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Abstract

Background

During a blood meal, female sand flies, vectors of Leishmania parasites, inject saliva into

the host skin. Sand fly saliva is composed of a large variety of components that exert differ-

ent pharmacological activities facilitating the acquisition of blood by the insect. Importantly,

proteins present in saliva are able to elicit the production of specific anti-saliva antibodies,

which can be used as markers for exposure to vector bites. Serological tests using total

sand fly salivary gland extracts are challenging due to the difficulty of obtaining reproducible

salivary gland preparations. Previously, we demonstrated that PpSP32 is the immunodomi-

nant salivary antigen in humans exposed to Phlebotomus papatasi bites and established

that humans exposed to P. perniciosus bites do not recognize it.

Methodology/Principal Findings

Herein, we have validated, in a large cohort of 522 individuals, the use of the Phlebotomus
papatasi recombinant salivary protein PpSP32 (rPpSP32) as an alternative method for test-

ing exposure to the bite of this sand fly. We also demonstrated that screening for total anti-

rPpSP32 IgG antibodies is sufficient, being comparable in efficacy to the screening for

IgG2, IgG4 and IgE antibodies against rPpSP32. Additionally, sera obtained from dogs

immunized with saliva of P. perniciosus, a sympatric and widely distributed sand fly in
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Tunisia, did not recognize rPpSP32 demonstrating its suitability as a marker of exposure to

P. papatasi saliva.

Conclusions/Significance

Our data indicate that rPpSP32 constitutes a useful epidemiological tool to monitor the spa-

tial distribution of P. papatasi in a particular region, to direct control measures against zoo-

notic cutaneous leishmaniasis, to assess the efficiency of vector control interventions and

perhaps to assess the risk of contracting the disease.

Author Summary

Leishmaniasis results from an infection by Leishmania parasites that are transmitted
through the bites of infected sand flies. This disease affects millions of people worldwide.
Zoonotic cutaneous leishmaniasis is widespread in Central Tunisia and constitutes an
actual public health problem. Leishmania major, the etiological agent, is transmitted by
the sand fly vector Phlebotomus papatasi. Saliva of sand flies contains several pharmaco-
logically active components that play a key role in the acquisition of the blood meal and
the establishment of the parasites, thus enhancing the infection. Some of these molecules
are able to elicit the production of specific antibodies, which can be used as markers of
exposure to the vector’s bite. Herein, using a large cohort of individuals, we have validated
the use of P. papatasi recombinant salivary protein PpSP32 (rPpSP32) as an alternative
method to standard entomological studies for testing exposure to the bite of this sand fly
in humans. rPpSP32 represents a promising epidemiological tool to monitor the spatial
distribution of P. papatasi, direct control measures against zoonotic cutaneous leishmania-
sis, evaluate the efficiency of vector control interventions and potentially assess the risk of
contracting the disease.

Introduction
Leishmaniasis affects millions of people worldwide. It is a heterogeneous group of diseases
caused by Leishmania parasites. Zoonotic cutaneous leishmaniasis (ZCL) is the most prevalent
form in North Africa and is widespread in Central Tunisia. With an annual incidence of
~5,000 cases, it constitutes an actual public health problem [1, 2]. Leishmania major, an Old
World Leishmania species is the etiological agent which is transmitted by the sand fly vector,
Phlebotomus (P.) papatasi [3].

As they bite mammalian host skin, phlebotomine sand flies inject a range of salivary mole-
cules that facilitate blood meal acquisition [4]. Moreover, the co-inoculation of Leishmania
parasites with saliva during an infected bite enhances disease progression through the action of
immunomodulatory molecules [5–7].

Humans and animals exposed to sand fly bites or experimentally immunized with saliva
develop antibodies that specifically target most sand fly salivary proteins [8–17]. The level of
anti-saliva antibodies has been frequently correlated not only to the number of bites received
[9–11, 15] but also to the risk of acquiring leishmaniasis, particularly cutaneous forms of the
disease [16–17]. Thus, antibodies directed against sand fly saliva have been proposed as useful
epidemiological markers of vector exposure in leishmaniasis endemic areas [12, 13, 18–20].
Serological tests using total sand fly salivary gland extracts to assess vector exposure are
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challenging due to the difficulty of obtaining large and reproducible salivary gland prepara-
tions. Another limitation is the potential lack of specificity. Antibodies generated against saliva
of a particular species may cross react with salivary protein homologues present in different
species [21–22]. Thus, the use of recombinant proteins exhibiting predominant species-speci-
ficity may overcome such issues [11, 12, 19, 23, 24].

We have recently identified PpSP32 as the immunodominant salivary protein from P. papa-
tasi saliva as this protein is targeted by antibodies in the majority of people living in an endemic
area of ZCL in Tunisia. We have also established that humans bitten by P. perniciosus, the vec-
tor of Leishmania infantum (L. infantum) in Tunisia do not recognize PpSP32 although this
species is abundant in areas where P. papatasi is prevalent. Moreover, we have demonstrated
the suitability of using the recombinant form of this protein in a serological test [24].

Herein, we aimed to validate the use of the recombinant salivary protein PpSP32 (rPpSP32)
as a suitable marker of human exposure to P. papatasi bites in a large cohort of 522 individuals.
Altogether, our results substantiate the use of this protein as a promising epidemiological tool
for accurate monitoring of exposure to P. papatasi, the vector of ZCL in Tunisia.

Methods

Ethics statement
The Ethics Committee of the Pasteur Institute of Tunis approved the study (protocol number
07–0018). For the collection of blood samples and subsequent analyses, parents/guardians pro-
vided written informed consent on behalf of all child participants.

All animal procedures were reviewed and approved by the National Institute of Allergy and
Infectious Diseases (NIAID) Animal Care and Use Committee under Animal protocol
LMVR7E and handled in accordance to the Guide for the Care and Use of Laboratory Animals
and with the NIH OACU ARAC guidelines.

Salivary glands from Tunisian Phlebotomus papatasi and Phlebotomus
perniciosus
Phlebotomus papatasi salivary glands were obtained from colonized 3 to 5 days old females
originating from an endemic focus of ZCL, El Felta, located in Sidi Bouzid Governorate in Cen-
tral Tunisia (North Africa) as previously described [24, 25]. Phlebotomus perniciosus (200 flies)
were collected from an endemic area of visceral leishmaniasis in Zaafaran, a city in the Kef
Governorate (North Western Tunisia). Sand flies were captured using CDC miniature light
traps placed in animal shelters. Unfed P. perniciosus females were dissected to provide salivary
glands. The unfed status was based on the absence of blood meal.

For salivary glands dissection, the head was cleanly severedfrom the thorax by crossing two
fine entomological pins. The salivary glands, visible astwo oval luminescent lobes attached to
the head, were released and transferred to a tube containing phosphate buffered saline (PBS),
then disrupted by 3 freezing and thawing cycles as previously described [24]. The supernatants
were stored in 10% glycerol at a concentration of 200 glands/ml at -80°C until use.

Study population and samples
Peripheral blood samples were collected from 522 children (age range 7–21 years, median 13
years) during a cross sectional household survey carried out between January and May 2009.
The donors were living in five localities in Central Tunisia endemic for ZCL caused by L.major
and characterized by the abundance of P. papatasi [26]. The localities, as described by Bettaieb
et al. [27] share the same topography and climate and are located in two adjacent governorates,
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Sidi Bouzid and Kairouan in the arid zone of Tunisia. One hundred and thirty three children
were fromMnara, 134 from Ksour, 104 from Dhouibet, 74 fromMbarkia and 77 fromMsaa-
dia. All donors were part of the Tropical Medicine Research Centers (TMRC) study entitled
“Key Determinants of the Natural History Of Leishmania major Infection”. Details of the
endemic areas and several clinical and biological parameters pertaining to the donors such as
the presence of typical scars or anti-Leishmania delayed type hypersensitivity skin test have
been collected.

Study design
The study design consisted of four phases (Fig 1).

The first phase has been previously performed [24] on 66 serum samples obtained from
children living in two localities (El Guettar and Souk Ejdid) in Central Tunisia corresponding
to the endemic area 1. It was shown that rPpSP32 was strongly recognized by people naturally
exposed to P. papatasi bites suggesting the suitability of using this protein in a serological test
to monitor exposure to P. papatasi bites.

Here, we completed the remaining three phases of the study. The second phase of the study
consisted of the validation of this serological test as a marker of vector exposure in a new popu-
lation survey (Endemic area 2) using the Receiver-Operator Characteristic (ROC) curves and
serology against total salivary gland extract (SGE) as the gold standard. In fact, the serum

Fig 1. Study design.Our study was divided in four phases. The first phase, an ELISA test previously
performed on 66 serum samples from children living in central regions of Tunisia (endemic area 1), indicated
that rPpSP32 may be a suitable marker of exposure to Phlebotomus papatasi bites [12]. The second phase
consisted of the validation of this serological test as a marker of vector exposure in a larger cohort in a new
population (522 donors from endemic area 2). The third phase of the study consisted of improvement of the
performance of the serological test by assessing the anti-rPpSP32 IgG subclasses (IgG4 and IgG2) and IgE
antibody response by ELISA or the presence of IgG anti-rPpSP32 byWestern-blot. This phase was
performed on 176 representative sera selected from the 522 new donors. In the last phase of the study, the
specificity of the rPpSP32 serological test was assessed by testing the reactivity of sera obtained from dogs
exposed to bites of P. perniciosus bites against either rPpSP32 or P. papatasi salivary gland extract.

doi:10.1371/journal.pntd.0003991.g001
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samples obtained from 522 donors living in the five localities detailed above have been tested
against SGE of P. papatasi and 209 were positive while 313 were negative. The cut-off value of
the anti-SGE enzyme-linked immunosorbent assay (ELISA) was 0.404 and was established as
previously described [17]. The ROC curves have been used to identify the effectiveness of
rPpSP32 for the identification of anti-SGE antibody positivity. They led us to determine cut-
offs combining highest sensitivity and specificity for this discrimination.

The third phase of the study, undertaken on a set of serum samples obtained from donors of
the endemic area 2, investigated whether the performance of the serological test can be
improved by assessing the anti-rPpSP32 antibody response in different IgG subclasses (IgG4,
IgG2) and IgE by ELISA or the presence of IgG anti-rPpSP32 by Western-blot. For comparison
of the performance of antibody subclasses and IgE using an anti-rPpSP32 ELISA, 176 represen-
tative sera were selected from the 522 initial samples. In this representative subgroup, positive
sera (107 samples) were selected so that they cover the different range of positivity found
within the initial samples.

In the final phase of the study, we tested the specificity of rPpSP32 to saliva of P. papatasi by
analyzing the reactivity of sera from dogs immunized with bites of P. perniciosus, the vector of
visceral leishmaniasis due to L. infantum, a species that occurs sympatrically with P. papatasi
in parts of Tunisia.

Detection of human IgG anti-SGE and anti-rPpSP32 antibody
Specific IgG anti-saliva and anti-rPpSP32 antibodies were measured by ELISA as previously
described [17, 24]. Briefly, the wells were coated overnight with SGE from P. papatasi or P. per-
niciosus (0.5 glands per well = 0.25μg/well) or rPpSP32 (2μg/ml = 0.1μg/well) in 0.1M carbon-
ate-bicarbonate buffer (pH 9.6) at 4°C. After washing and blocking free binding sites for 1 hour
at 37°C with PBS-Tween-0.5% gelatin, sera diluted at 1:200 were incubated for 2 hours at 37°C.
After washing, peroxidase-conjugated anti-human IgG antibody (Sigma, St. Louis, MO) was
incubated for 1 hour at 37°C. Tetramethylbenzidine (TMB) (BD Biosciences, San Diego, CA)
was then used to visualize antibody-antigen complexes. The absorbance was measured at 450
nm wavelength using an automated ELISA reader (Awareness Technology Inc, Palm City, FL).

Detection of human IgG subclasses (IgG2, IgG4) and IgE anti-rPpSP32
antibodies by ELISA
Specific IgG2, IgG4 and IgE antibodies against rPpSP32 were measured using ELISA. The opti-
mal conditions of antigen concentration as well as sample, primary antibody and streptavi-
dine-horseradish peroxidase dilutions were previously determined [17, 24]. The wells coated
with rPpSP32 were incubated with diluted serum samples (1:200) for 2 hours at room tempera-
ture. After 6 washes, biotin-conjugated anti-human IgG isotypes (Sigma) or IgE (BD Biosci-
ences) were incubated at 37°C for 1 hour at a dilution of 1:20,000 for IgG2, IgG4 and 1:250 for
IgE. After 8 additional washes, streptavidin-horseradish peroxidase diluted at 1:15,000 (Amer-
sham, Little Chalfont Buckinghamshire, UK) was added for 30 minutes at 37°C. Antibody-anti-
gen complexes were visualized using TMB (BD Biosciences). The absorbance was measured by
an automated ELISA reader (Awareness Technology Inc.) at 450nm. The cut-off for the assays
was the mean OD of negative controls plus three standard deviations.

Western blot
Recombinant PpSP32 (0.7μg per well) was run on a 15% sodium dodecyl sulfate- polyacryl-
amide gel electrophoresis (SDS-PAGE). The optimal conditions of antigen concentration as
well as sample, primary antibody and streptavidine-horseradish peroxidase dilutions were
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previously determined [24]. After separation the proteins were transferred onto a nitrocellulose
membrane, incubated for 2 hours with blocking buffer containing 5% non-fat milk and then
cut into strips. Each strip was then incubated overnight with human sera diluted at 1:200. After
washing, horseradish peroxidase-linked anti-human IgG antibody (Sigma) was incubated for
1 hour at room temperature. Positive bands were visualized using enhanced chemilumines-
cence (Amersham, Saclay, France).

Exposure of dogs to P. perniciosus bites
Four month-old male Beagles were purchased fromMarshall Farms. Dogs were experimentally
exposed to the bites of 20 P. perniciosus females on the shaved neck four times every two weeks
using custom-made feeders. On average, the percent of fed flies per animal was 44%. Dogs
were bled prior to and after the last exposure to bites. P. perniciosus flies used for these experi-
ments were obtained from a colony that originated from Italy which is currently maintained at
Walter Reed Army Institute of Research (WRAIR). This procedure was previously used in ani-
mals exposed to Lutzomyia longipalpis bites to successfully develop antibodies against sand fly
salivary proteins in dogs [28].

Dog sera, obtained two weeks after the last immunization, were tested for IgG antibodies to
P. perniciosus saliva, P. papatasi saliva and to rPpSP32 using ELISA as described above.

Statistical analysis
Spearman’s rank correlation was used to assess the correlation between the OD of tested sera
obtained by ELISA against recombinant PpSP32 and total SGE. For continuous variables, the
Mann-Whitney U test was used. Receiver operating characteristic (ROC) curves were used to
evaluate the performance of the rPpSP32 as well as IgG subclasses and IgE in the determination
of anti-SGE positivity. The optimal cut-off level identified from the ROC curve was used for
calculation of sensitivity and specificity of SGE and rPpSP32 separately using standard meth-
ods. Statistical significance was assigned to a value of p< 0.05. All Statistical analyses and
graphs were performed using GaphPad Prism v5.0 software.

Results
We have previously demonstrated that PpSP32 is the immunodominant target of the antibody
response to P. papatasi saliva [24]. We have also shown that rPpSP32 behaves similarly to the
native salivary protein and is likely to be a suitable marker of human exposure to P. papatasi
bites and potentially for assessing the risk of developing the disease (Phase 1, Fig 1) [24].
Herein, in the second phase of the study, we have further assessed the effectiveness of rPpSP32
in determining anti-SGE antibodies using a larger cohort of people (n = 522) living in other
endemic areas of ZCL in Tunisia where P. papatasi is prevalent (Fig 1). Such donors were pre-
viously tested for antibodies against P. papatasi SGE and 209 were positive while 313 were neg-
ative. Using rPpSP32 serology, 257 of the tested sera were positive while 265 were negative. A
significant correlation was found between the OD obtained for all the tested donors with
rPpSP32 and those obtained with the total extracts of salivary glands (p< 0.0001, r = 0.544)
(Fig 2). The effectiveness of rPpSP32 as a biomarker of P. papatasi sand fly exposure was esti-
mated by the area under the ROC curve (AUC) established using the SGE ELISA test as a gold
standard. Thus, the serology using rPpSP32 was able to distinguish individuals exposed to P.
papatasi saliva (AUC: 0.813; p< 0.0001) (Fig 3A). The overall performance of the test using
the rPpSP32 was satisfactory with a sensitivity of 80.38% (95% CI: 74.34–85.54) and a specific-
ity of 71.57% (95% CI: 66.22–76.50) when the cut-off value was fixed at 0.21 OD (Fig 3B).
Interestingly, no correlation was found between the level of anti-PpSP32 antibodies and the
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age of the donors (p>0.05). In order to test the performance of the serology in donors with
high and low antibody titers against SGE, we stratified SGE positive cases in quartiles according
to optical density values and calculated discordant results for each quartile (Fig 4). No

Fig 2. Correlation between antibody production against the total extract of saliva (SGE) and the
recombinant form of SP32 (rPpSP32). Sera from five hundred and twenty two donors living in the endemic
area 2 were included. The presence of IgG antibodies against SGE and rPpSP32 was tested by ELISA. Data
were analyzed using Spearman test.

doi:10.1371/journal.pntd.0003991.g002

Fig 3. ROC curve of rPpSP32 antibodies predicting ELISA positivity against SGE. (A) ROC curve was
performed using data of the serology against the rPpSP32 obtained from 209 individuals exhibited anti-SGE
antibodies and 313 who did not. The area under curves (AUC) and the p value of the ROC curve are shown.
(B) Sensitivity and specificity with 95% confidence interval (CI) for different cut-off values are also shown.

doi:10.1371/journal.pntd.0003991.g003
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significant differences were noted in the effectiveness of prediction in individuals with high or
low anti-SGE antibody titers (Fig 4).

To improve the performance of the test, the most frequent IgG subclasses (IgG2, IgG4) and
IgE anti-SGE antibodies were investigated in the sera of a representative set of the endemic
area 2 cohort (n = 176) (Phase 3, Fig 1). The overall performance of the IgG4 rPpSP32 ELISA
test was higher than that of IgG2 or IgE rPpSP32 yet lower compared to the performance of the
total IgG rPpSP32 ELISA (AUC 0.6697 versus 0.7105 and a p = 0.0003566 versus p< 0.0001)
(Fig 5). A significant correlation was found between the OD obtained with IgG rPpSP32 for all
donors and those obtained with IgG4 rPpSP32 (p = 0.0007, r = 0.256), IgG2 rPpSP32
(p = 0.0045, r = 0.215), and IgE rPpSP32 (p = 0.0057, r = 0.209). As IgG rPpSP32 serology was
the most suitable test for use as a marker of P. papatasi exposure, we tested whether we would
increase the performance of the serology using Western blot. Ten serum samples of donors
that exhibited IgG anti-SGE antibodies but that were negative with IgG rPpSP32 ELISA were
tested by Western blot. All sera demonstrated the presence of antibodies against salivary
rPpSP32 protein, thus leading to the recovery of false negatives obtained with the IgG rPpSP32
ELISA (Fig 6).Western blot performed on twenty randomly selected concordant sera that
exhibited SGE+/rPpSP32+ by ELISA showed a similar response confirming the presence of
antibodies to rPpSP32 in all the tested positive sera (Fig 6).

Prior to validating rPpSP32 as a suitable marker of exposure to P. papatasi, we assessed the
specificity of the test by evaluating sera of animals exposed to another sand fly species prevalent
in Tunisia, P. perniciosus (Phase 4, Fig 1). Indeed, PpSP32, the immunodominant target of
P. papatasi saliva, has homologues in at least five other sand fly species (P. argentipes, P. ariasi,

Fig 4. Validation of rPpSP32 as a marker of human exposure to P. papatasi saliva. A total of 522
individuals from endemic area 2 were tested for anti-SGE and anti-rPpSP32 antibodies. The anti-SGE
antibody titers (OD) were grouped into quartiles (Q). For each quartile, the sensitivity, the number of true
positives (TP) and false negatives (FN) are shown. For anti-SGE negative sera, the numbers of true
negatives (TN) and false positives (FP) are indicated.

doi:10.1371/journal.pntd.0003991.g004
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P. perniciosus, P. sergenti and L. longipalpis) [29, 30]. Among them, P. perniciosus is particularly
prevalent in Tunisia while P. sergenti represents only 1% of sand fly species in semi arid areas
[26]. Thus, we exposed dogs to bites of 20 P. perniciosus sand flies and tested the reactivity of
their recovered sera against rPpSP32. Overall, 44% of sand flies bloodfed on each dog per expo-
sure. As shown in Fig 7, sera obtained from dogs exposed to P. perniciosus bites recognized the

Fig 5. ROC curves predicting ELISA positivity against rPpSP32 for IgG, IgG subclasses and IgE.
Levels of IgG, IgG2, IgG4 and IgE antibodies directed against P. papatasi SP32 were studied in serum
samples of 176 representative participants. The area under curves (AUC) and the p value of the ROC curve
are shown.

doi:10.1371/journal.pntd.0003991.g005

Fig 6. Western blot analysis of anti-rPpSP32 IgG antibodies. The recombinant form of PpSP32 was run on a 15%SDS-PAGE gel. Western blot analysis
testing IgG antibodies against rPpSP32 was performed on three groups of randomly selected sera: 10 sera that were positive in an ELISA test for anti-SGE
antibodies and negative for anti-SP32 antibodies (SGE+/SP32-), 20 concordant sera (SGE+/SP32+) and 10 negative samples (SGE-/SP32-). Representative
sera are shown from each group. Dashed line delineates the bands corresponding to PpSP32. The RPN800Emolecular weight (MW) marker (Amersham) was
used.

doi:10.1371/journal.pntd.0003991.g006
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salivary proteins present in P. pernicosus SGE but had no reactivity against rPpSP32 or P. papa-
tasi SGE.

Discussion
The use of insect salivary proteins has become an attractive alternative to measure the exposure
to vectors in humans and animals reservoirs [8, 31, 32]. Salivary proteins of mosquitoes [33],
tsetse flies [34], and triatomine bugs [35] have been successfully used as biomarkers for vector
exposure. For sand flies, the identification of salivary proteins targeted by the humoral response
of humans could help in developing potential epidemiological markers of sand fly exposure in
endemic areas of leishmaniasis [18, 23]. Indeed, monitoring of human antibodies directed
against sand fly saliva may constitute a useful indicator of the spatial distribution of sand flies
in a particular region and be helpful in directing vector control measures. Serological tests
using salivary antigens would, in fact, be more cost-effective to assess the effectiveness of anti-
vector strategy than using entomological methods or measuring the incidence of vector-borne
disease [36]. Furthermore, the presence of a correlation between anti-saliva antibodies and the
risk of leishmaniasis underlies the importance of developing such tests for predicting the risk
of leishmaniasis. However, large-scale serological studies using sand fly salivary gland extracts
are limited by considerable variability in salivary gland stocks [37]. The use of recombinant
sand fly salivary proteins represents an attractive alternative. Accordingly, the yellow proteins
LJM11 and LJM17 have been validated as specific markers of exposure to Lutzomyia (Lu.) long-
ipalpis saliva in humans [19, 23] while the apyrases rSP01B and rSP01 and the yellow protein
rSP03B show promise as markers of canine exposure to P. perniciosus [8, 31].

PpSP32, the main target of the antibody response against saliva of P. papatasi, seems to rep-
resent a good candidate for assessing human exposure to vector bites. Indeed, we have previ-
ously suggested the effectiveness of the recombinant form of PpSP32 in predicting anti-SGE
antibodies using a relatively small sample of individuals (n = 66), in which 42 were positive and
24 were negative for anti-SGE [24]. Herein, by testing a larger cohort of donors (n = 522) living
in different endemic areas of ZCL, we confirmed the positive correlation between the results
obtained using SGE and those obtained using rPpSP32. As attested by the ROC curve, the over-
all performance of the IgG serology was satisfactory. Our data are consistent with those
obtained by Souza et al. when testing the recombinant forms of LJM11 and LJM17 from Lu.
longipalpis in a large cohort of 1077 individuals randomly selected from an area of visceral
leishmaniasis [19]. The effectiveness of using the combined salivary proteins in the prediction

Fig 7. Analysis of cross-reactivity between P. papatasi SP32 and P. perniciosus saliva. The reactivity of immune and pre-immune sera obtained from
dogs exposed to P. perniciosus bites was tested by ELISA against P. perniciosus salivary gland extract (SGE), rPpSP32 or P. papatasi SGE. The threshold
of positivity was calculated as the mean optical density (OD) of pre-immune sera plus 3 standard deviations.

doi:10.1371/journal.pntd.0003991.g007
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of anti-SGE antibody positivity has been assessed using ROC curves that evidenced AUC of
approximately 0.8, a result similar with the one obtained herein.

In an attempt to improve the performance of the IgG ELISA, we tested whether detecting
IgG subclasses and/or IgE antibodies against rPpSP32 would improve the serology perfor-
mance. However, none has performed better than IgG rPpSP32 serology. Importantly, all
tested sera that exhibited anti-SGE antibodies but that were negative for anti-SP32 antibodies
by ELISA reacted against rPpSP32 using the Western blot technique for total IgG anti-
rPpSP32 demonstrating a higher sensitivity compared to ELISA, a result consistent with previ-
ous data for antibodies against total SGE [38]. This suggests that a commercial strip test could
be developed to measure the antibody response towards rPpSP32 by a finger prick capillary
sampling method and the use of a simple auto-reactive strip to which rPpSP32 would be fixed.
This technique would be particularly applicable on the ground in rural zones or for large-scale
epidemiological studies and should provide a useful tool to measure vector-exposure on a large
scale. Such technology, using a specific recombinant protein from L. donovani, has proven to
be a rapid, efficient and easy test in serodiagnosis of visceral leishmaniasis [39].

Altogether, our results show that PpSP32 is a suitable marker of exposure to P. papatasi
bites. However, recombinant molecules that could be used in serology should not react with
antibodies towards salivary proteins of other sympatric sand fly species. Homologues of
PpSP32 are, indeed, present in at least four other sand fly species (P. argentipes, P. ariasi, P. per-
niciosus and Lu. longipalpis) [29]. Among them, only P. perniciosus is prevalent in Tunisia
[26]. In order to test the specificity of our serological test, we have previously tested sera from
people living in one area where P. perniciosus is highly predominant and where P. papatasi is
absent. None of them reacted against rPpSP32 suggesting the specificity of our serological test
towards the SP32 from P. papatasi [24]. Herein, we have confirmed the absence of cross-reac-
tivity between P. papatasi SP32 and P. perniciosus salivary antigens. Indeed, sera obtained from
dogs that were exposed to P. perniciosus saliva through bites did not react against P. papatasi
SP32. Recently, a homologue of PpSP32 (PsSP44 (HM569368)) has been described in another
Phlebotomus species, P. sergenti, subgenus Paraphlebotomus [30]. The probable role of this rare
vector (less than 1% of sand flies in arid regions of Tunisia) [26] in the transmission of L. kill-
icki in Southwestern Tunisia has recently been proposed [40]. Since the reactivity of anti-P. ser-
genti antibodies with P. papatasi SGE is well documented [14], a possible cross-reactivity
between PsSP44 and PpSP32 could not be excluded and should be studied. Nonetheless, for
Tunisia and for practical purposes, the rarity of P. sergenti and the fact that antibodies to
rPpSp32 will not likely recognize the SP32-like protein from P. perniciosus render rPpSP32 a
suitable marker to evaluate P. papatasi exposure. To improve rPpSP32 as biomarker of P. papa-
tasi exposure and to prevent possible cross-reactivity with other Sp32-like protein from sand
fly species evolutionarily close to P. papatasi such P. sergenti, specific immunodominant epi-
topes could be designed from the rPpSP32 sequence using bioinformatics or epitope mapping
approaches. By performing multiple sequence alignment of the Sp32-like proteins from differ-
ent sand fly species, many of whose transcriptomes are available [30], we can exclude select
cross reactive epitopes from PpSP32. A similar approach has been successfully implemented in
salivary proteins from Anopheles mosquitoes [41]. The only drawback of this approach would
be the possible exclusion of conformational epitopes.

The use of insect salivary proteins as markers of vector exposure is an area of research that
is expanding to encompassing various vectors of disease including sand flies. The immuno-
genic nature of some of the salivary proteins present in vectors of disease makes them ideal
candidates as tools to develop practical biomarkers of vector exposure. In this work, we have
validated the use of a salivary protein that is highly immunogenic in humans, named rPpSP32,
as a suitable biomarker to evaluate the exposure to P. papatasi sand flies in humans. As was
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achieved for other vectors of disease, rPpSP32 has the potential to be used in epidemiological
studies to assess the risk of contracting vector borne-diseases, in this case ZCL. In our cohort,
the number of new ZCL cases recorded during the two year follow-up was, however, insuffi-
cient to perform statistical tests to substantiate this claim. Yet, rPpSp32 could be used to practi-
cally monitor the spatial distribution of P. papatasi sand flies in conjunction with the study of
reservoirs and entomological surveys. Importantly, rPpSP32 can be useful to assess the value of
vector control measures. The success of such an approach has been demonstrated for biomark-
ers of vector saliva for assessment of the efficacy of insecticide impregnated nets [20, 42].

Acknowledgments
We thank the donors who agreed to collaborate in our study. We also thank Pr Elyes Zhioua
for having supplied us with P. papatasi salivary glands and Dr. Ikram Guizani for her help in
providing P. perniciosus flies used in ELISA tests. We are finally grateful to Dr. Phillip G. Law-
yer and the Entomology Department at WRAIR for supplying us with P. perniciosus sand flies
used in dog experiments.

Author Contributions
Conceived and designed the experiments: SMWKR HL JGVMBA. Performed the experi-
ments: SMWKRMA SHK RA HA. Analyzed the data: SMWKR JB SHK RA JGVMBA. Con-
tributed reagents/materials/analysis tools: JB JC. Wrote the paper: SMWKR JB SG SK ABS HL
JGVMBA.

References
1. Aoun K, Amri F, Chouihi E, Haouas N, Bedoui K, et al. Epidemiology of Leishmania infantum, L.major

and L. killicki in Tunisia: results and analysis of the identification of 226 human and canine isolates. Bull
Soc Pathol Exot. 2008; 101: 323–328. PMID: 18956815

2. Aoun K, Bouratbine A. Cutaneous leishmaniasis in North Africa: a review. Parasite. 2014; 21: 14. doi:
10.1051/parasite/2014014 PMID: 24626301

3. Hotez PJ, Savioli L, Fenwick A. Neglected tropical diseases of the Middle East and North Africa: review
of their prevalence, distribution, and opportunities for control. PLoS Negl Trop Dis. 2012; 6: e1475. doi:
10.1371/journal.pntd.0001475 PMID: 22389729

4. Killick-Kendrick R. Biology of Leishmania in phlebotomine sandflies. In: LumsdenWHR and Evans DA.
(Eds). Biology of the kineplastida. Academic Press: London. 1979. Volume 2. pp. 396–460.

5. Titus RG, Ribeiro JM. Salivary gland lysates from the sandfly Lutzomyia longipalpis enhance leish-
mania infectivity. Science. 1988; 239: 1306–1308. PMID: 3344436

6. Theodos CM, Ribeiro JM, Titus RG. Analysis of enhancing effect of sandfly saliva on Leishmania infec-
tion in mice. Infect Immun. 1991; 59: 1592–1598. PMID: 2019430

7. Ribeiro JM, Katz O, Pannell LK, Waitumbi J, Warburg A. Salivary glands of the sandfly Phlebotomus
papatasi contain pharmacologically active amounts of adenosine and 5'-AMP. J Exp Biol. 1999; 202:
1551–1559. PMID: 10229701

8. Martín-Martín I, Molina R, Rohoušová I, Drahota J, Volf P et al. High levels of anti-Phlebotomus perni-
ciosus saliva antibodies in different vertebrate hosts from the re-emerging leishmaniosis focus in
Madrid, Spain. Vet Parasitol. 2014; 202: 207–216. doi: 10.1016/j.vetpar.2014.02.045 PMID: 24629428

9. Hostomska J, Rohousova I, Volfova V, Stanneck D, Mencke N, et al. Kinetics of canine antibody
response to saliva of the sand fly Lutzomyia longipalpis. Vector Borne Zoonotic Dis. 2008; 8: 443–450.
doi: 10.1089/vbz.2007.0214 PMID: 18260789

10. Vlkova M, Rohousova I, Drahota J, Stanneck D, Kruedewagen EM et al. Canine antibody response to
Phlebotomus perniciosus bites negatively correlates with the risk of Leishmania infantum transmission.
PLoS Negl Trop Dis. 2011; 5: e1344. doi: 10.1371/journal.pntd.0001344 PMID: 22022626

11. Vlkova M, Rohousova I, Hostomska J, Pohankova L, Zidkova L, et al. Kinetics of antibody response in
BALB/c and C57BL/6 mice bitten by Phlebotomus papatasi. PLoS Negl Trop Dis. 2012; 6: e1719. doi:
10.1371/journal.pntd.0001719 PMID: 22802977

PpSP32 as a Marker of P. papatasi Bite Exposure

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003991 September 14, 2015 12 / 14

http://www.ncbi.nlm.nih.gov/pubmed/18956815
http://dx.doi.org/10.1051/parasite/2014014
http://www.ncbi.nlm.nih.gov/pubmed/24626301
http://dx.doi.org/10.1371/journal.pntd.0001475
http://www.ncbi.nlm.nih.gov/pubmed/22389729
http://www.ncbi.nlm.nih.gov/pubmed/3344436
http://www.ncbi.nlm.nih.gov/pubmed/2019430
http://www.ncbi.nlm.nih.gov/pubmed/10229701
http://dx.doi.org/10.1016/j.vetpar.2014.02.045
http://www.ncbi.nlm.nih.gov/pubmed/24629428
http://dx.doi.org/10.1089/vbz.2007.0214
http://www.ncbi.nlm.nih.gov/pubmed/18260789
http://dx.doi.org/10.1371/journal.pntd.0001344
http://www.ncbi.nlm.nih.gov/pubmed/22022626
http://dx.doi.org/10.1371/journal.pntd.0001719
http://www.ncbi.nlm.nih.gov/pubmed/22802977


12. Barral A, Honda E, Caldas A, Costa J, Vinhas V, et al. Human immune response to sandfly salivary
gland antigens: a useful epidemiological marker? Am J Trop Med Hyg. 2000; 62: 740–745. PMID:
11304066

13. Gomes RB, Brodskyn U, De Oliveira CI, Costa J, Miranda JC. Seroconversion against Lutzomyia longi-
palpis saliva concurrent with the developpement of anti-Leishmania chagasi delayed type hypersensi-
tivity. J Infect Disease. 2002; 186: 1530–1534.

14. Rohousova I, Ozensoy S, Ozbel Y, Volf P. Detection of species-specific antibody response of humans
and mice bitten by sandflies. Parasitology. 2005; 130: 493–499. PMID: 15991492

15. Vinhas V, Andrade BB, Paes F, Bomura A, Clarencio J, et al. Human anti-saliva immune response fol-
lowing experimental exposure to the visceral leishmaniasis vector, Lutzomyia longipalpis. Eur J Immu-
nol. 2007; 37: 3111–3121. PMID: 17935072

16. DeMoura TR, Oliveira F, Novais FO, Miranda JC, Clarencio J, et al. Enhanced Leishmania braziliensis
infection following pre-exposure to sandfly saliva. PLoS Negl Trop Dis. 2007; 1: e84. PMID: 18060088

17. Marzouki S, Ben AhmedM, Boussoffara T, Abdeladhim M, Ben Aleya-Bouafif N, et al. Characterization
of the antibody response to the saliva of Phlebotomus papatasi in people living in endemic areas of
cutaneaous leishmaniasis. Am J Trop Med Hyg. 2011; 84: 653–661. doi: 10.4269/ajtmh.2011.10-0598
PMID: 21540371

18. Clements MF, Gidwani K, Kumar R, Hostomska J, Dinesh DS, et al. Measurement of recent exposure
to Phlebotomus argentipes, the vector of Indian visceral leishmaniasis, by using human antibody
responses to sandfly saliva. Am J Trop Med Hyg. 2010; 82: 801–807. doi: 10.4269/ajtmh.2010.09-0336
PMID: 20439958

19. Souza AP, Andrade BB, Aquino D, Entringer P, Miranda JC, et al. Using recombinant proteins from Lut-
zomyia longipalpis saliva to estimate human vector exposure in visceral leishmaniasis endemic areas.
PLoS Negl Trop Dis. 2010; 3: e649.

20. Gidwani K, Picado A, Rijal S, Singh SP, Roy L, et al. Serological markers of sand fly exposure to evalu-
ate insecticidal nets against visceral leishmaniasis in India and Nepal: a cluster-randomized trial. PLoS
Negl Trop Dis. 2010; 5: e1296.

21. Drahota J, Lipoldova M, Volf P, Rohousova I. Specificity of anti-saliva immune response in mice repeat-
edly bitten by Phlebotomus sergenti. Parasite Immunol. 2009; 31: 766–770 doi: 10.1111/j.1365-3024.
2009.01155.x PMID: 19891614

22. Lestinova T, Vlkova M, Votypka J, Volf P, Rohousova I. Phlebotomus papatasi exposure cross protects
mice against Leishmania major co-inoculated with Phlebotomus duboscqi salivary gland homogenate.
Acta Trop. 2015; 144: 9–18 doi: 10.1016/j.actatropica.2015.01.005 PMID: 25597641

23. Teixeira C, Gomes R, Collin N, Reynoso D, Jochim R, et al. Discovery of markers of exposure specific
to bites of Lutzomyia longipalpis, the vector of Leishmania infantum chagasi in Latin America. PLoS
Negl Trop Dis. 2010; 3: e638.

24. Marzouki S, Abdeladhim M, Abdessalem CB, Oliveira F, Ferjani B, et al. Salivary antigen SP32 is the
immunodominant target of the antibody response to Phlebotomus papatasi bites in humans. PLoS
Negl Trop Dis. 2012; 6: e1911. doi: 10.1371/journal.pntd.0001911 PMID: 23209854

25. Chelbi I, Zhioua E. Biology of Phlebotomus papatasi (Diptera: Psychodidae) in the laboratory. J Med
Entomol. 2007; 44: 597–600. PMID: 17695013

26. Chelbi I, Kaabi B, Bejaoui M, Derbali M, Zhioua E. Spatial correlation between Phlebotomus papatasi
Scopoli (Diptera: Psychodidae) and incidence of zoonotic cutaneous leishmaniasis in Tunisia. J Med
Entomol. 2009; 46: 400–402. PMID: 19351095

27. Bettaieb J, Toumi A, Chlif S, Chelghaf B, Boukthir A, et al. Prevalence and determinants of Leishmania
major infection in emerging and old foci in Tunisia. Parasit Vectors. 2014; 7: 386. doi: 10.1186/1756-
3305-7-386 PMID: 25142220

28. Collin N, Gomes R, Teixeira C, Cheng L, Laughinghouse A, et al. Sand fly salivary proteins induce
strong cellular immunity in a natural reservoir of visceral leishmaniasis with adverse consequences for
Leishmania. PLoS Pathog. 2009; 5: e1000441. doi: 10.1371/journal.ppat.1000441 PMID: 19461875

29. Anderson JM, Oliviera F, Kamhawi S, Mans BJ, Reinoso D, et al. Comparative salivary gland transcrip-
tomics of sandfly vectors of visceral leishmaniasis. BMCGenomics. 2006; 7: 52–75. PMID: 16539713

30. Rohousova I, Subrahmanyam S, Volfova V, Mu J, Volf P, et al. Salivary gland transciptomes and prote-
omes of phlebotomus tobbi and phlebotomus sergenti, vectors of leishmaniasis. PLoS Negl Trop Dis.
2012; 6: e1660. doi: 10.1371/journal.pntd.0001660 PMID: 22629480

31. Drahota J, Martin-Martin I, Sumova P, Rohousova I, JimenezM, et al. Recombinant antigens from Phle-
botomus perniciosus saliva as markers of canine exposure to visceral leishmaniases vector. PLoS
Negl Trop Dis. 2014; 8: e2597. doi: 10.1371/journal.pntd.0002597 PMID: 24392167

PpSP32 as a Marker of P. papatasi Bite Exposure

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003991 September 14, 2015 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/11304066
http://www.ncbi.nlm.nih.gov/pubmed/15991492
http://www.ncbi.nlm.nih.gov/pubmed/17935072
http://www.ncbi.nlm.nih.gov/pubmed/18060088
http://dx.doi.org/10.4269/ajtmh.2011.10-0598
http://www.ncbi.nlm.nih.gov/pubmed/21540371
http://dx.doi.org/10.4269/ajtmh.2010.09-0336
http://www.ncbi.nlm.nih.gov/pubmed/20439958
http://dx.doi.org/10.1111/j.1365-3024.2009.01155.x
http://dx.doi.org/10.1111/j.1365-3024.2009.01155.x
http://www.ncbi.nlm.nih.gov/pubmed/19891614
http://dx.doi.org/10.1016/j.actatropica.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25597641
http://dx.doi.org/10.1371/journal.pntd.0001911
http://www.ncbi.nlm.nih.gov/pubmed/23209854
http://www.ncbi.nlm.nih.gov/pubmed/17695013
http://www.ncbi.nlm.nih.gov/pubmed/19351095
http://dx.doi.org/10.1186/1756-3305-7-386
http://dx.doi.org/10.1186/1756-3305-7-386
http://www.ncbi.nlm.nih.gov/pubmed/25142220
http://dx.doi.org/10.1371/journal.ppat.1000441
http://www.ncbi.nlm.nih.gov/pubmed/19461875
http://www.ncbi.nlm.nih.gov/pubmed/16539713
http://dx.doi.org/10.1371/journal.pntd.0001660
http://www.ncbi.nlm.nih.gov/pubmed/22629480
http://dx.doi.org/10.1371/journal.pntd.0002597
http://www.ncbi.nlm.nih.gov/pubmed/24392167


32. Doucoure S, Mouchet F, Cournil A, Le Goff G, Cornelie S, et al. Human antibody response to Aedes
aegypti saliva in an urban population in Bolivia: a new biomarker of exposure to Dengue vector bites.
Am J Trop Med Hyg. 2012; 87: 504–510. doi: 10.4269/ajtmh.2012.11-0477 PMID: 22848099

33. Rizzo C, Ronca R, Fiorentino G, Verra F, Mangano V, Poinsignon A, Sirima SB, Nebie I, Lombardo F,
Remoue F, et al.: Humoral response to the Anopheles gambiae salivary protein gSG6: a serological
indicator of exposure to Afrotropical malaria vectors. PLoS One. 2011; 6: e17980. doi: 10.1371/journal.
pone.0017980 PMID: 21437289

34. Caljon G, Hussain S, Vermeiren L, Van Den Abbeele J: Description of a Nanobody-based Competitive
Immunoassay to Detect Tsetse Fly Exposure. PLoS Negl Trop Dis. 2015; 9: e0003456. doi: 10.1371/
journal.pntd.0003456 PMID: 25658871

35. Dornakova V, Salazar-Sanchez R, Borrini-Mayori K, Carrion-Navarro O, Levy MZ, Schaub GA,
Schwarz A: Characterization of guinea pig antibody responses to salivary proteins of Triatoma infes-
tans for the development of a triatomine exposure marker. PLoS Negl Trop Dis. 2014; 8: e2783. doi: 10.
1371/journal.pntd.0002783 PMID: 24699441

36. Fontaine A, Diouf I, Bakkali N, Missé D, Pagès F, et al. Implication of haematophagous arthropod sali-
vary proteins in host-vector interaction. Parasit Vectors. 2011; 4: 187. doi: 10.1186/1756-3305-4-187
PMID: 21951834

37. Prates DB, Santos LD, Miranda JC, Souza AP, Palma MS, et al. Changes in amounts of total salivary
gland protein of lutsomyia longipalpis (Diptera; Psychodidae) according to age and diet. J Med Entomol.
2008; 45: 409–413. PMID: 18533433

38. Abdeladhim M, Ben Ahmed M, Marzouki S, Belhadj Hmida N, Boussofara T, et al. Human cellular
immune response to the saliva of Phlebotomus papatasi is mediated by IL-10-producing CD8+ T cells
and Th1-polarized CD4+ lymphocytes. PLoS Negl Trop Dis. 2011; 5: e1345. doi: 10.1371/journal.pntd.
0001345 PMID: 21991402

39. Maia Z, Lirio M, Mistro S, Mendes CM, Mehta SR, et al. Comparative study of rK39 Leishmania antigen
for serodiagnostic of visceral leishmaniasis; systematic review with meta-analysis. PLoS Negl Trop
Dis. 2012; 6: e1484. doi: 10.1371/journal.pntd.0001484 PMID: 22303488

40. Jaouadi K, Depaquit J, Haouas N, Chaara D, Gorcii M, et al. Twenty-four new human cases of cutane-
ous leishmaniasis due to Leishmania killicki in Metlaoui, southwestern Tunisia: probable role of Phlebo-
tomus sergenti in the transmission. Acta Trop. 2012; 122: 276–283. doi: 10.1016/j.actatropica.2012.01.
014 PMID: 22306359

41. Poinsignon A, Cornelie S, Mestres-Simon M, Lanfrancotti A, Rossignol M, et al. Novel peptide marker
corresponding to salivary protein gSG6 potentially identifies exposure to Anopheles bites. PLoS One.
2008; 3: e2472 doi: 10.1371/journal.pone.0002472 PMID: 18575604

42. Drame PM, Poinsignon A, Besnard P, Cornelie S, Le Mire J, et al.: Human antibody responses to the
Anopheles salivary gSG6-P1 peptide: a novel tool for evaluating the efficacy of ITNs in malaria vector
control. PLoS One. 2010; 5: e15596. doi: 10.1371/journal.pone.0015596 PMID: 21179476

PpSP32 as a Marker of P. papatasi Bite Exposure

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003991 September 14, 2015 14 / 14

http://dx.doi.org/10.4269/ajtmh.2012.11-0477
http://www.ncbi.nlm.nih.gov/pubmed/22848099
http://dx.doi.org/10.1371/journal.pone.0017980
http://dx.doi.org/10.1371/journal.pone.0017980
http://www.ncbi.nlm.nih.gov/pubmed/21437289
http://dx.doi.org/10.1371/journal.pntd.0003456
http://dx.doi.org/10.1371/journal.pntd.0003456
http://www.ncbi.nlm.nih.gov/pubmed/25658871
http://dx.doi.org/10.1371/journal.pntd.0002783
http://dx.doi.org/10.1371/journal.pntd.0002783
http://www.ncbi.nlm.nih.gov/pubmed/24699441
http://dx.doi.org/10.1186/1756-3305-4-187
http://www.ncbi.nlm.nih.gov/pubmed/21951834
http://www.ncbi.nlm.nih.gov/pubmed/18533433
http://dx.doi.org/10.1371/journal.pntd.0001345
http://dx.doi.org/10.1371/journal.pntd.0001345
http://www.ncbi.nlm.nih.gov/pubmed/21991402
http://dx.doi.org/10.1371/journal.pntd.0001484
http://www.ncbi.nlm.nih.gov/pubmed/22303488
http://dx.doi.org/10.1016/j.actatropica.2012.01.014
http://dx.doi.org/10.1016/j.actatropica.2012.01.014
http://www.ncbi.nlm.nih.gov/pubmed/22306359
http://dx.doi.org/10.1371/journal.pone.0002472
http://www.ncbi.nlm.nih.gov/pubmed/18575604
http://dx.doi.org/10.1371/journal.pone.0015596
http://www.ncbi.nlm.nih.gov/pubmed/21179476

