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Instituto Leônidas & Maria Deane

(ILMD/Fiocruz Amazônia),
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Sand fly saliva has considerable immunomodulatory effects on Leishmania infections in
mammalian hosts. Studies on several Leishmania – sand fly - host combinations have
demonstrated that co-inoculation with Leishmania parasites enhances pathogenicity,
while pre-exposure of hosts to sand fly bites provides significant protection against
infection. However, the third scenario, the effect of sand fly saliva on parasite development
in hosts infected before exposure to sand flies, remains an understudied aspect of
Leishmania–host–vector interaction. Here we studied the effect of exposure of L. major-
infected BALB/c mice to repeated sand fly bites. Mice infected intradermally with sand fly-
derived Leishmania were repeatedly bitten by Phlebotomus duboscqi females every two
weeks. The lesion development was recorded weekly for ten weeks post-infection and
parasite load and distribution in various organs were tested post mortem using qPCR.
Repeated sand fly bites significantly enhanced the development of cutaneous lesions;
they developed faster and reached larger size than in unexposed mice. Multiple sand fly
bites also increased parasites load in inoculated ears. On the other hand, the distribution
of parasites in mice body and their infectiousness to vectors did not differ significantly
between groups. Our study provides the first evidence that multiple and repeated
exposures of infected BALB/c mice to sand fly bites significantly enhance the progress
of local skin infection caused by Leishmania major and increase tissue parasite load, but
do not affect the visceralization of parasites. This finding appeals to adequate protection of
infected humans from sand fly bites, not only to prevent transmission but also to prevent
enlarged lesions.

Keywords: Leishmania major, Phlebotomus, sand flies, vector saliva, cutaneous lesions, BALB/c mice
INTRODUCTION

Leishmaniases are diseases caused by protozoan Leishmania parasites (Kinetoplastida:
Trypanosomatidae) transmitted by insect vectors, phlebotomine sand flies (Diptera:
Psychodidae). Leishmaniases are endemic in 98 countries with 350 million people worldwide
living at risk and 20 – 40 000 dying annually (1). More than 20 Leishmania species are pathogenic to
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humans, and each Leishmania species is transmitted with a
different spectrum of vector species (2). Among over 800 sand
fly species, 98 are proven or suspected vectors (3). The species-
specific complex interactions between the host, parasite and sand
fly result in the broad spectrum of clinical manifestations typical
for human leishmaniases. Cutaneous leishmaniasis is the most
prevalent clinical form characterized by localized, diffuse, or
disseminated skin lesions, mucocutaneous leishmaniasis with
progressive destruction of oronasopharyngeal mucosa and
cartilaginous structures is disfiguring and potentially life
treating and visceral leishmaniasis is the most severe form,
often fatal if left untreated, characterized by fever, loss of
weight, splenomegaly, hepatomegaly and/or lymphadenopathy,
and anaemia (4, 5).

Sand fly saliva contains a mixture of at least 20 diverse
proteins with antihemostatic, anti-inflammatory, and
immunomodulatory properties. This cocktail is obligatorily
inoculated into the host skin during blood feeding of sand fly
female and can help spread Leishmania parasites in naive,
previously non-bitten, hosts. This phenomenon is called
enhancing effect and can be caused also with some individual
salivary proteins or even salivary peptides produced in
recombinant form. On the other hand, preimmunization of
mice with salivary glands lysates or their pre-exposure to
uninfected sand fly bites provided significant protection against
infection (reviewed by 6). However, only a single study has been
concerned on the effect of saliva in hosts previously infected by
Leishmania: on the hamster model, increased transmissibility of
L. donovani to vectors after multiple exposures of the host to
sand fly bites was reported (7).

In this study, we exposed BALB/c mice infected with sand fly-
derived L. major to repeated bites of Phlebotomus duboscqi and
provide evidence that vector saliva influences substantially the
outcome of L. major infection.
MATERIALS AND METHODS

Sand flies, Parasites, and Mice
Phlebotomus duboscqi colony (originating from Senegal) was
maintained under standard conditions (26°C on 50% sucrose
and 12 h light/12 h dark photoperiod) as described
previously (8).

Leishmania major (MHOM/IL/81/Friedlin/VI; FVI) was
cultured in M199 medium (Sigma) containing 10% heat-
inactivated foetal calf serum (Gibson) supplemented with 1%
BME vitamins (Basal Medium Eagle, Sigma), 2% sterile urine and
250 µg mL−1 amikacin (Amikin, Bristol-Myers Squibb).

BALB/c mice originated from AnLab. s.r.o. (Harlan
Laboratories, USA, Nederland). Animals were maintained in
T3 breeding containers (Velaz) equipped with bedding
German Horse Span (Pferde) and breeding material
(Woodwool), provided with a standard feed mixture ST-1
(Velaz) and water ad libitum, with a 12 h light/12 h dark
photoperiod, temperature 22–25°C and humidity 40–60%.
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Infection of BALB/c Mice With Sand
Fly-Derived Leishmania
Rodents were infected with sand fly-derived Leishmania
according to Sadlova et al. (9). Phlebotomus duboscqi females
were infected with L. major promastigotes (106 parasites/ml) by
feeding through chick-skin membranes and engorged females
were maintained under standard conditions till day 8 post blood
meal (PBM). Their midguts were checked microscopically for the
presence of promastigotes and thoracic midguts with good
density of parasites were pooled in sterile saline: 80 infected
thoracic midguts were homogenized into 40 µl of sterile saline.
Dissected salivary glands (SG) of naïve P. duboscqi were pooled
in sterile saline (10 glands per 10 ml of saline) and stored at −20°
C. Before mice inoculation, SG was disintegrated by 3 successive
immersions into liquid nitrogen and 4 µl added to homogenized
guts. Immediately, BALB/c mice anaesthetized with ketamine/
xylazine (62.5 mg and 25 mg/kg, respectively) were injected with
5.5 µl of the suspension intradermally into the inner side of the
ear pinnae using a syringe. The number of parasites was
calculated using the Bürker apparatus and the proportions of
metacyclic forms were identified on Giemsa stained smears based
on morphological criteria described previously (10). In two
repeats of experiments, L. major numbers in the inoculums
were 8.5 x 104 per mouse, metacyclics comprised 72% of all
forms. Mice were checked weekly for external signs of the
diseases till week 10 post-infection (p.i.). At the end of the
experiment (10 weeks p.i.), the blood and tissue samples were
collected for qPCR analysis. In each of the two independent
experiments, 12 mice were infected and 4 mice were used as non-
infected controls (NONI group).

Mice Exposure to P. duboscqi Bites
Half of the mice in each experiment were exposed to sand flies on
weeks 2, 4, 6, 8 and 10 p.i. (EXPOSED group) while remaining
mice were exposed only at the end of experiments on week 10 p.
i. (UNEXPOSED group). Anaesthetized mice were inserted into
the cotton bag, inoculated ears were removed from the bag and 5
to 7-day-old P. duboscqi females were allowed to feed on both
sides of ear pinnae. Engorged sand fly females were separated
and maintained under standard conditions. Eight days PBM,
females were dissected, their guts were examined under the light
microscope and intensity and localization of infections were
evaluated as described previously (10, 11).

Mice Sampling and Quantitative PCR
Mice were euthanized by cervical dislocation under anaesthesia
10 weeks p. i. Both ears (inoculated and contralateral), both ear-
draining lymph nodes, all four paws, tail, spleen, liver and blood
were stored in - 20°C. Extraction of total DNA from mice tissues
was performed using a DNA tissue isolation kit (Roche
Diagnostics, Indianapolis, IN) according to the manufacturer´s
instructions. Quantitative (q) PCR for detection and
quantification of Leishmania DNA was performed in Bio-Rad
iCycler&iQ Real-Time PCR Systems using the SYBR Green
detection method (iQ SYBR Green Supermix, Bio-Rad,
Hercules, CA).
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Statistical Analysis
Statistical analyses of weight gains, lesion development,
infectiousness and percentage of infected organs were carried
out using the R software (http://cran.r-project.org). The
continuous response variable (weight, lesion size) and their
relationship with categorical (EXPOSED, UNEXPOSED or
NONI group) and continuous (week p.i.) explanatory variables
were examined fitting multilevel linear regression models
(package “nlme”), taking into account the correlation between
repeated measures of the same animal over time. The model used
included the interaction term between categorical and
continuous explanatory variable. The infectiousness was
analysed by proportional test. Percentage of infected organs
and parasite load were analysed with GLM with a binomial
distribution and negative binomial distribution, respectively.
Differences in lesion size in respective weeks were tested by
one-tailed T tests. The between-group differences in lesion size
were tested with nonparametric Independent Samples Median
Test (medians) and Independent Samples Mann-Whitney U Test
(distributions) using SPSS software version 23. A P-value of <
0.05 was considered to indicate statistical significance.

Ethical Consideration
Animals were maintained and handled in the animal facility of
Charles University in Prague following institutional guidelines
and Czech legislation (Act No. 246/1992 and 359/2012 coll. on
Protection of Animals against Cruelty in present statutes at
large), which complies with all relevant European Union and
international guidelines for experimental animals. All
experiments were approved by the Committee on the Ethics of
Laboratory Experiments of the Charles University in Prague and
were performed under permit no. MSMT-10270/2015-5 of the
Ministry of the Education, Youth and Sports of the Czech
Republic. Investigators were certified for experimentation with
animals by the Ministry of Agriculture of the Czech Republic.
RESULTS

Infection Course and Cutaneous
Lesions Development
Mice were infected with intradermal inoculation of 8.5 x 104 sand
fly–derived parasites, with a prevalence (72%) of metacyclic
forms. The course of infections was observed in 24 mice in two
independent experiments. In each experiment, infected mice
were divided into the EXPOSED group exposed in 2-week
intervals to P. duboscqi bites and the UNEXPOSED group, left
without exposure. In the first experiment, one mouse in the
UNEXPOSED group died before the end of the experiment. In
addition, 8 mice (4 in each experiment) were used as the non-
infected control (NONI group).

Infected mice did not show significant weight loss, there were
no statistical differences in weight gains between uninfected
control mice (NONI group) and both infected groups
(Supplementary Table S1). In all groups in both experiments,
Frontiers in Tropical Diseases | www.frontiersin.org 3
the bodyweight increased significantly with the age of mice
(P < 0.0001).

Lesions developed in all infected mice with exception of 2
animals in the UNEXPOSED group in the first experiment. They
appeared on week 5 p.i. in the first experiment and on week 2 p.i.
in the second experiment. Importantly, lesions appeared one
week earlier and they developed to a large size faster in the
EXPOSED group compare to the UNEXPOSED group in both
experiments (P = 0.048, Figures 1A, B and Supplementary
Table S2).

At the end of the experiments on week 10 p.i., lesions reached
a significantly larger size in the EXPOSED group compared to
the UNEXPOSED group (P = 0.012, Figure 2A). The mean
values were 8.3 mm for the EXPOSED group and 4.3 mm for the
UNEXPOSED group in the first experiment and 8.1 mm for the
EXPOSED group and 5.8 mm for the UNEXPOSED group in
the second experiment (Figures 3C, D).

Infectiousness to Phlebotomus duboscqi
Phlebotomus duboscqi is a natural vector of L. major (3) and the
colonized flies have been shown to support the development and
transmission of the parasite (12). In mice exposed to P. duboscqi
females in two-week intervals (EXPOSED group), the relative
proportion of mice infectious to sand flies as well as the
percentage of infected vectors increased with time till week 6
p.i. in the first experiment and week 4 p.i, in the second
experiment. From these time points, all tested mice were
infectious, including those two mice without lesions in the
UNEXPOSED group (Table 1). On week 10 p.i., the
proportion of infected sand flies did not differ significantly
between the EXPOSED group and the unexposed
UNEXPOSED group, P = 0.259.

Parasite Load and Anatomical Distribution
in BALB/c Mice
Parasites were distributed in the same spectrum of tissues in both
groups: inoculated ears were positive in all animals including two
mice without apparent lesions, parasites were often found also in
contralateral ears and draining lymph nodes of inoculated ears.
In some animals of both groups, also paws and tail were infected
while blood, draining lymph nodes of contralateral ears, liver and
spleen were negative (Table 2). The proportion of infected
organs did not differ significantly between the EXPOSED and
the UNEXPOSED group (P = 0.130).

Parasite load detected post mortem by qPCR is also
summarized in Table 2. The numbers of Leishmania were
higher in mice exposed to sand flies according to the higher
representation of heavy and moderate parasite load (red and
orange coloured) and lower representation of weak infections
(green coloured) in respective tissues. The numbers of Leishmania
in inoculated ears in the EXPOSED group (mean value 1.3x10*6,
median 7.5x10*5) were about twice higher than numbers in the
UNEXPOSED group (mean value 5.3x10*5, median 4.0x10*5),
and the difference is on the border of statistical significance (P =
0.066, Figure 2B). The two experiments differed in this respect
(Figures 3A, B): the EXPOSED group showed significantly higher
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parasite load than the UNEXPOSED group in the first experiment
(P = 0.019) while the differences were not significant in the second
experiment (P = 0.195). These results are not surprising
considering earlier lesions development in the second
experiment: the ear pinnae were more necrotic and a smaller
part of the ears remained available for the parasite growth on week
10 p.i. (Figure 1C).
DISCUSSION

This study addresses the substantial question if repeated sand fly
bites influence the clinical manifestation of cutaneous
leishmaniasis caused by L. major. We used the model of
BALB/c mice to compare the disease progress in mice exposed
to P. duboscqi females in 2 weeks intervals (EXPOSED group)
with mice left without sand fly bites (UNEXPOSED group) and
provide the first evidence that repeated sand fly bites significantly
enhance the progress of cutaneous lesions and increase tissue
parasite load.

The development of Leishmania infection in the host body is
a complex process depending on many parasites- and host-
associated factors. Different Leishmania species cause different
disease forms in the same model animal (reviewed by 13) and
even various strains of Leishmania major differ in virulence for
the host, as has been demonstrated also for L. major (14, 15).
Simultaneously, the genetic background and the immune
response of the mammalian host play important role in disease
Frontiers in Tropical Diseases | www.frontiersin.org 4
progress (16). BALB/c mouse is the model animal highly
susceptible to L. major infection, with the immunity polarized
to strong Th2, driven largely by IL-4, that is responsible for
suppressing Th1-cell development and inhibiting the secretion of
IFN-g that is required to activate infected macrophages for
parasite killing (17–19).

The clinical manifestation of the disease in experimental
infections is substantially influenced by methodological
parameters like parasite dose and type (procyclic/metacyclic
promastigotes or amastigotes) and inoculation route and site
(reviewed by 20). In this study, we used the intradermal route of
inoculation, which is closest to the natural mode of transmission
since parasites are exposed to the localized immune responses in
the skin (21). Parasites used for inoculation were predominantly
metacyclic infective forms pooled from thoracic midguts of
laboratory infected P. duboscqi. The parasite load (8.5 x 104

parasites/mouse) did not exceed the maximal number of L. major
parasites transmitted by P. duboscqi females (22). The knowledge
and control of parasite load is a big advantage of the used method
compare to natural infections by sand fly bite - in the second
case, the numbers of transmitted parasites differ in several orders
between individual vector females (22–24). To mimic the natural
transmission, the homogenate of salivary glands of P. duboscqi
females were added to the inoculum. This standardized
procedure resulted in the symptomatic course of the disease in
BALB/c mice.

It should be noted that in this study, infected mice were
exposed to sand flies in two-week intervals while in the real
A B

C

FIGURE 1 | Lesion development in BALB/c mice infected with L. major. Mice infected with intradermal inoculation of sand fly–derived parasites were divided into the
EXPOSED group (exposed in 2-week intervals to P. duboscqi bites) and the UNEXPOSED group (left without exposure). The course of infections was observed for
10 weeks in 24 mice in two independent experiments. Between-group differences were tested with multilevel linear regression model on entire data set (P = 0.048).
Significant differences between experimental groups in respective weeks, revealed by T tests (one-tailed), are marked by asterisks (A) experiment 1; (B) experiment
2. Red squares, EXPOSED group, blue circles, UNEXPOSED group. (C) typical lesion appearance in BALB/c mice on week 10 p.i., Exp 1, Experiment 1; Exp 2,
Experiment 2.
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https://www.frontiersin.org/journals/tropical-diseases
http://www.frontiersin.org/
https://www.frontiersin.org/journals/tropical-diseases#articles


Vojtkova et al. Repeated Sand Fly Bites
world, sand fly biting is continuous. However, mimicking a real
scenario in the laboratory is not possible as the animals cannot be
subjected to anaesthesia so often. It is also quite difficult to assess
the exact sand fly biting rate on rodent reservoirs of L. major in
Frontiers in Tropical Diseases | www.frontiersin.org 5
nature. Turner and Hoogstraal (25) reported the numbers
corresponding to 51, 45, 41 and 89 fed Phlebotomus females
per two weeks on Tatera, Acomys, Mastomys and Arvicanthis in
Sudan. While experimental exposure of rodents used as bait in
A B

FIGURE 2 | Infection parameters in BALB/c mice on week 10 p.i. Mice infected with intradermal inoculation of sand fly–derived parasites were divided into the
EXPOSED group (exposed in 2-week intervals to P. duboscqi bites) and the UNEXPOSED group (left without exposure). The course of infections was observed for
10 weeks in 24 mice in two independent experiments. Parasite load was evaluated post mortem by qPCR. The data presented here is sum from both experiments.
(A) the final lesion size; (B) parasite load in infected ears. In the boxplots, the box is bordered by upper and lower quartile (IQR, interquartile range), the horizontal line
denotes the median value, whiskers denote 1.5 times IQR and circles denote outliers. Significance of between-group differences in lesion size were tested with
nonparametric Independent Samples Median Test, parasite loads were analysed with GLM with a negative binomial distribution.
A B

DC

FIGURE 3 | Infection parameters in BALB/c mice on week 10 p.i. in two independent experiments. The parasite load (A, B) and final lesion size (C, D) in infected
ears. (A, C) experiment 1; (B, D), experiment 2. In the boxplots, the box is bordered by upper and lower quartile (IQR, interquartile range), the horizontal line denotes
the median value, whiskers denote 1.5 times IQR and circles denote outliers. Significance of differences betweed mice exposed to sand flies (EXPOSED group) and
control mice (UNEXPOSED group) were analysed with GLM with a negative binomial distribution and one tailed T test.
October 2021 | Volume 2 | Article 745104
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traps may not exactly reflect the natural situation, influencing
their movement, temporal activity pattern, burrowing,
aggregation, etc., the natural biting rate may be accurately
measured on humans. According to the study on the biting
behaviour of P. argentipes in Sri Lanka, the biting rate on humans
was 8.4 (range 2-25 bites) per night (26) which would represent
117 (17-210) in two weeks. Although these numbers vary with
sand fly species, host, locality, season and many other factors, it is
at least a rough estimate of the natural biting rate and in our
experiments, bite numbers lied within this range.

It is a well-known phenomenon that salivary molecules are an
obligatory part of feeding sand flies on mammalian hosts and they
have an immunomodulatory effect on Leishmania infection (27).
Frontiers in Tropical Diseases | www.frontiersin.org 6
Like other blood-feeding arthropods, sand flies need to secrete
saliva into the wound to facilitate blood-feeding. Sand fly saliva is
composed of multiple proteins and peptides with diverse functions
that evolved mainly to counteract the host’s hemostatic system.
However, salivary proteins are also capable of inducing a strong
anti-inflammatory immune response in naïve hosts, which is
beneficial for Leishmania parasites (reviewed by 6, 28).
Therefore, it is not surprising, that co-injection of Leishmania
parasites with salivary gland lysates (SGL) or the recombinant
salivary peptides has been shown to enhance Leishmania
pathogenicity for mice on many combinations of Leishmania
and sand fly species (reviewed by 6). However, to our knowledge,
only a single study has been concerned on the additional effect of
TABLE 1 | Xenodiagnosis of L. major in BALB/c mice: feeding of P. duboscqi on inoculated ears.

Week
p.i.

Group Mouse No. of fed
females

No of dissected
females

No and (%) of positive
sand flies

Mouse No. of fed
females

No of dissected
females

No and (%) of positive
sand flies

Experiment 1 Experiment 2
2 XENO 1 77 45 0 1 48 27 2 (7.4)

2 55 16 0 2 45 24 6 (25.0)
3 78 21 1 (4.7) 3 40 28 1 (3.6)
4 67 23 0 4 44 30 0
5 54 19 0 5 37 28 5 (17.9)
6 52 20 0 6 42 26 0
∑ 383 144 1 (0.7) ∑ 256 84 5 (5.95)

4 XENO 1 71 31 0 1 45 30 1 (3.3)
2 69 37 3 (8,1) 2 48 31 3 (9.7)
3 42 4 0 3 49 32 1 (3.1)
4 92 40 2 (5.0) 4 44 34 4 (11.8)
5 78 36 4 (11.1) 5 42 29 7 (24.1)
6 105 57 2 (3.5) 6 46 38 3 (7.9)
∑ 457 205 11 (5.4) ∑ 274 101 14 (14.6)

6 XENO 1 97 59 2 (3.4) 1 50 40 14 (35.0)
2 82 53 13 (24.5) 2 50 40 10 (25.0)
3 78 46 4 (8.7) 3 52 40 5 (12.5)
4 56 21 4 (19.0) 4 50 37 2 (5.4)
5 59 18 5 (27.8) 5 48 40 7 (17.5)
6 71 18 1 (5.6) 6 47 41 3 (7.3)
∑ 443 215 29 (13.5) ∑ 297 118 12 (10.1)

8 XENO 1 77 47 3 (6.4) 1 37 34 10 (29.4)
2 95 61 7 (11.5) 2 40 25 7 (28.0)
3 73 42 15 (35.7) 3 42 38 10 (26.3)
4 48 20 3 (15.0) 4 39 28 4 (14.3)
5 79 56 4 (7.1) 5 30 22 3 (13,6)
6 105 89 4 (4.5) 6 31 25 2 (8.0)
∑ 477 315 36 (11.4) ∑ 219 75 9 (12.0)

10 XENO 1 105 77 16 (20.8) 1 28 19 3 (15.8)
2 102 68 6 (8.8) 2 27 19 1 (5.3)
3 108 70 12 (17.1) 3 28 18 3 (16.7)
4 67 41 3 (7.3) 4 31 21 6 (28.6)
5 65 31 6 (19.4) 5 35 21 4 (19.0)
6 66 38 3 (7.9) 6 30 25 5 (20.0)
∑ 513 325 46 (14.2) ∑ 179 67 15 (22.5)

non-
XENO

1 83 46 8 (17.4) 1 30 21 7 (33.3)

2 119 85 16 (18.8) 2 30 23 7 (30.4)
3 121 86 16 (18.6) 3 25 16 3 (18.7)
4 55 32 3 (9.4) 4 28 23 3 (13.0)
5 58 46 3 (6.5) 5 23 20 5 (25.0)
6 – – – 6 30 19 5 (26.3)
∑ 476 307 49 (17.8) ∑ 166 62 13 (21.4)
October 2021 | V
In bold: No. of fed females: Number of P. duboscqi females fed on anaesthetized mice. No of dissected females: Number of engorged females that survived till dissection and microscopy.
No of positive sand flies: Number of females with Leishmania infection determined by microscopy.
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saliva in hosts previously infected by Leishmania; Valverde et al. (7)
described increased transmissibility of L. donovani to vector after
multiple exposures of hamsters to sand fly bites.

The current study demonstrated that repeated exposure of the
infected host to sand fly bites has an onward “enhancing effect” on
the lesion growth to the co-injection of Leishmania with salivary
gland lysates. Lesions developed faster and reached a higher size in
mice exposed to repeated sand fly bites. Apart from the enhanced
lesion development, also tissues parasite load was higher in mice
exposed to repeated bites. This differs from the effect of sand fly
exposure on L. donovani load in the hamster model; here, repeated
sand fly bites enhanced significantly parasite numbers in the
peripheral blood but not in the skin (7). This difference may
reflect the species-specific organ tropism of different Leishmania -
the visceral species L. donovani circulates in the blood, while
cutaneous L. major remains localized predominantly in the skin
and local lymph draining nodes (29).

In our experiments, the anatomical distribution of parasites
was not affected by repeated bites of uninfected sand flies. In both
experimental groups, parasites migrated from the site of
inoculation (left ear) to its draining lymph nodes and skin on
other body parts (contralateral ears, paws and tail) but were
never detected in blood or viscera. This corresponds to the
previously published pattern of development of L. major in
BALB/c mice (30) while visceralisation occurs in BALB/c mice
in case of unnatural intravenous or subcutaneous initiation of
L. major infection or overdose of the intradermal infection
(reviewed by 31). For unknown reasons, migration to ear-
draining lymph nodes was reduced in the second experiment
in both experimental groups.
Frontiers in Tropical Diseases | www.frontiersin.org 7
Similarly, infectiousness to sand flies did not differ significantly
between exposed and unexposed mice in this study. On week 10
p.i., all 24 BALB/c mice infected with L. major were infectious to
P. duboscqi females and the mean percentage of infected sand flies
varied from 14.2 to 22.5% in respective groups. Similar
infectiousness was described for symptomatic dogs infected
with L. infantum exposed to Lu. longipalpis (13 - 28%) (32–34),
for BALB/c mice infected with L. donovani exposed to
P. orientalis (19%) (9) or hamsters infected with L. donovani
exposed to L. longipalpis (24%) (7). In the latter study, the
infectiousness of hamsters increased significantly post exposures
to sand flies while this effect was not observed in our experiments.
Here, the differences in infectiousness between exposed and
unexposed mice were evaluated at the end of experiments, two
weeks post previous exposure of the EXPOSED group while
Valverde et al. (7) tested the infectiousness of hamsters just 24h
post previous exposure. Therefore, we cannot exclude that if there
was a similar short-term effect of saline on infectiousness in order
of hours or days, it was not detected due to the experimental
design. Similarly, it was not possible to directly compare
infectiousness in early weeks p.i. in this study.

Sand fly feeding provides a suitable environment for the
survival and multiplication of L. major parasites. Sand fly
saliva has chemotactic activities for both neutrophils and
macrophages which accelerate the entry of parasites into these
cells in the early days (35–39). Besides this effect, sand fly saliva
modulates the host immune system in many ways, advantageous
for the parasite: inhibits macrophage activation to the
production of NO (40), modulates the activity of T cells and
macrophages by decreasing the secretion of pro-inflammatory
TABLE 2 | Presence and amount of L. major DNA in BALB/c mice acquired by qPCR.

Group Exp. Mouse B IE CE DN-IE DN-CE FP HP T S L

EXPOSED 1 1 0 2x10*6 7x10*3 4x10*3 0 5x10*4 0 0 0 0

2 0 10*6 0 7x10*3 0 3x10*3 4x10*2 0 0 0

3 0 10*6 0 2x10*3 0 0 0 0 0 0

4 0 2x10*6 10*4 6x10*4 0 0 0 6x10*4 0 0

5 0 3x10*6 10*5 7x10*5 0 10*4 0 2x10*4 0 0

6 0 5x10*6 2x10*5 5x10*4 0 5x10*4 10*4 10*4 0 0

2 1 0 5x10*5 10*3 0 0 2x10*3 0 0 0 0

2 0 4x10*4 0 0 0 10 0 0 0 0

3 0 3x10*5 2x10*4 4x10*2 0 6x10*2 0 0 0 0

4 0 3x10*4 2x10*4 0 0 10 0 0 0 0

5 0 3x10*4 10*3 0 0 2x10*3 10*2 2x10*3 0 0

6 0 2x10*5 5x10 0 0 0 0 0 0 0

UN-
EXPOSED

1 1 0 6x10*4 0 10*3 0 0 0 0 0 0

2 0 2x10*5 0 3x10*3 0 0 0 10*3 0 0

3 0 7x10*5 0 7x10*2 0 0 0 0 0 0

4 0 8x10*5 0 5x10*3 0 0 0 0 0 0

5 0 2x10*6 0 8x10*3 0 0 0 0 0 0

2 1 0 3x10*5 4x10*2 0 0 3x10*2 0 0 0 0

2 0 5x10*5 6x10*4 0 0 2x10*3 0 0 0 0

3 0 6x10*5 9x10*3 0 0 2x10*2 4x10*2 10*2 0 0

4 0 7x10*4 10*3 0 0 0 0 0 0 0

5 0 4x10*5 7x10 0 0 10 0 10 0 0

6 0 2x10*5 0 0 0 10 0 0 0 0
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IE, inoculated ear; CE, contralateral ear; DN-IE, draining lymph nodes of the inoculated ear; DN-CE, draining lymph nodes of the contralateral ear; FP, forepaws; HP, hindpaws; T, tail; L,
liver; S, spleen; B, blood; green colour, ≤ 102 parasites; yellow colour, 102–104 parasites; orange colour, > 104 parasites, red colour, > 106 parasites.
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cytokines and enhancing the production of anti-inflammatory
cytokines (41), induces apoptosis of neutrophils (42) and inhibits
the ability of dendritic cells to present antigens (43). All these
effects favor the establishment of Leishmania infection and
enhance parasite survival in naive, previously non-bitten hosts.
Nevertheless, here we showed a type of onward “enhancing
effect” when the disease outcome was significantly exacerbated
after further bites of uninfected sand fly females. In our opinion,
this effect could be caused by enzyme hyaluronidase present in
P. duboscqi saliva (44). Hyaluronidase cleaves hyaluronic acid, a
major component of vertebrate extracellular matrix, facilitating
the spread of other pharmacologically active compounds of
saliva. Hyaluronidase activity was shown to exacerbate skin
lesions caused by L. major in concentration-dependent manner
but did not affect visceralization (45) and therefore we think that
repeated exposure to uninfected bites multiplies the effect of
hyaluronidase activity. In addition, several other vector –derived
components like proteophosphoglycans, exosomes or sand fly
microbiota, co-inoculated with saliva and Leishmania into the
host skin, have been shown to modulate host immune response,
promote infection and enhance disease pathology (46–48).
Presumably, these components inoculated by uninfected sand
flies into the skin with Leishmania infection may also contribute
significantly to the “enhancing effect”.

In conclusion: our study provides first evidence that sand fly
saliva inoculated repeatedly to infected hosts substantially
influences the outcome of L. major infection. This finding appeals
to adequate protection of infected humans from sand fly bites not
only to prevent transmission but also to prevent enlarged lesions
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