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A sand fly salivary protein vaccine shows efficacy
against vector-transmitted cutaneous leishmaniasis
in nonhuman primates
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Currently, there are no commercially available human vaccines against leishmaniasis. In rodents, cellular immunity

to salivary proteins of sand fly vectors is associated to protection against leishmaniasis, making them worthy targets

for further exploration as vaccines. We demonstrate that nonhuman primates (NHP) exposed to Phlebotomus

duboscqi uninfected sand fly bites or immunized with salivary protein PdSP15 are protected against cutaneous

leishmaniasis initiated by infected bites. Uninfected sand fly–exposed and 7 of 10 PdSP15-immunized rhesus ma-

caques displayed a significant reduction in disease and parasite burden compared to controls. Protection correlated

to the early appearance of Leishmania-specific CD4+IFN-g+ lymphocytes, suggesting that immunity to saliva or

PdSP15 augments the host immune response to the parasites while maintaining minimal pathology. Notably,

the 30% unprotected PdSP15-immunized NHP developed neither immunity to PdSP15 nor an accelerated Leishmania-

specific immunity. Sera and peripheral bloodmononuclear cells from individuals naturally exposed to P. duboscqi bites

recognized PdSP15, demonstrating its immunogenicity in humans. PdSP15 sequence and structure show no homol-

ogy to mammalian proteins, further demonstrating its potential as a component of a vaccine for human leishmaniasis.

INTRODUCTION

Leishmaniasis is a neglected tropical disease that affects the poorest of
communities and comes only second to malaria and fourth among
tropical parasitic diseases in mortality and morbidity, respectively (1).
Despite its global distribution and substantial disease burden, there
are no commercially available human leishmaniasis vaccines to date.

All forms of leishmaniasis are transmitted by the bite of infected
phlebotomine sand flies. As infected females feed on mammalian hosts,
they inject saliva, counteracting hemostasis and improving blood-
feeding success. Leishmania-infected sand flies regurgitate parasites
together with the salivary proteins into the bite wound. Exploiting the
concurrence of sand fly saliva and parasites in the bite site is an original
approach to traditional Leishmania vaccines.

Experimentally, it has been shown that exposure to saliva through
bites of uninfected sand flies or immunization with an appropriate sal-
ivary protein protects rodents against cutaneous and visceral leishma-
niases (2–5). Saliva-mediated protection from leishmaniasis correlates
to the induction of a rapid sand fly saliva–specific TH1 (T helper 1 cell)

immune response at the bite site that steers the development of a faster
and more robust Leishmania-specific TH1 immunity with minimal pa-
thology (4, 6). Moreover, antibodies are not required for saliva-mediated
protection from leishmaniasis in murine models (3, 4).

Additionally, saliva-driven immunity protected against vector-transmitted
leishmaniasis (3, 4). This virulent mode of challenge, encompassing sand
fly saliva, promastigote secretory gel (7), and midgut-differentiated
Leishmaniametacyclics, was shown to rescind the efficacy of a vaccine
established via needle challenge with Leishmania parasites (8), high-
lighting the robustness of saliva-mediated immunity to leishmaniasis.

Cutaneous leishmaniasis (CL) is themostwidely distributed formof the
complexofdiseases referred to as the leishmaniases.Annually, an estimated
0.7 million to 1.3 million new CL cases occur worldwide (9). Some two-
thirds of new CL cases occur in six countries including Afghanistan,
Algeria, Brazil, Colombia, Iran, and the SyrianArabRepublic (9). CL caused
byLeishmaniamajor is prevalent in theMiddleEast,NorthAfrica, andSub-
Saharan Africa, where it is mainly transmitted by Phlebotomus papatasi or
Phlebotomus duboscqi sand flies (10). Here, we tested the capacity of ex-
posure to P. duboscqi uninfected bites or immunization with its 15-kD
salivary protein, PdSP15, in nonhuman primates (NHP) for protection
against vector-transmitted L. major. We uphold the concept of using
immunity to vector salivary proteins to protect humans from CL, dem-
onstrating their efficacy against vector-transmitted L. major in NHP.

RESULTS

Exposure to uninfected sand fly bites protects NHP against
sand fly–transmitted CL
To induce immunity to sand fly saliva in NHP, we exposed naïve rhesus
macaques to 20 P. duboscqi uninfected sand fly bites four times every
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21 days. Most NHP (63%) developed a
delayed-type hypersensitivity (DTH) re-
sponse showing a marked recruitment
of mononuclear cells to the dermis 48 hours
after the last exposure (Fig. 1A). The re-
active bite site showed a relative abun-
dance of interferon-g (IFN-g) compared
to controls ascribing a TH1-like environ-
ment to the observed cell infiltrate (P =
0.0043, Mann-Whitney test; n = 6; Fig. 1B).
Exposure to uninfected sand flies also
generated a humoral response that was
more pronounced in DTH-positive reac-
tive animals (P = 0.0002, t test; n = 10;
Fig. 1C). To test the efficacy of the observed
immunity to uninfected sand fly bites in
protection from Leishmania parasites,
we developed a natural model of vector-
transmitted CL in NHP using L. major–
infected P. duboscqi sand flies. Two groups
of NHP challenged with either 20 or 50
infected sand flies presented with 50 and
90% of diseased animals, respectively.
Lesion clusters evolved from papules to
nodules to ulcerated lesions, which pro-
gressed to healed scars (fig. S1), charac-
teristics that mirror those observed in
human CL caused by L. major (11). Next,
we tested whether immunity generated
to sand fly salivary proteins in NHP was
protective against vector-transmitted CL.
Naïve and uninfected sand fly–exposed
NHP were challenged with 50 Leishmania-
infected sand flies. Compared to naïve
animals, uninfected sand fly–exposed NHP
controlled the infection with a significant
reduction in disease burden, as defined
by the computation of the cumulative
measurement of the largest diameter of
each lesion on a weekly basis (P = 0.0083,
Mann-Whitney test; n = 9 to 15; Fig. 1D),
maximum lesion size (P = 0.0119, Mann-
Whitney test; n = 9 to 15; Fig. 1E), and
time to heal [P = 0.0048, log-rank (Mantel-
Cox) test; n = 9 to 15; Fig. 1F]. At the
9-week post-challenge time point, 70%
of naïve animals displayed ulcerated le-
sions compared to only 30% of uninfected
sand fly–exposed NHP (Fig. 1G). This re-
duction in disease severity correlated to a
significantly lower number of parasites in
lesion biopsies (P = 0.0237, Mann-Whitney
test; n = 9 to 15;Fig. 1H). Notably, in order
not to disrupt the course of lesion develop-
ment, the parasite burden was measured
at 12 weeks after infection when lesions
of both naïve and uninfected sand fly–
exposed NHP were healing. Furthermore,

Fig. 1. Exposure to P. duboscqi uninfected sand flies (USFs) induces an anti-saliva immunity that
protects NHP from vector-transmitted CL. (A to C) Immunity to USF bites 48 hours (A and B) or 2 weeks
(C) after the last exposure. (A) DTH response (left panel) and a hematoxylin and eosin–stained biopsy
section (right panel, ×400) from a USF bite site. (B) IFN-g mRNA expression in biopsies of a USF bite site
(Exp. Bites) or normal skin (Naïve) from the same animal. Biopsies were obtained from six randomly
selected bite site–reactive NHP (P = 0.0043, Mann-Whitney test; n = 6). (C) Anti-saliva immunoglobulin
G (IgG) levels before (Pre) or after (Post) exposure (P = 0.0002, t test; n = 10). Cumulative data from
two independent experiments are shown. OD, optical density. (D to K) Fifteen USF-exposed NHP (Exp.
Bites) and nine naïve NHP were challenged with 50 L. major–infected P. duboscqi. Cumulative data from
two independent experiments are shown. (D) Disease burden (P = 0.0083, Mann-Whitney test; n = 9 to 15).
(E) Maximum lesion size (P = 0.0119, Mann-Whitney test; n = 9 to 15). (F) Kaplan-Meier plot of the healing
time, a cumulative measurement of lesion development from ulcer to scar [P = 0.0048, log-rank (Mantel-
Cox) test; n = 9 to 15]. (G) Representative photographs 9 weeks after challenge. (H) Parasite number
12 weeks after challenge (P = 0.0237, Mann-Whitney test; n = 9 to 15). (I to K) PBMCs from seven naïve
(Naïve) and nine USF-exposed NHP (Exp. Bites) were stimulated with Leishmania antigen (Leish) 2 weeks
after challenge. Selection was based on cell number and viability. (I) IFN-g SFC by enzyme-linked immuno-
spot (ELISPOT) (P = 0.0587, Mann-Whitney test; n = 7 to 9). (J) Percent of CD4+IFN-g+ lymphocytes by flow
cytometry (P = 0.0229, Mann-Whitney test; n = 7 to 9). (K) Frequency of CD4+IFN-g+ lymphocytes
correlated to disease burden. Dashed line indicates 95% confidence interval (CI) (P = 0.0022, n = 16, Spearman
test r = −0.72). Scale bar, 200 mm; lines and bars indicate the mean, and error bars indicate SEM.
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protection in uninfected sand fly–exposed NHP correlated to the induc-
tion of an early Leishmania-specific immune response 2 weeks after
infection. After stimulation with Leishmania antigen (Leish), pe-
ripheral blood mononuclear cells (PBMCs) from uninfected sand fly–
exposed NHP produced a higher number of IFN-g spot-forming cells
(SFC) compared to controls (P = 0.0587, Mann-Whitney test; n = 7
to 9; Fig. 1I). We corroborated these data by flow cytometric analysis
demonstrating that CD3+ cells were the main source of specific anti-
Leishmania IFN-g (fig. S2). Although CD4+ (Fig. 1J) and CD8+ (fig.
S3A) lymphocytes produced Leishmania-specific IFN-g, only the fre-
quency of CD4+IFN-g+ cells was statistically higher between uninfected
sand fly–exposed and naïve animals (P = 0.0229, Mann-Whitney test;
n = 7 to 9; Fig. 1J). Moreover, the frequency of CD4+IFN-g+ cells
inversely correlated to disease burden in uninfected sand fly–exposed
NHP (P < 0.0022, n = 16, Spearman rank correlation test r = −0.7211;
Fig. 1K and fig. S3B), suggesting that Leishmania-specific CD4 T cells are
participating in parasite clearance.

Reverse antigen screening of P. duboscqi sand fly salivary
molecules in saliva-exposed NHP identifies PdSP15 as a
vaccine candidate against CL
Having established that exposure to uninfected sand fly bites protects
NHP against CL, our next objective was to identify the salivary protein
responsible for the protective effect. Therefore, we screen about 23 se-
creted salivary proteins of P. duboscqi in NHP. To identify protective
sand fly salivary proteins while minimizing the number of NHP, we
developed an approach named “reverse antigen screening” (RAS). The
approach is based on exploiting the adaptive immunity generated against
salivary proteins in uninfected sand fly–exposed NHP. Uninfected
sand fly–exposed and bite site–reactive NHP were injected intrader-
mally with DNA plasmids coding for the most abundant secreted
P. duboscqi salivary proteins. Using the host machinery as a natural pro-
tein expression system, we selected salivary molecules that induced a
TH1-DTH 48 hours after inoculation. Salivary gland homogenate
(SGH) and bites from one uninfected sand fly, and empty plasmid were
used as positive and negative controls, respectively. From the 23 tested
DNA plasmids, we selected the top five molecules based on their in-
duction of the largest skin induration as measured by the diameter of
the skin reaction. These included PdMu54 (2.4 mm), PdSP15 (1.83 mm),
PdMu29 (1.79 mm), PdMu49 (1.69 mm), and PdMu35 (1.66 mm). We
also selected a negative control, empty DNA plasmid (1.01 mm), and
two positive controls, SGH (3.63 mm) and a bite site (2.84 mm) (Fig. 2A
and table S1). Of the five, PdSP15 was the only molecule displaying a
significant increase in IFN-gmRNAmessage compared to the negative
control [P = 0.0109, one-way analysis of variance (ANOVA); n = 8], and
the one exhibiting the lowest level of interleukin-4 (IL-4) (Fig. 2B);
this translated to a high IFN-g/IL-4 ratio indicative of a TH1-biased im-
mune response (P = 0.0470, one-way ANOVA; n = 8; Fig. 2C). Exact
P values for the five tested samples are presented in table S2.

Immunization with PdSP15 protects NHP against sand
fly–transmitted CL
NHP were immunized intradermally with PdSP15 DNA two times 21
days apart and boosted 21 days later with recombinant PdSP15 (rPdSP15)
and glucopyranosyl lipid adjuvant in stable emulsion (GLA-SE). Con-
trol animals were inoculated with empty plasmid followed by a boost
with bovine serum albumin and GLA-SE. In contrast to controls, 70%
of PdSP15-immunized NHP displayed a distinct skin induration at the

injection site 48 hours after the rPdSP15 boost (P = 0.0067, Mann-
Whitney test; n = 10; Fig. 3A). Two weeks later, PBMCs of skin-reactive
PdSP15-immunized NHP produced significantly higher IFN-g SFC
after stimulation with rPdSP15 compared to controls (P = 0.0002, Mann-
Whitney test; n = 7; Fig. 3B, solid squares). The number of IFN-g SFC
in the 30% nonreactive PdSP15-immunized animals was similar to
controls (Fig. 3B, empty squares) but produced significantly high levels
of specific anti-rPdSP15 IgG antibodies (Fig. 3C, empty squares; P <
0.0001, one-way ANOVA; n = 3), with antibody levels showing a
negative correlation to IFN-g production (P = 0.0037; r = –0.84,

Fig. 2. A RAS approach in NHP
identifies PdSP15 as a TH1-inducing
protein from saliva of the sand
fly P. duboscqi. NHP were exposed
three times to uninfected sand fly
bites. Two weeks after the last ex-
posure, animals were injected in-
tradermally with 23 distinct DNA
plasmids encoding the most abun-

dant P. duboscqi salivary proteins or an empty plasmid as a negative con-
trol. Bites from one sand fly or the inoculation of one pair of SGH was used
as positive controls. (A) Skin induration 48 hours after inoculation of plas-
mids measured using a Vernier caliper. Cumulative data of 14 NHP from
three independent experiments are shown. (B and C) Two-millimeter skin
biopsies of marked injection sites were obtained from 8 of 14 USF-exposed
NHP. (B) IFN-g and IL-4 mRNA expression by quantitative real-time fluores-
cence polymerase chain reaction (RT-qPCR). (C) IFN-g/IL-4 ratio for each
animal. Exact measurements and P values for all the samples tested are
presented in tables S1 and S2. Lines and bars indicate the mean, and error
bars indicate SEM.
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Spearman correlation; n = 10; fig. S4A).
Because of the dichotomy of responses
to PdSP15 immunization, we split PdSP15
vaccinated NHP to those that produced
IFN-g (PdSP15–IFN-g+) or those where
PdSP15 immunization induced a strong
antibody and a poor IFN-g response
(PdSP15–IFN-g−). Control (CTL)- and
PdSP15-immunized NHP were challenged
with 50 L. major–infected sand flies
1 month after the last immunization.
Compared to controls, PdSP15–IFN-g+

(solid squares) NHP had significantly re-
duced disease burden (P = 0.0490, one-
way ANOVA; n = 3 to 11; Fig. 3D) and reduced maximum lesion
size (P = 0.0465, one-way ANOVA; n = 3 to 11; Fig. 3E). PdSP15–IFN-g−

NHP (empty squares) were not protected and had a disease burden
comparable to controls (Fig. 3, D and E). We did not observe a reduc-

tion in the time to heal when comparing PdSP15–IFN-g+ and controls
(Fig. 3F). Representative photographs illustrate the reduction in lesion
severity at 5 weeks after infection in PdSP15–IFN-g+ NHP compared
to controls (Fig. 3G). Disease amelioration was further echoed by a

Fig. 3. Immunization with PdSP15 pro-
tects NHP against vector-transmitted CL.
(A to C) Immunity in PdSP15- immunized
(PdSP15) or sham-immunized (CTL) NHP
48 hours (A) or 2 weeks (B and C) after last
immunization. (A) Skin induration after inoc-
ulation with bovine serum albumin (CTL) or
rPdSP15 (P = 0.0067, t test; n = 10). (B) IFN-g
SFC by ELISPOT (P = 0.0002, t test; n = 10).
(C) Anti-saliva IgG levels before (Pre) or after
(Post) immunization in controls (CTL), PdSP15-
immunized NHP producing IFN-g (PdSP15-
IFN+) or not (PdSP15-IFN−) (P < 0.0001, one-way
ANOVA; n = 3 to 10). (D to L) Evaluation of
disease (D to H) and Leishmania-specific im-
munity (I to L) in CTL, PdSP15-IFN+, or
PdSP15-IFN− NHP after challenge with 50
infected sand flies. (D) Disease burden (P =
0.0490, one-way ANOVA; n = 3 to 11). (E) Max-
imum lesion size (P = 0.0465, one-way ANOVA;
n = 3 to 11). (F) Kaplan-Meier plot of the
healing time [P = 0.1770, log-rank (Mantel-
Cox) test; n = 3 to 11]. (G) Representative
photographs 5 weeks after challenge. (H)
Parasite number 5 weeks after challenge (P =
0.0034, one-way ANOVA; n = 3 to 8). (I to K)
PBMCs stimulated with Leishmania antigen
(Leish) 2 weeks after challenge in 8 to 10 NHP.
Selection was based on cell number and vi-
ability. (I) IFN-g SFC by ELISPOT (P = 0.0075,
one-way ANOVA; n = 3 to 10). (J) Percent of
CD4+IFN-g+ lymphocytes by flow cytometry
(P = 0.0002, one-way ANOVA; n = 3 to 10).
(K) Frequency of CD4+ lymphocytes produc-
ing cytokines (P = 0.0418, one-way ANOVA;
n = 4 to 6). (L) LST induration size 48 hours
after the injection of Leishmania antigen at
12 weeks after challenge (P = 0.0269, one-
way ANOVA; n = 3 to 10). Cumulative data
for 11 CTL and 10 PdSP15 NHP from two
independent experiments are shown. Lines
and bars indicate the mean, and error bars
indicate SEM.
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significant reduction in the number of parasites in PdSP15–IFN-g+

NHP compared to controls (P = 0.0034, one-way ANOVA; n = 3 to
8; Fig. 3H). PdSP15–IFN-g− NHP harbored parasite numbers compa-
rable to controls (Fig. 3H).

To understand how cellular immunity to PdSP15 protects against
vector-transmitted CL, we explored the early immune response to
Leishmania in PdSP15-immunized NHP 2 weeks after challenge with
infected sand flies. Similar to uninfected sand fly–exposed NHP, CD3+

cells were the main source of specific anti-Leishmania IFN-g (fig.
S4B). Compared to controls, PdSP15–IFN-g+ NHP (solid squares) de-
veloped a stronger anti-Leishmania immune response after challenge,
showing a significant increase in the number of IFN-g SFC (P = 0.0075,
one-way ANOVA; n = 3 to 8; Fig. 3I) and in the frequency of CD4+IFN-g+

lymphocytes (P = 0.0002, one-way ANOVA; n = 3 to 10; Fig. 3J). No-
tably, a significant increase in the proportion of Leishmania-specific
CD4+IFN-g+IL-2+ cells was also observed in PdSP15–IFN-g+NHP com-
pared to controls (P = 0.0418, one-way ANOVA; n = 4 to 6; Fig. 3K).
Similar to uninfected sand fly–exposed NHP, both CD8+ and CD4+

lymphocytes produced Leishmania-specific IFN-g, but only the fre-
quency of the latter was significantly higher in PdSP15–IFN-g+ NHP
compared to controls (Fig. 3J and fig. S4C), reinforcing the conclusion
that the protective immune response is mostly driven by CD4+ lym-
phocytes. This rapidly developing robust immunity against Leishmania
parasites was not observed in PdSP15–IFN-g− NHP (Fig. 3, I and J,
empty squares). Our findings suggest that PdSP15-specific IFN-g pro-
motes a microenvironment that facilitates priming of an early Leishmania-
specific protective CD4+ T cell response.

In humans, the presence of a DTH after intradermal inocula-
tion with killed Leishmania, known as a positive Leishmanin skin
test (LST), is considered a signature of lifelong protective immunity
against CL. Twelve weeks after infection,
PdSP15–IFN-g+ NHP had a significantly
larger LST induration size (Fig. 3L, solid
squares) compared to controls (P = 0.0269,
one-way ANOVA; n = 3 to 11) and to
PdSP15–IFN-g− animals (Fig. 3L, empty
squares). This suggests that infected con-
trols and PdSP15–IFN-g−NHP developed
a weaker immunity to Leishmania com-
pared to PdSP15–IFN-g+ NHP after reso-
lution of the infection.

PdSP15 is a member of the
insect family of odorant-binding
proteins with no sequence or
structure homology to known
human proteins
The protective salivary antigen PdSP15
shares sequence homology only to the
small odorant-binding protein family
found exclusively in the salivary glands
of sand flies (Fig. 4A), with 67 and 54%
identity to the P. papatasi and Phlebotomus
sergenti salivary proteins PpSP15 and
PsSP15, respectively (Fig. 4B). To exclude
any structural similarities to human pro-
teins, the crystal structure of PdPS15 was
solved to a 2.95-nm resolution (Fig. 4C,

table S3). The structure is available at the Research Collaboratory
for Structural Bioinformatics Protein Data Bank (RCSB PDB) with
PDB code 4OZD. PdSP15 contains six a-helical elements designated
a, c, d, e, f, and g that match the homologous secondary structures of
insect odorant-binding proteins. Helix e is elongated relative to other
described insect proteins and contains a number of basic (arginine
and lysine) residues. Structural search with the program DALI (12)
showed a distant similarity to insect odorant-binding protein family
members including the D7 proteins found in the saliva of mosquitoes
and did not identify structural similarities to mammalian proteins
(fig. S5).

PdSP15 is immunogenic in humans naturally exposed to
P. duboscqi bites
Having established that PdSP15 is an antigen foreign to humans, we
investigated the immunogenicity of rPdSP15 in individuals naturally
exposed to P. duboscqi bites (13). Sand fly–exposed individuals with
antibodies to whole saliva produced significant levels of antibodies
to rPdSP15 (P < 0.0001, Mann-Whitney test; n = 12 to 30; Fig. 5A) or
the SGH (P < 0.0001, Mann-Whitney test; n = 12 to 30; Fig. 5A). PBMCs
from 14 individuals naturally exposed to P. duboscqi bites (18 to 65 years
old) were stimulated with SGH or rPdSP15 in vitro, and supernatants
were collected 96 hours after stimulation. Levels of IFN-g, IL-10, IL-17,
IL-5, and IL-13 were detected by a Luminex assay (Fig. 5B). Levels of
IL-2, IL-4, and IL-9 in these samples were below the limit of detection
of the assay. Compared to controls, stimulation with SGH induced sig-
nificant levels of IFN-g (mean, 294.6 pg/ml; P = 0.0354, one-way
ANOVA; n = 14; Fig. 5B), IL-10 (mean, 32.47 pg/ml; P = 0.0112, one-
way ANOVA; n = 14; Fig. 5B), IL-17 (mean, 245.4 pg/ml; P = 0.0004, one-
way ANOVA; n = 14; Fig. 5B), and IL-5 (mean, 65.27 pg/ml; P = 0.0344,

Fig. 4. PdSP15 is an odorant-binding protein in saliva of phlebotomine sand flies. (A) Phylogenetic
tree analysis shows the similarity of odorant-binding proteins in New and Old World sand fly species and
their divergence from odorant-binding proteins (OBP) of other dipterans and humans. Bootstrap value,
10,000. PdSP15 location is underlined in red. (B) Sequence alignment between PdSP15 from P. duboscqi
(accession number 112361953) and its orthologs in P. papatasi (PpSP15, accession number 449060564)
and P. sergenti (PsSP15, accession number 299829414). Black shading and gray shading represent identical
and similar amino acids, respectively. (C) Crystal structure of PdSP15 (4OZD) containing six a-helical
elements designated as a, c, d, e, f, and g.
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one-way ANOVA; n = 14; Fig. 5B), whereas stimulation with rPdSP15
induced significant levels of IFN-g (mean, 342 pg/ml; P = 0.0082, one-way
ANOVA; n = 14), IL-10 (mean, 6.757 pg/ml; P = 0.0145, one-way
ANOVA; n = 14), and IL-17 (mean, 198.7 pg/ml; P = 0.0153, one-
way ANOVA; n = 14), but not IL-5 (mean, 14.68 pg/ml). Production of
IL-13 was not different from control (M) upon stimulation with SGH
or PdSP15 (Fig. 5B).

DISCUSSION

To date, there are no licensed human vaccines
against any form of human leishmaniasis. Here,
we adopt an innovative approach where we use an
immunogenic protein from saliva of P. duboscqi,
a natural vector of L. major, as a preventive vac-
cine against CL. We show that compared to con-
trols, NHP exposed to uninfected sand fly bites
or immunized with a defined recombinant salivary
protein, rPdSP15, controlled sand fly–transmitted
L. major infection, showing a significant reduction
in disease burden, maximum lesion size, and par-
asite numbers in lesions. Additionally, protectedNHP
developed an early and more robust Leishmania-
specific immune response, observed in studies using
rodents (2, 14). This study demonstrates the pro-
tective efficacy of a salivary antigen from a sand
fly vector against leishmaniasis in NHP, reinfor-
cing previous findings in rodent models of in-
fection (15, 16). In combination with parasite
antigen/s, targeting vector-derived molecules as
a component of Leishmania vaccines presents
an opportunity to improve their effectiveness. In
a recent study, using various vaccine modalities
of PpSP15 DNA, a TH1-DTH–inducing salivary
protein from P. papatasi that protected mice from
L. major infection as a DNA vaccine (3, 6), and
live recombinant Leishmania tarentolae stably ex-
pressing cysteine proteinase genes (17), the stron-
gest protective effect was observed when priming
with PpSP15 DNA and boosting with PpSP15
DNA plus the recombinant parasite (18), sug-
gesting that priming with a sand fly salivary pro-
tein and boosting with the salivary protein in the
presence of a Leishmania antigen may improve
protective immunity.

The primary mechanism of protection from
CL through sand fly saliva–mediated immunity
may be the outcome of indirect killing of a signif-
icant number of parasites by saliva-specific TH1
cells within the DTH site that also generates an
early Leishmania-specific immune response. Al-
ternatively, the immune response to uninfected
sand fly bites may generate an adjuvanting effect
in the skin, priming a TH1 anti-parasite immune
response that is instrumental to the observed pro-
tection. Possibly, it is a combination of the two.
Independent of the significance of the observed
Leishmania-specific immune response to the pri-
mary challenge, it would certainly ensure long-term

protection against subsequent infections with L. major. It is worth noting
that the NHP used in this study were challenged with L. major–infected
P. duboscqi bites. Compared to needle-injected parasites, sand fly–
initiated CL has been shown to result in a more virulent infection in
rodent models (7, 8, 19). Vaccine candidates that protect rodents against
a challenge with needle-injected parasites may fail against an infected
sand fly challenge (8, 20). This indicates that anti-Leishmania vaccine

Fig. 5. PdSP15 is immuno-
genic in humans. (A and B)
Sera and PBMCs were obtained
from individuals living in cen-
tral Mali where P. duboscqi sand
flies are prevalent. (A) Anti-
PdSP15 IgG levels (P < 0.0001,
Mann-Whitney test; n = 12 to
30) and anti-saliva (Anti-SGH)
(P < 0.0001, Mann-Whitney test;
n = 12 to 30) in 30 Malians
(Endemic). National Institutes
of Health (NIH) blood bank
healthy donors (n = 12) were
used as controls (Non-endemic).

Dashed lines indicate the cutoff (calculated as the mean in the non-exposed group ± 2.5 SD).
(B) Cytokine levels produced by PBMCs from 14 Malian villagers after stimulation with SGH or
PdSP15: IFN-g (mean, 294.6 pg/ml; P = 0.0354, one-way ANOVA; n = 14), IL-10 (mean, 32.47 pg/ml;
P = 0.0112, one-way ANOVA; n = 14), IL-17 (mean, 245.4 pg/ml; P = 0.0004, one-way ANOVA; n = 14),
and IL-5 (mean, 65.27 pg/ml; P = 0.0344, one-way ANOVA; n = 14), or stimulation with rPdSP15
yielded IFN-g (mean, 342 pg/ml; P = 0.0082, one-way ANOVA; n = 14), IL-10 (mean, 6.757 pg/ml;
P = 0.0145, one-way ANOVA; n = 14), and IL-17 (mean, 198.7 pg/ml; P = 0.0153, one-way ANOVA;
n = 14), but not IL-5 (mean, 14.68 pg/ml; P = 0.7409, one-way ANOVA; n = 14). PBMCs were
selected on the basis of cell viability. Lines indicate the mean.
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candidates that protect against a stringent vector challenge are likely to
fare better in clinical settings.

Of significance, PdSP15 from P. duboscqi is a homolog of PpSP15
from P. papatasi and PsSP15 from P. sergenti. The high homology of
PdSP15, PpSP15, and PsSP15 suggests that PdSP15 may also protect
against disease transmitted by the most significant Leishmania-
infected Old World vectors of CL. Substantiating evidence is demon-
strated by the cross-protection of P. papatasi–exposed mice against
P. duboscqi salivary gland extract plus L. major (21). Notably, 90% of
200 children from a CL endemic area in Tunisia, where L. major is
transmitted by P. papatasi, also recognized a protein of 15 kD, likely
PpSP15, by Western blot (22, 23). Also important to vaccine develop-
ment, PdSP15 is foreign to humans. The structure of PdSP15 belongs
to the family of insect odorant-binding proteins. The odorant-binding
proteins in mammals have an unrelated fold consisting of an antipar-
allel b barrel that places them in the lipocalin protein family (24),
whereas insect odorant-binding proteins are all a-helical and have no
mammalian homologs (25).

PdSP15 was identified using a limited number of NHP by the RAS
approach (14, 26). RAS also offers other advantages over traditional
screening strategies, enabling the simultaneous testing of various im-
munogens in a single animal, eliminating the high costs and hurdles of
producing endotoxin-free recombinant proteins through the use of
DNA plasmids, and insuring that the vaccine candidate elicits an im-
mune response formed against the native protein. Hence, this ap-
proach could be adapted as a translational tool for other infectious
diseases and consequently accelerate the identification of vaccine can-
didates for human clinical trials.

The prevention of leishmaniasis through vaccination has remained
an elusive target to date despite the multitude of Leishmania-based
antigens and adjuvants that have been evaluated as vaccines (27–29).
Salivary proteins may promote Leishmania vaccine efficacy by gener-
ating an immune response that targets the site of bite. Considering
that infection with any form of leishmaniasis is initiated in the skin,
inclusion of a salivary antigen in a Leishmania vaccine would potentiate
the host immune response at this early stage of the infection, targeting
parasites when they are lowest in number. Additionally, they may offer
long-term memory through natural boosting by uninfected bites, a ma-
jor obstacle to development of an effective Leishmania vaccine.

Despite the above-mentioned promising findings, this study has its
limitations. Vector transmission results in a higher inoculum variabil-
ity compared to needle injection, because infected flies egest a variable
number of parasites (30–32) and their feeding/probing behavior is un-
even. This was overcome by using 50 Leishmania-infected P. duboscqi
sand flies that resulted in a 90% successful infection rate, an improve-
ment over previous reports of infection rates in NHP after vector trans-
mission of L. major (33). The use of 50 infected flies resulted in clusters
of lesions that resembled human CL evolving from nodules to papules
to ulcerated lesions with elevated borders and a necrotic center before
self-healing over the course of 14 weeks. Another limitation to this
study is that only 63 and 70% of NHP exposed to noninfected bites
or immunized with PdSP15, respectively, developed a cell-mediated
immune response to the salivary components. We credit the outbred
nature of the NHP as a possible factor in the observed differences in
their immune response to saliva or PdSP15. Indeed, only 50% of human
subjects experimentally exposed to bites of Lutzomyia longipalpis sand
flies presented with nodules indicative of a DTH response (34). More-
over, 23 and 25% of PBMCs from individuals inhabiting an endemic

area of CL in central Mali where P. duboscqi is the main vector of
L. major (35) displayed a TH1- or TH2-polarized response upon stim-
ulation with whole saliva of P. duboscqi, and 52% presented with a
mixed response (13). The factors underlying the absence or diversity
of the cellular immune response against sand fly salivary proteins in
some humans and NHP remain to be elucidated and may be of im-
portance in determining who in endemic areas are likely to contract
CL. Possibly, the absence of immunity in a subset of humans could be
overcome with different vaccination strategies, using adjuvants or
adenovirus-based DNA vaccines.

A positive outcome to the observed dichotomy of the immune re-
sponse to PdSP15 is the verification that a TH1 cell–mediated immu-
nity, unlike a humoral immune response, to PdSP15 correlates to protection
fromCL. Compared to controls and PdSP15–IFN-g−NHP, PdSP15–IFN-g+

NHP controlled the sand fly–transmitted L. major infection, showing a
reduction in disease burden, maximum lesion size, and parasite num-
bers, as well as an accelerated protective Leishmania-specific immune
response. Protected PdSP15–IFN-g+ NHP also developed a significantly
higher frequency of CD3+CD4+IFN-g+–producing cells when stimu-
lated with Leishmania antigen compared to controls and unprotected
PdSP15–IFN-g−NHP.Moreover, we observed a higher frequency of poly-
functional cells producing IFN-g and IL-2 cytokines in PdSP15–IFN-g+

NHP, although tumor necrosis factor–a (TNF-a) was undetectable.
The presence of polyfunctional T cells has been associated with effec-
tiveness of the protective immune response in several vaccine candidates
for diverse infectious diseases such as leishmaniasis (36), smallpox (37),
hepatitis C virus (38), and tuberculosis (TB) (39, 40). Higher frequencies
of these cells were also present in HIV nonprogressors (41). Hence, in-
duction of polyfunctional T cells can be taken as an indication of the
superior quality of the immune response (42). The robustness of the im-
munity against Leishmania in PdSP15–IFN-g+NHP is further supported
by their development of larger LST measurements compared to con-
trols and PdSP15–IFN-g− NHP. LST has been widely used as a diag-
nostic tool for CL in humans, indicating exposure to, and immunity
against, Leishmania parasites (43–45) and a good indicator of vaccine
efficacy in Leishmania-based vaccine candidates (46–48). Notably, in
an endemic area of CL in Tunisia, the size of the LST reaction posi-
tively correlated to resistance to reinfection (49). The comparable level
of protection observed in PdSP15–IFN-g+NHP and animals exposed to
uninfected sand fly bites suggests that PdSP15, one of the most abun-
dant salivary protein in P. duboscqi, is the main driver of the protective
immune response observed after challenge of NHP exposed to un-
infected sand fly bites.

The use of a salivary molecule in a Leishmania vaccine poses an-
other challenge. Inhabitants of leishmaniasis endemic regions are well
exposed to salivary proteins of vector sand flies through the multitude
of uninfected bites they receive daily. Moreover, vaccinated naïve in-
dividuals are likely to be bitten frequently by the vector during their
stay in the endemic area. Our findings suggest that PdSP15 represents
a promising vaccine candidate for saliva-naïve individuals such as
tourists and military personnel. However, whether vaccination with
PdSP15 would recall or drive a predominant TH1 response in endemic
populations remains to be tested. Here, NHP exposed to uninfected
bites and inoculated with PdSP15 DNA recalled such a response, argu-
ing for its potential usefulness also in CL endemic areas. We should also
emphasize that none of the immunized NHP developed an adverse
reaction to rPdSP15. Nevertheless, these issues need to be addressed
in the context of possible allergic reactions and long-term safety.
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It is worth noting that rPdSP15 was expressed in Escherichia coli,
refolded, solubilized, and purified without difficulty while retaining its
immunogenicity. Therefore, it promises to be amenable for commer-
cial scale production required of viable vaccine candidates. To estab-
lish the translational relevance of the study findings, we tested the
immunogenicity of rPdSP15 in inhabitants of an endemic area of CL
in central Mali where P. duboscqi is the main vector of L. major (35).
We show that 93 and 87% of 30 individuals produce antibodies to
whole saliva or rPdSp15, respectively. Moreover, stimulation of PBMCs
from 14 individuals with SGH or rPdSP15 induced significant levels of
IFN-g, IL-10, and IL-17 compared to medium. When compared to
stimulation with SGH, rPdSP15 stimulation induced comparable lev-
els of IFN-g (116.1%), but only 20.1 and 22.5% of IL-10 and IL-5
levels, respectively, inferring the specificity of rPdSP15 as a TH1-inducing
salivary protein in humans. As for IL-17, it has been associated to
tissue damage in chronic phases of mucosal leishmaniasis and CL le-
sions (50); however, its role in leishmaniasis remains under scrutiny
(51). Less is known about IL-17 and sand fly saliva (52). In mice, a
DTH response is inhibited if IL-17 is absent (53). The established as-
sociation between the development of a TH1-DTH response and saliva-
mediated protection against leishmaniasis suggests that IL-17 production
may be of importance in anti-saliva immunity. Moreover, IFN-g and
IL-17 can be synergistically produced by activated CD4+ T cells in the
skin and induce keratinocytes to produce a proinflammatory envi-
ronment (54) that would be detrimental to the establishment of the par-
asite. Notably, the observed proinflammatory response to rPdSP15 in
humans naturally exposed to bites of P. duboscqi reinforces the likelihood
that inhabitants of leishmaniasis endemic areas that are constantly ex-
posed to vector bites would also benefit from a vaccine containing an
appropriate salivary antigen.

Here, we provide solid preclinical data in NHP regarding the effi-
cacy of rPdSP15 as a preventative vaccine against vector-transmitted
L. major infection. We also demonstrate its ability to recall a proin-
flammatory response in saliva-exposed humans, advancing its poten-
tial as a human vaccine for CL. Future studies will focus on the scalability
and safety of rPdSP15 in preparation for a first-in-humans clinical trial.

MATERIALS AND METHODS

Study design
This study was designed to investigate the efficacy of P. duboscqi sand
fly salivary proteins as vaccine candidates against CL. We exposed
rhesus macaques to uninfected sand fly bites or immunized them with
an immunogenic sand fly salivary protein (PdSP15). Next, we chal-
lenged exposed or immunized groups of animals via L. major–infected
sand fly bites. We followed the clinical evolution of the CL lesions by
size and parasite number. Our study endpoint was CL cure, defined as
the complete cicatrization of skin ulcers. We used ELISPOT and flow
cytometry to analyze immunological parameters specific to the sand
fly PdSP15 salivary protein or to parasite crude antigen (Leish). For
challenge experiments, we calculated our sample sizes to achieve sta-
tistically significant results if protection is at least 80% effective (a 0.835%
probability of preventing or reducing the CL outcome) when consid-
ering that 90% of the naïve NHP would develop lesions after chal-
lenge. Data from available frozen sera and cryopreserved PBMCs
from inhabitants of an endemic area where P. duboscqi is prevalent
were used to assess the immunogenicity of PdSP15 in humans. We

analyzed the human antibody response and cytokine production in
response to PdSP15 recombinant salivary protein. Investigators were
blinded when conducting all immunizations (use of coded vials for
PdSP15 and control immunizations) and throughout the course of the
experimental CL disease (NHP ID and group allocation were coded).
The number of animals per group and per experiment is indicated in
all figure legends. NHP were randomized by sex, age, and weight. Re-
search was conducted in compliance with the Animal Welfare Act,
ARRIVE guidelines, and other federal statutes and regulations relating
to animals and experiments involving animals and adheres to princi-
ples stated in the Guide for the Care and Use of Laboratory Animals,
MRC Publication, 2011 edition.

Animals
Rhesus macaques (Macaca mulatta, Indian strain) were housed in the
Walter Reed Army Institute of Research vivarium where manipula-
tions were conducted under protocol IEO02-09 approved by the Walter
Reed Army Institute of Research Institute Animal Care and Use Com-
mittee and by the National Institute of Allergy and Infectious Diseases
(NIAID) Animal Care and Use Committee under protocol LMVR12.
Because of reports of enhanced resistance to CL in rhesus monkeys of
Chinese origin, we used NHP of Indian origin that have been shown
to be susceptible to L. major parasites (33). All NHP were screened for
good physical health and absence of antibodies reactive to P. duboscqi
sand fly salivary proteins before enrollment into the animal protocol.
During experimental manipulations, they were housed individually in
stainless steel cages (cubic ~2 m), kept in environmentally controlled
rooms with 10 to 15 air changes per hour, temperature range 18° to 29°C,
relative humidity 70%, and light/dark 12:12-hour cycle. NHP were fed
a staple diet of LabDiet Primate Chow #5038, supplemented by Prima
Treats #F05709 (Bio-Serve) fresh fruits and vegetables with water avail-
able ad libitum from an automatic system. Macaques were consistently
negative for SIV (simian immunodeficiency virus) and STLV (simian
T lymphotrophic virus) when serologically tested annually, and quar-
terly, intradermal TB tests were negative. During the course of these
experiments, 75M. mulatta were tested, comprising both sexes, aged
4 to 12 years and weighing 3.5 to 12.7 kg. Procedures for exposing NHP
to sand flies generally followed those of Probst et al. (55). TheWalter Reed
Army Institute of Research Animal Use Program is fully accredited by
the Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC).

Sand flies and SGH
P. duboscqi sand flies originally from Mali, West Africa, and reared in
the insectary facilities of the Laboratory of Malaria and Vector Research,
NIAID, NIH, were used for the described experiments. For transmis-
sion experiments, 3- to 4-day-old sand flies were allowed to feed on
blood containing L. major promastigotes as previously described (4).
Sand flies with mature infections (11 to 15 days after blood feeding) were
used to transmit Leishmania parasites to NHP. Five- to 7-day-old sand
flies were used for preparation of SGH. Briefly, pools of 20 salivary
glands were dissected in phosphate-buffered saline. SGH was prepared
by ultrasonication followed by centrifugation at 10,000g for 3 min at 4 °C.

Parasites
L. majorWR 2885 strain was used to infect sand flies and for prepara-
tion of specific Leishmania antigen. This strain of parasites was recently
isolated from a soldier deployed to Iraq as previously described (4).
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L. major were grown at 26 °C in Schneider’s medium supplemented
with 10% heat-inactivated fetal calf serum (Life Technologies), penicil-
lin (100 U/ml), streptomycin (100 mg/ml), 2 mM L-glutamine. Leishmania
antigen was prepared by harvesting 1 × 109 parasites from culture
flasks and repeated freeze-thaw cycles. Protein amounts in the Leish-
mania homogenate were determined by bicinchoninic acid (BCA) pro-
tein quantification. Aliquots (1 mg/ml) were frozen at −7°C until use.

Production of DNA plasmids coding for P. duboscqi
salivary proteins
Twenty-three DNA plasmids coding to P. duboscqi salivary proteins
were cloned in the VR2001-TOPO vector (Vical Inc.), and endotoxin-
free DNA was purified as previously described (14). The transcripts cloned
were PduM01 (DQ826517), PdSP15 (DQ826514), PduM03 (DQ826524),
PduM04 (DQ834339), PduM06 (DQ826516), PduM07 (DQ826518),
PduM10 (DQ826519), PduM12 (DQ826521), PduM29 (DQ826515),
PduM31 (DQ826520), PduM33 (DQ834330), PduM34 (DQ8356),
PduM35 (DQ826522), PduM39 (DQ834331), PduM46 (DQ826523),
PduM48 (DQ826525), PduM49 (DQ826526), PduM51 (DQ835384),
PduM54 (DQ834338), PduM57 (DQ834333), PduM72 (DQ835356),
PduM99 (DQ835359), and PduM120; these DNA plasmids were diluted
in normal saline (Baxter), filtered through a 0.2-mm pore (Millipore),
and kept frozen until use.

Reverse antigen screening
NHP were inoculated intradermally with 30 mg of the 23 distinct DNA
plasmids, once, for reverse antigen experiments. Briefly, NHP were
exposed to uninfected sand fly bites three times, every 21 days. Onemonth
after the last uninfected sand fly bite exposure, NHP were injected in-
tradermally using an insulin syringe with each of the DNA candidates,
empty plasmid control, SGH, and bites from one uninfected sand fly
in the inner thighs and/or chest. Inoculations were placed far from each
other, and each placement was marked with permanent ink in the NHP
skin and recorded in transparency films. Twenty-four and 48 hours after
the inoculations, reactions were recorded by measurement of the indura-
tion diameter suing a Vernier caliper. Positive reactions and empty plas-
mid controls were biopsied with a 2-mm punch at 48 hours after the
injections. Tissue samples were preserved in RNA later until use.

Production of recombinant protein PdSP15
The complementary DNA (cDNA) for PdSP15 (accession number
DQ826514) was modified using PCR to remove the signal sequence
and insert an initiator methionine codon at the 5′ end. This fragment
was cloned into the expression vector pET17b, and the vector was moved
into the E. coli strain BL21(DE3)pLysS for expression. Inclusion bodies
produced by previously described methods were dissolved in 6 M
guanidine HCl (pH 8.0), containing 10 mM dithiothreitol, and re-
folded by dilution into a large volume of 20 mM tris-HCl (pH 8.5),
300 mM arginine HCl. The refolded protein was concentrated by ul-
trafiltration and purified by a combination of gel filtration (Sephacryl
S-100) and cation exchange (SP Sepharose) chromatography. Any
remaining lipopolysaccharide was removed using ToxinEraser Endo-
toxin Removal Kit (GenScript) following the manufacturer’s protocol.

Crystallization and structure determination of PdSP15
Recombinant PdSP15 was crystallized using the hanging drop vapor dif-
fusion method with a precipitant containing 10% PEG 6000 (polyethylene
glycol, molecular weight 600), 0.1 M MES (pH 6.0). Crystals were flash-

frozen for data collection after transfer to the crystallization condition sup-
plemented with 20% glycerol. Diffraction data collection was performed at
beamline 19-ID at the Structural Biology Center, Advanced Photon
Source (APS), Argonne National Laboratory. PdSP15 crystallized in the
space group P212121 with seven molecules in the asymmetric unit, and
the crystals diffracted to a resolution of 2.95 Å. The structure of PdSP15
was determined by molecular replacement using a monomeric PdSP15b
structure (56) as a search model in the program PHASER (57). Protein
sequence alignment was performed on the MacVector software following
Dayhoff matrix for identical and similarity shading format.

Immunization of NHP with salivary PdSP15
NHP were inoculated intradermally in the inner thigh with 500 mg of
DNA plasmid coding to PdSP15, twice, 21 days apart followed by an
intradermal protein boost in the opposite inner thigh with 30 mg of
rPdSP15 with 20 mg of GLA-SE. Recombinant PdSP15 was mixed
in solution with GLA-SE right before inoculations.

Challenge of immunized NHP with L. major–infected
sand flies
One month after the PdSP15 protein boost, PdSP15- and control-
immunized animals were exposed in the chest to 50 L. major–infected
sand flies kept in a Plexiglas feeding device with one mesh surface that
allows the sand flies to probe and feed in the NHP skin. The feeding de-
vicewas left on theNHPchest for 25min. Lesion sizewasmeasuredweek-
ly as thediameter of the skin lesionusing adigitalVernier caliper (Mitutoyo).
Disease burden was calculated as the cumulative area of lesions over the
time; maximum lesion diameter was determined as the largest lesion
measurement at any time during the disease course. The time to heal
is the cumulativemeasurement in days of lesion development starting at
the time of ulceration, which varies between animals, until complete
scarring is observed. All lesions and bite reactions were photographed.

Leishmanin skin test
Animals were inoculated with 100 mg in 100 ml of the Leishmania an-
tigen, intradermally in the left inner thigh. Forty-eight hours later, skin
reaction was read using a ballpoint pen to determine the size of the indu-
ration (58). Measurements were taken with a Vernier caliper (Mitutoyo).

Antibody measurements by enzyme-linked
immunosorbent assay
Microtiter plates were coated with P. duboscqi sand fly SGH (1 pair/
ml) or with rPdSP15 (2 mg/ml) overnight at 4 °C. Plates were blocked
with tris-buffered saline, 4% bovine serum albumin, 0.05% Tween 20
(Sigma) for 2hours. Serawerediluted (1:100) and incubated for 2hours at
37 °C. After washes, goat anti-monkey IgG (Bethyl) or goat anti-human
IgG (Sigma) was diluted (1:10,000) and incubated for 1 hour. Alkaline
phosphatase substrate (Sigma) was added for 30 min, and absorbance
was read at 405 nm in a spectrophotometer (Molecular Devices).

Histological analysis of DTH site
Two-millimeterpunchbiopsywas takenfromtheNHPskinat thesiteof sand
fly bite. Tissuewas fixed in 10%buffered formalin andpreserved inparaffin
blocks. Sections were stained with hematoxylin and eosin (Histoserv).

Cytokines and parasite quantification by qPCR
A 2-mm punch skin biopsy was taken from the site of the sand fly bite
or from a lesion border and preserved in Allprotect solution (Qiagen)
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until use. DNA or RNA was extracted using QIAamp DNA Micro Kit
or RNeasy Mini Kit, respectively, following the manufacturer’s instruc-
tions. From total RNA (100 ng), cDNA was synthesized using qScript
cDNA SuperMix (Quanta BioSciences). Relative quantification of cyto-
kines was achieved using the Universal ProbeLibrary system (Roche).
Probes #20 for IL-4 and #21 for IFN-g in conjunction with specific
primers (IFN-g: 5′-tggaaagaggagagtgacagaa-3′ and 5′-tggatcctctggt-
catctttg-3′; IL-4: 5′-gaaacggctcgacaggaac-3′ and 5′-andtttccaagaagtcttc-
caacg-3′) were determined by the ProbeLibrary software version 2.5
(Roche) to be specific for these cytokines. Numbers of parasites in the
skin were determined by SYBR Green real-time PCR assay and primers
JW11-JW12 as targets for Leishmania amplification (59). Relative quan-
tification of target genes versus 18S reference gene was calculated on the
LightCycler 480 software (Roche). Normal skin samples were used as
calibrators, and relative expression was calculated by the DDCT method
and then divided by the value obtained for the calibrators. Results are
expressed as relative expression, where value of 1 is the normal skin baseline.

Blood withdrawal and cell culture
Blood was collected from the femoral vein of anesthetized animals into
heparin-coated Vacutainer tubes for PBMC separation and BD Vacu-
tainer SST serum separation tubes. Sera were collected after a brief
centrifugation and stored at −20°C until use, following the manufac-
turer’s instructions. PBMCs were separated by gradient centrifugation
and cryopreserved in a solution of 10% dimethyl sulfoxide, 50% fetal
bovine serum, and 40% RPMI. Cells were thawed at 37°C water bath,
washed twice, and seeded at 1 × 106/ml or 2 × 105/ml for flow cytometry
or ELISPOT assays, respectively. Cells were stimulated with Leishmania
antigen (50 mg/ml) or rPdSP15 (10 mg/ml) or anti-CD3 (100 ng/ml)
(Mabtech) in combination with CD28 (2 mg/ml) and CD49d (2 mg/ml)
(BioLegend).

Immune correlates of protection by flow cytometry
and ELISPOT
Staining of PBMCs was undertaken after 2 hours of stimulation with
antigens followed by brefeldin A (1:1000) for the last 16 hours of in-
cubation. Cells were harvested and stained with LIVE/DEAD Fixable
Yellow Stain Kit (Life Technologies). Cells were blocked with 10% fetal
bovine serum and surface-stained with anti-CD3 (BD Biosciences,
SP34-2), anti-CD4 (BD Biosciences, L200), and anti-CD8 (BD Bio-
sciences, RPA-T8). Intracellular staining was achieved by Cytofix/
Cytoperm kit (BD Biosciences) following the manufacturer’s instruc-
tions. Cells were stained with anti–IFN-g (BioLegend, B27), anti–IL-2
(BioLegend, MQ1-17H2), and anti–TNF-a (BD Biosciences, MAB11).
Data were acquired in a MACSQuant Analyzer and analyzed using
FlowJo version 9.5.6 software (Tree Star). Gates indicating the pro-
duction of intracellular cytokines were set on the basis of negative
controls (fig. S2A). Cells were plated and stimulated for 48 hours
with distinct antigens during the IFN-g ELISPOT assay. ELISPOT
was performed following the manufacturer’s recommendations
(Mabtech). Image capture and analysis of the number of spots were
performed by a CTL-ImmunoSpot Analyzer and software (Cellular
Technologies).

Human cell culture and cytokine measurement
Frozen human PBMCs from 14 healthy permanent residents (age 18 to 65
years) of a CL endemic area of central Mali were thawed and resus-
pended inRPMI1640mediumsupplementedwith10%ABhumanserum,

1%sodiumpyruvate, 1%nonessential aminoacids, 1%Hepesbuffer, 0.05%
b-mercaptoethanol (1000×), and penicillin/streptomycin (2 mg/ml). Cells
were cultured in 96-well plates at 1 × 106 cells/ml in a final volume of
200 ml and incubated with SGE (1 pair/ml), rPdSP15 (5 mg/ml), or ConA
(2.5 mg/ml) in a 5% CO2 humidified atmosphere at 37 °C. Supernatants
were collected after 96 hours, centrifuged, and stored at −80 °C until use.
A multiplex bead-based platform (Life Technologies) was performed on
supernatants to measure the cytokine levels of human IFN-g, IL-10, IL-
4, IL-5, IL-2, IL-9, IL-13, and IL-17 using the Human Th1/Th2/Th17
Magnetic 8-Plex Panel Kit according to the manufacturer’s instructions.
The use of Malian human samples was approved by Institutional Review
Boards (IRBs) of the NIAID (clinical protocol NCT00344084) and by the
ethics committee of the Faculty ofMedicine, Pharmacy andOdontostoma-
tology at the University of Bamako, Mali. All clinical investigations have
been approved by the author’s institution and conducted according to
the Declaration of Helsinki principles, and written informed consent was
obtained from all subjects. Human PBMCs from healthy subjects were
obtained under written informed consent, from the NIH Clinical Center
IRB-approved protocols from the NIH Clinical Center Department of
Transfusion Medicine.

Statistical analyses
Lines present in the scatterplot graphs represent the mean, and bar graphs
depict means ± SEM or SD as indicated. Correlation graphs are presented
with a linear regression slope and 95% CI (dotted line). Statistical differ-
ences between two groups were tested by t test (two-tailedMann-Whitney
test). One-way ANOVA followed by Fisher’s least significant difference
post-test was performed to analyze multiple groups. When the samples
were paired, one-way ANOVAwas followed by Dunn’s multiple compar-
isons post-test. Correlations were tested by Spearman test, and dotted lines
illustrate the 95% CI. Survival curves were analyzed by the log-rank
(Mantel-Cox) test. We tested the distribution normality of the samples
by the Shapiro-Wilk test.We considered P < 0.05 as statistically significant.
All statistical analyseswere performed using theGraphPadPrism software.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/7/290/290ra90/DC1

Fig. S1. Disease progression of CL in NHP after transmission of L. major by bites of 50 infected

P. duboscqi sand flies.

Fig. S2. CD3+ lymphocytes are the main source of Leishmania-specific IFN-g in NHP exposed to

uninfected P. duboscqi sand flies.

Fig. S3. CD8+ lymphocytes are not critical for protection fromCL inNHPexposed to uninfected sand fly bites.

Fig. S4. Anti-PdSP15 antibodies and CD8+ lymphocytes are not critical for protection from CL

in PdSP15-immunized NHP.

Fig. S5. The crystal structure of PdSP15.

Table S1. Measurements (mm) of skin indurations 48 hours after inoculation with plasmids

coding for selected sand fly salivary proteins.

Table S2. IFN-g and IL-4 mRNA expression by RT-qPCR.

Table S3. Data collection and refinement statistics for PdSP15.

Source data. Excel file
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