity responses. Six weeks after the last vaccination, the mice were challenged by L. tropica stationary
promastigotes and 24 h after the challenge, their footpad swelling was recorded as DTH response. Each column shows mean +SD of
the DTH value (7 mice per group). L, LtSTI1; LM, LtSTI1+MPL; LR, LtSTI1+R848; S, SLA; SM, SLA + MPL; SR, SLA + R848.
Significant statistical differences are shown by asterisks (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

https://doi.org/10.1371/journal.pone.0204491.9003
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Fig 4. Swelling measurement after the challenge. Six weeks after the last vaccination, the mice were challenged by 2 x10° L. tropica stationary
promastigotes. The swelling of the infected footpad was determined weekly. Each point shows mean of 7 mice per group L, LtSTI1; LM, LtSTI1+MPL; LR,
LtSTI1+R848; S, SLA; SM, SLA + MPL; SR, SLA + R848.

https://doi.org/10.1371/journal.pone.0204491.9004

challenge, the cytokine levels were higher than the detection limit, they were not higher than
the quantities, corresponding to the negative control (un-stimulated lymphocytes). At week 16
after the challenge, groups vaccinated by the recombinant protein showed a cytokine level
higher than PBS group. Higher cytokine responses were seen in groups which had received
LtSTI1, compared to groups that had received SLA. Groups which received adjuvant plus
LtSTI1 showed higher cytokine responses than groups with LtSTI1 alone. There was no signifi-
cant difference between IFN-v level of LM and LR groups; however, the IL-10 level of LR
group was slightly higher than LM group (Fig 6).

Long-term immunity assay

Sixteen weeks after the last vaccination, 5 mice of LtSTI1-received and the control group were
challenged by L. tropica. Six weeks later, parasite load assays were performed by Real-Time
PCR. The result showed almost the same pattern as the short-term immunity in which the par-
asite was absent in the spleen samples and MPL in contrast to R848 had decreased the parasite
load in the lymph nodes, although none of our vaccinated groups showed lower parasite load
than PBS group (Fig 7).

The cytokine levels of all groups in the long-term assay were as low as the negative control
group (un-stimulated lymphocytes; data not shown).
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Fig 5. Parasite load of lymph nodes. Six weeks after the last vaccination, the mice were infected in the footpad by L. tropica promastigotes. At week 8 and week 16 after
the challenge, the draining lymph nodes were removed and assayed for parasite load by Real-Time PCR. Significant differences are shown by “*” (*, p < 0.05; **,

p <0.01). Each bar shows mean + SEM of the parasite load (3 mice per group). L, LtSTI1; LM, LtSTI1+MPL; LR, LtSTI1+R848; S, SLA; SM, SLA + MPL; SR, SLA
+ R848.

https://doi.org/10.1371/journal.pone.0204491.9005
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Discussion

In the present study for the first time, a homologous protein of LmSTI1 was identified in L. tro-
pica and was produced recombinantly. Sequence analyses showed a high homology between
LmStil and LtStil, indicating that this region is conserved between the two Leishmania species.
The LtSTI1 protein was successfully produced in an Escherichia coli expression system and was
applied as single protein vaccine candidate.

DTH is a T cell-dependent in vivo response. DTH is formed due to an inflammatory reac-
tion which reaches its peak at 24 to 48 hours after the antigenic challenge [36]. The DTH
responses show that none of our antigens were strong enough to cause a high DTH response
alone. MPL, in contrast to R848, made both antigens (LtSTI1 or SLA) more capable of evoking
immune responses. Similar to these results, we have previously shown that MPL is a better
adjuvant in DTH evoking than R848 when is applied with L. major SLA [20]. Moreover, our
DTH data here show that MPL worked better with recombinant LtSTI1 in comparison to SLA,
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Fig 6. Cytokines responses. Before the challenge as well as 8 and 16 weeks after the challenge, the draining lymph nodes were removed and assayed for the
cytokines levels. IFN-y (a) and IL-10 (b) were assayed using ELISA kits. Before the challenge, the cytokines levels were lower than the ELISA kit limitation
(shown by the horizontal dotted line). At week 8 after the challenge, the cytokines levels were not higher than the negative control (un-stimulated
lymphocytes). At week 16 after the challenge, groups vaccinated by recombinant protein showed a cytokine level higher than PBS group (shown by “*”).
Also at week 16, groups which received adjuvant plus LtSTI1 showed a higher cytokine response than LtSTI1 alone group (shown by “@”). The IL-10 level
of group LR was slightly higher than LM group (shown by “#”). The cytokine level of the positive control group was always higher than other groups
(shown by “c0”). Each bar shows mean + SD of cytokine response (3 mice per group). *, p < 0.05; @, p < 0.05; #, p < 0.05, 0o, p < 0.05. L, LtSTI1; LM,
LtSTI1+MPL; LR, LtSTI1+R848; S, SLA; SM, SLA + MPL; SR, SLA + R848.

https://doi.org/10.1371/journal.pone.0204491.9006

suggesting that LtSTI1 may be a better vaccine candidate. There is no report on DTH response
of vaccinated mice by LtSTI1 or L. tropica SLA; however, there are some reports indicating
high DTH responses of vaccinated mice by L. major SLA or LmSTI1 plus adjuvants [16, 17].
No lesion or remarkable swelling was seen in our experimental groups. However, it should
be considered that mild swelling of the footpad may not be detectable with routine methods
such as dial-gauge caliper. Furthermore, in our other works using the same parasite species,
we only were able to detect very low footpad swelling [37]. This indicates that L. tropica KK27
does not produce robust lesions in BALB/c mice. These results are consistent with previous
studies which have clearly indicated that CL strains of L. tropica (such as KK27) cause a non-
ulcerative infection in BALB/c mice with a pattern of mild swelling which progresses slowly,

4000 ' NS '
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Fig 7. Parasite load of the lymph nodes in long-term immunity assay. Sixteen weeks after the last vaccination, LtSTI1-received and the
control mice were infected in the footpad by L. tropica promastigotes. Six weeks later, the draining lymph nodes were removed and assayed
for parasite load by Real-Time PCR. Significant differences are shown by “*” (*, p < 0.05). NS, Not significant. Each bar shows mean

+ SEM of the parasite load (3 mice per group). L, LtSTI1; LM, LtSTI1+MPL; LR, LtSTI1+R848.

https://doi.org/10.1371/journal.pone.0204491.9007
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followed usually by regression [13, 38-40]. It should also be noted that we used un-selected sta-
tionary phase promastigotes instead of metacyclic promastigotes to challenge the mice. Since
the percentage of the metacyclic parasite in the stationary phase was not high (~25-35%), low
pathogenicity, especially in terms of lesion diameter may have been caused.

No parasite was seen in any spleen samples of our experimental groups. This result is con-
sistent with previous reports in which the parasite was absent in visceral organs (spleen or
liver) of BALB/c mice after infection by L. tropica strain KK27 [13]. However, in contrast to
these results, we had previously observed the visceralization of the same strain into spleen of
BALB/c mice [11, 39]. Thus, it appears that the dissemination of L. tropica KK27 to the visceral
organs is an arguable issue and more studies are needed to clarify it.

The parasite load results regarding the mice lymph nodes clearly show that MPL was a
potent adjuvant which decreased the parasite load when used beside SLA or recombinant
LtSTI1. In contrast, R848 had no effect on ability of LtSTI1 to reduce the parasite load and it
even increased the parasite load when used alongside SLA. Although there is no other report
about the effects of MPL and R848 on protection by L. tropica antigens in BALB/c mice, the
present findings were similar to our previous work on L. major in which we have shown and
discussed that MPL is a better adjuvant in comparison to R848 when used with L. major SLA
[20]. Our findings also suggest that recombinant LtSTI1 was a better vaccine candidate than
SLA. As we are aware, there is no report about vaccine efficacy of L. tropica SLA and LtSTI1
and this is the first report that indicates a recombinant protein of L. tropica confers a better
protection as a vaccine candidate than L. tropica whole-cell antigens.

The cytokine assays show that the levels of the cytokines responses in the experimental
groups before the challenge and at week-8 post challenge were very low. At week-16 post chal-
lenge, the cytokines levels of our experimental groups were significantly higher than the nega-
tive controls (un-stimulated lymphocytes). The only clear result in this regard is that LtSTI1 is
more able to evoke cytokine responses in comparison to SLA. There is only one well-docu-
mented report on mice cytokine responses against L. tropica strain KK27, provided by Ander-
son et al. [40], in which due to very weak immune responses of this strain, antigen-loaded
bone marrow derived dendritic cells have been applied in order to increase the in vitro cyto-
kine level. Also, it is possible that the setting of our in vitro cytokine assessment was not opti-
mized to detect the low cytokine responses.

Since both the cytokines responses and the lymph node parasite load results of our experi-
mental groups were higher at 16-week post challenge (in comparison to 8-week post challenge
assay), it could be concluded that the immune responses of BALB/c mice toward L. tropica
strain KK27 infection are delayed and develop slowly, similar to the delayed pattern of the par-
asite’s pathogenesis. Similar to these findings, the delayed pathogenesis of L. tropica strain
KK27 in comparison to L. major, has been previously reported by Lira et al. [13]. They have
shown that the pathogenesis of L. tropica strain KK27 in BALB/c mice can be observed approx-
imately 120 days after challenging the mice with 1 million stationary promastigotes; however,
they did not determine the cytokines responses.

A low level of the immune responses, detected by DTH assay (without cytokine measure-
ments) was also seen in our previous work [41]. There, we observed that DTH response
induced in BALB/c mice by L. tropica was much weaker in comparison to L. major. Consider-
ing that DTH is a cell- and cytokine-mediated immune response [36, 42], it could be con-
cluded that L. tropica cause a mild immune response in BALB/c mice.

The level of secreted IL-10 by group LR at week-16 post challenge was slightly higher than
the levels quantified for LM group. As previously shown, IL-10 is able to deactivate IFN-y-
mediated killing by the macrophages, leading to suppression of Th1 responses which is critical
for fighting against leishmaniases [43, 44]. Thus, it seems that effective adjuvants should be
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able to reduce the secretion of IL-10 by the host. There are not enough data on cytokine
responses against L. tropica; however, it has been clearly shown that the immune responses
against L. major infection is controlled by IL-10 [45, 46]. Thus, it seems that R848 is not an
effective adjuvant due to its induction of IL-10 production. Considering the low immune
responses generated against L. fropica in the present study (as discussed above), it appears that
further investigations are necessary to clarify this issue.

Since the short-term results showed that recombinant LtSTI1 is a better vaccine candidate
in comparison to SLA, we focused on this promising antigen and assayed the long-term
immune responses raised by it. Our long-term assay on the parasite load showed that none of
our vaccines were strong enough to decrease the parasite load in comparison to PBS group,
although LM group had a significantly lower parasite load than LR group. Altogether, the
long-term assay suggests that although MPL was a more potent adjuvant than R848 for
LtSTI1, its effectiveness on mice didn’t last for up to 16 weeks after the last boost. Due to their
low amounts, the cytokine responses after the challenge within the long-term period were not
conclusive, similar to the results obtained during the short-term assay (i.e. 8 weeks after the
challenge). Moreover, considering the reports showing that protection assessed by needle and
sand fly challenges are not necessary the same [47, 48] and the fact that we used needle chal-
lenge in our study, the effectiveness of our vaccination strategies against sand fly challenge
needs further study.

Conclusion

To our best knowledge, this is the first report on immunization formulations against L. tropica,
composed of the parasite’s whole-cell killed antigens (SLA) or its recombinant protein (LtSTI1)
antigen, used with MPL and R848 adjuvants. We successfully prepared the SLA and also iso-
lated, cloned, expressed and purified LtSTI1 and applied their combinations as vaccine candi-
dates against L. tropica infection in a BALB/c mice model of infection. Our data indicate that
MPL, in contrast to R848, was more effective with the antigens to evoke immune responses and
it specifically worked better with LtSTI1 to evoke DTH.

Altogether, our data suggest that LtSTI1 and MPL make a promising antigen/adjuvant
combination for further studies on vaccination strategies against L. tropica. Furthermore, the
data of the present study, as first steps on a vaccination strategy against L. tropica, will broaden
insights on pathology and immunology of this neglected pathogen.

Acknowledgments

This research was financially supported by Iran National Science Foundation (http://en.insf.
org/); project 93035899. The funder had no role in the study design, data collection and analy-
sis, decision to publish, or preparation of the manuscript.

Author Contributions

Conceptualization: Mosayeb Rostamian, Hamid M. Niknam.

Data curation: Mosayeb Rostamian, Fariborz Bahrami, Hamid M. Niknam.
Formal analysis: Mosayeb Rostamian, Fariborz Bahrami, Hamid M. Niknam.
Funding acquisition: Mosayeb Rostamian, Hamid M. Niknam.
Investigation: Mosayeb Rostamian, Fariborz Bahrami, Hamid M. Niknam.

Methodology: Mosayeb Rostamian, Fariborz Bahrami, Hamid M. Niknam.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204491 September 24, 2018 13/16


http://en.insf.org/
http://en.insf.org/
https://doi.org/10.1371/journal.pone.0204491

@° PLOS | ONE

Two vaccine candidates against Leishmania tropica

Project administration: Hamid M. Niknam.

Resources: Mosayeb Rostamian, Hamid M. Niknam.

Software: Mosayeb Rostamian, Hamid M. Niknam.

Supervision: Fariborz Bahrami, Hamid M. Niknam.

Validation: Mosayeb Rostamian, Fariborz Bahrami, Hamid M. Niknam.

Visualization: Mosayeb Rostamian, Hamid M. Niknam.

Writing - original draft: Mosayeb Rostamian, Hamid M. Niknam.

Writing - review & editing: Mosayeb Rostamian, Fariborz Bahrami, Hamid M. Niknam.

References

1.

10.

11.

12

13.

14.

World Health O. Control of the leishmaniases. World Health Organization technical report series. 2010;
(949):xii-xiii, 1-186, back cover. PMID: 21485694.

Jacobson RL. Leishmania tropica (Kinetoplastida: Trypanosomatidae)—a perplexing parasite. Folia
parasitologica. 2003; 50(4):241-50. PMID: 14971592.

Bastien P, Killick-Kendrick R. Leishmania tropica infection in hamsters and a review of the animal patho-
genicity of this species. Experimental parasitology. 1992; 75(4):433—41. PMID: 1493875.

van Griensven J, Balasegaram M, Meheus F, Alvar J, Lynen L, Boelaert M. Combination therapy for vis-
ceral leishmaniasis. The Lancet Infectious diseases. 2010; 10(3):184—94. https://doi.org/10.1016/
S1473-3099(10)70011-6 PMID: 20185097.

Gillespie PM, Beaumier CM, Strych U, Hayward T, Hotez PJ, Bottazzi ME. Status of vaccine research
and development of vaccines for leishmaniasis. Vaccine. 2016; 34(26):2992-5. https://doi.org/10.1016/
j.vaccine.2015.12.071 PMID: 26973063.

Di Pasquale A, Preiss S, Tavares Da Silva F, Garcon N. Vaccine Adjuvants: from 1920 to 2015 and
Beyond. Vaccines. 2015; 3(2):320-43. https://doi.org/10.3390/vaccines3020320 PMID: 26343190;
PubMed Central PMCID: PMC4494348.

Mendonca SC. Differences in immune responses against Leishmania induced by infection and by
immunization with killed parasite antigen: implications for vaccine discovery. Parasites & vectors. 2016;
9:492. https://doi.org/10.1186/s13071-016-1777-x PMID: 27600664; PubMed Central PMCID:
PMC5013623.

Srivastava S, Shankar P, Mishra J, Singh S. Possibilities and challenges for developing a successful
vaccine for leishmaniasis. Parasites & vectors. 2016; 9(1):277. https://doi.org/10.1186/s13071-016-
1553-y PMID: 27175732; PubMed Central PMCID: PMC4866332.

Coler RN, Reed SG. Second-generation vaccines against leishmaniasis. Trends in parasitology. 2005;
21(5):244-9. https://doi.org/10.1016/j.pt.2005.03.006 PMID: 15837614.

Girginkardesler N, Balcioglu IC, Yereli K, Ozbilgin A, Ozbel Y. Cutaneous leishmaniasis infection in
Balb/c mice using a Leishmania tropica strain isolated from Turkey. The Journal of parasitology. 2001;
87(5):1177-8. https://doi.org/10.1645/0022-3395(2001)087[1177:CLIIBC]2.0.CO;2 PMID: 11695390.

Mahmoudzadeh-Niknam H, Kiaei SS, Iravani D. Viscerotropic growth pattern of Leishmania tropica in
BALB/c mice is suggestive of a murine model for human viscerotropic leishmaniasis. The Korean jour-
nal of parasitology. 2007; 45(4):247-53. https://doi.org/10.3347/kjp.2007.45.4.247 PMID: 18165706;
PubMed Central PMCID: PMC2532621.

Svobodova M, Votypka J. Experimental transmission of Leishmania tropica to hamsters and mice by
the bite of Phlebotomus sergenti. Microbes and infection. 2003; 5(6):471—-4. PMID: 12758274.

Lira R, Mendez S, Carrera L, Jaffe C, Neva F, Sacks D. Leishmania tropica: the identification and purifi-
cation of metacyclic promastigotes and use in establishing mouse and hamster models of cutaneous
and visceral disease. Experimental parasitology. 1998; 89(3):331—42. https://doi.org/10.1006/expr.
1998.4283 PMID: 9676711.

Campos-Neto A, Porrozzi R, Greeson K, Coler RN, Webb JR, Seiky YA, et al. Protection against cuta-
neous leishmaniasis induced by recombinant antigens in murine and nonhuman primate models of the
human disease. Infection and immunity. 2001; 69(6):4103-8. https://doi.org/10.1128/IA1.69.6.4103-
4108.2001 PMID: 11349082; PubMed Central PMCID: PMC98475.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204491 September 24, 2018 14/16


http://www.ncbi.nlm.nih.gov/pubmed/21485694
http://www.ncbi.nlm.nih.gov/pubmed/14971592
http://www.ncbi.nlm.nih.gov/pubmed/1493875
https://doi.org/10.1016/S1473-3099(10)70011-6
https://doi.org/10.1016/S1473-3099(10)70011-6
http://www.ncbi.nlm.nih.gov/pubmed/20185097
https://doi.org/10.1016/j.vaccine.2015.12.071
https://doi.org/10.1016/j.vaccine.2015.12.071
http://www.ncbi.nlm.nih.gov/pubmed/26973063
https://doi.org/10.3390/vaccines3020320
http://www.ncbi.nlm.nih.gov/pubmed/26343190
https://doi.org/10.1186/s13071-016-1777-x
http://www.ncbi.nlm.nih.gov/pubmed/27600664
https://doi.org/10.1186/s13071-016-1553-y
https://doi.org/10.1186/s13071-016-1553-y
http://www.ncbi.nlm.nih.gov/pubmed/27175732
https://doi.org/10.1016/j.pt.2005.03.006
http://www.ncbi.nlm.nih.gov/pubmed/15837614
https://doi.org/10.1645/0022-3395(2001)087[1177:CLIIBC]2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/11695390
https://doi.org/10.3347/kjp.2007.45.4.247
http://www.ncbi.nlm.nih.gov/pubmed/18165706
http://www.ncbi.nlm.nih.gov/pubmed/12758274
https://doi.org/10.1006/expr.1998.4283
https://doi.org/10.1006/expr.1998.4283
http://www.ncbi.nlm.nih.gov/pubmed/9676711
https://doi.org/10.1128/IAI.69.6.4103-4108.2001
https://doi.org/10.1128/IAI.69.6.4103-4108.2001
http://www.ncbi.nlm.nih.gov/pubmed/11349082
https://doi.org/10.1371/journal.pone.0204491

@° PLOS | ONE

Two vaccine candidates against Leishmania tropica

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Mutiso JM, Macharia JC, Gicheru MM. A review of adjuvants for Leishmania vaccine candidates. Jour-
nal of biomedical research. 2010; 24(1):16—-25. https://doi.org/10.1016/S1674-8301(10)60004-8 PMID:
23554607; PubMed Central PMCID: PMC3596531.

Shokri M, Roohvand F, Alimohammadian MH, Ebrahimirad M, Ajdary S. Comparing Montanide ISA 720
and 50-V2 adjuvants formulated with LmSTI1 protein of Leishmania majorindicated the potential cyto-
kine patterns for induction of protective immune responses in BALB/c mice. Molecular immunology.
2016; 76:108—15. https://doi.org/10.1016/j.molimm.2016.06.010 PMID: 27428863.

Scott P, Pearce E, Natovitz P, Sher A. Vaccination against cutaneous leishmaniasis in a murine model.
I. Induction of protective immunity with a soluble extract of promastigotes. Journal of immunology.
1987; 139(1):221-7. PMID: 3495599.

Shargh VH, Jaafari MR, Khamesipour A, Jaafari |, Jalali SA, Abbasi A, et al. Liposomal SLA co-incorpo-
rated with PO CpG ODNs or PS CpG ODNs induce the same protection against the murine model of
leishmaniasis. Vaccine. 2012; 30(26):3957—64. https://doi.org/10.1016/j.vaccine.2012.03.040 PMID:
22465747.

Thakur A, Kaur H, Kaur S. Evaluation of the immunoprophylactic potential of a killed vaccine candidate
in combination with different adjuvants against murine visceral leishmaniasis. Parasitology international.
2015; 64(1):70-8. https://doi.org/10.1016/j.parint.2014.10.003 PMID: 25316605.

Rostamian M, Niknam HM. Evaluation of the adjuvant effect of agonists of toll-like receptor 4 and 7/8 in
a vaccine against leishmaniasis in BALB/c mice. Molecularimmunology. 2017; 91:202-8. https://doi.
org/10.1016/j.molimm.2017.09.010 PMID: 28963929.

Dos-Santos AL, Carvalho-Kelly LF, Dick CF, Meyer-Fernandes JR. Innate immunomodulation to trypa-
nosomatid parasite infections. Experimental parasitology. 2016; 167:67—75. https://doi.org/10.1016/j.
exppara.2016.05.005 PMID: 27223816.

Qian C, Cao X. Regulation of Toll-like receptor signaling pathways in innate immune responses. Annals
of the New York Academy of Sciences. 2013; 1283:67—74. https://doi.org/10.1111/j.1749-6632.2012.
06786.x PMID: 23163321.

Reed SG, Orr MT, Fox CB. Key roles of adjuvants in modern vaccines. Nature medicine. 2013; 19
(12):1597-608. https://doi.org/10.1038/nm.3409 PMID: 24309663.

Heil F, Hemmi H, Hochrein H, Ampenberger F, Kirschning C, Akira S, et al. Species-specific recognition
of single-stranded RNA via toll-like receptor 7 and 8. Science. 2004; 303(5663):1526-9. https://doi.org/
10.1126/science.1093620 PMID: 14976262.

Vasilakos JP, Tomai MA. The use of Toll-like receptor 7/8 agonists as vaccine adjuvants. Expert review
of vaccines. 2013; 12(7):809—-19. https://doi.org/10.1586/14760584.2013.811208 PMID: 23885825.

Tomai MA, Miller RL, Lipson KE, Kieper WC, Zarraga |E, Vasilakos JP. Resiquimod and other immune
response modifiers as vaccine adjuvants. Expert review of vaccines. 2007; 6(5):835—47. https://doi.org/
10.1586/14760584.6.5.835 PMID: 17931162.

Bohannon JK, Hernandez A, Enkhbaatar P, Adams WL, Sherwood ER. The immunobiology of toll-like
receptor 4 agonists: from endotoxin tolerance to immunoadjuvants. Shock. 2013; 40(6):451-62. https:/
doi.org/10.1097/SHK.0000000000000042 PMID: 23989337; PubMed Central PMCID: PMC3919163.

Mahmoudzadeh-Niknam H, Kiaei SS, Iravani D. Protective immunity against Leishmania majorinduced
by Leishmania tropica infection of BALB/c mice. Experimental parasitology. 2011; 127(2):448-53.
https://doi.org/10.1016/j.exppara.2010.10.008 PMID: 21035446.

Mahmoudzadeh-Niknam H, Abrishami F, Doroudian M, Moradi M, Alimohammadian M, Parvizi P, et al.
The Problem of Mixing up of Leishmania |solates in the Laboratory: Suggestion of ITS1 Gene Sequenc-
ing for Verification of Species. Iranian journal of parasitology. 2011; 6(1):41-8. PMID: 22347273;
PubMed Central PMCID: PMC3279869.

Simonian MH SJ. Spectrophotometric and colorimetric determination of protein concentration. In: Ausu-
bel FM BR, Kingston RE, Moore DD, Seidman JG, Smith JA, Struhl K editor. Current Protocols in
Molecular Biology. New York: John Wiley & Sons; 1996.

Liu S, Tobias R, McClure S, Styba G, Shi Q, Jackowski G. Removal of endotoxin from recombinant pro-
tein preparations. Clinical biochemistry. 1997; 30(6):455—-63. PMID: 9316739.

Ausubel FM. Short Protocols in Molecular Biology: a Compendium of Methods from Current Protocols
in Molecular Biology. 5 ed: John Wiley & Sons; 2002.

Spath GF, Beverley SM. A lipophosphoglycan-independent method for isolation of infective Leishmania
metacyclic promastigotes by density gradient centrifugation. Experimental parasitology. 2001; 99
(2):97-103. https://doi.org/10.1006/expr.2001.4656 PMID: 11748963.

Sacks DL, Melby PC. Animal models for the analysis of immune responses to leishmaniasis. Current
protocols in immunology. 2015; 108:19 2 1-24. https://doi.org/10.1002/0471142735.im1902s108
PMID: 25640990.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204491 September 24, 2018 15/16


https://doi.org/10.1016/S1674-8301(10)60004-8
http://www.ncbi.nlm.nih.gov/pubmed/23554607
https://doi.org/10.1016/j.molimm.2016.06.010
http://www.ncbi.nlm.nih.gov/pubmed/27428863
http://www.ncbi.nlm.nih.gov/pubmed/3495599
https://doi.org/10.1016/j.vaccine.2012.03.040
http://www.ncbi.nlm.nih.gov/pubmed/22465747
https://doi.org/10.1016/j.parint.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25316605
https://doi.org/10.1016/j.molimm.2017.09.010
https://doi.org/10.1016/j.molimm.2017.09.010
http://www.ncbi.nlm.nih.gov/pubmed/28963929
https://doi.org/10.1016/j.exppara.2016.05.005
https://doi.org/10.1016/j.exppara.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27223816
https://doi.org/10.1111/j.1749-6632.2012.06786.x
https://doi.org/10.1111/j.1749-6632.2012.06786.x
http://www.ncbi.nlm.nih.gov/pubmed/23163321
https://doi.org/10.1038/nm.3409
http://www.ncbi.nlm.nih.gov/pubmed/24309663
https://doi.org/10.1126/science.1093620
https://doi.org/10.1126/science.1093620
http://www.ncbi.nlm.nih.gov/pubmed/14976262
https://doi.org/10.1586/14760584.2013.811208
http://www.ncbi.nlm.nih.gov/pubmed/23885825
https://doi.org/10.1586/14760584.6.5.835
https://doi.org/10.1586/14760584.6.5.835
http://www.ncbi.nlm.nih.gov/pubmed/17931162
https://doi.org/10.1097/SHK.0000000000000042
https://doi.org/10.1097/SHK.0000000000000042
http://www.ncbi.nlm.nih.gov/pubmed/23989337
https://doi.org/10.1016/j.exppara.2010.10.008
http://www.ncbi.nlm.nih.gov/pubmed/21035446
http://www.ncbi.nlm.nih.gov/pubmed/22347273
http://www.ncbi.nlm.nih.gov/pubmed/9316739
https://doi.org/10.1006/expr.2001.4656
http://www.ncbi.nlm.nih.gov/pubmed/11748963
https://doi.org/10.1002/0471142735.im1902s108
http://www.ncbi.nlm.nih.gov/pubmed/25640990
https://doi.org/10.1371/journal.pone.0204491

@° PLOS | ONE

Two vaccine candidates against Leishmania tropica

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Weirather JL, Jeronimo SM, Gautam S, Sundar S, Kang M, Kurtz MA, et al. Serial quantitative PCR
assay for detection, species discrimination, and quantification of Leishmania spp. in human samples.
Journal of clinical microbiology. 2011; 49(11):3892-904. https://doi.org/10.1128/JCM.r00764-11 PMID:
22042830; PubMed Central PMCID: PMC3209110.

Luo Y, Dorf ME. Delayed-type hypersensitivity. Current protocols in immunology. 2001;Chapter 4:Unit 4
5. https://doi.org/10.1002/0471142735.im0405s55 PMID: 18432796.

Mahmoudzadeh-Niknam H, Khalili G, Abrishami F, Najafy A, Khaze V. The route of Leishmania tropica
infection determines disease outcome and protection against Leishmania majorin BALB/c mice. The
Korean journal of parasitology. 2013; 51(1):69—74. https://doi.org/10.3347/kjp.2013.51.1.69 PMID:
23467583; PubMed Central PMCID: PMC3587752.

Rostamian M, Sohrabi S, Kavosifard H, Niknam HM. Lower levels of IgG1 in comparison with IgG2a are
associated with protective immunity against Leishmania tropica infection in BALB/c mice. Journal of
microbiology, immunology, and infection = Wei mian yu gan ran za zhi. 2017; 50(2):160-6. https://doi.
org/10.1016/j.jmii.2015.05.007 PMID: 26066544

Mahmoudzadeh-Niknam H. Induction of partial protection against Leishmania majorin BALB/c mice by
Leishmania tropica. Scand J Lab Anim Sci 2004; 31:201-7.

Anderson CF, Lira R, Kamhawi S, Belkaid Y, Wynn TA, Sacks D. IL-10 and TGF-beta control the estab-
lishment of persistent and transmissible infections produced by Leishmania tropicain C57BL/6 mice.
Journal of immunology. 2008; 180(6):4090—7. PMID: 18322219,

Mahmoudzadeh-Niknam H, Kiaei SS, Iravani D. Leishmania tropica infection, in comparison to Leish-
mania major, induces lower delayed type hypersensitivity in BALB/c mice. The Korean journal of parasi-
tology. 2007; 45(2):103-9. https://doi.org/10.3347/kjp.2007.45.2.103 PMID: 17570972; PubMed
Central PMCID: PMC2526302.

De Rossell RA, Bray RS, Alexander J. The correlation between delayed hypersensitivity, ymphocyte
activation and protective immunity in experimental murine leishmaniasis. Parasite immunology. 1987; 9
(1):105—-15. PMID: 3562057.

Bogdan C, Nathan C. Modulation of macrophage function by transforming growth factor beta, interleu-
kin-4, and interleukin-10. Annals of the New York Academy of Sciences. 1993; 685:713-39. PMID:
8363277.

Sacks D, Anderson C. Re-examination of the immunosuppressive mechanisms mediating non-cure of
Leishmania infection in mice. Immunological reviews. 2004; 201:225-38. https://doi.org/10.1111/j.
0105-2896.2004.00185.x PMID: 15361244.

O’Garra A, Vieira P. T(H)1 cells control themselves by producing interleukin-10. Nature reviews Immu-
nology. 2007; 7(6):425-8. https://doi.org/10.1038/nri2097 PMID: 17525751.

Ronet C, Hauyon-La Torre Y, Revaz-Breton M, Mastelic B, Tacchini-Cottier F, Louis J, et al. Regulatory
B cells shape the development of Th2 immune responses in BALB/c mice infected with Leishmania
majorthrough IL-10 production. Journal of immunology. 2010; 184(2):886—94. https://doi.org/10.4049/
jimmunol.0901114 PMID: 19966209.

Peters NC, Bertholet S, Lawyer PG, Charmoy M, Romano A, Ribeiro-Gomes FL, et al. Evaluation of
recombinant Leishmania polyprotein plus glucopyranosyl lipid A stable emulsion vaccines against sand
fly-transmitted Leishmania majorin C57BL/6 mice. Journal of immunology. 2012; 189(10):4832—41.
https://doi.org/10.4049/jimmunol. 1201676 PMID: 23045616; PubMed Central PMCID: PMC3596879.

Peters NC, Kimblin N, Secundino N, Kamhawi S, Lawyer P, Sacks DL. Vector transmission of leish-
mania abrogates vaccine-induced protective immunity. PLoS pathogens. 2009; 5(6):e1000484. https://
doi.org/10.1371/journal.ppat.1000484 PMID: 19543375; PubMed Central PMCID: PMC2691580.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204491 September 24, 2018 16/16


https://doi.org/10.1128/JCM.r00764-11
http://www.ncbi.nlm.nih.gov/pubmed/22042830
https://doi.org/10.1002/0471142735.im0405s55
http://www.ncbi.nlm.nih.gov/pubmed/18432796
https://doi.org/10.3347/kjp.2013.51.1.69
http://www.ncbi.nlm.nih.gov/pubmed/23467583
https://doi.org/10.1016/j.jmii.2015.05.007
https://doi.org/10.1016/j.jmii.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26066544
http://www.ncbi.nlm.nih.gov/pubmed/18322219
https://doi.org/10.3347/kjp.2007.45.2.103
http://www.ncbi.nlm.nih.gov/pubmed/17570972
http://www.ncbi.nlm.nih.gov/pubmed/3562057
http://www.ncbi.nlm.nih.gov/pubmed/8363277
https://doi.org/10.1111/j.0105-2896.2004.00185.x
https://doi.org/10.1111/j.0105-2896.2004.00185.x
http://www.ncbi.nlm.nih.gov/pubmed/15361244
https://doi.org/10.1038/nri2097
http://www.ncbi.nlm.nih.gov/pubmed/17525751
https://doi.org/10.4049/jimmunol.0901114
https://doi.org/10.4049/jimmunol.0901114
http://www.ncbi.nlm.nih.gov/pubmed/19966209
https://doi.org/10.4049/jimmunol.1201676
http://www.ncbi.nlm.nih.gov/pubmed/23045616
https://doi.org/10.1371/journal.ppat.1000484
https://doi.org/10.1371/journal.ppat.1000484
http://www.ncbi.nlm.nih.gov/pubmed/19543375
https://doi.org/10.1371/journal.pone.0204491

