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Leishmaniasis is a growing health problem in many parts of the world and efforts to find vaccine against
the disease are a public health priority. Live attenuated vaccines are the gold standard for protection
against intracellular pathogens such as Leishmania spp. Defined genetic alteration of the Leishmania gen-
ome can be achieved using a gene-targeted disruption strategy that allows for the selection of parasites
lacking genes essential for long-term survival and virulence. Previously, we demonstrated that geneti-
cally modified live attenuated Leishmania major, lacking the p27gene (Lmp27�/�) is safe and induces cel-
lular immunity in BALB/c mice. p27 is a component of the COX complex that is responsible for ATP
synthesis. In the current study, the Lmp27�/� strain was assessed as a live attenuated vaccine. Overall
protective immunity and efficacy were evaluated at various time periods following Leishmania major
(L. major) and Leishmania infantum (L. infantum) challenges separately in BALB/c mice. Cytokine and
anti-Leishmania antibody levels, splenocyte proliferation, delayed type hypersensitivity (DTH), skin lesion
development, and parasite burden in the liver and spleen were the measured variables. The results
demonstrated that immunized mice had a significant T-helper type 1 (Th1) response, smaller skin lesions
and lower parasite burdens in their liver and spleens following a L. major challenge. Furthermore, the
Lmp27�/� mutant also granted cross-protection against L. infantum infection.
These results suggest that immunization with Lmp27�/� parasites provide significant protective immu-

nity and efficacy against infection with homologous as well as heterologous species of Leishmania
parasites.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Protozoan parasites of the genus Leishmania cause a wide spec-
trum of clinical manifestations known as leishmaniases, which
affect millions of people worldwide. Cutaneous leishmaniasis
(CL) is the most common forms of this disease in the Old World
and New World [1]. In Iran, two forms of CL have been reported:
zoonotic (ZCL) and anthroponotic (ACL). ZCL caused by Leishmania
major (L. major) is endemic in most parts of Iran [2]. Viceral leish-
maniasis (VL) has been reported sporadically in Iran, but the dis-
ease is endemic in northwestern and southern areas[3].

There is no effective vaccine available for Leishmaniasis, and
existing drug treatments are expensive and have toxic side effects
[4–6]. Leishmaniasis is a disease that is most likely to be controlled
by a successful vaccination program [5]. The fact that recovery
from a primary infection renders the host resistant to subsequent
infections indicates that a vaccine is feasible [7]. A common con-
sent about Leishmania vaccine suggests that for effective protective
response against leishmania infections, parasite persistence may be
significant and immunization with live attenuated parasites could
be effective in this issue [8,9].

Different methods have been used in the preparation of live
attenuated Leishmania parasites as a vaccine, including chemical
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mutagenesis, irradiation, long-term in vitro culture and selection
for temperature sensitivity [9,10]. Although these attenuated vac-
cines have shown appropriate levels of protection in animal mod-
els, due to possible reversion to the virulent form and/or long term
persistence, they have not been used in clinical trials yet. Because
of these issues live attenuated vaccines with targeted gene deletion
were considered for the development of vaccines [11]. Several
genetically modified Leishmania parasites lacking essential genes
were tested and shown to induce different protections against
virulent challenge [12–16]. Since the Leishmania donovani p27 gene
knockout (Ldp27�/�) strain showed desirable protective results
against Leishmania infections [17], we developed a Leishmania
major p27 gene knockout (Lmp27�/�) strain that was safe and
immunogenic in BALB/c mice [18]. In this study, we assessed
Lmp27�/� protective immunity and efficacy against homologous
(L. major) and heterologous (L. infantum) Leishmania species.
2. Materials & methods

2.1. Ethical consideration

The experiments using animals were performed in strict accor-
dance with the protocols reviewed and approved by the Institu-
tional Animal Care and Research Advisory Committee of Tehran
University of Medical Sciences under Grant ID 92-01-160-21598.

2.2. Mice and parasites

Female BALB/c mice were obtained from Razi Vaccine and
Serum Research Institute (Alborz, Iran) and used at 6–8 weeks of
age. All mice (4–5 mice/subgroup) were maintained at Tehran
University of Medical Sciences. Wild type (Wt) L. major and Wt
L. infantum and Lmp27�/� mutant parasites (MRHO/IR/75/ER) were
grown in RPMI1640, supplemented with 100 U/ml Pen/Strep and
10% (v/v) heat-inactivated FCS (all from Gibco).

2.3. Immunization and challenge

Mice (n = 90) were divided in two groups of Lmp27�/� immu-
nized and PBS injected. The Lmp27�/� group were immunized sub-
cutaneously (s.c.) with 3 � 106 stationary phase Lmp27�/� mutant
Fig. 1. Groups and sub-groups of mice. PBS-L.m-Ch, PBS-L. major challenged; Lmp27�

challenged; Lmp27�/�-L.i-Ch, Lmp27�/�-immunized L. infantum challenged; n, Number o
promastigotes [18] and 0.1 ml PBS was used in PBS group. Four
weeks after immunization half of mice (n = 20) in each group were
s.c. challenged with 105 stationary-phase Wt L. major parasites and
the others intrapritonealy (IP) challenged with 105 stationary
phase Wt L. infantum [17]. Ten mice were considered for DTH eval-
uation post challenge with L. major. All evaluations were assessed
at 4 and 12 weeks post challenged and at least 4–5 mice were used
for each sub group. Division of mice was shown in Fig. 1.
2.4. Protective immunity evaluation

2.4.1. Lymphocyte proliferation
At weeks four and twelve after inoculation, splenocytes were

seeded in 96-well plates (NUNC) at a density of 105 cells/ well
and stimulated with 50 mg/ml soluble Leishmania antigen (SLA)
for 24 h at 37 �C. The positive control group was stimulated with
ConA (5 mg/ml). Then, 20 ll of MTT (Sigma) solution (5 mg/ml)
was added to each well at indicated times, and incubation was con-
tinued for another 4 h. After discarding the supernatant, intracellu-
lar formazan crystals were dissolved by addition of 200 ll of
dimethyl sulfoxide (DMSO; Sigma) in each well. Cell proliferation
was determined by measuring the absorbance at 490 nm on an
ELISA reader (Thermo Labsystems, Waltham, MA, USA).
2.4.2. Cytokine production
At weeks four and twelve after Challenge, splenocytes were sep-

arated into single cell suspensions and red blood cells were lysed
with 0.17 M NH4Cl pH 7.2. Splenocytes were then resuspended
at 2 � 106 cells/mL in RPMI 1640 supplemented with 10% FCS with
1:100 Pen/Strep (Gibco). Cells were either stimulated at 37◦C in 5%
CO2 with 50 mg/ml of SLA, or they were left unstimulated (null) for
72 h. The concentrations of IFN-c and IL-4 cytokines in the culture
supernatant were determined by sandwich ELISA according to the
manufacturer’s instructions (eBioscience). The SLA was prepared
from stationary phase L. major and L. infantum promastigotes.
Briefly, 2 � 108 promastigotes/ml were washed three times in
5 ml of cold sterile phosphate-buffered saline (PBS). After five
cycles of freezing and thawing, the suspension was centrifuged at
8000g for 20 min at 4 �C and supernatant containing SLA was col-
lected and stored at �70 �C. The protein concentration was deter-
mined via the Bradford reaction (BioRad).
/�-L.m-Ch, Lmp27�/�-immunized L. major challenged; PBS-L.i-Ch, PBS-L. infantum
f mice.
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2.4.3. Antibody (Ab) responses
At weeks 4 and 12 after inoculation, different groups of mice

were tail-bled and the levels of anti-Leishmania IgG1 and IgG2a
Abs were determined using ELISA. Briefly, 96-well microtiter plates
(Nunc, Denmark) were coated with 50 ll of 10 lg/ml of SLA over-
night at 4 �C. Plates were washed and blocked with 1% bovine
serum albumin in Tween 20 (PBS–Tween). Serum samples were
diluted to 1:200 with PBS–Tween 20 and applied to the plates.
The plates were then treated with anti-mouse IgG isotype (Zymed
Laboratories Inc., San Francisco, CAS, USA) according to the manu-
facturer’s instructions. Optical density was determined at 450 nm,
using 630 nm as the reference wavelength [19].

2.4.4. Delayed type hypersensitivity (DTH)
The DTH reaction was measured at 12 weeks post challenge by

intradermal injection of freeze-thawed (FT) L. major (2 � 106 pro-
mastigotes in 50 ml per injection) into the right hind footpad,
whereas left hind footpad served as control. FT L. major promastig-
otes were prepared by repeating a freeze (�196 �C)/thaw (37 �C)
cycle ten times. The induration was measured in two perpendicu-
lar directions 72 h after injection.

2.5. Efficacy evaluation

Lesion development was measured using dial calipers at 1, 4, 8
and 12 weeks after L. major inoculation. Parasite burden in the liver
and spleen was carried out at 4 and 12 weeks after L. major and L.
infantum challenges. This was done using the limiting dilutions
method [20].

2.6. Statistical analyses

Statistical analysis was performed by Compared Means, Inde-
pendent Samples T-Test using SPSS Statistics 21.0 software. A p
value � 0.05 was considered the cutoff value for statistical
significance.

3. Results

3.1. Proliferation assay

The results of the spleen cell proliferative response as measured
by MTT test against SLA antigens at a 50-lg/well concentration 4
and 12 weeks post-challenge showed significantly higher Stimula-
Fig. 2. L. major Ag–stimulated lymphocyte proliferation from PBS and immunized c
immunization, Lmp27�/�-immunized and PBS mice were challenged with Wt parasites an
and lymphocyte proliferation evaluated using MTT assay, * p < 0.01, ** p < 0.001. PBS-L
challenged; PBS-L.i-Ch, PBS-L. infantum challenged; Lmp27�/�-L.i-Ch, Lmp27�/�-immuniz
tion Index (SI) in Lmp27�/�-L.m-Ch group, the difference was sta-
tistically significant (p < 0.001) (Fig. 2A).
3.2. Cytokine assay in challenge with L. Major

To evaluate immune responses in BALB/c mice after an inocula-
tion challenge, the production of L. major Ag–specific cytokines
was analyzed in splenocyte culture supernatant.

Results showed that four weeks after the challenge with Wt L.
major, Th1-associated IFN-c was significantly enhanced in
Lmp27�/�-L.m-Ch group as well as the ratio of IFN-c/IL-4. Twelve
weeks after their initial exposure to Wt L. major parasites, IFN-c
and IL-4 production decreased in immunized mice (Fig. 3A, B).
These results suggest that Lmp27�/� mutant induces strong Th1
immune response in immunized mice (Fig. 3E).
3.3. Humoral responses in challenge with L. Major

The IgG1 and IgG2a humoral responses in the immune and
inoculated BALB/c mice were evaluated by ELISA to determine
Th1/Th2 immune responses.

Sera from BALB/c mice were collected at 4 and 12 weeks post-
challenge. Results demonstrated that after 4 weeks IgG2a level
increased significantly in Lmp27�/�-L.m-Ch mice and after
12 weeks, although serum levels of IgG2a and IgG1 were
lower but the IgG2a/IgG1 ratio was significantly higher in
Lmp27�/�immunized mice (Fig. 3C, D). In the group that was
Lmp27�/�-immunized and inoculated with L. major, there was a
strong increase in IgG2a level compared with the PBS-L. major
challenged groups after 4 weeks; and after twelve weeks the
IgG2a/IgG1 ratio was significantly higher than in the PBS chal-
lenged mice. Increased IgG2a and decreased IgG1 levels are consid-
ered typical for Th1 and Th2 cell responses respectively (Fig. 3F).
The data suggest that Lmp27�/� immunization induced a Th1
response.
3.4. DTH response

Twelve weeks post-challenge the Lmp27�/�-L.m-Ch group
exhibited significantly higher DTH responses compared with PBS-
L.m-Ch mice. DTH was measured after 72 h of L. major Ag stimula-
tion by injection of freeze-thawed L. major (2 � 106 promastigotes
in 50 ml per injection) into the footpad (Fig. 4).
hallenged mice with (A) Wt L. major and (B) Wt L. infantum. Four weeks post
d 4 and 12 weeks post challenge mice were euthanized, and spleens were collected
.m-Ch, PBS-L. major challenged; Lmp27�/�-L.m-Ch, Lmp27�/�-immunized L. major
ed L. infantum challenged; 4wks, 4 weeks; 12wks, 12 weeks.



Fig. 3. Cytokine profiles in splenocyte culture supernatants and humoral responses of BALB/c mice 4 and 12 weeks post challenge withWt L. major. ELISA measurement of the
concentrations of (A) IFN- c, (B) IL-4 cytokines in culture supernatants and (C) IgG1, (B) IgG2a Abs in sera of the mice and Th1/Th2 skewing, (E) IFN-c/IL-4 and (F) IgG2a/IgG1
ratios were shown, * p < 0.01, ** p < 0.001. PBS-L.m-Ch, PBS-L. major challenged; Lmp27�/�-L.m-Ch, Lmp27�/�-immunized L. major challenged; 4wks, 4 weeks; 12wks,
12 weeks.
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3.5. Efficacy of Lmp27�/� mutant against challenge with Wt L. Major

BALB/c mice were immunized with Lmp27�/� and 4 weeks later,
together with the PBS group, were challenged with Wt. L. major.
Lesion development was monitored for 1, 4, 8 and 12 weeks post-
challenge. Results demonstrated that PBS mice developed lesions
upon Wt. L. major challenge, whereas Lmp27�/�-immunized mice
either developed no lesions at all, or alternatively developed
smaller nodules than their PBS counterparts (Fig. 5A). Parasite
burdens in the liver and spleen that were measured 4 and
12 weeks post-challenge were also significantly decreased in
Lmp27�/�-immunized group (Fig. 5B, C).
3.6. Protective immunity of Lmp27�/� in challenge with Wt L.
Infantum

For determination of whether immunization with the Lmp27�/�

mutant strain could provide cross protective immunity against
infection involving heterologous species of Leishmania, 4 weeks
post immunization with Lmp27�/�, immunized and PBS group
BALB/c mice were challenged with Wt L. infantum via intraperi-
toneal inoculation. Immunological evaluation revealed that at 4
and 12 weeks post-challenge, the immunized group’s IFN- c/IL-4
(Fig. 6A, B) ratio, the ratio of IgG2a/IgG1 (Fig. 6C, D), and the degree
of lymphocyte proliferation were significantly higher when



Fig. 4. At 12 weeks post immunization and post challenged DTH reaction was
checked by measurement of footpad induration 72 h after injection of freeze-
thawed L. major into the footpad of all Wt, immunized, PBS and
Lmp27�/� immunized challenged mice, * p < 0.01, ** p < 0.001. Lmp27�/�-imm,
Lmp27�/�-immunized; PBS-L.m-Ch, PBS-L. major challenged; Lmp27�/�-L.m-Ch,
Lmp27�/�-immunized L. major challenged.
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compared to the PBS L. infantum-challenged group (Fig. 2B). This
indicates that Lmp27�/� mutant could induce a Th1 response to
common antigens which lead to cross protection against L. infan-
tum challenge (Fig. 6E, F).
3.7. Cross protection of Lmp27�/� against Wt L. Infantum

At 4 and 12 weeks after being challenged with L. infantum, the
immunized mice showed significantly lower parasite burdens both
Fig. 5. Lesion size and parasite burden in PBS and Lmp27�/� immunized mice were as
measured 1, 4, 8 and 12 weeks after inoculation, Parasite burdens in the (B) liver and (C)
mice. * p < 0.01, ** p < 0.001. PBS-L.m-Ch, PBS-L. major challenged; Lmp27�/�-L.m-Ch, Lm
in the liver and spleen when compared with similarly challenged
PBS mice. Parasite burden was lower at 12 weeks compared to
4 weeks in the Lmp27�/�-L.i-Ch group (Fig. 7A, B).
4. Discussion

Historically the most successful vaccines against intracellular
pathogens have been based on live attenuated organisms. Studies
using attenuated strains of Leishmania have shown that this is a
good strategy for producing a long-lasting protective immune
response [21,22] as they closely mimic the natural course of infec-
tion. A live attenuated vaccine strain would present a full comple-
ment of Leishmania antigens to the host immune system along
with appropriate pattern-recognition molecules for the parasite
[23]. Previous work from our laboratories has shown that
the Lmp27�/� live attenuated mutant is safe and immunogenic in
BALB/c mice [18]. Due to differences in virulence factors between
Leishmania species [24], the mechanisms of protective immunity
and efficacy against such homologous and heterologous Leishmania
parasites remained unexplored. Hence, in this study, the Lmp27�/�

strain was used to determine its protective immune responses and
efficacy against Wt L. major as well as its cross protection against
Wt L. infantum in BALB/c mice.

Four weeks after exposure in the Lmp27�/� immunized groups,
both the pro-inflammatory cytokine (IFN-c) and anti-
inflammatory cytokine (IL-4) increased. However, in order to pre-
vent tissue damage, achieving a balance between the primary
inflammatory and anti-inflammatory cytokines is essential
[25,26]. With regard to L. donovani infection, it has been reported
sessed post challenge with Wt L. major parasites. (A) Lesion size diameters were
spleen 4 and 12 weeks post challenge were shown. Each group contained at least 4
p27�/�-immunized L. major challenged; 4wks, 4 weeks; 12wks, 12 weeks.



Fig. 6. Cytokines and antibodies levels in PBS and Lmp27�/� immunized mice were measured using ELISA 4 and 12 weeks post challenge with Wt L. infantum parasites.
Concentrations of (A) IFN-c and (B) IL-4 cytokines, (C) IgG1 and (D) IgG2a Abs in sera of the mice and Th1/Th2 skewing, (E) IFN- c /IL-4 and (F) IgG2a/IgG1 ratios were shown, *

p < 0.01, ** p < 0.001. PBS-L.i-Ch, PBS-L. infantum challenged; Lmp27�/�-L.i-Ch, Lmp27�/�-immunized L. infantum challenged; 4wks, 4 weeks; 12wks, 12 weeks.
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that the balance between the pro-inflammatory and anti-
inflammatory cytokines determines parasite clearance from the
liver and spleen [27] and may be important in the progression of
liver granuloma maturation [17].

This study showed that Lmp27�/� was able to induce significant
levels of IFN-c, when challenged with L. major and L. infantum
infections. It is well established that IFN-c is a key effector cytokine
which is crucial in the elimination of Leishmania parasites [28].
Four weeks post challenge; IFN-c levels were significantly
(p = 0.033) higher in challenge with L. major compared to L. infan-
tum, suggesting more antigenic similarity with L. major.
12 weeks after both challenges, IL-4, due to the immune sys-
tem’s control of the infection, declined significantly, whereas it
increased in the PBS groups.

The IgG2a (associated with Th1) response increased signifi-
cantly following L. major and L. infantum challenges, confirming
the development of a protective immune response resulting from
immunization as was observed in L. infantum–infected dogs and
hamsters after immunization with LdCen�/� [13,29] and other
studies [17,30].

The protective immunity in leishmaniasis was steered by Th1
polarization [31]. Ldp27�/�, LdCen-/- and Leishmania infantum



Fig. 7. Parasite burden in Liver and Spleen in PBS and Lmp27�/� immunized mice were measured 4 and 12 weeks post challenge with Wt L. infantum parasites. Parasite
burdens in the (A) liver and (B) spleen were shown. Each group contained at least 4 mice; * p < 0.01, ** p < 0.001. PBS-L.i-Ch, PBS-L. infantum challenged; Lmp27�/�-L.i-Ch,
Lmp27�/�-immunized L. infantum challenged; 4wks, 4 weeks; 12wks, 12 weeks.
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KHARON1 null mutants have been shown to exhibit typical upreg-
ulation of Th1 cytokines and antibodies [17,32,33]. In accordance
with these earlier findings, our data also demonstrated a signifi-
cant increase in the INF-c/ IL-4 and IgG2a/IgG1 ratios found in
Lmp27�/� immunized groups after an L. major challenge when
compared to their respective PBS groups. This data suggests that
the mutant parasite was able to orient the immune system toward
Th1 cellular immunity. Similar results have been observed in
challenges with L. infantum [17,30,34].

Following inoculation, the high lymphocyte proliferation seen
in Lmp27�/� vaccinated groups indicates that the Lmp27�/� mutant
parasite induces a strong immune response in spite of being
cleared after 12 weeks compared to Wt parasite [18], suggesting
the strong induction of memory responses by Lmp27�/� parasites.
Similar results were obtained using mutant strains of L. donovani
without the ascorbic acid gene [35] or centrin gene [32] when
challenged with wild type L. donovani , Ldp27�/�, and dhfr-ts-

L. major after heterologous challenges [16,17]. Moreover,
Lmp27�/�-immunized mice also showed significantly high DTH
responses against L. major Ag as well as what was observed in
Ldp27�/� immunized mice [17].

The smaller lesion sizes and the reduction in parasitic load in
the Lmp27�/� immunized groups as compared to the PBS groups
demonstrate that the mutant parasite is effective in inducing
both protection and cross-protection. Similar findings were
obtained in the study of L. major-infected mice after immuniza-
tion with lpg2 mutants [15]. Cross protections have also been
observed in some studies [30,36–39], while in others it has not
been reported [37,40]. This matter may be related to an
inherent difference between different species and their interac-
tions with the immune system. Genome sequencing, however,
has revealed that 90% of the genome is conserved between L.
major and L. infantum, and 99% of the genes are syntonic
[41,42], suggesting a strong likelihood of shared antigens
between the two.

In conclusion, this study reveals that in BALB/c mice, Lmp27�/�

is able to stimulate the cellular immune system, and induces pro-
tection against Wt L. major and cross-protection against Wt
L. infantum challenges. A study is underway to evaluate its protec-
tive immunity and efficacy in dogs against challenges by virulent
Leishmania parasites. These results are suggestive that Lmp27�/�

parasites can serve as Leishmania vaccine candidate.
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