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Background. Visceral leishmaniasis (VL) is transmitted by sand flies. Protection of needle-challenged vacci-
nated mice was abrogated in vector-initiated cutaneous leishmaniasis, highlighting the importance of developing
natural transmission models for VL.

Methods. We used Lutzomyia longipalpis to transmit Leishmania infantum or Leishmania donovani to ham-
sters. Vector-initiated infections were monitored and compared with intracardiac infections. Body weights were
recorded weekly. Organ parasite loads and parasite pick-up by flies were assessed in sick hamsters.

Results. Vector-transmitted L. infantum and L. donovani caused >5-fold increase in spleen weight compared
with uninfected organs and had geometric mean parasite loads (GMPL) comparable to intracardiac inoculation of
107-10® parasites, although vector-initiated disease progression was slower and weight loss was greater. Only
vector-initiated L. infantum infections caused cutaneous lesions at transmission and distal sites. Importantly,
45.6%, 50.0%, and 33.3% of sand flies feeding on ear, mouth, and testicular lesions, respectively, were parasite-
positive. Successful transmission was associated with a high mean percent of metacyclics (66%-82%) rather than

total GMPL (2.0 x 10*-8.0 x 10*) per midgut.
Conclusions.

This model provides an improved platform to study initial immune events at the bite site, para-

site tropism, and pathogenesis and to test drugs and vaccines against naturally acquired VL.
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Visceral leishmaniasis (VL) is a neglected vector-
borne disease causing fever, fatigue, weight loss,
anemia, and hepatosplenomegaly in humans. Untreat-
ed, VL is almost 100% fatal within 2 years [1]. VL is
transmitted by phlebotomine sand flies and is caused
by 2 species of Leishmania. Leishmania infantum
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(=Leishmania chagasi) is prevalent in the Mediterra-
nean Basin and Latin America and has a zoonotic
transmission cycle [1-4]. Leishmania donovani is
prevalent in the Indian subcontinent, South Asia, and
East Africa [1, 5] and is considered mostly anthropo-
notic [1, 2].

Most VL studies involve intravenous, intracardiac,
or intraperitoneal injection of 10°-10° parasites into
laboratory animals [6-11]. These routes bypass the
skin, an immunologically privileged tissue [12] and
the natural delivery site of the parasites. Progressive
VL in hamsters was also achieved via intradermal in-
jection of 10° parasites, a route closer to natural trans-
mission by sand fly bites [13, 14]. For cutaneous
leishmaniasis, natural transmission by vector bites re-
vealed important distinctions in disease initiation,
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progression, and response to vaccination compared with
needle challenge [15-18]. This likely reflects the complexity of
transmission by vector bites. Leishmania are delivered into
skin together with molecules that modulate the bite site, in-
cluding salivary proteins and parasite-derived promastigote se-
cretory gel [19-21]. Additionally, an infected sand fly displays
modified feeding behavior with prolonged and persistent
probing [22]. All the above initiates a rapid influx of immune
cells to the bite site, adding to the complexity of parasite deliv-
ery following transmission by bite [16]. The dose delivered by
sand flies into skin may also be relevant to disease initiation
and evolution [23]. Kimblin et al [24], reported that Phleboto-
mus duboscqi, a natural vector of L. major, transmits 10 to 10
parasites, whereas Phlebotomus perniciosus and Lutzomyia
longipalpis, natural vectors of L. infantum, transmit 8 to
4 x 10* parasites and 4 to 10* parasites, respectively [25, 26].
Despite variability in the dose delivered by individual infected
flies, it remains significantly lower compared with the inocu-
lum commonly used in needle-injection models, with the ma-
jority of sand flies delivering fewer than 600 parasites [24-26].
Because it mimics clinicopathologic features of active
human disease, the hamster needle-injection model of experi-
mental VL has been extensively used for studies on disease
pathogenesis and immunosuppression [27-30] and to test effi-
cacy of drugs and vaccines [7-10, 30-32]. To date, there are
no models of natural transmission by vector-bite for VL.
Studies reporting successful transmission of Leishmania para-
sites by VL vectors [25, 26] address load delivered by bite
without further demonstration of disease progression. We
report development of reproducible progressive VL in ham-
sters following transmission of L. infantum and L. donovani
by vector bite and describe disease features unique to sand fly
transmission and relevant to naturally acquired VL.

METHODS

Animals and Parasites

Male 3- to 6-week-old Golden Syrian hamsters (Hsd Han TM-
AURA strains) from Harlan Laboratories (Indianapolis, IN)
were used. Animals were housed under pathogen-free condi-
tions at the National Institute of Allergy and Infectious Diseases
(NIAID) Twinbrook animal facility in Rockville, Maryland. All
animal experimental procedures were reviewed and approved by
the NIAID Animal Care and Use Committee.

Parasite strains used include 2 recent isolates of L. infantum
(MCAN/BR/09/52, MCAN/IT/11/10545) from dogs with ad-
vanced canine leishmaniasis from the endemic areas of Natal,
Brazil, and Naples, Italy, respectively, and established strains
L. infantum (MHOM/BR/00/1669) and L. donovani (MHOM/
SD/62/1S). Parasites were maintained in Golden Syrian hamsters.
Promastigotes were cultured in Schneider’s medium (Gibco-BRL,
Grand Island, NY) supplemented with 20% heat-inactivated fetal

bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and
100 uL/mL streptomycin (complete Schneider’s) at 26°C.

Sand Fly Infections

Colony-bred 2- to 4-day-old L. longipalpis females were infect-
ed by artificial feeding on defibrinated rabbit blood (Spring
Valley Laboratories, Sykesville, MD) containing 5 x 10° amas-
tigotes or first-passage promastigotes and 30 puL penicillin/
streptomycin (10 000 units penicillin/10 mg streptomycin) per
mL of blood for 3 hours in the dark as described elsewhere [15].
Fully blood-fed flies were separated and maintained at 26°C
with 75% humidity and were provided 30% sucrose.

Pretransmission Scoring

L. infantum- and L. donovani-infected sand flies were scored
at days 8 and 11, respectively, to assess pretransmission infec-
tion status. Flies (7-13) were washed, and each midgut was
macerated with a pestle (Kimble Chase, Vineland, NJ) in an
Eppendorf tube containing 50 pL of PBS. Parasite loads and
percentage of metacyclics per midgut were determined using
hemocytometer counts. Metacyclics were distinguished by
morphology and motility.

Transmission of Leishmania to Hamsters via Sand Fly Bites

Hamsters were anesthetized intraperitoneally with ketamine
(100 mg/kg) and xylazine (10 mg/kg). Ointment was applied
to the eyes to prevent corneal dryness. Flies (20-30) with
mature infections were applied to both ears of each hamster
through a meshed surface of vials held in place by custom-
made clamps. The flies were allowed to feed for 1-2 hours in
the dark. Hamsters were monitored daily for appearance, ac-
tivity, swelling, pain, and ulceration during the course of infec-
tion, and their body weights were recorded weekly. The end
point for this study was reached when hamsters exhibited any
of the following criteria: a 20% weight loss; inability to eat or

drink; or becoming nonresponsive to external stimuli.

Posttransmission Scoring

The number of blood-fed flies was determined posttransmis-
sion. Where the infection status was established, all blood-fed
flies were dissected and examined. Flies were assigned a
“transmissible infection” status when a mature infection con-

tained numerous active metacyclic promastigotes.

Infection of Hamsters by Intracardiac Injection

Hamsters were infected by intracardiac injection with 10® am-
astigotes of L. infantum (MHOM/BR/00/1669) or 107 stationary-
phase promastigotes of L. donovani (MHOM/SD/62/1S). Hamsters
were monitored as described above.

Transmissibility From Sick Hamsters to Sand Flies
Prior to euthanasia, sick hamsters were exposed to 10 uninfect-
ed sand flies per site for 1 hour in the dark. For vector-initiated
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infections, sand flies were placed against hamster ears (the
original site of transmission) and at any observed skin lesions.
For intracardiac-injected hamsters, flies were placed against
ears and unbroken (normal) abdominal skin. Two days after
exposure, blood-fed flies were dissected and examined for pres-
ence of live Leishmania parasites.

Processing of Hamsters

Hamsters were euthanized by intraperitoneal anesthesia with a
mixture of 100 mg/kg ketamine and 10 mg/kg xylazine fol-
lowed by CO, inhalation. The spleen and liver from each
hamster were removed aseptically and weighed. Impression
smears from spleen, liver, and skin lesions were stained with
Diff-Quick (Astral Diagnostics, Paulsboro, NJ) and examined
for parasites. Aspirates from mouth, paw, and testicular
lesions were cultured in complete Schneider’s medium for 2
weeks at 26°C and examined for growth of Leishmania
parasites.

Parasite Load

Parasite load was quantified by limiting dilution assay as de-
scribed elsewhere [33, 34]. Briefly, whole organs were macerat-
ed aseptically through 70-um cell strainers in 5-20 mL

complete Schneider’s medium. Homogenates (50-200 pL)
were diluted serially (1:4 or 1:5) in 96-well plates containing
biphasic medium prepared using 50 uL NNN medium with
10% defibrinated rabbit blood overlaid with complete
Schneider’s. Parasite load was determined from the highest di-
lution at which Leishmania promastigotes could be grown
after 15 days of incubation at 26°C. Parasite loads exceeding
10" are considered approximate.

Statistical Analysis
Data were analyzed using the unpaired two-tailed Student ¢
test or 2-tailed Mann-Whitney test using 4.0 Prism Software
(GraphPad Software, San Diego, CA). P values < .05 were con-
sidered significant.

RESULTS

L. infantum Infection Parameters in Lu Longipalpis Sand Flies

For sand fly groups infected with L. infantum (MCAN/BR/09/52),
7,9, and 13 flies were examined to determine the geometric
mean parasite load (GMPL) per midgut prior to transmission
(Figure 1A). GMPL was 2x 10 8x10* and 4x10* for
groups 1, 2, and 3, respectively (Figure 1A). Importantly, the
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Pre- and posttransmission status of Lutzomyia longipalpis sand flies infected with Leishmania infantum. (A) Total number of promastigotes

per fly prior to transmission. Bars represent the geometric means. (B) Percent metacyclic promastigotes per fly. The parasite load and percent metacy-
clics per fly were assessed 8 days after sand fly infections. (C) Post transmission feeding score (black bars) and infection status of fed flies (striped
bars) from 20-30 total sand flies (white bars) exposed to both ears of each hamster (H represents an individual hamster). Data from 3 independent

experiments (groups 1-3) are shown.
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mean percent of metacyclics per midgut ranged from 66% to
76% (Figure 1B). Blood-feeding and infection statuses of flies
that took a blood meal (fed flies) were evaluated immediately
following exposure. In 3 independent experiments, the average
percent of fed flies was 42%, 67%, and 46% for groups 1, 2,
and 3, respectively. Notably, within these fed-fly groups, the
percent that harbored transmissible infections was high at an
overall average of 85% (range, 80%-90%), 69% (50%-82%),
and 68% (40%-88%) in group 1, 2, and 3, respectively
(Figure 1C).

Similar infection parameters were observed in flies infected
with another strain of L. infantum (MCAN/IT/11/10545) from
Italy (Supplementary data and Supplementary Figure 1A).

Clinicopathology of Progressive VL in Hamsters Following
Bites of L. infantum-infected Lu. longipalpis Sand Flies
Following vector transmission with 20-30 flies, hamsters were
followed for a maximum of 9 months or were euthanized
upon reaching the study endpoint. All hamsters acquired vis-
ceralizing infections following transmission with L. infantum
(MCAN/BR/09/52). Most hamsters (17 of 19; 89.5%) reached
the study endpoint 4-9 months posttransmission and exhibit-
ed severe splenomegaly; the remaining 2 animals did not show
external signs of disease but had moderate splenomegaly upon
examination. Of the 19 infected hamsters, 73.7% presented an
aggravated weight loss accompanied by dehydration and a
hunched posture (Figure 2A); none developed ascites. The
liver in the 17 hamsters was fibrotic, containing slightly raised
white foci, and changed color from red to pale yellowish-
brown (Figure 2A). Numerous L. infantum amastigotes were
observed in smears from spleen and liver tissue of all hamsters
(Figure 2B). Hamsters infected via vector bites with L. infan-
tum (MCAN/IT/11/10545) showed similar clinical symptoms
(Supplementary data and Supplementary Figure 1C and D).

Interestingly, 21% of infected hamsters developed large
scabs/sores on both corners of their mouth, 10.5% displayed
red swollen paws with scabby lesions, and 15.8% had swollen
testicles with large scabby wounds (Figure 34, 4, ¢, and e).
Amastigotes were observed in tissue smears (Figure 34, b, d,
and f), and live parasites were cultured from samples from
these lesions. Skin involvement was also observed in hamsters
following vector-transmission of L. infantum (MCAN/IT/11/
10545) (Supplementary data).

Infectivity of skin lesions of sick hamsters to sand flies was
evaluated immediately before euthanasia. The overall efficien-
cy of parasite pick-up from the original site of transmission in
ears was 45.6% (Figure 3B). This decreased to 25.7% in the
absence of a lesion and increased to 65.5% when there were
visible lesions. Additionally, sand flies efficiently picked up
parasites from skin lesions distal to the site of bites, where
50% and 33.3% of flies fed on mouth and testicular lesions,
respectively, were positive (Figure 3B). As predicted, overall
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Figure 2. Clinicopathologic features of visceral leishmaniasis (VL) in
hamsters following a vector-initiated infection with Leishmania infantum.
(A) Macroscopic features of VL in a representative sick hamster (infected)
compared with a healthy animal (uninfected). The infected hamster is
hunched, scruffy, and thin, exhibiting dramatic weight loss (top row). The
infected spleen (middle row) is enlarged, and the liver (bottom row) is
fibrotic, containing multiple raised white foci (yellow arrows). The liver
tissue also changes color from dark red to a brownish hue. (B) Heavy para-
site burden in visceral organs of a representative infected hamster. Tissue
impression smear of the spleen and liver stained with Diff-Quick shows
macrophages heavily infected with L. infantum amastigotes (red arrows).

success of parasite pick-up was significantly higher in the
presence of lesions (Figure 3C; P=.003). Notably, when we
exposed 50 uninfected flies to sick hamsters that had reached
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Figure 3. Skin lesions and parasite transmissibility to sand flies in sick hamsters infected via vector-transmission of Leishmania infantum. (A) Large
scabs/sores on both corners of the mouth (a), paw (c), and testis (e) from a representative infected hamster. Diff-Quick stained skin smears from mouth
(b), paw (d), and testis (f) lesions showing L. infantum amastigotes (red arrows). (B) Transmissibility to sand flies from ears (original site of vector-
transmission) and distal mouth and testis lesions 6-9 months following infection. Data from 8 independent exposures (E1-E8) are shown. (C) Overall
success of parasite pick-up following exposure to sites with or without visible lesions. Black bars represent sites with skin lesions where sand flies
were placed; white bars represent sites with no visible lesions. P<.05 was considered statistically significant.
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Reproducibility of vector-initiated infections with Leishmania infantum in hamsters. (A) Spleen weight of infected sand fly (SF;)-exposed

(black bars) and uninfected (white bars) hamsters. Error bars represent mean+ SEM A, Statistics not provided due to low number of animals. (B)
Geometric mean parasite load per spleen for SF-exposed hamsters. A total of 2, 7, and 10 hamsters were used in groups 1, 2, and 3, respectively.
*One hamster from group 3 expired and was not processed. P< .05 was considered statistically significant.

the endpoint following intracardiac injection, none of the fed
flies picked up parasites (data not shown).

Reproducibility of Progressive VL Following Transmission of

L. infantum by Bite

All 19 hamsters exposed to infected sand flies (SF;-exposed)
from 3 independent experiments showed enlarged spleens
whose mean weight ranged from 5- to 7-fold above that of
uninfected hamster spleens (Figure 4A). There was no diffe-
rence in liver weights between naive and infected hamsters
(data not shown). GMPL per spleen for all SF;-exposed ham-
sters (excluding one that expired before euthanasia) was
4.0 x 10" (Figure 4B). Significantly, spleen weight and GMPL
per spleen were comparable between the 3 independently SF;-
exposed groups. Similar results were obtained following
vector-transmission of VL using L. infantum (MCAN/IT/11/
10545) parasites from Italy (Supplementary data and Supple-
mentary Figure 1E and F).

Progressive VL Following Vector Transmission With

L. donovani

We also investigated the outcome of VL following vector-
transmission of L. donovani (MHOM/SD/62/1S). Figure 5A
shows pretransmission GMPL (2.9 x 10*) and mean percent of
metacyclics (80.5%) for a representative group of flies used to
transmit L. donovani to hamsters (Figure 5A). The mean
number of flies fed per hamster was 18 of a total of 30
(Figure 5B). Ten SF;-exposed hamsters from 4 independent ex-
periments were followed for 9 months posttransmission. Nine
of the 10 SF;-exposed hamsters developed splenohepatome-
galy, which was severe in 6 of the 9 animals. Figure 5C shows
a representative spleen from a sick hamster compared with
one from an uninfected animal. Numerous L. donovani amas-
tigotes were observed in impression smears from spleen and

liver (Figure 5D). Contrary to vector-initiated infections with
L. infantum, a significant increase was observed in the weight
of infected livers of L. donovani SF;-exposed hamsters
(P=.002; Figure 5E). GMPL per organ in SF;-exposed ham-
sters was 2.8 x 10"" for the spleen and 1.1 x 10'° for the liver
(Figure 5F). Notably, one hamster remained uninfected
throughout the experiment, probably due to poor transmis-
sion. Cutaneous involvement was not noted in any L. donovani-
infected hamsters following vector transmission.

Comparison of Vector Transmission and Intracardiac-injection
Models

Progression of VL following vector transmission to hamsters
via bites of L. longipalpis infected with either L. infantum
(MCAN/BR/09/52) or L. donovani (MHOM/SD/62/1S) were
compared with those of hamsters injected intracardiacally
with either 10% L. infantum (MHOM/BR/00/1669) amastigotes
freshly isolated from a hamster spleen or 107 stationary-phase
L. donovani (MHOM/SD/62/1S) promastigotes. Survival of 7
hamsters following vector transmission of L. infantum (group 2;
Figures 1 and 4) was compared with that of 5 uninfected
and 6 intracardiac-infected hamsters (Figure 6A). All 6 intra-
cardiac -infected and 6 of 7 SF;-exposed hamsters reached the
study endpoint and were euthanized (Figure 6A). Despite
comparable mortality in hamsters infected by the 2 inocula-
tion methods, SF;-exposed hamsters succumbed more slowly
to disease compared with intracardiac-infected hamsters
(Figure 6A). Furthermore, SFj-exposed hamsters did not
develop ascites and showed progressive weight loss beginning
at 18 weeks postinfection (Figure 6B). This is distinct from
intracardiac-infected hamsters, in which production of ascites
masked the weight loss of the animals (Figure 6B). Important-
ly, the spleen weight and parasite load per spleen were compa-
rable in SF;-exposed and intracardiac-infected hamsters
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Figure 5. Visceral leishmaniasis (VL) in hamsters following a vector-initiated infection with Leishmania donovani. (A and B) Parameters of infected
sand flies used for transmission. (A) Pretransmission status in a representative group of L. donovani-infected Lutzomyia longipalpis sand flies. Parasite
load (circles) and percent metacyclics per fly (triangles) 10 days post sand fly infection are shown. Lines represent geometric means. (B) Posttransmis-
sion feeding score (black bars) of 30 infected flies (white bar) exposed to both ears of 10 hamsters (H1-H10) from 4 independent experiments (G1-G4).
(C) Spleen from an uninfected (/eft) and a representative infected (right) hamster. (D) Tissue impression smear stained with Diff-Quick from the spleen
(left) and liver (right) of a representative infected hamster showing numerous amastigotes within parasitized macrophages (red arrows). (E and F)
Cumulative data of 4 independent experiments are shown. (E) Spleen (left bars) and liver weights (right bars) of infected sandy fly (SF;)-exposed (black
bars) hamsters compared with a group of 8 uninfected (white bars) hamsters. Error bars represent mean + SEM. (F) Parasite load per organ for the
spleen (circles) and liver (squares) in SFi-exposed hamsters determined by limiting dilution assay. Bars represent the geometric means. P<.05 was

considered statistically significant.

(Figure 6C and D), showing that the virulence of vector-trans-
mission parallels that of a direct injection of 10° L. infantum
(MHOM/BR/00/1669) parasites into the heart. Similar find-
ings were observed in hamsters following vector-transmission
of L. donovani. Survival of the 10 SF;-exposed hamsters was
compared with that of 5 uninfected and 7 intracardiac-infect-
ed hamsters (Figure 6E). All 7 intracardiac-infected hamsters
reached the study endpoint and required euthanasia within 22

weeks postinfection (Figure 6E). In comparison, 70% of the 10
SF;-exposed hamsters reached the study endpoint 35 weeks
postinfection (Figure 6E). In contrast to naive hamsters that
gained weight steadily over time, SF;-exposed animals—except
one—did not develop ascites and began to lose weight 5
months postinfection (Figure 6F). Notably, weight lost by in-
tracardiac-infected hamsters was not evident, probably due to
weight gained from ascites (Figure 6F). Despite the lower rate
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for each). (B and f) Body weight fluctuation over time in uninfected hamsters (black lines), intracardiac -infected hamsters (red lines), and SF; hamsters
(green lines). (C and G) Spleen weight in intracardiac -infected (checkered bars) and SF-exposed (black bars) groups compared with uninfected (white
bars) hamsters. Error bars represent mean+SEM. (D and H) Parasite load per spleen in intracardiac -infected (circles) and SF-exposed (squares)
hamsters. Splenic tissue was harvested at the endpoint, and parasite load was quantified by limiting dilution assay. Bars represent the geometric
means. P<.05 is considered statistically significant.

Vector-Initiated Model of Progressive VL e JID 2013:207 (15 April) o 1335



of mortality of SF;-exposed hamsters, the animals displayed an
increase in spleen weight and a high parasite load per spleen
comparable to that in intracardiac-infected hamsters

(Figure 6G and H).

DISCUSSION

A vector-challenge model for cutaneous leishmaniasis induced
an immune response distinct from needle challenge [15-17].
Additionally, vector-initiated infections are significantly more
virulent compared with needle injection of culture-generated
parasites [16, 20]. This has several implications, most impor-
tant being its influence on the outcome of infection following
vaccination. Studies using L. major and Leishmania mexicana
demonstrated that vaccination protected mice against needle
challenge but failed against vector challenge [17, 35]. This
clearly demonstrates that a vector-initiated infection is crucial
for studies aimed at understanding pathogenesis, immunity,
and vaccine evaluation for leishmaniasis. Early animal models
for the study of VL necessitated inoculation of Golden Syrian
hamsters with a large number of parasites via intracardiac or
intraperitoneal routes to reproduce similar clinicopathologic
features of human VL [6, 27]. This needle-injection model rep-
resents a valuable tool for the study of pathogenesis, immuno-
suppression, and response to drugs and vaccine candidates
[7-10, 28-31]. Nevertheless, it differs from a natural infection
initiated by sand fly bites and does not reflect the complexity
of parasite delivery at the bite site. Establishing a model of
vector-transmitted VL will provide the opportunity to address
issues such as parasite tropism and characterization of early
immune events at the bite site that precede—and may regulate
—dissemination to internal organs. Furthermore, this model
will permit a comparison of the immunopathogenesis of VL
after vector and needle challenges.

We achieved effective transmission to hamsters using sand
flies with a GMPL that varied from 22000 to 80000 for L.
infantum (MCAN/BR/09/52) and was 29 000 for L. donovani.
This broad range of midgut parasite loads is similar to those
reported by others for L. longipalpis infected with L. infantum
[25, 26]. Of note, both studies used these infected sand fly
groups in successful transmissions. In particular, Secundino
et al [26], demonstrated successful transmission in groups of
flies with parasites loads <20 000. This suggests that a high
midgut parasite load may not be a prerequisite for successful
transmission of visceralizing strains of Leishmania. Instead,
what was noteworthy in the sand fly groups used in success-
ful transmissions in this study was their high mean percent
of metacyclics of 66%-82%. This is substantially higher than
has been reported for L. major-infected P. duboscqi sand
flies, where the mean percent metacyclics was 30.7% for
high-dose transmitters and 16.2% for the low-dose transmit-
ters [24].

None of the studies of the parasite dose delivered by VL
vectors addressed onset of disease or clinical manifestations of
VL following natural transmission by infected sand fly bites.
We present the first account to our knowledge of clinicopath-
ologic features of a vector-transmitted model of VL. Vector-
initiated infections successfully generated clinically patent VL
comparable with traditional needle-injection models and re-
sulted in a significant increase in weight and parasite load of
affected organs and in fatal progressive disease; however, ham-
sters infected by sand fly bites presented a significant weight
loss but did not develop ascites, a prominent feature of
needle-initiated infections. Vector transmission also generated
a slower progression of VL that better resembled the chronici-
ty of the disease following natural transmission in the field.
The slower progression of disease may be relevant to evolution
of immunity to infection and to pathogenesis. In low-dose
models, L. major infection generated different disease profiles
compared with those seen in high-dose models. Generally,
low-dose infections resulted in a silent phase of parasite
growth and lower acute pathology but showed a higher para-
site titer in the chronic phase [23, 24]. Therefore, the slow pro-
gression of vector-initiated VL may be more appropriate for
studies of early immune events, parasite establishment, and
screening of drugs and vaccines.

One significant observation pertaining to vector-initiated in-
fections was the distinct difference in the dissemination pattern
of L. infantum compared with L. donovani parasites that is not
commonly observed with traditional needle-injection models.
Beginning at 15 weeks postinfection, L. infantum manifested
cutaneous lesions distal to the site of original transmission
with relatively high frequency (42%). This feature mimics the
evolution of cutaneous lesions observed in most dogs. Further-
more, humans manifest cutaneous lesions at the bite site fol-
lowing infection with dermotropic L. infantum. Of note, sick
hamsters presenting with infected cutaneous areas with or
without visible lesions represented a rich source of parasites for
infection of sand flies, suggesting that this feature is an impor-
tant epidemiologic aspect of L. infantum transmission in
nature. In contrast, none of the hamsters infected with L. dono-
vani by vector bites developed skin lesions, suggesting inherent
differences in these parasites that appropriately reflect their
natural epidemiology. Furthermore, the use of L. longipalpis—a
permissive vector species [36]—to transmit both L. infantum
and L. donovani indicates that vector components are likely
not responsible for the observed differential tropism of the 2
parasite species.

Our model of vector-initiated VL is reproducible, as dem-
onstrated by the success of multiple independent transmis-
sions of 2 strains of L. infantum and of L. donovani. Use of
virulent parasite strains was vital for generating reproducible
progressive VL infections. Here we infected flies with recent
field isolates of L. infantum obtained from sick dogs that were
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passaged only twice in culture or once in hamsters. In the case
of L. donovani, transmissible sand fly infections were obtained
only with parasites freshly isolated from hamster spleens and
passaged only once in culture. We also established a stringent
protocol for evaluation of vector parameters. Apart from pre-
transmission scoring of fly groups for infections containing a
mean percent of metacyclics over 50%, we added posttrans-
mission assessment of blood-fed flies. This permits elimina-
tion of animals where there is a reasonable suspicion that
transmission may have failed (see Supplemental data, Supple-
mentary Figure 1B). Therefore, we recommend posttransmis-
sion assessment of the infection status of blood-fed flies as an
additional criterion to assess successful transmission. Overall,
our results show that hamsters can be reproducibly infected
with either L. infantum or L. donovani following vector-trans-
mission where animals develop progressive VL within 9
months on the condition that they receive bites from sand
flies harboring transmissible infections.

In conclusion, availability of a model of vector-initiated
progressive VL provides the opportunity to address previously
elusive issues pertaining to early events of parasite establish-
ment in the host including conundrums of tissue tropism
between different Leishmania species. Moreover, it provides
an improved platform to test experimental drugs and potential
vaccines using a model of naturally acquired leishmaniasis.
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