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Combination therapies for leishmaniasis, including drugs and immunomodulators, are one approach to shorten treatment
courses and to improve the treatment of complex manifestations of the disease. We evaluated a novel T-cell-epitope-enriched
DNA vaccine candidate (LEISHDNAVAX) as host-directed immunotherapy in combination with a standard antileishmanial
drug in experimental visceral leishmaniasis. Here we show that the DNA vaccine candidate can boost the efficacy of a single sub-
optimal dose of liposomal amphotericin B in C57BL/6 mice.

The leishmaniases are neglected tropical diseases (NTDs)
caused by protozoan parasites of the genus Leishmania. Vis-

ceral leishmaniasis (VL) is caused by Leishmania donovani and
Leishmania infantum and presents as systemic disease with para-
sitic invasion, primarily of the mononuclear phagocytic system
(1). Symptomatic VL is fatal if left untreated. Estimates suggest
that there are between 200,000 to 400,000 cases and 20,000 to
40,000 deaths per year worldwide (2). Current drug therapies are
unsatisfactory due to toxicity, long treatment courses, challenging
routes of administration, and geographical differences in clinical
responses to treatment (3, 4). Other disease manifestations in-
clude post-kala-azar dermal leishmaniasis (PKDL), which is a
complication of VL that presents as a skin condition weeks to
months after drug treatment (5), and cutaneous leishmaniasis
(CL), which is characterized by skin lesions of variable severity (6).
We recently reported on the development of a DNA vaccine can-
didate for leishmaniasis, based on minimalistic immunogenically
defined gene expression vectors modified to foster Th1-type im-
mune responses (MIDGE-Th1 vectors). The vaccine candidate,
referred to as LEISHDNAVAX, is an equimass mixture of five
independent MIDGE-Th1 vectors encoding different leishmanial
antigens (KMP11, TSA, CPA, CPB, and P74) (7). Here we inves-
tigated whether LEISHDNAVAX can serve as an adjunct to antil-
eishmanial drug treatment. We selected liposomal amphotericin
B as the drug, based on recent developments in the treatment of
VL. Single-dose liposomal amphotericin B was shown to be effec-
tive and safe in a phase III trial in India (8), is now a recommended
first-line treatment for VL in South Asia (4), and also forms part of
short-course multidrug therapies, which have recently undergone
evaluations in phase III trials (9). Single doses of 10 mg/kg (in
monotherapy) or 5 mg/kg (in combined therapy) of liposomal
amphotericin B proved to be optimal for patients (8, 9). In this
study, a suboptimal dose of liposomal amphotericin B was chosen,
to enable demonstration of beneficial treatment effects of com-
bined treatment regimens. From a clinical perspective, delivering
reduced doses of this treatment would also result in reduced treat-
ment costs.

The cotherapeutic potential of LEISHDNAVAX was evaluated
in female C57BL/6J mice (Charles River, United Kingdom) (7 to 8
weeks of age at the start of experiments and maintained under

specific-pathogen-free conditions) that had been infected with
2 � 107 L. donovani amastigotes (strain MHOM/ET/67/HU3), as
described previously (10). Parasites were maintained in Rag-1-
knockout (B6) mice, and amastigotes were harvested from the
spleens of infected animals. Following infection, mice were sorted
into groups of 3 or 4 per cage, and 2 cages were assigned per
treatment group. Mice were treated with a single intravenous (i.v.)
dose (10) of 0.8 mg/kg of liposomal amphotericin B (AmBisome;
Gilead) on day 7 postinfection (p.i.). On day 21 (experiment 1),
the parasite burden was determined in untreated and liposomal
amphotericin B-treated satellite groups (3 mice/group). Mice
were sacrificed, and the livers and spleens were removed. Impres-
sion smears were prepared from weighed organs (10), and the
numbers of amastigotes per 1,000 nuclei were determined micro-
scopically. Leishman-Donovan units (LDU) were calculated as
the number of parasites per host cell nucleus times the organ
weight (in milligrams) (11). Different doses of LEISHDNAVAX
(20 �g or 40 �g of DNA per antigen, corresponding to 100 �g or
200 �g of total DNA, respectively, in phosphate-buffered saline
[PBS], with injection volumes of 1 � 25 �l or 2 � 25 �l, respec-
tively) were administered intradermally (i.d.) at the tail base, using
29-gauge needles (BD Microfine Plus insulin syringes), on day 21
p.i. Control groups included groups treated with the respective
monotherapies and an untreated group. DNA vector control
groups received a nonexpressing human interleukin 2 (IL-2)-en-
coding MIDGE-Th1 construct equivalent to 100 �g of total DNA.
Mice were sacrificed on day 31 (experiment 1) or day 33 (experi-
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ments 2 and 3) p.i., and the parasite burdens in livers and spleens
were determined as reported above. Treatment schedules are
summarized in Table 1. For histology, organs were fixed in 10%
neutral buffered formalin, embedded in paraffin, and routinely
stained with hematoxylin and eosin (H&E). Immunohistochem-
ical staining was performed using the avidin-biotin complex
(ABC) method (Vector, Peterborough, United Kingdom), with a
polyclonal rabbit anti-human CD3 antibody (Dako, Ely, Cam-
bridgeshire, United Kingdom) that cross-reacts with the CD3-
equivalent protein in mice (12). The total areas from two longitu-
dinal tissue sections from liver and spleen were examined by light
microscopy and digital image analysis (Nikon NIS-Elements). For
each slide, the area covered by positive cells was calculated as a
percentage of the total area. Statistical significance was evaluated
by one-way analysis of variance (ANOVA), assuming Gaussian
distribution, and a multiple-comparison test if applicable (Graph-
Pad Prism 6). P values of �0.05 were considered statistically sig-
nificant.

Animal experiments were conducted under United Kingdom
Home Office license PPL 70/6997, following local ethical approval
by the London School of Hygiene and Tropical Medicine and the
Royal Veterinary College (London, United Kingdom).

The first experiment, using two different doses of LEISHDNAVAX,
showed that treatment groups that received sequential drug ther-
apy and immunotherapy displayed lower parasite burdens in the
spleens and livers than did groups that received liposomal ampho-
tericin B treatment alone (Fig. 1A and B). In the spleens, the mean
parasite burdens, with corresponding 95% confidence intervals
(CIs), were 13 LDU (95% CI, 5 to 20 LDU) with the 100-�g DNA
dose and 14 LDU (95% CI, 4 to 24 LDU) with the 200-�g DNA
dose, compared to 78 LDU (95% CI, 0 to 168 LDU) with drug
treatment alone. Corresponding values in the livers were 190 LDU
(95% CI, 101 to 279 LDU) with the 100-�g DNA dose, 251 LDU
(95% CI, 116 to 386 LDU) with the 200-�g DNA dose, and 374
LDU (95% CI, 201 to 546 LDU) with drug treatment alone.
Levels in livers and spleens at the time of immunotherapy were
1,313 LDU (95% CI, 746 to 1,880 LDU) and 42 LDU (95% CI,
17 to 68 LDU) in the untreated group and 572 LDU (95% CI,
425 to 719 LDU) and 13 LDU (95% CI, 0 to 27 LDU) in the
group treated with liposomal amphotericin B, respectively.
There was no apparent advantage in administering the higher
dose of LEISHDNAVAX; therefore, subsequent experiments
were conducted with the 100-�g DNA dose. To exclude the pos-
sibility that increased treatment responses in cotherapy groups

were caused only by administration of DNA, mice were injected
with nonexpressing human IL-2-encoding MIDGE-Th1 vectors
following liposomal amphotericin B treatment, in a direct com-
parison with immunotherapy. These experiments confirmed in-
creased parasite killing by the coadministration regimen (Fig. 1C
to F). Additionally, no enhancement of splenic treatment re-
sponses was seen in the group treated with drug and DNA vector
(117 LDU [95% CI, 34 to 200 LDU]), compared to the group
treated with drug only (74 LDU [95% CI, 36 to 111 LDU]). To
address the question of whether LEISHDNAVAX can serve as an
adjunct to drug treatment, we compared the reductions in parasite
burdens between groups that received liposomal amphotericin B
alone and groups that received liposomal amphotericin B plus
LEISHDNAVAX, or the respective control groups, in an analysis
pooling data from experiments 2 and 3. This demonstrated a sig-
nificant difference in the reductions in splenic parasite burdens
for the group treated with coadministered drug and vaccine com-
pared to those of the group treated with drug alone (mean inhibi-
tion of 74 � 4% versus 27 � 7%; P � 0.0001) (Fig. 1G and H). We
further characterized cellular responses in tissue sections with
standard H&E staining and staining for the CD3 protein (as a
T-cell marker) (Fig. 2). There was no significant difference in the
numbers of CD3� cells between groups. Histological examina-
tions previously revealed degenerative pathological findings in an-
other intracellular infection with tissue involvement in mice,
when the mice were treated with DNA vaccines encoding an im-
munogenic antigen (13). We observed similar histopathological
changes in untreated, drug-treated, and drug/immunotherapy-
treated mice. These changes were consistent with L. donovani in-
fection and included granulomatous inflammation in the liver
(14) and loss of normal tissue architecture in the spleen (15). No
weight loss or other signs of adverse reactions were observed in the
treated groups. Therefore, the coadministration treatment regi-
men was well tolerated.

In summary, we have shown that LEISHDNAVAX can boost
the responses to a suboptimal dose of liposomal amphotericin B in
experimental VL. The observed differences in the magnitudes of
responses between organs are probably due to differences in in-
fection kinetics and immunoregulation. The parasite load in the
liver is already in decline 4 weeks after infection, while parasites in
the spleen are still multiplying and establish persistence (16, 17).
Therefore, the increased efficacy of the combined treatment regi-
men in the spleen was measured under stringent conditions, as
reported previously for an adenovirus-based vaccine (18).

TABLE 1 Treatment schedules for L. donovani-infected C57BL/6 mice

Groupa

Treatment and evaluation scheduleb

Day 7 p.i. Day 21 p.i. Day 33 (day 31) p.i.

Untreatedc Sacrifice, sample collection
A � V(100) AmBisome (i.v.) LEISHDNAVAX (i.d.) at 100 �g total DNA Sacrifice, sample collection
A � V(200) AmBisome (i.v.) LEISHDNAVAX (i.d.) at 200 �g total DNA Sacrifice, sample collection
Ac AmBisome (i.v.) Sacrifice, sample collection
V(100) LEISHDNAVAX (i.d.) at 100 �g total DNA Sacrifice, sample collection
V(200) LEISHDNAVAX (i.d.) at 200 �g total DNA Sacrifice, sample collection
A � vector AmBisome (i.v.) Nonexpressing IL-2-encoding MIDGE-Th1 vectors (i.d.) Sacrifice, sample collection
Vector Nonexpressing IL-2-encoding MIDGE-Th1 vectors (i.d.) Sacrifice, sample collection
a A, liposomal amphotericin B; V(100), LEISHDNAVAX at 100 �g of total DNA; V(200), LEISHDNAVAX at 200 �g of total DNA.
b Mice were infected with L. donovani amastigotes on day 0. Treatment and evaluation schedules are given for days postinfection (p.i.).
c Satellite groups were sacrificed on day 21 p.i. in one experiment.
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FIG 1 Efficacy of drug treatment, immunotherapy, and sequential chemotherapy-immunotherapy in spleens and livers of C57BL/6 mice. (A to F) Parasite
burdens in spleens (A, C, and E) and livers (B, D, and F) in experiment 1 (A and B), experiment 2 (C and D), and experiment 3 (E and F). Each symbol represents
data from an individual mouse; horizontal lines, means (n � 6 to 8 mice/group). A, administration of liposomal amphotericin B; V(100), administration of
LEISHDNAVAX at 100 �g of total DNA; V(200), administration of LEISHDNAVAX at 200 �g of total DNA; A � V(100) and A � V(200), coadministration of
liposomal amphotericin B and LEISHDNAVAX at 100 �g and 200 �g of total DNA, respectively; vector, administration of nonexpressing human IL-2-encoding
MIDGE-Th1 vector. (G and H) Percent inhibition of parasite burdens in the spleen (G) and liver (H), calculated as follows: 100 � [(LDU for individual mouse
in treated group)/(mean LDU for untreated group) � 100]. Data were pooled from experiments 2 and 3 (n � 12 to 14 mice/group for groups treated with
liposomal amphotericin B or liposomal amphotericin B plus LEISHDNAVAX at 100 �g of total DNA and n � 6 or 7 mice/group for all other groups) and are
shown as means with 95% CIs. n.s., not significant.
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LEISHDNAVAX did not show significant antileishmanial efficacy
when administered as monotherapy at the highest dose used in
prophylactic studies (7); it demonstrated efficacy only when co-
administered with liposomal amphotericin B. Lack of efficacy
with administration as monotherapy was also observed in repeat-
ed-dose studies, which demonstrated good tolerability of
LEISHDNAVAX in L. donovani-infected mice (19). Infection in-
ocula and parasite burdens at the end of treatment were similar in
this study and the tolerability study (19). Combined treatment
approaches are an increasingly attractive treatment option for VL
and aim to increase efficacy and to reduce treatment durations
and the risk of the emergence of drug resistance (9, 20, 21). An
alternative approach to combination treatment or coadministra-
tion of small-molecule drugs is coadministration of drugs and
immunotherapies targeted to stimulate the immune system. The
superiority of immunotherapy plus chemotherapy over chemo-
therapy alone was shown in the treatment of PKDL patients in
Sudan (22) and CL patients in Brazil (23). LEISHDNAVAX is a
DNA vaccine that has been designed to induce T-cell-mediated
immunity; it is composed of antigens with sequences conserved
across different Leishmania species and over time, to facilitate its
use in prophylactic and therapeutic regimens for disease manifes-
tations caused by different Leishmania species and strains cur-

rently transmitted in areas in which the disease is endemic (7).
This brief report is the first demonstration of the therapeutic po-
tential of this novel DNA vaccine. Further studies are needed to
investigate the immunological mechanism in a therapeutic setting
and to optimize treatment schedules before translation to human
studies. Drug treatment started early after the initiation of infec-
tion in the current study, unlike human infections, in which pa-
tients are more likely to present with established infections. There-
fore, future investigations on optimized treatment regimens
should consider efficacies in established infections and should in-
clude investigations of the pharmacokinetics and biodistribution
of liposomal amphotericin B in combined treatment regimens.
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FIG 2 Histopathological and immunohistochemical findings for VL-affected organs. Histopathological (H&E staining) (upper) and immunohistochemical
(CD3 staining) (lower) evaluations of spleen (A) and liver (B) of C57BL/6 mice sequentially treated with liposomal amphotericin B and LEISHDNAVAX were
performed. f, follicles (white pulp); g, granulomas. Arrows, constituent CD3� cells. Arrowheads, CD3� cells within granulomas. Images are representative of 5
mice/group from one experiment. Data indicate the percent area of immunohistochemical (IHC) positivity (CD3 staining) for the number of animals indicated
(n). Values are group means � standard deviations. A, administration of liposomal amphotericin B; A � V(100), coadministration of liposomal amphotericin
B and LEISHDNAVAX at 100 �g of total DNA. Magnification, �200.
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