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Canine leishmaniasis (CanL) is a chronic fatal disease of dogs and a major source of human infection through propagation of par-
asites in vectors. Here, we infected 8 beagles through multiple experimental vector transmissions with Leishmania infantum–infected
Lutzomyia longipalpis. CanL clinical signs varied, although live parasites were recovered from all dog spleens. Splenic parasite bur-
dens correlated positively with Leishmania-specific interleukin 10 levels, negatively with Leishmania-specific interferon γ and inter-
leukin 2 levels, and negatively with Leishmania skin test reactivity. A key finding was parasite persistence for 6 months in lesions
observed at the bite sites in all dogs. These recrudesced following a second transmission performed at a distal site. Notably, sand flies
efficiently acquired parasites after feeding on lesions at the primary bite site. In this study, controlled vector transmissions identify a
potentially unappreciated role for skin at infectious bite sites in dogs with CanL, providing a new perspective regarding the mech-
anism of Leishmania transmissibility to vector sand flies.
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Canine leishmaniasis (CanL) in dogs is a fatal chronic disease
caused by Leishmania infantum [1]. CanL is also a public health
concern, since infected dogs represent the most significant risk
factor for acquisition of zoonotic visceral leishmaniasis (ZVL)
in humans [2].

In long-term prospective studies in areas of endemicity, a
limited percentage of infected dogs become sick, the rest re-
maining in apparent good health for many years [3–7]. Various
infection models of CanL produced a variable proportion of
clinical signs in dogs [2, 8–16]. Despite a parasite inoculum
well in excess of what is injected by a sand fly [17–19], most

studies did not present clear evidence that dogs became sick
due to CanL.

In naturally infected dogs, the major clinical signs of CanL
include anorexia, lymphadenopathy, and hepatosplenomegaly
[6], and renal disease is generally the main cause of death
[20–22]. Another clinical feature of CanL is the manifestation
of skin lesions in a proportion of clinically patent dogs [22].
Infected dogs that develop a Leishmania-specific cellular im-
mune response characterized by the production of interferon
γ (IFN-γ) and tumor necrosis factor α and a positive leishmanin
test result show low parasite loads and control the disease [2,
23], while those with increased levels of interleukin 10 (IL-
10), transforming growth factor β, and antibodies to Leishmania
tend to have high parasite loads [2].

The relative contribution of symptomatic and asymptomatic
dogs in propagating L. infantum in vector populations, the
backbone of maintaining ZVL foci, remains unclear. Skin le-
sions observed in symptomatic dogs have been associated
with the ability to transmit L. infantum back to the sand fly
population [22, 24, 25]. However, the significance of intact
skin in transmission to sand flies is less clear. By use of xenodi-
agnoses, some studies concluded that only symptomatic dogs
act as reservoirs [24, 26, 27] and that only a small proportion
of dogs with high skin parasite loads, correlated to more-severe
disease, are infectious to sand flies [5, 28]. In contrast, other
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studies showed that both symptomatic and asymptomatic
dogs were infectious to sand flies [7, 29–32]. In one study,
L. infantum was isolated from intact skin of 78.7% of seropositive
dogs, of which only 21.9% were classified as symptomatic [30].By
use of xenodiagnoses, another study detected parasites by poly-
merase chain reaction analysis in sand flies fed on asymptomatic
dogs [32]. Unfortunately, CanL studies suffer from a lack of con-
sistency in the definition of asymptomatic dogs, which may have
factored in the contradictive conclusions reported above. Since
examination of the bite sites in naturally infected dogs is not pos-
sible, skin at the site of infected bites has never been considered as
a source of parasites or as a contributor to the cycle of parasite
transmission between dog and sand fly.

Here, we report that experimental vector transmission of
CanL by Lutzomyia longipalpis, the natural vector of L. infan-
tum, reveals long-term persistence of parasites at bite sites in the
skin of infected dogs, irrespective of their disease status. This
study puts forward a novel potential mechanism by which
dogs propagate Leishmania in vector populations and reveals
the refined efficacy of infected dogs as disease reservoirs for
L. infantum, the etiological agent of human ZVL.

MATERIALS AND METHODS

Animals and Parasites
Dogs (Marshall Farms, New York) were housed in 2 groups:
dogs 1592, 1516, 2912, and 1702 were in one group, and dogs
2474, 5635, 1605, and 3080 were in the other group. The dogs
were genotyped on the basis of single-nucleotide polymorphism
markers within the Slc11a1 gene [33]; dog 1516 and dog 2912
were found to be heterozygous. Animal experimental proce-
dures were approved by the National Institute of Allergy and In-
fectious Diseases Animal Care and Use Committee under
animal protocol LMVR 7E. L. infantum (MCAN/IT/11/
10545) parasites were recently isolated from an area of endemic-
ity in Naples, Italy. Amastigotes or early culture passages (P0–
P4) were used for sand fly infections.

Sand Fly Infection
L. longipalpis females were infected by artificial feeding on defi-
brinated rabbit blood containing 5 million parasites and 35 µL of
penicillin/streptomycin (10 000 units of penicillin/10 mg strepto-
mycin, Gibco, Grand Island, New York) per milliliter of blood as
previously described [34].

Vector Transmission
Individual midguts of infected sand flies were macerated man-
ually in 50 µL of phosphate-buffered saline (PBS) with a pestle
(Kimble Chase, Vineland, New Jersey) to determine the parasite
load and percentage of metacyclics per midgut, using a hemo-
cytometer (Supplementary Figure 1A). Metacyclics were distin-
guished by morphology and motility. Each dog was exposed to
20 infected sand flies, using custom-made feeders (Supplemen-
tary Figure 5) applied to the neck or belly in the dark for 2

hours. Thereafter, the number of blood-fed flies and their infec-
tion status were determined for each dog (Supplementary Fig-
ure 1B). Flies were assigned a transmissible-infection status
when numerous active metacyclic promastigotes were present
(Supplementary Video 1).

Serodiagnostic Indirect Fluorescence Antibody Testing (IFAT) and
Enzyme-Linked Immunosorbent Assay (ELISA)
For IFAT, detection of anti-Leishmania immunoglobulin G
(IgG) antibodies was performed using L. infantum promasti-
gotes (World Health Organization reference strain MHOM/
TN/1980/IPT-1) as antigen and following the protocol recom-
mended for canine leishmaniasis by the Office International des
Epizooties [35, 36]. For ELISA, 100 µL of L. longipalpis salivary
gland homogenate diluted to 1 pair/mL or 100 µL of Leishman-
ia antigen (SLA, 10 µg/mL) were used to coat plates. Serum was
used at a ratio of 1:50, alkaline phosphatase-conjugated anti-
dog IgG (dilution, 1:5000; Jackson ImmunoResearch, West
Grove, Pennsylvania) was used as a secondary antibody, and
the reaction was developed using p-nitrophenyl phosphate liq-
uid substrate system (Promega, Madison, Wisconsin). Absor-
bance was measured at 405 nm.

Blood Collection and Splenic and Bone Marrow Aspiration
Blood and spleen and bone marrow aspirates were collected
every 2–3 months from all dogs.

Clinical Evaluation and Blood Chemistry
All dogs were clinically examined every 2 weeks for up to 22
months for the presence and severity of clinical signs associated
with CanL. Blood and urine specimens were collected monthly
starting at month 6, for analysis of the whole-blood chemistry
panel and determination of the urine protein to creatinine ratio
(ANTECH Diagnostic Laboratories, Rockville, Maryland).

Parasite Detection
Skin lesion specimens and spleen and bone marrow aspirates
were cultured in biphasic medium and checked weekly under
light microscopy for 1 month. The parasite load was determined
by a limiting dilution assay as previously described [37, 38].
After necropsy, the submandibular, prescapular, and popliteal
lymph nodes and a pool of 3 sections from each spleen (from
medial and lateral parts) per dogs were macerated aseptically
through 70-µm cell strainers in complete Schneider’s for para-
site load assessment.

Cytokine Detection
Peripheral blood mononuclear cells (PBMCs) were isolated as
previously described [39]. One million cells per well were cul-
tured for 6 days in complete Roswell ParkMemorial Institute me-
dium alone, with SLA (50 µg/mL) at day 0 or with ConA (2.5 µg/
mL) at day 3. Cytokine production levels were measured using a
Multiplex Luminex assay (Procarta Canine Cytokine Assay kit,
Affymetrix, Santa Clara, California) in supernatants collected at
day 6, and results were read on the Luminex instrument.
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Xenodiagnosis
Dogs were exposed to 20 uninfected sand flies per site for 1 hour
in the dark. Sand flies were placed against normal dog skin, the
original site of transmission, and at observed skin lesions. Two
days after exposure, blood-fed flies were dissected and examined
by microscopy for the presence of live Leishmania parasites.

Leishmanin Test
SLAwas diluted in PBS to afinal concentration of 2.5 mg/mL. Each
dog was intradermally injected with 100 µL of SLA (250 µg) in the
abdomen. Forty-eight hours after injection, the mean of 2 perpen-
dicular diameters of the induration area was calculated. Skin indu-
rations of >5 mm in diameter were considered positive [40].

Histopathologic Analysis
At necropsy, spleen tissues were fixed in 10% neutral buffered
formalin, embedded in paraffin, sectioned at 4 µm, and stained
with hematoxylin and eosin. Slides were examined blindly.

Statistical Analysis
Correlation graphs are presented with a linear regression
slope, and dotted lines illustrate the 95% confidence interval.
Statistical differences between groups were tested by 1-way anal-
ysis of variance, followed by the Fisher least significant differ-
ence post hoc test. Correlations were tested by the Spearman
test; the distribution normality of samples was determined by
the Shapiro–Wilk test. We considered P values of <.05 as statis-
tically significant. All statistical analyses were performed using
GraphPad Prism software (La Jolla, California).

RESULTS

Clinicopathological Manifestations After Controlled Vector
Transmission of L. infantum to Beagles Revealed Parasite Persistence
at Infected Bite Sites in the Skin
L. longipalpis was infected with L. infantum and maintained
until a good proportion of sand flies held transmissible infec-
tions (Supplementary Figure 1A and 1B and Supplementary

Figure 1. Eight beagles were subjected to 2 transmission clusters composed of 9 and 7 vector transmissions. A, Timeline of transmissions and follow-up. B, Evolution of
lesions at bite sites in representative dog 1605 at month 3 M3, M12, and M17 after vector transmission. C, Lesions distal to the bite site in representative dogs 3080, 2912, and
1516. Stars denotes times of xenodiagnoses, spleen and bone marrow aspiration, and blood collection (plasma and peripheral blood mononuclear cells). Arrows point to
lesions. Abbreviations: TC1, transmission cluster 1; TC2, transmission cluster 2.
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Video 1). Eight naive beagles were infected via vector bites oc-
curring during 2 transmission clusters, transmission cluster 1
(TC1), on the ventral neck at month 0; and transmission cluster
2 (TC2), on the lower abdomen at month 17, to mimic transmis-
sion recurrence during a consecutive sand fly season (Figure 1A).
The percentage of blood-fed flies harboring transmissible infec-
tions, used as an indicator of transmission success, was compara-
ble among dogs (Supplementary Figure 1C). Animals underwent
a thorough monthly clinical examination until month 22, the
study end point. During the follow-up period, serum specimens,
blood specimens, and spleen and bone marrow aspirates were
collected bimonthly (Figure 1A).

The first clinical sign observed in all dogs was the presence of
nodular or ulcerative skin lesions (Figure 1B, Supplementary
Figure 2, and Table 1), located at the original site of vector
transmission (ventral neck) and accompanied by enlarged sub-
mandibular lymph nodes. Importantly, skin lesions from all
dogs tested positive for Leishmania in culture until month 6
after transmission (Table 1). Thereafter, Leishmania isolation
fluctuated over time, with the majority of lesion aspirates
being positive at any time during the study (Table 1). In some
dogs, the lesion at the original site of transmission persisted and

was long-lasting (Table 1 and Supplementary Figure 2). Impor-
tantly, after TC2, we observed a reactivation of primary skin le-
sions in 7 of 8 dogs and an increased percentage of cultures
positive for Leishmania (Table 1), although no visible lesions
were seen at sites of TC2. Prior to TC2, 5 dogs also developed
skin lesions in locations distal to the original bite site (Figure 1C
and Table 2). Overall, distal lesions displayed a lower rate of
Leishmania culture positivity as compared to the lesions at
the original site of sand fly bites (Tables 1 and 2). However,
the rate of culture positivity among distal lesions also increased
after TC2. Compared with only 0–2 distal lesions per dog, dog
3080 presented the most-severe clinical signs, with lesions at
multiple distal sites that were 100% culture positive throughout
the study (Supplementary Figure 3).

We also addressed the transmissibility of Leishmania in nor-
mal skin (located away from the sites of vector transmission) to
sand flies. Each dog was exposed to uninfected sand flies every 2
months throughout the study period (Supplementary Table 1).
Xenodiagnosis from normal skin was negative in all dogs, apart
from dog 3080, which became positive from month 14 until the
study end point, at month 22. The rate of sand fly positivity in
normal skin in dog 3080 was low at month 14, with 4.7%

Table 1. Prevalence of Leishmania Skin Lesions at the Site of Transmission Cluster 1 (Ventral Neck)

Dog ID Mo 3 Mo 6 Mo 8 Mo 10 Mo 12 Mo 14 Mo 16 Mo 19 Mo 21

1592

Lesion + + − − + + − − +

Culture + + NA NA − − NA NA −
1516

Lesion + + − − − − − − −
Culture + + NA NA NA NA NA NA NA

2474

Lesion + + + − − − + + +

Culture + + + NA NA NA − + −
5635

Lesion + + − − − − − + +

Culture + + NA NA NA NA NA − −
2912

Lesion + + + + + + + − +

Culture + + + + − + − NA +

1702

Lesion + + − + + + − + +

Culture + + NA + + + NA + +

1605

Lesion + + − − + + + + +

Culture + + NA NA + − − + +

3080

Lesion + + + + + − + + +

Culture + + + + + NA − + +

Overall positivity, %

Lesion 100 100 37.5 37.5 62.5 50 50 62.5 87.5

Culture 100 100 100 100 60 50 0 80 57

Transmission cluster 2 (abdomen) began at mo 17.

Abbreviations: −, negative; +, positive; NA, not applicable.
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efficiency, but increased to 10% and 14% at month 16 and
month 19, respectively (Supplementary Tables 1 and 2). In con-
trast, when uninfected sand flies were exposed to 2 dogs with
lesions at month 12, sand flies picked-up parasites successfully
and efficiently from the original site of transmission, similar to
distal lesions at month 12 and month 14 after transmission
(Supplementary Table 2), demonstrating the accessibility of
parasites from lesions at bite sites to sand flies.

No significant weight loss was observed in any of the infected
dogs throughout the study period (Supplementary Figure 4A).
Complete blood count and blood chemistry evaluations were
normal apart from the parameters displayed in Supplementary
Figure 4B. Values for dog 3080 fell outside the normal range for
the total protein level, the albumin to globulin ratio, the
aspartate aminotransferase (AST) level, the ratio of blood urea
nitrogen (BUN) level to creatinine level, and the ratio of urine
protein level to urine creatinine level (Supplementary
Figure 4B). The ratio of BUN to creatinine levels and the ratio
of urine protein to urine creatinine levels exceeded the upper
limit of the normal range for dogs 1592, 1516, and 2474
and dogs 1605, 1702, and 2912, respectively (Supplementary
Figure 4B).

Isolation of Live L. infantum From Splenic Aspirates From Beagles After
Controlled Vector Transmission
Dogs 1702, 1605, and 3080 had positive spleen aspirates contin-
uously starting at month 12, month 19, and month 6, respec-
tively (Table 3). Spleen aspirates from 2 animals (dogs 5635
and 2912) were culture positive at 2 consecutive time points
(month 6 and month 8; Table 3). By month 16, live parasites
were also recovered from dogs 1516 and 2474 at least once. Im-
portantly, after necropsy, performed at month 22, live parasites
were detected in spleen biopsy specimens of all 8 dogs, demon-
strating a 100% parasite visceralization (Table 3).

Pathology and Leishmanin Test Reactions 22 Months After Controlled
Vector Transmission of L. infantum to Beagles
After necropsy (at month 22), dog 3080 showed the highest
spleen to body weight ratio and splenic parasite load, while
dogs 1952 and 1516 had low spleen to body weight ratios and
low splenic parasite loads (Figure 2A). Dogs 1605 and 1702 had
the highest splenic parasite loads, after dog 3080 (Figure 2A).
Prior to euthanasia, a leishmanin test was performed as a sur-
rogate of cellular immunity to Leishmania. Forty-eight hours
after intradermal injection of Leishmania antigen, dogs 1592 and
1516 displayed the highest mean induration size (21.4 mm and

Table 2. Prevalence of Leishmania-Positive Skin Lesions Distal From the Transmission Sites

Dog ID Mo 3 Mo 6 Mo 8 Mo 10 Mo 12 Mo 14 Mo 16 Mo 19 Mo 21

1592

Lesion + + − − − − − − −
Culture − − NA NA NA NA NA NA NA

1516

Lesion − − − + + − + + +

Culture NA NA NA − − NA − − −
2474

Lesion − − − − − − − − −
Culture NA NA NA NA NA NA NA NA NA

5635

Lesion − − − − − − − − −
Culture NA NA NA NA NA NA NA NA NA

2912

Lesion − − + + − + + + +

Culture NA NA + − NA − − + +

1702

Lesion − − + + + + + + +

Culture NA NA NA + − − + + −
1605

Lesion − − − − − − − + +

Culture NA NA NA NA NA NA NA − +

3080

Lesion + + + + + + + + +

Culture + + + + + + + + +

Overall positivity, %

Lesion 25 25 37.5 50 37.5 66 50 62.5 62.5

Culture 50 50 66.6 50 33 33 50 60 60

Transmission cluster 2 (abdomen) began at mo 17.

Abbreviations: −, negative; +, positive; NA, not applicable.
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16.9 mm, respectively), while dogs 3080 and 1605 had negative
reactions, showing no detectable or a minor induration (size,
4.2 mm), respectively (Figure 2B). Dogs 2474, 1702, 5635, and
2912 presented positive reactions, with mean induration sizes of
11.5 mm, 10.1 mm, 7.2 mm, and 5.5 mm, respectively (Fig-
ure 2B). Of note, the mean induration size yielded by the leish-
manin test correlated negatively with the splenic parasite load
(r = −0.88; P = .004; Figure 2B). The submandibular, prescapu-
lar, and popliteal lymph nodes were Leishmania positive at
month 22, with dogs 3080, 1605, and 1702 showing a consider-
ably higher number of parasites in all 3 lymph nodes, compared
with the rest of the dogs (Figure 2C). Upon detailed examina-
tion, the spleens often contained multifocal to coalescing pale
tan nodules throughout, ranging from 2 mm to 1 cm in diam-
eter, and tended to be larger and more numerous in dogs 3080,
1605, and 1702 (data not shown). Histologically, changes in the
spleen of infected animals ranged from some vascular conges-
tion (in dog 1592) to severe histiocytosis with multiple small
granulomas (in dog 3080). Granulomas were characterized by
a central core of macrophages admixed with neutrophils and
few multinucleated giant cells surrounded by a thin rim of lym-
phocytes. Histopathological findings of the spleen for 2 repre-
sentative dogs, dog 3080 and dog 5635, are shown with those
for an uninfected dog in Figure 2D.

Progression of Humoral and Cellular Anti-Leishmania Immunity Over 22
Months After Controlled Vector Transmission to Beagles
Three months following TC1, 75% (6 of 8 dogs) and 100% (8 of
8) developed specific anti-Leishmania antibodies, according to
IFAT and ELISA, respectively (Figure 3A and 3B). After this ini-
tial spike, IFAT and ELISA titers decreased in all dogs but dog
3080. Most dogs maintained low titers over time, spiking again
at month 22, about 3 months following TC2 (Figure 3A and
3B). In contrast, IFAT and ELISA titers for dog 3080 rose stead-
ily over time and were considerably higher than those for the
other dogs. IgG2 antibody titers predominated during the first
year following transmission, after which the IgG2 to IgG1 ratio

dropped sharply, from a mean of 25.59 at month 12 to a mean
of 5.05 at month 22 (Figure 3C).

The levels of IFN-γ, IL-10, IL-12, IL-6, and IL-2 cytokines
were investigated in PBMCs stimulated with Leishmania anti-
gen before (at month 0) and at month 6, month 9, month 12,
month 19, and month 22 after TC1 (Figure 3D). Generally, IFN-
γ production increased in most dogs over time and was signifi-
cantly higher at month 22 after TC1, compared with that at
month 0 (P = .0415; Figure 3D). Interestingly, we observed 2
distinct clusters of dogs consisting of high (dogs 1592, 1516,
1702, 2912, and 5635) and low (dogs 3080, 1605, and 2474)
IFN-γ producers (Figure 3D). IL-10 production also increased
over time and was significantly different at month 9
(P = .0057) and month 22 (P = .0106), compared with month
0 (Figure 3D). There was no statistically significant increase in
IL-2, IL-6, and IL-12 production.

IFN-γ Is a Strong Correlate of Protective Anti-Leishmania Immunity in
Beagles Infected via Controlled Vector Transmission
At month 22, IFN-γ was the only cytokine of 5 tested to show a
significant positive correlation with mean indurations resulting
from the leishmanin test (r = 0.70; P = .05; Figure 4A). Addi-
tionally, IFN-γ levels (r = −0.75; P = .03) and IL-2 levels
(r = −0.71; P = .05) were negatively correlated with splenic par-
asite loads, while IL-10 levels (r = 0.73; P = .04) were positively
correlated to the number of parasites in the spleen (Figure 4B).
IL-12 and IL-6 levels did not correlate with either leishmanin
test indurations or splenic parasite loads.

DISCUSSION

CanL caused by L. infantum has a complex etiology that evolves
into a spectrum of clinical manifestations in dogs [1, 22]. Addi-
tionally, CanL is chronic, and most dogs exhibit clinical signs
only years after being in an area of endemicity [3, 41]. Here,
we achieved a 100% infection rate in beagles through controlled
multiple vector transmissions. Although we acknowledge the
limitation of this model, particularly concerning the restricted

Table 3. Parasite Detection in Culture of Spleen Aspirates Following Experimental Vector Transmission to Eight Dogs

Dog ID Mo 0 Mo 3 Mo 6 Mo 8 Mo 10 Mo 12 Mo 14 Mo 16 Mo 19 Mo 21 Mo 22a

1592 − − − − − − − − − − +

1516 − − − − − − − + − − +

2474 − − − − − − + − − − +

5635 − − + + − − − − + − +

2912 − − + + − − + − − + +

1702 − − − − − + + + + + +

1605 − − − − − − − − + + +

3080 − − + + + + + + + + +

Positivity, % 0 0 37.5 37.5 12.5 25 50 37.5 50 50 100

Transmission cluster 2 (abdomen) began at mo 17.

Abbreviations: −, negative; +, positive.
a Parasites at mo 22 were grown from spleen tissue after necropsy.
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number of transmissions and the low number of investigated
dogs, controlling the site of infected bites revealed aspects to
CanL transmission that may otherwise have been overlooked.

Based on immunological, parasitological, and pathological
data, the outcome of CanL varied in 8 dogs controlled for
breed, age, sex, and source and subjected to a standardized in-
fection pressure and equivalent standards of care, suggesting

that the rate of disease progression in dogs is not only depen-
dent on the number and frequency of infectious bites. This sup-
ports studies linking Leishmania susceptibility to genetic factors
that predispose dogs to this infection [33, 42], although varia-
tion in the Slc11c1 locus did not account for the observed sus-
ceptibility to disease in dog 3080, dog 1605, or dog 1702. As
shown by others [2, 23], a distinct leishmanin test reactivity

Figure 2. Pathology and leishmanin test reactions 22 months after experimental vector transmission to beagles. A, Spleen weight as a percentage of body weight (left) and
parasite load in homogenized spleen tissue (right). B, The left panel shows leishmanin test indurations measured 48 hours after intradermal injection of soluble Leishmania
antigen prior to necropsy. The mean of 2 perpendicular measurements delimiting the induration area is given. A mean induration of ≥5 mm (dotted line) was considered
positive. The right panel shows a negative correlation between splenic parasite load and leishmanin test positivity. The solid line represents the mean. C, Parasite loads
per lymph node for submandibular, prescapular, and popliteal lymph nodes. Parasite loads were determined by a limiting dilution assay. D, Hematoxylin and eosin–stained
sections of the most affected part of the spleen in representative dogs 3080 and 5635. A section from the spleen of an uninfected dog was used as control. Images were taken
at the magnification ×40.
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and high levels of IFN-γ and IL-2 were good indicators of im-
munity in the infected dogs, while IL-10 levels correlated posi-
tively with splenic parasite burdens. Interestingly, at month 22,
all 8 dogs contained a substantial and comparable parasite load
in their lymph nodes, indicating its potential importance for
maintaining immunity, as well as being an indicator of an active
infection or disease [29, 38, 39].

We saw significant changes in known biochemical indicators
of CanL in only 1 dog (dog 3080), suggesting that a sustained
infection pressure such as that undergone by dogs in areas of
endemicity may be needed to induce marked biochemical
changes. Of note, these usually occur late under a natural infec-
tion setting [4]. Additionally, weight loss, a sign of advanced
CanL [11], was not observed in any of the infected dogs. The
high level of care received by the dogs in this study, including
being fed when they became weak, may have played a factor in
maintaining their weight.

A key observation inferred from this study relates to the po-
tential relevance of infectious bite sites in the transmission of
L. infantum back to vector populations. Although vital to un-
derstanding CanL propagation in disease foci, the transmissibil-
ity of infected dogs to sand flies remains poorly understood,
complicated by the unknown location and frequency of infected
bites in field settings. In this study, controlling the site and fre-
quency of vector transmissions, combined with the range of
clinical signs exhibited by infected dogs, presented an opportu-
nity to assess their infectiousness to sand flies. Although skin
parasitism has been associated with transmission of L. infantum
to sand flies, it has been reported as a generalized condition result-
ing from dissemination of the parasite [7, 24, 26, 27, 29–32]. Here,
we offer another possible explanation. Our data indicate that, early
after infection, Leishmania parasites are accessible to sand flies
through lesions that form at the site of most infectious bites. Per-
sistence of pathogens at bite sites in the skin has been documented

Figure 3. Development of Leishmania-specific immunity in beagles after experimental vector transmission. A, Eight beagles were followed serologically for 22 months by
indirect fluorescence antibody testing (IFAT; A) and enzyme-linked immunosorbent assay (ELISA; B). Dotted lines indicate IFAT and ELISA cutoffs. A titer of 1:40 was used as a
cutoff for the IFAT-positive response. The mean values ( + 2 SDs) for sera from 6 uninfected dogs were used to calculate the ELISA cutoff. C, Box plot of the ratio of immu-
noglobulin G2 (IgG2) to IgG1 for the 8 infected dogs. The plus signs denotes the means, the solid lines denote the medians, and the bars represent the 5th–95th percentiles. D,
Dog peripheral blood mononuclear cells were stimulated for 6 days with soluble Leishmania antigen or left unstimulated. Supernatants were used to measure cytokine levels for
interferon γ (IFN-γ), interleukin 10 (IL-10), interleukin 6 (IL-6), interleukin 12 (IL-12), and interleukin 2 (IL-2), using a 5-plex Luminex assay. Lines represent the mean. Symbols
identify each dog. Abbreviation: M, month.
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for other vector-borne diseases, including malaria, Lyme disease,
and dengue [43–45]. In this study, small parasite-positive lesions,
which can be overlooked without shaving the animal, formed at
the site of bites in all infected dogs and persisted for months
even in dogs that exhibited no other clinical signs of CanL. Addi-
tionally, bite site and distal lesions were both infective to sand flies,
while normal skin, monitored bimonthly up to month 22, was not
(except for 1 dog at month 14, when it was polysymptomatic). The
prevalence, early appearance, and persistence of bite site lesions
implicate them in propagation of Leishmania infections to sand
flies. Although bite site lesions, sometimes referred to as “chan-
cres,” have been reported in field dogs [15], they are mostly dis-
cussed as sites of parasite inoculation, and their persistence and
role in transmissibility to sand flies has been underappreciated.
Here, we demonstrate that primary bite site lesions persist, remain-
ing parasite positive intermittently over the 2-year study period.
We also demonstrate that parasites residing in these lesions are ac-
cessible to flies even a year after transmission. These observations
may partially explain the contradictive reports regarding the im-
portance of symptomatic versus asymptomatic dogs as a source
of sand fly infection. Moreover, sand flies may preferentially
feed on certain body parts, such as ears and nose, potentiating
the likelihood of parasite recovery from previous bite sites. Further
studies of the feeding behavior of vector sand flies in foci of disease
are needed to validate this premise.

In conclusion, we propose that bite sites can retain parasites in
the skin for months after a primary infection. These parasites are
accessible to sand fly populations soon after transmission in most

infected dogs, irrespective of disease status, providing a new per-
spective for the propagation of L. infantum in disease foci.
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