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a  b  s  t  r  a  c  t

Leishmania  parasites  are  inoculated  into  host  skin  together  with  sand  fly saliva  and  multiple  exposures
to  uninfected  sand  fly  bites  protect  mice  against  Leishmania  infection.  However,  sand  fly vectors  differ
in  composition  of  the  saliva  and  therefore  the  protection  elicited  by their salivary  proteins  was  shown
to  be  species-specific.  On the  other  hand,  the  optimal  vaccine  based  on sand  fly  salivary  proteins  should
be  based  on  conserved  salivary  proteins  conferring  cross-reactivity.  In the  present  study  we therefore
focused  on  cross-protective  properties  of  saliva  from  Phlebotomus  papatasi  and  Phlebotomus  duboscqi,
the  two  natural  vectors  of Leishmania  major.  Two  groups  of  mice  exposed  to bites  of P.  papatasi  and  two
control,  non-immunized  groups  were  infected  with  L.  major  promastigotes  along  with  either  P.  papatasi
or P.  duboscqi  salivary  gland  homogenate.  All  mice  were  followed  for  the development  of  Leishmania
lesions,  parasite  burdens,  specific  antibodies,  and  for production  of NO,  urea,  or  cytokines  by peritoneal
macrophages.  Protection  against  Leishmania  infection  was  observed  not  only  in exposed  mice challenged
with  homologous  saliva  but  also  in the  group  challenged  with  P. duboscqi  saliva.  Comparing  both  exposed

groups,  no  significant  differences  were  observed  in parasite  load,  macrophage  activity,  or  in the levels  of
anti-L.  major  and  anti-P. papatasi/P.  duboscqi  antibodies.  This  is the  first study  showing  cross-protection
caused  by  salivary  antigens  of  two Phlebotomus  species.  The  cross-protective  effect  suggests  that  the
anti-Leishmania  vaccine  based  on  P.  papatasi  salivary  proteins  might  be applicable  also  in areas  where  L.
major  is transmitted  by P. duboscqi.

ublis
© 2015  The  Authors.  P

. Introduction

The causative agents of leishmaniasis, protozoans from the
enus Leishmania (Kinetoplastida: Trypanosomatidae), are trans-
itted to the vertebrate hosts by the bites of female sand flies

Diptera: Phlebotominae). During the bloodfeeding process, sand
y saliva is obligatorily inoculated into the feeding lesion and if
he females are infected, it plays a crucial role in the establishment

f Leishmania infection in vertebrate host (reviewed in Gomes and
liveira (2012)). In naive mice, it aggravates the development of the
isease by suppression of the immune system (Titus and Ribeiro,

Abbreviations: DUB, Phlebotomus duboscqi; EXP, exposed; L., Leishmania; Lu.,  Lut-
omyia;  NB, nitrocellulose membrane; nEXP, non-exposed; P., Phlebotomus; p.i., post
nfection; PAP, Phlebotomus papatasi; PM�,  peritoneal macrophages; SGH, salivary
land homogenate; SI, stimulation index.
∗ Corresponding authors. Tel.: +420 221 951 814; fax: +420 224 919 704.

E-mail addresses: tereza.kratochvilova@natur.cuni.cz (T. Lestinova),
vlkova16@seznam.cz (M.  Vlkova), jan.votypka@natur.cuni.cz (J. Votypka),

olf@cesnet.cz (P. Volf), kolarova2011@gmail.com (I. Rohousova).

ttp://dx.doi.org/10.1016/j.actatropica.2015.01.005
001-706X/© 2015 The Authors. Published by Elsevier B.V. This is an open access article un
hed  by  Elsevier  B.V.  This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1988), conversely, in mice repeatedly exposed to sand fly saliva, it
elicits strong Th1-derived immune milieu protective against leish-
maniasis (Belkaid et al., 1998; Kamhawi et al., 2000; Oliveira et al.,
2008; Rohoušová et al., 2011; Thiakaki et al., 2005; Xu et al., 2011).

Repeated exposures to sand fly bites induce saliva-specific
immune response, both humoral and cell-mediated. While anti-
saliva antibody response correlates with the intensity of exposure
(Hostomska et al., 2008; Vlkova et al., 2011; Vlkova et al., 2012) and
can be used as a reliable epidemiological tool (e.g. Clements et al.,
2010; Gidwani et al., 2011), specific cellular immunity, particu-
larly the delayed type hypersensitive reaction (DTH), is responsible
for protection against leishmaniasis (Gomes et al., 2008; Kamhawi
et al., 2000; Valenzuela et al., 2001). In the murine model, this
immune response is characterized by powerful recruitment of lym-
phocytes and macrophages (M�)  to the site of bite and it correlates
with elevated production of IFN-� and IL-12 (Kamhawi et al., 2000;

Valenzuela et al., 2001).

Macrophages are the key cells responsible for healing or for
progress of Leishmania infection (reviewed in Horta et al. (2012)).
Their biological properties and function depend on the type of

der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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One week after the last exposure, mice of all four groups were
intradermally challenged in the right ear with 104 stationary phase
promastigotes of L. major in the presence of either (1) the equiv-
alent of 0.5 salivary gland of P. papatasi (groups: EXP + P.pap and

EXP+P.pap

EXP+P.dub

nEXP+P.pap

nEXP+P.dub

exposu re

infecti on

3T2T1T

measurement  of les ion  size

Fig. 1. Timeline of the experiment. Mice were divided into four groups. Two groups
of  mice were exposed to Phlebotomus papatasi bites (black squares, EXP), two groups
remained unexposed (white squares, nEXP). One week after the second exposure,
all  mice were intradermally challenged with 104 L. major promastigotes in the pres-
ence of either (1) the equivalent of 0.5 salivary gland of P. papatasi (+P.pap) or (2) the
0 T. Lestinova et al. / Ac

ctivation which determines the processing of L-arginine, a com-
on substrate for two different enzymatic pathways. In the Th2
ilieu (alternative way of M� activation), the metabolism of L-

rginine is diverted towards the production of L-ornithine, the
recursor of polyamines, which are utilized by Leishmania parasites

or their intracellular growth (Kropf et al., 2005). On the contrary,
n the Th1 environment, macrophages are activated by IFN-� (clas-
ical way of M� activation) and L-arginine is transformed into
-citrulline and nitric oxide (NO); the latter, together with other
oxic intermediates, successfully eliminates Leishmania parasites
Murray and Cartelli, 1983). Therefore individual salivary proteins
nducing strong Th1 DTH reaction were suggested as promising
andidates for anti-Leishmania vaccine and thus are the subject
f intensive scientific research (da Silva et al., 2011; Gomes et al.,
008; Morris et al., 2001; Oliveira et al., 2006; Tavares et al., 2011;
alenzuela et al., 2001; Xu et al., 2011).

However, several facts complicate the utilization of salivary
ompounds in the control of Leishmania infection; such vaccines
ight have limited use due to different saliva composition between

arious sand fly species (Ribeiro et al., 2010; Rohoušová et al., 2012;
olf and Rohousová, 2001; Volf et al., 2000). Indeed, the immu-
ity elicited by sand fly salivary proteins (Drahota et al., 2009;
ohousova et al., 2005; Volf and Rohousová, 2001) as well as the
rotection (Thiakaki et al., 2005) was shown to be species-specific.
n the other hand, the vaccine could be cross-protective between
hylogenetically related vector species with more conserved sali-
ary proteins (Ribeiro et al., 2010; Rohoušová et al., 2012; Volf et al.,
000) and as such could be applicable in more endemic foci.

In this study, we focused on Phlebotomus papatasi and Phle-
otomus duboscqi, two sand fly species which serve as the natural
ectors of Leishmania major (Killick-Kendrick, 1999; Ready, 2013).
sing a BALB/c model, P. papatasi pre-exposed mice were chal-

enged with L. major along with P. papatasi or P. duboscqi salivary
land homogenate and examined for the lesion size development,
arasite load, macrophage activity as well as for antibody response.
s far as we are aware, this is the first study describing the cross-
rotection between Phlebotomus sand fly species.

. Methods

.1. Ethical statement

All animals used in this study were maintained and handled
trictly in accordance with institutional guidelines and legislation
or the care and use of animals for research purpose Czech Act
o. 359/2012 coll on Protection Animals against Cruelty in present

tatutes at large that complies with all relevant European Union
nd international guidelines for experimental animals. The experi-
ents were approved by the Committee on the Ethics of Animal

xperiments of the Charles University in Prague (Permit Num-
er: 24,773/2008-10001) and were performed under the Certificate
f Competency (Registration Number: CZU 934/05) in accordance
ith the Examination Order approved by Central Commission for
nimal Welfare of the Czech Republic. All efforts were made to min-

mize the number and the suffering of experimental animals during
he study.

.2. Sand flies and salivary gland dissection

Colonies of P. papatasi (originating from Turkey, colonized in
005) and P. duboscqi (originating from Senegal, 1994) were reared

nder standard conditions as described in Volf and Volfova (2011).
alivary glands were dissected from 3 to 5 day-old female sand
ies, placed into Tris-buffered saline (TBS) (20 mM Tris, 150 mM
aCl, pH 7.8) and stored at −20 ◦C until needed. Before use, salivary
ica 144 (2015) 9–18

glands were disrupted by three cycles of freezing-thawing to pre-
pare salivary gland homogenate (SGH). In SGH of both species the
concentration of salivary proteins was measured using QubitTM Flu-
orometer (Invitrogen). The protein concentrations were as follows:
0.296 �g/gland in P. papatasi and 0.347 �g/gland in P. duboscqi.

2.3. Leishmania parasites

L. major (strain MHOM/IL/67/LRC-L137 Jericho II) promastig-
otes were maintained at 23 ◦C in RPMI 1640 medium with HEPES
(Sigma) supplemented with 10% heat-inactivated fetal bovine
serum (Gibco), 0.1% amikin (Bristol-Myers Squibb), 1% BME  vita-
mins (Sigma), and 0.5% sterile urine. Before use, parasites were
washed in 0.9% saline solution by centrifugation for 8 min  at
2900 × g, resuspended in saline and the concentration of parasites
was determined using Burker chamber.

2.4. Mice exposure and infection

Twenty-eight BALB/c mice in total (8-week-old females) from
Anlab (Czech Republic) were used within three independent exper-
iments. This mouse strain is highly susceptible to Leishmania
infection and widely used to study the protective effect against
leishmaniasis (e.g. Belkaid et al., 1998; Kamhawi et al., 2000;
Rohoušová et al., 2011; Thiakaki et al., 2005). Mice were divided into
four groups of seven mice each. Two groups of mice were intraperi-
toneally anesthetized by a combination of ketamine (150 mg/kg)
and xylazine (15 mg/kg) and were exposed individually to 35
females of P. papatasi, twice in 1 week interval (EXP groups) (Fig. 1).
The snout part and eyes were covered with damp cotton wool
to avoid drying and sand fly feeding on these parts. During each
exposure, an average of 29 females fed on each mouse (standard
error = ±0.7). The other two groups remained without any expo-
sure to sand flies (nEXP groups). Blood samples were collected from
the tail vein of all mice before exposure and 3 days after the last
exposure. The obtained sera were kept at −20 ◦C until needed.
equivalent of 0.5 salivary gland of P. duboscqi (+P.dub). The development of Leishma-
nia lesion size was measured weekly for 9 consecutive weeks (gray squares). Blood
samples were collected from the tail vein of all mice before exposure (T1), 3 days
after the last exposure (T2) and 9 weeks post infection (T3). Each square represents
1  week.
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EXP + P.pap) or (2) the equivalent of 0.5 salivary gland of P.
uboscqi (groups: EXP + P.dub and nEXP + P.dub). The infectious
ose by needle inoculation was chosen to approximate the num-
er of parasites naturally transmitted by sand fly bites (e.g. Kimblin
t al., 2008; Maia et al., 2011; Warburg and Schlein, 1986). Lesion
ize was measured weekly for 9 consecutive weeks using a digital
aliper. Mice were sacrificed 9 weeks after infection and sam-
led for blood, both ears, draining lymph nodes, and peritoneal
acrophages (PM�).

.5. Detection and quantification of Leishmania parasites in mice

Parasite numbers were determined by quantitative PCR as pre-
iously described (Myskova et al., 2008) with some modifications.
riefly, total DNA was isolated from homogenized samples using
NA tissue isolation kit (High Pure PCR Template Preparation Kit;
oche) according to the manufacturer’s instruction. Leishmania par-
sites were quantified using SYBR Green detection method (iQSYBR
reen Supermix, Bio-Rad). Kinetoplast DNA was  targeted using
rimers described by Mary et al. (2004). One microliter of eluted
NA was used for reaction which was performed in duplicate.
hermal cycling scheme was 3 min  at 95 ◦C followed by 45 repet-

tive cycles: 10 s at 95 ◦C, 10 s at 56 ◦C, and 10 s at 72 ◦C (Myskova
t al., 2008). Calibration was performed in the range of 101–106

eishmania promastigotes blended with homogenized liver from
on-infected mouse. The liver without Leishmania parasites served
s a negative control.

.6. Macrophage activation studies

PM� were obtained by peritoneal lavage of BALB/c mice using
0 ml  of RPMI 1640 medium with 10% heat-inactivated fetal calf
erum, 2 mM L-glutamine, 50 �M 2-mercaptoethanol, 50 �g/ml
entamicin, 100 U/ml penicilin (in the text referred to as complete
edium). After centrifugation (8 min, 4 ◦C, 260 × g), the cell pellet
as resuspended in complete medium, mixed with Trypan Blue and

ounted by the CountessTM Automated Cell Counter (Invitrogen)
ccording to the manufacturer’s guidelines and following crite-
ia: cell size = 8–20, roundness = 80, sensitivity = 5. Murine PM�
ere cultured in 96-well plates at a concentration of 2 × 105 liv-

ng cells/ml at 37 ◦C, 5% CO2. After 2 h, non-adherent cells were
emoved by washing with warm complete medium. Cells were then
ncubated alone in complete RPMI 1640, with a combination of IFN-

 (25 U/ml, AbD SEROTEC) and LPS (0.5 �g/ml, Sigma), or with L.
ajor promastigotes (2 × 105 cells per well). After 72 h of incuba-

ion, the supernatant and cell lysate were used for nitrite/cytokine
nd urea analysis, respectively.

.6.1. Nitrite analysis to measure NO production
The accumulation of NO2

− produced by cultured macrophages
ver a 72 h period was determined in a microplate assay using
riess reagent. A total of 100 �l of culture supernatant was  mixed
ith 50 �l of 60 mM sulfanilamide in 2.5% phosphoric acid and

ncubated at room temperature in the dark for 5 min. Thereafter,
0 �l of 12 mM N-1-naphthylethylenediamine dihydrochloride in
.5% phosphoric acid was added and incubated in the dark for
dditional 5 min. The absorbance was read at 550 nm using the
icroplate reader (Tecan Infinite M200). The NO2

− concentration
as determined using sodium nitrite as a standard in the range of

2.5–100 �M.

.6.2. Urea analysis to measure arginase activity

Arginase activity was  analyzed in macrophages lysate by mea-

uring the conversion of L-arginine to urea as previously described
Kropf et al., 2007) with slight modifications. Cells were lysed with

 solution of Tris–HCl in combination with protease inhibitors
ica 144 (2015) 9–18 11

(Complete Mini Roche, one tablet per 10 ml  of solution), Triton X
and MnCl2. The enzyme was  then activated by heating and argi-
nine hydrolysis was carried out by incubation of the activated
enzyme with arginine (Sigma–Aldrich) at 37 ◦C with 5% CO2 for
120 min. The reaction was stopped with 400 �l of solution contain-
ing H2SO4, H3PO4 and distilled water. Color reaction was  developed
in the presence of 20 �l 550 mM  �-isonitrosopropiophenone (dis-
solved in 100% ethanol) after incubation at 100 ◦C for 45 min. The
absorbance was  read at 540 nm.  Urea concentration was deter-
mined using urea as a standard in the range of 0.004–0.6 mg/ml.

2.6.3. Detection of cytokine production
The production of IL-10 and TNF-� was determined by sandwich

enzyme-linked immunosorbent assays (ELISA) (Fig. 1). Microtiter
plate wells were coated with primary antibody (Purified Anti-
mouse IL-10 or TNF-�; eBioscience) in concentration of 2 �g/ml in
phosphate-buffered saline (PBS) (150 mM  NaCl, 3 mM KCl, 8 mM
Na2HPO4 × 12H2O, 1 mMKH2PO4, pH 7.2) at 4 ◦C overnight. To
block free binding sites, washed wells were incubated with 6%
low fat dry milk diluted in PBS with 0.05% Tween 20 (PBS–Tween)
for 2 h. Plates with 100 �l of undiluted macrophage supernatant
per well were incubated at 4 ◦C overnight. Secondary antibodies
conjugated with biotin (Biotin Conjugated Anti-mouse IL-10 or
TNF-�; eBioscience) were diluted in PBS–Tween to a concentra-
tion of 2 �g/ml and incubated for 1 h at room temperature. To
visualize the antigen–antibody complex avidine-peroxidase was
applied at concentration of 500 �g/ml for 30 min at room tempera-
ture. Orthophenylendiamine and H2O2 in phosphate–citrate buffer
(0.11 M Na2HPO4 × 12H2O, 0.5 M citric acid; pH 5.5) were used as
a substrate solution. Absorbance was measured at 492 nm using
a microplate reader (Tecan Infinite M200). Data are stated in the
form of stimulation index (SI); each cytokine absorbance value was
divided by the relevant negative control.

2.7. Detection of anti-P. papatasi and anti-P. duboscqi saliva
antibodies

Anti-P. papatasi and anti-P. duboscqi IgG antibodies were mea-
sured in sera of BALB/c mice obtained at three intervals: before
exposure to P. papatasi bites (T1), 3 days after the last exposure
to P. papatasi (T2) and 9 weeks post infection (T3). Microtiter plate
wells were coated with P. papatasi or P. duboscqi SGH  (equivalent of
1/5 salivary gland per well) in 20 mM carbonate–bicarbonate buffer
(20 mM  Na2CO3–NaHCO3, pH 9.0–9.5) at 4 ◦C overnight. To block
free binding sites, washed wells were incubated with 6% low fat dry
milk diluted in PBS–Tween. Mice sera were diluted 1:200 in 2% low
fat dry milk and incubated for 90 min  at 37 ◦C. Secondary antibodies
(goat anti-mouse IgG conjugated with peroxidase, Serotec) were
diluted 1:1000 in PBS–Tween and incubated for 45 min at 37 ◦C.
Reaction was developed and measured as described above. Simi-
lar protocol was  used to determine anti-saliva IgG subclasses with
the following modifications: sera were incubated overnight at 4 ◦C;
secondary antibodies (goat anti-mouse IgG1 and IgG2a conjugated
with peroxidase, Serotec) were diluted 1:9000 for IgG1 and 1:200
for IgG2a in PBS–Tween and incubated for 45 min and 2 h, respec-
tively. Sera of two  non-exposed and non-infected BALB/c mice were
used as a negative control.

2.8. Detection of anti-L. major antibodies

Anti-L. major IgG antibodies were measured in sera of BALB/c
mice obtained 9 weeks post infection. Stationary promastigotes of L.

major were used as an antigen. Parasites were washed two-times in
saline solution, centrifuged for 8 min  at 2900 × g, counted in Burker
chamber and frozen until used. Microtiter plate wells were coated
with crude L. major promastigotes at a concentration of 107 cells/ml
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t 37 ◦C for 2 h. To block free binding sites, washed wells were incu-
ated with 6% low fat dry milk diluted in PBS–Tween. Mice sera
ere diluted 1:400 in 2% low fat dry milk and incubated for 60 min

t 37 ◦C. Secondary antibodies (goat anti-mouse IgG conjugated
ith peroxidase, Serotec) were diluted 1:1000 in PBS–Tween and

ncubated for 45 min  at 37 ◦C. Reaction was developed and mea-
ured as described above. Similar protocol was used to determine
nti-L. major IgG subclasses with the following modifications: sera
ere incubated overnight at 4 ◦C; secondary antibodies (goat anti-
ouse IgG1 and IgG2a conjugated with peroxidase, Serotec) were

iluted 1:9000 for IgG1 and 1:200 for IgG2a in PBS–Tween and incu-
ated for 45 min  and 2 h, respectively. Sera of the two  non-exposed
nd non-infected BALB/c mice were used as a negative control.

.9. Western blot analysis

P. papatasi and P. duboscqi SGH was separated on 12% SDS–PAGE
el under non-reducing conditions using the Mini-Protean III appa-
atus (BioRad). For the salivary profile, separated proteins of both
olonies (10 and 8.5 salivary glands for P. papatasi a P. duboscqi per
ell, respectively) were stained by silver. For the Western blot anal-

sis, salivary proteins (10 gland pairs per well) were blotted onto
 nitrocellulose membrane (NB) by Semi-Phor equipment (Hoe-
er Scientific Instruments) and NB was cut into strips. The strips

ere then blocked with 5% low fat dry milk in TBS with 0.05%
ween 20 (TBS-Tw) and subsequently incubated with sera diluted
:100 for 1 h. Sera from BALB/c mice immunized 10 times by P. pap-
tasi or P. duboscqi bites or never exposed to sand flies were used
none of those mice were infected by L. major).  Then the strips were
ncubated for 1 h with peroxidase-conjugated goat anti-mouse IgG
Serotec) diluted 1:1000 in TBS-Tw. The chromogenic reaction was
eveloped using a substrate solution containing diaminobenzidine
nd H2O2.

.10. Statistical analysis

The data were analyzed using NCSS 6.0.21 software. Lesion size
evelopment was analyzed by general linear models (GLM) ANOVA
nd Scheffe’s Multiple Comparison Test after data normalization
sing ln(x  + 1) transformation formula. The differences between
nd within groups (parasite load, macrophage activity and antibody
esponse) were determined by the non-parametric Wilcoxon Rank
um Test for Differences in Medians and Wilcoxon Signed-Rank
est for Difference in Medians, respectively. The non-parametric
pearman Rank Correlation Matrix was used to test correlations.
raphPad Prism 5.00 software was used for creating the correlation
raphs.

. Results

.1. Development of L. major infection

The development of L. major infection was monitored in four
roups of mice; mice were followed for 9 weeks after the infection
y measuring the ear lesion size, by quantification of Leishmania
arasites in the ear dermis and in the draining lymph nodes, and
y detection of IgG antibodies against L. major antigens (Fig. 2).

Importantly, since week 5, both immunized groups revealed
ignificantly smaller Leishmania lesions when compared to the
ontrols (p < 0.05) (Fig. 2A,B). Since the same week, no significant
ifference was detected between control groups. On the other hand,
he differences were found between the immunized groups, for
ost of the time points with EXP + P. pap group having smaller
esion sizes than EXP + P. dub.

Nine weeks after infection, the inoculated ears and the cor-
esponding draining lymph nodes of all mice were sampled and
ica 144 (2015) 9–18

Leishmania burden was quantified using qPCR. In EXP + P.pap group,
a significant reduction in the amount of the Leishmania parasites
(p < 0.05) was  detected, when compared to nEXP + P.pap group;
fivefold in the inoculated ears and threefold in the draining lymph
nodes (Fig. 2C,D). Similar results were achieved comparing the
EXP + P.dub and nEXP + P.dub groups (p < 0.05); the parasite burden
in the draining lymph nodes was 11-fold reduced in the immunized
group and the same trend was  observed also in the inoculated ears,
although the difference was not significant (p = 0.064) (Fig. 2C,D).
Moreover, the cumulative parasite load (the sum of parasites in
the inoculated ear and in the draining lymph node) was  also
significantly reduced (p < 0.05) in both immunized groups, when
compared to the either control group (data not shown). No signif-
icant difference in the amount of Leishmania parasites was  found
between the immunized groups, or the controls. Importantly, posi-
tive correlation was detected between the ear lesion size measured
in the ninth week after infection and parasite burden in the inoc-
ulated ear (� = 0.781; p < 0.05) (Fig. 2F) as well as between the
number of Leishmania parasites in the inoculated ear and in the
draining lymph node (� = 0.381; p < 0.05) (Table S1).

Supplementary material related to this article found, in
the online version, at http://dx.doi.org/10.1016/j.actatropica.
2015.01.005.

The IgG antibodies against L. major were measured in the sera
of mice in the ninth week after the infection as a marker of dis-
ease severity. No significant difference was found between the two
immunized groups (EXP + P.pap and EXP + P.dub). However, signif-
icantly lower levels of specific antibodies (p < 0.05) were detected
in the EXP + P.pap group, when compared to the nEXP + P.pap
group (Fig. 2E). Although insignificantly, similar trend was observed
between the group infected together with heterologous antigen
(EXP + P.dub) and its control (nEXP + P.dub). Importantly, positive
correlation was  found between the levels of anti-L. major IgG and
the Leishmania lesion size in the ears (� = 0.583; p < 0.05) (Fig. 2G)
as well as between the levels of specific antibodies and the number
of parasites in the inoculated ears (� = 0.619; p < 0.05) (Table S1).

Furthermore, we  also determined levels of specific IgG2a and
IgG1 antibodies. Anti-L. major IgG1 antibodies were the dominant
IgG subclass, whereas IgG2a remained near the background lev-
els of the negative control. No significant difference was detected
between the groups for either IgG subclasses or the IgG1:IgG2a ratio
(Fig. S1).

Supplementary material related to this article found, in
the online version, at http://dx.doi.org/10.1016/j.actatropica.
2015.01.005.

3.2. Macrophage activities

The activity of macrophages obtained by the peritoneal lavage
was determined by measuring the production of nitric oxide (NO)
(marker of classically activated macrophages), urea (marker of
alternatively activated macrophages), and cytokine production in
the ninth week after infection (Figs. 3 and 4).

No significant difference in the production of NO was detected
between the groups (Fig. 3A). Differences in urea production
were observed between the two groups challenged together
with P. duboscqi saliva; EXP + P.dub produced approximately
threefold more urea (p < 0.05) than nEXP + P.dub, both when
the macrophages were stimulated with LPS and IFN-� and in
macrophages without any stimulation (Fig. 3B). A similar trend in
urea production was  observed in the exposed and non-exposed
groups (EXP + P.pap compared to nEXP + P.pap and EXP + P.dub

compared to nEXP + P.dub) incubated with Leishmania parasites.

When compared to nEXP + P.pap group, macrophages from
the EXP + P.pap group produced significantly higher amount
of TNF-� and lower amounts of IL-10 after stimulation with

http://dx.doi.org/10.1016/j.actatropica.2015.01.005
http://dx.doi.org/10.1016/j.actatropica.2015.01.005
http://dx.doi.org/10.1016/j.actatropica.2015.01.005
http://dx.doi.org/10.1016/j.actatropica.2015.01.005
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Fig. 2. Development of Leishmania infection. Kinetics of L. major infection was  studied in four groups of BALB/c mice. Two groups of mice immunized by P. papatasi bites
(EXP,  open marks) and two control non-immunized groups (nEXP, full marks) were infected with L. major promastigotes along with either P. papatasi SGH (EXP + P.pap,
nEXP  + P.pap; circles) or P. duboscqi SGH (EXP + P. dub, nEXP + P.dub; triangles). The development of Leishmania lesion size was measured weekly for 9 consecutive weeks
(A).  The ninth week after the infection, photos of the representative inoculated ears were taken (B), parasite burdens in the inoculated ears (C) as well as in corresponding
draining lymph nodes (D) were determined using qPCR, and anti-L. major antibodies in the sera were measured using ELISA (E). Data are summarized from three independent
experiments. Positive correlation was achieved between the lesion size and the amount of parasites in the inoculated ear (F) and between the lesion size and the levels of
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he  means.

eishmania parasites (p < 0.05) (Fig. 4). In the groups chal-
enged together with P. duboscqi salivary gland homogenate, the
roduction of TNF-� and IL-10 was comparable (Fig. 4). Sig-
ificant differences (p < 0.05) in tested cytokines were recorded
etween the non-exposed groups after incubation with Leishmania

romastigotes; the nEXP + P.dub group produced significantly
ore TNF-� and significantly less IL-10 compared to group

EXP + P.pap. No differences were found between the exposed
roups (EXP + P.pap compared to EXP + P.dub) (Fig. 4).
ference (p < 0.05) in the lesion size in the individual weeks between P.dub groups
unized groups (EXP + P.pap versus EXP + P.dub), respectively. Significant differences
) between indicated groups. In all graphs, vertical bars represent standard errors of

3.3. Anti-saliva antibody response

As a marker of exposure, the anti-P. papatasi and anti-P.
duboscqi saliva IgG were measured in sera of mice of all four
groups.
Two  exposures to P. papatasi females did not result in signif-
icantly increased levels of anti-P. papatasi IgG or anti-P. duboscqi
IgG at T2 (Fig. 5A,B). However, 9 weeks later, at T3, there was
a significant increase of anti-P. papatasi and anti-P. duboscqi
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Fig. 3. Effect of sand fly saliva on the macrophages activity. BALB/c mice were
exposed to P. papatasi bites (EXP) or left non-exposed (nEXP). Mice were then
infected with L. major promastigotes along with either P. papatasi (EXP + P.pap,
nEXP + P.pap) or P. duboscqi (EXP + P.dub, nEXP + P.dub) SGH. The activity of
macrophages obtained by the peritoneal lavage in the ninth week after infection
was  determined by production of nitric oxide using Griess reaction (A) and by pro-
duction of urea using Arginase assay (B). Obtained macrophages were incubated
alone (neg) or stimulated ex vivo by combination of IFN-� and LPS, or with Leishma-
n
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a significant difference particularly within the 10–50 kDa range

F
m
l
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D
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ia major promastigotes (Leish). * Indicates significant difference (p < 0.05) between
roups. Vertical bars represent standard errors of the means.

ntibodies (p < 0.05) in both exposed groups (EXP + P.pap and
XP + P.dub) (Fig. 5A,B).

At T3, EXP + P.pap as well as EXP + P.dub mice produced sig-

ificantly higher levels of anti-P. papatasi IgG antibodies (p < 0.05,

 < 0.01, respectively) compared to the relevant non-exposed
roups. The levels of specific antibodies in the two exposed groups

ig. 4. Cytokine production of the peritoneal macrophages. BALB/c mice were exposed to
ajor  promastigotes along with either P. papatasi (EXP + P.pap, nEXP + P.pap) or P. dubosc

avage in the ninth week after infection and stimulated by combination of IFN-� and LPS 

timulation were used as the negative control (Neg). The production of TNF-� (A) and I
ata  are stated in the stimulation index form; the cytokine absorbance was  divided by the
ertical bars represent standard errors of the means.
ica 144 (2015) 9–18

were comparable throughout whole study. Comparison of the
sera of the non-exposed groups from the last sampling point (T3)
revealed that nEXP + P.pap presented significantly higher levels of
anti-P. papatasi IgG (p < 0.05) than nEXP + P.dub group (Fig. 5A).

When comparing the production of anti-P. duboscqi antibodies
between the non-exposed groups in the ninth week after infec-
tion, the nEXP + P.dub sera possessed significantly higher levels of
specific IgG (p < 0.05) than the nEXP + P.pap group (Fig. 5B). No sig-
nificant difference in the levels of specific antibodies was detected
between the exposed groups, although a trend towards higher pro-
duction in EXP + P.dub group was  observed at T3.

A negative correlation was found between the levels of anti-P.
papatasi IgG at T3 and the number of L. major parasites in the drain-
ing lymph node (� = -0.548; p < 0.01) as well as between the levels
of anti-P. papatasi IgG and the size of ear lesion (� = -0.406; p < 0.05)
(Table S1).

Furthermore, we also determined specific IgG2a and IgG1 anti-
bodies. Since we did not detect any significant difference in the
production of total anti-saliva IgG between pre-immune sera (T1)
and sera after the second exposure (T2), the IgG1 and IgG2a anti-
bodies were measured only in T3 samples. Anti-P. papatasi IgG1
antibodies were the dominant IgG subclass in exposed groups,
whereas IgG2a remained near the background level of the negative
control (Fig. 5C). EXP + P.pap as well as EXP + P.dub mice produced
significantly higher anti P. papatasi IgG1 antibodies (p < 0.01) com-
pared to the appropriate non-exposed groups (Fig. 5C). The levels
of IgG1 and IgG2a in the two exposed as well as the non-exposed
groups were comparable (Fig. 5C).

No significant difference in the production of anti-P. duboscqi
IgG1 and IgG2a antibodies was  detected between the groups, albeit
the trend of higher IgG1 production in exposed groups was  also
observed (Fig. 5D).

3.4. Cross-reactivity of P. papatasi and P. duboscqi salivary
antigens

The protein profile of P. papatasi and P. duboscqi salivary glands
was studied using SDS–PAGE. In P. papatasi and P. duboscqi saliva,
11 and 13 prominent protein bands, respectively, were visualized
using silver staining. Comparison of both salivary profiles revealed
(Fig. 6A).
To test the cross-reactivity of anti-P. papatasi and anti-P.

duboscqi antibodies, Western blot analysis was performed using

 P. papatasi bites (EXP) or left non-exposed (nEXP). Mice were then infected with L.
qi (EXP + P.dub, nEXP + P.dub) SGH. Macrophages were obtained by the peritoneal

(IFN-� + LPS) or Leishmania major promastigotes (Leish). Macrophages without any
L-10 (B) was determined from the supernatant collected after 72 h of incubation.

 negative control value.* indicates significant difference (p < 0.05) between groups.



T. Lestinova et al. / Acta Tropica 144 (2015) 9–18 15

Fig. 5. Anti-sand fly saliva antibody response. BALB/c mice were exposed to P. papatasi bites (EXP) or left non-exposed (nEXP). Mice were then infected with L. major
promastigotes along with either P. papatasi (EXP + P.pap, nEXP + P.pap) or P. duboscqi (EXP + P.dub, nEXP + P.dub) SGH. IgG against saliva of P. papatasi (A) and P. duboscqi
(B)  were measured in sera of mice at three time points: before sand fly exposure (T1), after the last sand fly exposure (T2), and in the ninth week post infection (T3). IgG1
and  IgG2a against saliva of P. papatasi (C) and P. duboscqi (D) were measured at T3. Symbols are used as follows: # indicates significant difference (p < 0.05) in production of
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era of mice repeatedly bitten by either P. papatasi or P. duboscqi. In
oth sand fly species, strong reaction was observed in the samples
ested against homologous antigen (Fig. 6B). The sera of mice bitten
y P. papatasi recognized 8–11 P. papatasi salivary proteins within
0–50 kDa range. Similar reactivity was observed in sera of mice
itten by P. duboscqi; they also reacted with 8–11 P. duboscqi sali-
ary antigens of the same molecular weights (Fig. 6B). Substantial
ross-reactivity was observed among both sand fly species when
ested by reaction with heterologous antigen; however the reac-
ions were less intense compared to homologous antigen. Sera of

ice bitten by P. duboscqi recognized 6 out of 11 P. papatasi protein
ands (of approximately 12, 22, 23, 28, 29, and 32 kDa) (Fig. 6B),
hile sera of mice bitten by P. papatasi recognized only three P.

uboscqi antigens, of about 15, 23, and 38 kDa (Fig. 6B).

. Discussion

This study demonstrates for the first time the cross-protective
ffect between saliva of two closely related Phlebotomus species:
. papatasi and P. duboscqi, both the natural vectors of L. major.  In
ccordance with previous studies (Belkaid et al., 1998; Kamhawi
t al., 2000), mice immunized by P. papatasi saliva were pro-

ected against L. major infection co-inoculated with P. papatasi
alivary gland homogenate. It was reflected in significantly smaller
ar lesion size and lower number of Leishmania parasites in
he inoculated ear as well as in the draining lymph node. The
ence (p < 0.05) between groups within the same time point. Vertical bars represent

course of infection in mice exposed to P. papatasi sand flies but
infected together with P. duboscqi SGH was similar. Herein, the
cross-protective effect was demonstrated by significantly smaller
ear lesion size which corresponded to lower number of Leishmania
parasites in the draining lymph node with trend to lower number
of parasites also in the inoculated ear. Importantly, when com-
pared to P. papatasi-challenged group, there was no difference in
parasite load in the inoculated ear and draining lymph node or
anti-Leishmania IgG level.

It has been shown that the prior exposure of mice to P. papatasi
saliva attracts several immune cells to the bite site and pro-
motes the Th1-derived immune milieu capable of effective defense
against L. major co-inoculated with sand fly saliva or transmitted
by sand fly bite (Belkaid et al., 1998; Kamhawi et al., 2000). On the
other hand, the Th2 type inducing saliva, for example of Lu. inter-
media,  failed to protect against challenge comprised of L. brasiliensis
and homologous saliva (de Moura et al., 2007). Therefore, in addi-
tion to the course of infection, we also tested several aspects of
cellular and humoral immunity in the infected mice.

The peritoneal macrophages were employed to study the sys-
temic immune response. Although the protective effect elicited
by the P. papatasi bite was observed in both exposed groups, the

cytokine profile of peritoneal macrophages (PM�)  was affected
only in the group challenged in the presence of homologous anti-
gen. In this group, the production of the proinflammatory cytokine
TNF-�, was enhanced, whereas the production of IL-10, the
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Fig. 6. Cross-reactivity of P. papatasi and P. duboscqi salivary antigens. Salivary pro-
teins of P. papatasi (PAP) and P. duboscqi (DUB) were separated under non-reducing
conditions by SDS–PAGE electrophoresis and silver staining was used to compare the
salivary profiles of both species (A). Western blot analysis (B) was  performed with
sera of BALB/c mice experimentally bitten by P. papatasi (P1, P2) or by P. duboscqi
(D1, D2). Serum from a naive mouse was used as the negative control (N). Molec-
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lar weight standard (ST), stained by silver, for protein profile and by amido black
or  western blot analysis, labeled with the corresponding molecular weights are
ndicated (kDa).

nti-inflammatory cytokine, was significantly suppressed. These
ata suggest similar polarization of the cytokine production by
M� as described for dermal macrophages isolated from protected
ice (Belkaid et al., 1998). The absence of such polarization in the

xposed group challenged together with P. duboscqi SGH might be
xplained by the fact that the immunity elicited by the P. papatasi
ites was probably not fully boosted by P. duboscqi whose salivary
roteins might have different T-cell epitopes. Nonetheless, further
tudies are needed to clarify this phenomenon.

Besides the cytokine expression, macrophages also play a
rucial role in the establishment of Leishmania infection by pro-
essing L-arginine to the nitric oxide, the molecule produced
y classically activated macrophages necessary to kill Leishma-
ia amastigotes (Green et al., 1990). Alternatively, L-arginine is
rocessed to the ornithine and urea, the molecules produced by
lternatively activated macrophages that support Leishmania pro-
iferation (reviewed in Horta et al. (2012)). Seemingly contradictory
esults were obtained in our study. The production of nitric oxide
as not increased in the protected group when compared to the

ontrol one, but the opposite trend was observed. Conversely,
he urea production was enhanced in exposed group. To our best
nowledge, there are no comparable studies describing the effect of
. papatasi saliva on nitric oxide and urea production in repeatedly
xposed host, however, several studies were performed on naive
ice (Hall and Titus, 1995; Katz et al., 2000; Mbow et al., 1998;
aitumbi and Warburg, 1998). Mbow et al. (1998) described the

ssociation between the course of L. major infection and the expres-
ion of iNOS. They showed that the enhancing effect observed in
aive mice infected together with P. papatasi saliva corresponds

o the inhibition of iNOS gene expression but only until day 28
.i. Since then, the expression of iNOS mRNA corresponded with
he amount of Leishmania parasites in tissues (Mbow et al., 1998).
urthermore, Blos et al. (2003) demonstrated that iNOS dependent
ica 144 (2015) 9–18

macrophage cytotoxicity is utilized mainly in the early phase of
Leishmania infection, whereas in the chronic phase the defense of
macrophages relies mostly on NADPH oxidase-catalysed reactions.
Our results are in accordance with these findings; as the PM� were
taken at week 9 post infection we suppose that the higher pro-
duction of urea and decreased production of NO in both groups of
protected mice might be ascribed to the sampling time of PM�.
Although the time point was chosen with respect to the Leishma-
nia lesion development, to better elucidate the association between
protective effect and macrophage activity, it might be beneficial to
focus further studies on early phase of Leishmania infection.

Conversely to the cellular immunity, the anti-Leishmania anti-
body response is likely not employed in the protection against
leishmaniasis; however, the antibodies can serve as the indicator
of infection severity (Miles et al., 2005; Rohousova et al., 2011). The
production of anti-Leishmania IgG is linked with the formation of
immune complexes responsible for the aggravation of Leishmania
infection (Kima et al., 2000; Miles et al., 2005) as well as with the
production of IL-10 (Miles et al., 2005). This complies well with our
results as anti-Leishmania IgG levels were lower in exposed groups
compared to non-exposed ones and positively correlated with the
Leishmania lesion size as well as with the amount of parasites in
the lesion. In accordance with previous studies (Ebrahimpoor et al.,
2013), we showed the dominancy of IgG1 over the IgG2a subclass
in BALB/c mice, indicating ongoing Th2 immune response; no dif-
ferences between the groups were observed.

Sand fly salivary antigens are known to induce specific antibody
response in experimentally bitten animals (Volf and Rohousová,
2001), as well as in humans (Gomes et al., 2002; Rohousova et al.,
2005) and wild animals (Gomes et al., 2007; Martín-Martín et al.,
2014). This antibody response can be utilized as a marker of expo-
sure (reviewed in Gomes and Oliveira (2012)). In our experiments,
we did not detect any significant difference in production of anti-P.
papatasi saliva IgG between pre-immune sera and sera obtained
after the second exposure. In contrast, in the ninth week post infec-
tion, both exposed groups produced around 2.5-fold more anti-P.
papatasi IgG compared to non-exposed groups and over three-
fold higher levels than the pre-immune sera. These findings are in
accordance with our recent study (Vlkova et al., 2012), where the
antibody levels did not significantly increase till the fourth week
since the first exposure but once elevated, they persisted in the
murine sera for more than 20 weeks after the last exposure (Vlkova
et al., 2012).

Similar to other studies (Silva et al., 2005; Vlkova et al., 2012),
IgG1 was  the dominant IgG subclass in exposed groups; however
only anti-P. papatasi antibodies were found significantly elevated
compared to non-exposed groups, suggesting certain level of
antigenic species-specificity between P. papatasi and P. duboscqi
salivary proteins. IgG1 is also dominant in mice immunized with
salivary gland homogenate (de Moura et al., 2007; Oliveira et al.,
2006), indicating that saliva and SGH elicit similar type of antibody
response in immunized mice.

Salivary antigens of sand flies are mostly species-specific with
possible cross-reactions occurring only between closely related
species (Drahota et al., 2009; Rohousova et al., 2005; Thiakaki
et al., 2005; Volf and Rohousová, 2001). However, sharing sim-
ilar salivary antigens is one of the conditions required for the
successful cross-protection against Leishmania infection. Thus Lut-
zomyia longipalpis saliva did not mediate cross-protection against
L. amazonensis challenge together with saliva of phylogenetically
distant species, P. papatasi and P. sergenti (Thiakaki et al., 2005).
In contrast, the cross-protective effect was  demonstrated between

the Lutzomyia species; Lu. longipalpis and Lu. intermedia,  vectors
of L. brasiliensis.  The golden hamsters immunized with Lu. longi-
palpis SGH or with a DNA plasmid coding LJM19 salivary protein
were protected against L. brasiliensis infection in the presence
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f Lu. intermedia saliva with reduced number of parasites in the
noculated ear and in the draining lymph node (Tavares et al.,
011). In accordance with the aforementioned rules for effec-
ive cross-protectivity, we observed cross-reactivity between P.
apatasi and P. duboscqi salivary antigens using sera of hyper-

mmunized mice. This cross-reactivity was observed despite the
ifferences in the saliva composition between both species (Kato
t al., 2006; Volf et al., 2000), but was likely efficient enough to
rovide the protective effect to the mice infected together with
eterologous antigen.

In conclusion, this is the first study showing the cross-protection
n P. papatasi-exposed mice challenged with L. major in the presence
f P. duboscqi saliva. The cross-protective effect suggests that the
nti-Leishmania vaccine based on P. papatasi salivary proteins could
e applicable also in sub-Saharan endemic areas where L. major

s transmitted by P. duboscqi. Moreover, similar cross-protection
ight be possible also between other closely related sand fly

pecies such as Larroussius species responsible for transmission of L.
nfantum in Mediterranean basin. We  would like to further analyze
mmune mechanisms of this cross-protective phenomenon using a
and fly bite challenge model that mimic  more closely the natural
ay of Leishmania transmission.
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