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Infection with certain bacteria, parasites, and viruses alters the host immune system

to Leishmania major influencing disease outcome. Here, we determined the outcome

of a chronic infection with Trypanosoma brucei brucei on cutaneous leishmaniasis (CL)

caused by L. major. C57BL/6 mice infected with T. b. brucei were given a sub-curative

treatment with diminazene aceturate then coinfected with L. major by vector bites. Our

results revealed that infection with T. b. brucei controls CL pathology. Compared to

controls, coinfected mice showed a significant decrease in lesion size (P < 0.05) up

to 6 weeks post-infection and a significant decrease in parasite burden (P < 0.0001) at 3

weeks post-infection. Protection against L. major resulted from a non-specific activation

of T cells by trypanosomes. This induced a strong immune response characterized by

IFN-γ production at the site of bites and systemically, creating a hostile inflammatory

environment for L. major parasites and conferring protection from CL.

Keywords: Leishmania major, Trypanosoma brucei, coinfection, inflammation, cellular immunity, humoral

immunity, cutaneous leishmaniasis, protection

INTRODUCTION

Cutaneous leishmaniasis (CL) is an infectious disease caused by Leishmania parasites. CL affects
man and other mammals, causing ulcers in the skin and mucous membranes. With a million
cases registered worldwide in the last 5 years, CL is considered as a serious public health problem
concentrated in poor regions of the world (1). Leishmania parasites are transmitted by the bite of
vector sand flies together with vector-derived factors as part of a virulent infectious inoculum (2–4).

Protective adaptive immunity to CL depends on the induction of specific Th1-polarized CD4+T
cells that produce pro-inflammatory cytokines such as IL-12, IFN-γ, and TNF-α, responsible for
macrophage activation and parasite killing (5). In contrast, a Th-2 polarized immune response with
T cells producing cytokines such as IL-13, IL-4, IL-10, and IL-5 are associated to susceptibility to
Leishmania and an increase in the size and severity of L. major lesions (5).
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Humans and animals are exposed to different species of
fungi, bacteria, viruses, and parasites throughout their lifetime
where the risk of co-infections is likely. Coinfections with
Leishmania parasites and various pathogens have been reported
for both humans and animals (6–12). Experimentally, studies
have shown varying effects of co-infections on the progression
of leishmaniasis. Mice infected with Listeria monocytogenes
and later coinfected with L. major exhibited an enhanced
inflammatory response and developed larger lesions compared
to animals infected with L. major alone with no effect on
parasite loads (13). Similarly, mice infected with Lymphocytic
Choriomeningitis virus and subsequently coinfected with L.
major also presented bigger lesions associated with a decrease
in IFN-γ production. Coinfection with Schistosoma mansoni and
L. major demonstrated that the former delays the resolution of
CL in mice by decreasing the production of IFN-γ, TNF-α, and
NO, and increasing IL-4 levels (14). These reports point to the
importance of coinfections in modulating the outcome of CL.

Here, we demonstrate the protective effect of a chronic drug-
controlled infection with Trypanosoma b. brucei on L. major
infection. We show that T. b. brucei parasites create a non-
specific intense pro-inflammatory response, local, and systemic,
characterized by high levels of IFN-γ that creates an adverse
environment for Leishmania parasites.

MATERIALS AND METHODS

Animals and Ethics Statement
C57BL/6 mice were purchased from Charles River Laboratories
(Wilmington, MA) and were housed under pathogen-free
conditions at the NIAID Twinbrook animal facility in Rockville,
Maryland. Animal experimental procedures were reviewed and
approved by the Care and Use Committee of the National
Institute of Allergy and Infectious Diseases under animal
protocol LMVR4E. The Animal Care and Use program at NIAID
DIR complies with the Guide for the Care and Use of Laboratory
Animals and with the NIH OACU and ARAC guidelines.

Infection of Mice With T. b. brucei
Trypanosoma brucei brucei (Antat 1.1) blood form parasites
originally obtained from the Laboratory for Cellular and
Molecular Immunology, Vrije Universiteit Brussel, Pleinlaan
2, 1050 Brussels, Belgium, were passaged at the laboratory
of Professor S. Black, Department of Veretrinary and Animal
Sciences, UMASS Amherst. Parasites were provided as frozen
blood stabilates and were maintained at −70◦C. T. b. brucei
parasites were thawed and suspended in one ml of RPMI (Sigma-
Aldrich) and counted in a Neubauer chamber. For infection
of mice, 100 µL containing 5,000 T. b. brucei were injected
intraperitoneally. Soluble VSG of T. b. bruceiAnTat was prepared
as described earlier (15). Throughout the study, two experimental
groups were compared, mice infected with T. b. brucei then
co-infected with L. major and mice infected only with L. major.

Treatment of Mice With Diminazene
Aceturate
Mice infected with T. b. brucei were treated twice at 10-day
intervals with a subcurative dose of 40 mg/kg of diminazene

aceturate (Berenil, Sigma-Aldrich) in 100 µL of Phosphate
Buffered Saline (PBS) to control the number of systemic T. b.
brucei parasites prior to natural transmission of L. major (16).
The number of trypanosomes circulating in the blood were
monitored at 4, 18, and 51 days after infection. Blood (2.5 µl)
was collected by tail bleeds and diluted in 500 µL of phosphate-
buffered saline (PBS) for counting.

Sand Fly Infection and Transmission of
L. major to T. b. brucei Infected Mice
Lutzomyia longipalpis sand flies, Jacobina strain, were obtained
from a colony maintained at the Laboratory of Malaria
and Vector Research, NIAID, NIH. Frozen amastigotes of
Leishmania major (WR 2885) were thawed and washed, and
viable amastigotes were counted in a Neubauer chamber.
Artificial infection of Lu. longipalpis with 5 × 106 L. major
amastigotes/ml of defibrinated rabbit blood was performed as
described previously (17). Eight to ten days after infection, 10
sand flies were placed in a meshed vial that was applied to
a mouse ear for 2 h in the dark using custom-made clamps.
Transmission of L. major by bites of infected sand flies was
performed on day 30 after infection with T. b. brucei and 10 days
after the second treatment with diminazene aceturate.

Measurement of L. major Lesion Size
The diameter(s) and thickness(s) of the developing L. major
lesions were measured at 2, 4, and 6 weeks after exposure
to infected Lu. longipalpis sand flies using a Vernier caliper
(Mitutoyo, Baltimore, MD). The sum of the area of the
developing lesions was used to assess disease progression.

Elisa
IgG titers against L. major were measured using L. major
cell lysate antigen (Leish). ELISA plates (Immulon4-Thermo,
Waltham,MA)were coated overnight 4◦Cwith 20µg of Leish/ml
bicarbonate carbonate buffer pH 9.6. After washing and blocking
with 4%BSA for 2 h/37◦C, 50µL of serum (1:100) were incubated
for 1 h at 37◦C. After washing, plates were incubated with
alkaline phosphatase–conjugated anti-mouse IgG (1/1000, BD
Biosciences). The reaction was revealed using alkaline phosphate
substrate (Promega) and absorbance was read at 405 nm.

Briefly, to measure antibodies against T. b. brucei or Brugia
malayi wells were coated overnight with 10 µg of either T. b.
bruceiAnTat 1.1 (cell lysate) or AnTat 1.1 sVSG (a purified surface
membrane protein), or 10 µg of Brugia malayi microfilariae
cell lysate. After washing and blocking, mice sera (1:50) were
incubated for 2 h at 37◦C. After washing, plates were incubated
with alkaline phosphatase–conjugated anti-mouse IgG (1/1000,
BD Biosciences). The reaction was revealed using alkaline
phosphate substrate (Promega). Absorbance was read at 405 nm.

L. major Load by Limiting Dilution Assay
(LDA)
The lymph node draining the infected ear was macerated and
homogenized in 200 µl Schneider’s (Gibco, NY) supplemented
with 10% heat inactivated fetal bovine serum (Gibco, NY),
2mM L-glutamine,100 U/ml Penicillin and 100/ml Streptomycin
(complete Schneider medium). The macerate was serially diluted
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(1:2) in 96-well flat bottom microtiter plates containing 50ml
biphasic medium prepared using NNN medium with 10%
of defibrinated rabbit blood overlaid with 200 µl complete
Schneider medium. The plates were incubated at 27◦C and
examined up to 10 days after culture. The number of live L. major
promastigotes was determined from the highest dilution at which
L. major could be grown.

Evaluation of Brain Histopathology in T. b.

brucei-Infected Mice
Each brain section was fixed in 10% neutral buffered formalin
for 24 h, processed and sectioned (5mm), and stained with
hematoxylin-eosin (Histoserv, Germantown, MD). Slides
were evaluated by a board-certified veterinary pathologist
and photomicrographs were taken using the Olympus BX51
microscope and Olympus DP73 camera.

In vitro Stimulation of Spleen Cells With L.

major Cell Lysate (Leish)
Spleens were pooled by group from 5 to 7 mice for flow
cytometry. The spleens were macerated and treated with
ACK Lysis buffer (Lyfe technologies, USA) for 5min to lyse
erythrocytes. After washing, 5 × 106 splenic cells/mL were
cultured in RPMI medium (Life Technologies) supplemented
with 10% heat-inactivated fetal bovine serum, 100 U/ml of
penicillin, 100 mg/ml of streptomycin (Sigma, St. Louis, MO) in
the presence of 50µg/ml of Leish. Cells were incubated at 37◦C
with 5% CO2 for 24 h.

Flow Cytometry
Non-specific binding sites on viable splenic cells were blocked for
10min at 4◦C, using anti-CD16/32 FcγR antibody (BD). After
washing, the cells were incubated with a Life/Dead stain (Life
Technologies) for 20min to exclude dead cells from the analysis.
T cells and cytokines were identified using the following anti-
mouse antibodies: PerCP- labeled anti-CD4, APC-Cy7 labeled
anti-TCR-β, APC labeled anti-IFN-γ, and Pacific Blue labeled
anti-IL10. For B cell staining the following anti-mouse antibodies
were used: PE labeled anti-CD138 and APC labeled anti-B220.
Incubation with all antibodies were conducted for 30min at 4◦C.
All samples were acquired using a MACSQuant (Miltenyi Biotec)
and data were analyzed with the FlowJo V10 software package.

RNA Extraction and cDNA Synthesis
Total RNA was isolated from the ear of each mouse using the
Ambion Kit (Life Technologies) according to the manufacturer’s
instructions. cDNA was obtained using 100 µg RNA from
individual mice ears that was synthetized with 4 µL de qScript
cDNA (SuperMix Superscript III, Invitrogen) following the
manufacturer’s instructions. The cDNAs were stored at −20◦C
until cytokine analysis by Real time PCR.

Real Time PCR for Cytokine Quantification
PCR was carried out using the Perfect Master mix (Roche
Diagnostics) and gene specific primer sets for IFN-γ, TNF-
α, IL-10, IL-12, and IL-4 using the Light Cycler 480 (Roche
Diagnostics). A standard curve for each set of primers was

generated as recommended by the manufacturer. The expression
levels of the genes of interest were normalized to RNA levels of
GAPDH, an endogenous gene. The results are expressed in fold
change over gene expression in the control group.

Statistical Analysis
Graphs and statistical significance were prepared and analyzed
using GraphPad Prism Software 7.0. An unpaired t-test followed
byMann-Whitney test or a one-way ANOVA followed by Tukey’s
multiple comparisons test were used to evaluate statistical
significance among groups. A p value < 0.05 was considered
statistically significant.

RESULTS

A Treatment Regimen With Diminazene
Aceturate Produces a Chronic Infection
With T. b. brucei
Treatment of mice with two doses of 40 mg/kg diminazene
aceturate at 10-day intervals after the intraperitoneal injection
of 5,000 T. b. brucei (Figure 1A) maintained a chronic drug-
controlled infection with T. b. brucei (Figure 1B). We chose
three timepoints to assess the number of circulating blood
trypanosomes: Four days, before the first drug treatment; 18
days, before the second drug treatment; and 51 days, at the
first evaluation after L. major infection. Counts of T. b. brucei
circulating in the blood demonstrated the growth of parasites
on day four, prior to drug treatment. On day 18, two days
before the second drug treatment, the number of T. b. brucei
parasites declined to sub-detectable levels in blood indicating
their transient clearance from circulation (Figure 1B). The
persistence of T. b. brucei parasites in co-infected mice after
the second drug treatment was confirmed by their recovery to
pre-drug treatment levels on day 51, three weeks after L. major
infection (Figure 1B).

To investigate the consequence of the persistence of T. b.
brucei after treatment with two doses of 40mg/kg diminazene
aceturate, histopathologic analyses of the brain of mice was
conducted 10 days after T. b. brucei infection, and three and 6
weeks after transmission of L. major to mice (Figure 1C). Ten
days after infection with 5,000 T. b. brucei and prior to the first
dose of drug, the brains from infected and naive mice, the latter
representing a steady state baseline, were similar and unaltered
(Figure 1C, I and II). In comparison, three weeks after infection
with L. major (51 days after infection with T. b. brucei and 31
days after administration of the second drug dose), the brains
of coinfected mice demonstrated acute meningoencephalitis that
was absent from mice infected with L. major alone (Figure 1C,
III and IV). The meningoencephalitis in brains of coinfected
mice was characterized by an intense neutrophilic infiltrate
within the meninges, extending at a lesser degree to different
regions of the neuroparenchyma (Figure 1C, IV). Importantly,
we observed a few T. b. brucei parasites in the choroid plexus
of the third ventricle, indicating that the blood/brain barrier
has been crossed. At six weeks after infection with L. major (72
days after infection T. b. brucei and 52 days after administration
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FIGURE 1 | A model for a drug-controlled chronic infection with T. b. brucei. (A) A schematic representation of the experimental study design. Drug, diminazene

aceturate. (B) T. b. brucei parasite load per ml of blood in mice before the first and second drug treatments (days 4 and 18, respectively), and 3 weeks after exposure

to 10 sand flies infected with L. major (day 51). Data are representative of three independent experiments (n = 8–13 mice). (C,D) Brain sections of mice stained with

hematoxylin and eosin. (C) naive (I) and 10 days after infection with T. b. brucei (II), and 3 or 6 weeks after infection with L. major in the absence (III, V) or presence of

T. b. brucei (IV, VI), respectively. Arrows highlight areas of inflammation. Scale, 50µm. (D) Magnification of the choroid plexus (lower panel) within the dorsal third

ventricle of the brain (upper panel) 6 weeks after infection with L. major in the presence of T. b. brucei. Dashed boxes highlight areas with T. b. brucei parasites. Scale,

100µm). Pictures are representative of two independent experiments (n = 5 mice/group).

of the second drug dose) the brains of mice infected with L.
major alone were unchanged while the brain tissue of coinfected
mice showed a more chronic meningoencephalitis that was
composed largely of lymphocytes and plasma cells (Figure 1C,
V and VI). Additionally, more T. b. brucei parasites were evident
(Figure 1D, Dashed boxes) within the choroid plexus of the third
ventricle (Figure 1D) which also displayed a large number of
plasma cells. Of note, mice coinfected with T. b. brucei and L.
major also exhibited a lower rate of weight gain beyond the
second week after L. major transmission compared to animals
infected with L. major alone (Supplementary Figure 1).

T. b. brucei Infection Results in a Sustained
Control of Leishmania major Lesion
Pathology Following Vector-Transmission
To determine the influence of a T. b. brucei infection on the
development of CL, mice infected or not with T. b. brucei were
challenged 10 days after the second dose of diminazene aceturate
with 10 L. major-infected Lu. longipalpis sand flies harboring
mature infections with a geometric mean parasite load of 104 and

an average of 60% infectious metacyclics per midgut (Figure 2A).
After transmission, we followed the course of developing ulcers
bymeasuring the lesion(s) area inmice ears. Mice coinfected with
T. b. brucei and L. major developed significantly smaller lesions
(P < 0.05) up to 6 weeks post infection with L. major (Figure 2B)
and did not manifest open ulcers (Figure 2B, pictures) compared
to control mice infected with L. major alone. Interestingly, a
significant reduction in Leishmania parasite ear burden was
observed in coinfected compared to controls at 3 weeks post-
infection, however, by 6 weeks the parasite number in coinfected
mice recovered in the absence of pathology and were comparable
in number in both groups (Figure 2C).

T. b. brucei Infection Induces Expansion of
the Splenic Plasma B Cell Compartment
To investigate whether the reduced L. major pathology in
coinfected mice is associated to cross-reactive immunity directed
against similar trypanosomatid antigens, we tested the serum
from mice infected with L. major in the presence or absence
of T. b. brucei against the cell lysate or soluble VSG protein
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FIGURE 2 | A chronic infection with T. b. brucei controls L. major lesion pathology. (A) The parasite burden and percent metacyclics in Lu. longipalpis sand flies at the

time of L. major vector-transmission to mice. (B,C) Mice infected with L. major by vector challenge in the absence (L. major) or presence (Coinfection) of a preceding

infection with T. b. brucei. (B) Area of L. major ear lesions. Pictures show the pathology of cutaneous lesions at 4 weeks after L. major infection. C, L. major parasite

load at 3 and 6 weeks after infection. *P < 0.05; ****P < 0.0001; Unpaired two-tailed t-test. Data are representative of three independent experiments (n = 8–13 mice).

from the trypanosomes. Animals infected with L. major alone
had no cross-reactive antibodies to either anti-AnTat 1.1 Lysate
or VSG (Figure 3A), suggestive of the absence of shared
antigens. Conversely, mice coinfected with both T. b. brucei
and L. major reacted to both antigens (P < 0.0001, Figure 3A).
Counterintuitively, 10 days after infection with T. b. brucei, and
before infection with L. major, mice showed significantly higher
IgG titers against L. major cell lysate (Figure 3A, P < 0.0001) as
well as the cell lysate from an unrelated parasite, Brugia malayi
microfilaria (Figure 3A, P < 0.01), compared to naive mice
indicative of polyclonal activation of B cells in trypanosome-
infected mice. Of note, a further increase in the IgG titer against
L. major cell lysate was observed three weeks after coinfection
with L. major (Figure 3A).

To assess the activation state of B cells in T. b. brucei
infected mice, a plasma cell specific B220+/CD138+ staining
was performed on spleen cells. Ten days following infection
with T. b. brucei, there was a seven-fold increase in plasma
B cells compared to the basal state of naive mice (Figure 3B).
Moreover, at 3 and 6 weeks after transmission with L. major-
infected sand flies a 3- and 28-fold expansion of plasma cells was
observed in coinfected mice compared to animals infected with
L. major alone (Figure 3C), likely due to the increasing number
of trypanosomes in circulation.

T. b. brucei Infection Produces an
Inflammatory Environment at the Site of L.
major-Infected Vector Bites and
Systemically
To understand the basis of the protection from L. major
conferred by an active infection with T. b. brucei, we investigated
the ex vivo expression of cytokines in mice ears 3 and 6 weeks
after exposure to infected sand fly bites. Three weeks after the
bites of L. major-infected sand flies, the ears of mice that were
also infected with T. b. brucei showed a significant increase in
the local expression of the pro-inflammatory cytokines IFN-γ
(P < 0.01) and TNF-α (P < 0.001) when compared to mice
infected with L. major alone (Figure 4A). Importantly, six weeks
after L. major infection, the expression of both pro- and anti-
inflammatory cytokines was significantly enhanced (P < 0.01) in
coinfected compared to controls though the local milieu was still
dominated by IFN-γ (Figure 4A). This indicates that T. b. brucei

induces a cell-mediated as well as a humoral hyper-inflammatory
environment.

The induction of a cellular hyper-inflammatory environment
after infection with T. b. bruceiwas systemic. At three weeks post-
infection with L. major, the number of IFN-γ-producing, and
to a lesser extent IL-10-producing, TCRß+CD4+ splenic T cells
(Supplementary Figure 2) was higher in mice coinfected with T.
b. brucei compared to mice only infected with L. major, with or
without stimulation with L. major cell lysate (Leish), emphasizing
the pro-inflammatory nature of the response (Figure 4B).
TCRß+CD4− splenic T cells (Supplementary Figure 2), that
include CD8+ T cells, of mice coinfected with L. major and
T. b. brucei also produced higher levels of IFN-γ and IL-10
compared to mice only infected with L. major, but consisted
mainly of IL-10-producing cells (Figure 4B). Interestingly, in
the absence of antigen stimulation, the number of CD4+ and
CD4− T cells producing IFN-γ were about 4-fold higher in co-
infected compared to L. major-infected mice, and were about
2-fold higher after stimulation with Leish.

DISCUSSION

Coinfections in humans are more the norm than the exception,
particularly in developing countries where infectious diseases
are prevalent (18–20). For Leishmania parasites, coinfection
with HIV is the best characterized. HIV enhances susceptibility
to Leishmania reinfection and relapse, increases lethality of
VL, and influences disease prevalence worldwide threatening
control and elimination efforts [www.who.int/leishmaniasis/
burden/hiv_coinfection/burden_hiv_coinfection/en/; (21–24)].
Experimentally, several models of coinfection with Leishmania
also resulted in disease enhancement (13, 14). Here, we
demonstrate that infection of mice with T. b. brucei has a
protective effect on L. major infection despite a virulent challenge
via infected sand fly bites. Using amousemodel of coinfection, we
show that an infection with T. b. brucei affects both the humoral
and cellular arms of the host immune system generating a non-
specific polyclonal activated state. This creates an inflammatory
environment dominated by high levels of IFN-γ that adversely
affects the invading Leishmania parasites. Moreover, this T. b.
brucei-induced hyperinflammatory state was observed locally
in the skin at bite sites and systemically, suggesting that its
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FIGURE 3 | The humoral immune response in mice coinfected with T. b. brucei and L. major. Mice serum and spleen cells were collected from naive animals, 10 days

after infection with T. b. brucei, and 3 and 6 weeks after infection with L. major. (A) Total IgG levels against T. b. brucei AnTat 1.1 cell lysate, T. b. brucei AnTat 1.1

soluble VSG, L. major cell lysate, or B. malayi microfilaria cell lysate. (B) The frequency of splenic B220+/CD138+ plasma cells before and 10 days after infection with

T. b. brucei. Cell frequency is indicated on the upper left corner of dot plots. (C) The absolute number of plasma cells in pooled spleens of mice at 3 and 6 weeks

following challenge with L. major-infected sand flies. T. b. brucei, infection with T. b. brucei alone; L. major, infection with L. major alone; Coinfection, infection with L.

major following a preceding infection with T. b. brucei. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, one-way ANOVA followed by Tukey’s multiple

comparisons test. Representative data from 2 to 3 independent experiments are shown. (A, n = 10–17 mice; B,C, n = 5–7 mice).

protective effect may influence both visceral as well as cutaneous
leishmaniasis.

Though we observed the well-established severe effect of
T. brucei on the B cell compartment, with infection inducing
non-specific polyclonal B cell activation with production of
nonspecific antibodies, B cell apoptosis, and loss of memory B
cells (25, 26), it is well established that the humoral response
is of little importance in protective immunity to L. major (27,
28). Instead, protection is mainly conferred by IFN-γ-producing
CD4T cells (5, 29). Excessive production of cytokines is a
hallmark of African trypanosome infections (30–32). Moreover,
IFN-γ production by variant surface glycoprotein-specific CD4T
cells has been known to be important for both control of
(early stages), and susceptibility to (late stages), infection with
African trypanosomiasis (31, 32). Here, mice coinfected with
T. b. brucei and L. major exhibited a strong inflammatory
response in L. major-infected mice ears that was dominated
by high levels of IFN-γ. Though other cells such as NK cells
could have contributed to the large amounts of IFN-γ produced
in the skin, the robust IFN-γ response of CD4T cells in the
spleen indicates that this cell population is likely a major
contributor to the proinflmmaotry environment in the ear 3
weeks post infection with L. major. This inflammatory response
was sustained throughout the study timeline andwas significantly
higher compared tomice infected with L. major alone elucidating
the mechanism underlying protection against CL pathology in
trypanosome-infected mice. Moreover, TCRß+CD4− splenic T

cells, that include CD8+ T cells, also participated to a lesser
extent in the inflammatory response caused by T. b. brucei
supporting previous findings in a T. b. brucei AnTat 1.1/C57BL6
mice model of infection where CD8T cells were implicated in
IFN-γ production (32).

In mice, infection with T. brucei species can be cured if
diminazene aceturate is given early, within 3–7 days after
infection (33). However, if given later or at suboptimal drug
doses, trypanosomes can infect and proliferate in the brain
where they are protected by the blood brain barrier from
the effect of drugs, becoming a permanent source of relapse
(16, 33). In this study, two doses of 40 mg/kg of diminazene
aceturate given at 10 and 20 days after injection with 5,000
T. b. brucei AnTat 1.1 resulted in a chronic drug-controlled
infection with brain inflammation observed at 51 and 71 days
post-trypanosome infection. As such, this model can be adapted
for the study of chronic trypanosome infections. A similar model
using a drug regimen with Moranyl has been successfully used
to establish a chronic T. b. brucei AnTat 1.1 infection where mice
developmeningoencephalitis (34). Developing chronic models of
ongoing trypanosome infections would be useful for the study of
coinfections requiring extended study time lines.

Both leishmaniasis and Human African trypanosomiasis
(HAT) are vector-borne diseases transmitted by sand flies and
tsetse flies, respectively (35, 36). Generally, climate change,
conflict and globalization have promoted the spread of vector-
borne diseases (1, 37). For leishmaniasis and HAT, models have
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FIGURE 4 | The cellular inflammatory response in mice after infection with L. major in the presence of absence of T. b. brucei. Mice infected or not with T. b. brucei

were exposed to 10 L. major-infected Lu. longipalpis sand flies. (A) The local inflammatory response in mice ears at 3 and 6 weeks after infection with L. major. mRNA

expression relative to naive mice ears was determined for IFN-γ, TNF-α, IL-12, IL-4, and IL-10 by RT-PCR. Cumulative data from 2 independent experiments are

shown (n = 8–15 mice). Bars denote the mean ± 1SD. T. b. brucei, infection with T. b. brucei alone; L. major, infection with L. major alone; Coinfection, infection with

L. major after a preceding infection with T. b. brucei. **P < 0.01; ***P < 0.001; ****P < 0.0001, unpaired two-tailed t-test. (B) The number of CD4+ and CD4− T cells

producing IFN-γ or IL-10 from mice spleens three weeks after vector-transmission of L. major to mice infected or not with T. b. brucei. Pooled spleen cells were left

unstimulated (Media) or were stimulated with L. major cell lysate (Leish). Representative data from 2 independent experiments are shown (n = 8 mice).

predicted expansion of their vector ranges due to climate change
(37, 38). Combined with continued conflict and population
displacement, this will likely increase the areas where both
diseases co-exist increasing the chances of coinfections. At
present, leishmaniasis is more broadly distributed while HAT
remains restricted to sub-Saharan Africa (39, 40). Interestingly,
despite regions where both diseases are endemic, most notably
South Sudan where a high number of both T. b. gambiense
HAT and VL cases have been reported (39, 41), to our
knowledge there have been no documented human cases of
HAT/VL coinfections. Potentially, HAT infected individuals may
be resistant to leishmaniasis.

AUTHOR CONTRIBUTIONS

LP, SMa, and SK designed the study. LP, ST, SMe, and CM carried
out experiments. LP, FO, IM, and SK analyzed the data. LP, FO,
IM, CB, JV, SMa, and SK wrote the manuscript.

FUNDING

This work was supported by the Intramural Research Program
of the NIH, National Institute of Allergy and Infectious
Diseases.

ACKNOWLEDGMENTS

We thank Samuel Black, Roshanak Semnani, and Benoit
Stijlemans for providing theT. b. bruceiAnTat 1.1 parasites, the B.
malayimicrofilariae cell lysate and the soluble VSG, respectively,
for this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.02855/full#supplementary-material

Frontiers in Immunology | www.frontiersin.org 7 December 2018 | Volume 9 | Article 2855

https://www.frontiersin.org/articles/10.3389/fimmu.2018.02855/full#supplementary-material
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Pereira et al. Trypanosoma brucei and Leishmania major Coinfection

REFERENCES

1. World Health Organization. A Global Brief on Vector-Borne Diseases. Geneva.

World Health Organization (2014).

2. Dostalova A, Volf P. Leishmania development in sand flies:

parasite-vector interactions overview. Parasit Vectors (2012) 5:276.

doi: 10.1186/1756-3305-5-276

3. Serafim TD, Coutinho-Abreu IV, Oliveira F, Meneses C, Kamhawi S,

Valenzuela JG. Sequential blood meals promote Leishmania replication and

reverse metacyclogenesis augmenting vector infectivity. Nat Microbiol. (2018)

3:548–55. doi: 10.1038/s41564-018-0125-7

4. Dey R, Joshi AB, Oliveira F, Pereira L, Guimarães-Costa AB, Serafim TD,

et al. Gut microbes egested during bites of infected sand flies augment severity

of Leishmaniasis via inflammasome-derived IL-1β. Cell Host Microbe (2018)

23:134.e6–43.e6. doi: 10.1016/j.chom.2017.12.002

5. Kaye P, Scott P. Leishmaniasis: complexity at the host-pathogen interface. Nat

Rev Microbiol. (2011) 9:604–15. doi: 10.1038/nrmicro2608

6. Davarpanah M, Rassaei M, Sari Aslani F. Presentation of AIDS with

disseminated cutaneous and visceral leishmaniasis in Iran.Case Rep Infect Dis.

(2015) 2015:563851. doi: 10.1155/2015/563851

7. Lindoso JA, Cota GF, da Cruz AM, Goto H, Maia-Elkhoury AN, Romero GA,

et al. Visceral leishmaniasis and HIV coinfection in Latin America. PLoS Negl

Trop Dis. (2014) 8:e3136. doi: 10.1371/journal.pntd.0003136

8. DomInguez-Pinilla N, Baro-Fernandez M, Gonzalez-Granado LI.

Hemophagocytic lymphohistiocytosis secondary to Epstein Barr virus

and Leishmania co-infection in a toddler. J Postgrad Med. (2015) 61:44–5.

doi: 10.4103/0022-3859.147052

9. A AO, M MM, A HA, Elamin MY, Younis BM, E ME, et al.

Visceral leishmaniasis-hepatitis B/C coinfections: a rising necessity

to triage patients for treatment. Ann Saudi Med. (2014) 34:143–6.

doi: 10.5144/0256-4947.2014.143

10. Silva RC, Caffaro K, Paula CL, Risseti RM, Langoni H, Megid J, et al. An

atypical Toxoplasma gondii genotype in a rural Brazilian dog co-infected with

Leishmania (Viannia) braziliensis. Rev Soc Bras Med Trop. (2015) 48:224–7.

doi: 10.1590/0037-8682-0284-2014

11. Krawczak FdS, Reis IA, Silveira JAd, Avelar DM, Marcelino AP, Werneck GL,

et al. Leishmania, Babesia and Ehrlichia in urban pet dogs: co-infection or

cross-reaction in serological methods? Rev Soc BrasMed Trop. (2015) 48:64–8.

doi: 10.1590/0037-8682-0291-2014

12. Dincer E, Gargari S, Ozkul A, Ergunay K. Potential animal reservoirs of

Toscana virus and coinfections with Leishmania infantum in Turkey. Am J

Trop Med Hyg. (2015) 92:690–7. doi: 10.4269/ajtmh.14-0322

13. Crosby EJ, Goldschmidt MH, Wherry EJ, Scott P. Engagement of NKG2D

on bystander memory CD8T cells promotes increased immunopathology

following Leishmania major infection. PLoS Pathog. (2014) 10:e1003970.

doi: 10.1371/journal.ppat.1003970

14. La Flamme AC, Scott P, Pearce EJ. Schistosomiasis delays lesion

resolution during Leishmania major infection by impairing parasite

killing by macrophages. Parasite Immunol. (2002) 24:339–45.

doi: 10.1046/j.1365-3024.2002.00473.x

15. Magez S, Stijlemans B, Radwanska M, Pays E, Ferguson MA, De Baetselier

P. The glycosyl-inositol-phosphate and dimyristoylglycerol moieties of the

glycosylphosphatidylinositol anchor of the trypanosome variant-specific

surface glycoprotein are distinct macrophage-activating factors. J Immunol.

(1998) 160:1949–56.

16. Eckersall PD, Gow JW, McComb C, Bradley B, Rodgers J, Murray

M, et al. Cytokines and the acute phase response in post-treatment

reactive encephalopathy of Trypanosoma brucei brucei infected

mice. Parasitol Int. (2001) 50:15–26. doi: 10.1016/S1383-5769(00)

00065-9

17. Kamhawi S, Belkaid Y, Modi G, Rowton E, Sacks D. Protection against

cutaneous leishmaniasis resulting from bites of uninfected sand flies. Science

(2000) 290:1351–4. doi: 10.1126/science.290.5495.1351

18. Budischak SA, Sakamoto K, Megow LC, Cummings KR, Urban JF

Jr, Ezenwa VO. Resource limitation alters the consequences of co-

infection for both hosts and parasites. Int J Parasitol. (2015) 45:455–63.

doi: 10.1016/j.ijpara.2015.02.005

19. Griffiths EC, Pedersen AB, Fenton A, Petchey OL. The nature and

consequences of coinfection in humans. J Infect. (2011) 63:200–6.

doi: 10.1016/j.jinf.2011.06.005

20. Vaumourin E, Vourc’h G, Gasqui P, Vayssier-Taussat M. The importance of

multiparasitism: examining the consequences of co-infections for human and

animal health. Parasit Vectors (2015) 8:545. doi: 10.1186/s13071-015-1167-9

21. Cota GF, de Sousa MR, de Mendonca AL, Patrocinio A, Assunção LS,

de Faria SR, et al. Leishmania-HIV co-infection: clinical presentation and

outcomes in an urban area in Brazil. PLoS Negl Trop Dis. (2014) 8:e2816.

doi: 10.1371/journal.pntd.0002816

22. Diro E, Lynen L, Ritmeijer K, Boelaert M, Hailu A, van Griensven J. Visceral

Leishmaniasis and HIV coinfection in East Africa. PLoS Negl Trop Dis. (2014)

8:e2869. doi: 10.1371/journal.pntd.0002869

23. Lindoso JA, Cunha MA, Queiroz IT, Moreira CH. Leishmaniasis-

HIV coinfection: current challenges. HIV AIDS (2016) 8:147–56.

doi: 10.2147/HIV.S93789

24. Monge-Maillo B, Norman FF, Cruz I, Alvar J, Lopez-Velez R. Visceral

leishmaniasis and HIV coinfection in the Mediterranean region. PLoS Negl

Trop Dis. (2014) 8:e3021. doi: 10.1371/journal.pntd.0003021

25. Nothelfer K, Sansonetti PJ, Phalipon A. Pathogen manipulation of B cells:

the best defence is a good offence. Nat Rev Microbiol. (2015) 13:173–84.

doi: 10.1038/nrmicro3415

26. Radwanska M, Guirnalda P, De Trez C, Ryffel B, Black S, Magez S.

Trypanosomiasis-induced B cell apoptosis results in loss of protective anti-

parasite antibody responses and abolishment of vaccine-induced memory

responses. PLoS Pathog. (2008) 4:e1000078. doi: 10.1371/journal.ppat.1000078

27. Gomes R, Oliveira F, Teixeira C, Meneses C, Gilmore DC, Elnaiem DE,

et al. Immunity to sand fly salivary protein LJM11 modulates host response

to vector-transmitted leishmania conferring ulcer-free protection. J Invest

Dermatol. (2012) 132:2735–43. doi: 10.1038/jid.2012.205

28. Valenzuela JG, Belkaid Y, Garfield MK, Mendez S, Kamhawi S, Rowton ED,

et al. Toward a defined anti-Leishmania vaccine targeting vector antigens:

characterization of a protective salivary protein. J Exp Med. (2001) 194:331–

42. doi: 10.1084/jem.194.3.331

29. Scott P, Artis D, Uzonna J, Zaph C. The development of effector and memory

T cells in cutaneous leishmaniasis: the implications for vaccine development.

Immunol Rev. (2004) 201:318–38. doi: 10.1111/j.0105-2896.2004.

00198.x

30. Cnops J, Magez S, De Trez C. Escape mechanisms of African trypanosomes:

why trypanosomosis is keeping us awake. Parasitology (2015) 142:417–27.

doi: 10.1017/S0031182014001838

31. Kuriakose SM, Singh R, Uzonna JE. Host intracellular signaling events and

pro-inflammatory cytokine production in African trypanosomiasis. Front

Immunol. (2016) 7:181. doi: 10.3389/fimmu.2016.00181

32. Wu H, Liu G, Shi M. Interferon gamma in African trypanosome

infections: friends or foes? Front Immunol. (2017) 8:1105.

doi: 10.3389/fimmu.2017.01105

33. Jennings FW, Gray GD. Relapsed parasitaemia following chemotherapya of

chronic T. brucei infections in mice its relation with cerebral trypanosomes.

Contr Micobiol Immunol. (1983) 7:147–54.

34. Keita M, Bouteille B, Enanga B, Vallat JM, Dumas M. Trypanosoma brucei

brucei: a long-term model of human African trypanosomiasis in mice,

meningo-encephalitis, astrocytosis, and neurological disorders. Exp Parasitol.

(1997) 85:183–92. doi: 10.1006/expr.1996.4136

35. Aksoy S, Buscher P, Lehane M, Solano P, Van Den Abbeele J.

Human african trypanosomiasis control: achievements and challenges.

PLoS Negl Trop Dis. (2017) 11:e0005454. doi: 10.1371/journal.pntd.

0005454

36. Kamhawi S. The yin and yang of leishmaniasis control. PLoS

Negl Trop Dis. (2017) 11:e0005529. doi: 10.1371/journal.pntd.

0005529

37. Carvalho BM, Rangel EF, Vale MM. Evaluation of the impacts of

climate change on disease vectors through ecological niche modelling.

Bull Entomol Res. (2017) 107:419–30. doi: 10.1017/S0007485316

001097

38. Moore S, Shrestha S, Tomlinson KW, Vuong H. Predicting the effect

of climate change on African trypanosomiasis: integrating epidemiology

Frontiers in Immunology | www.frontiersin.org 8 December 2018 | Volume 9 | Article 2855

https://doi.org/10.1186/1756-3305-5-276
https://doi.org/10.1038/s41564-018-0125-7
https://doi.org/10.1016/j.chom.2017.12.002
https://doi.org/10.1038/nrmicro2608
https://doi.org/10.1155/2015/563851
https://doi.org/10.1371/journal.pntd.0003136
https://doi.org/10.4103/0022-3859.147052
https://doi.org/10.5144/0256-4947.2014.143
https://doi.org/10.1590/0037-8682-0284-2014
https://doi.org/10.1590/0037-8682-0291-2014
https://doi.org/10.4269/ajtmh.14-0322
https://doi.org/10.1371/journal.ppat.1003970
https://doi.org/10.1046/j.1365-3024.2002.00473.x
https://doi.org/10.1016/S1383-5769(00)00065-9
https://doi.org/10.1126/science.290.5495.1351
https://doi.org/10.1016/j.ijpara.2015.02.005
https://doi.org/10.1016/j.jinf.2011.06.005
https://doi.org/10.1186/s13071-015-1167-9
https://doi.org/10.1371/journal.pntd.0002816
https://doi.org/10.1371/journal.pntd.0002869
https://doi.org/10.2147/HIV.S93789
https://doi.org/10.1371/journal.pntd.0003021
https://doi.org/10.1038/nrmicro3415
https://doi.org/10.1371/journal.ppat.1000078
https://doi.org/10.1038/jid.2012.205
https://doi.org/10.1084/jem.194.3.331
https://doi.org/10.1111/j.0105-2896.2004.00198.x
https://doi.org/10.1017/S0031182014001838
https://doi.org/10.3389/fimmu.2016.00181
https://doi.org/10.3389/fimmu.2017.01105
https://doi.org/10.1006/expr.1996.4136
https://doi.org/10.1371/journal.pntd.0005454
https://doi.org/10.1371/journal.pntd.0005529
https://doi.org/10.1017/S0007485316001097
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Pereira et al. Trypanosoma brucei and Leishmania major Coinfection

with parasite and vector biology. J R Soc Interface (2012) 9:817–30.

doi: 10.1098/rsif.2011.0654

39. Franco JR, Cecchi G, Priotto G, Paone M, Diarra A, Grout

L, et al. Monitoring the elimination of human African

trypanosomiasis: update to 2014. PLoS Negl Trop Dis. (2017) 11:

e0005585. doi: 10.1371/journal.pntd.0005585

40. Pigott DM, Bhatt S, Golding N, Duda KA, Battle KE, Brady OJ, et al.

Global distribution maps of the leishmaniases. eLife (2014) 3:e02851.

doi: 10.7554/eLife.02851

41. Al-Salem W, Herricks JR, Hotez PJ. A review of visceral leishmaniasis during

the conflict in South Sudan and the consequences for East African countries.

Parasit Vectors (2016) 9:460. doi: 10.1186/s13071-016-1743-7

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Pereira, Oliveira, Townsend, Metangmo, Meneses, Moore,

Brodskyn, Valenzuela, Magez and Kamhawi. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 9 December 2018 | Volume 9 | Article 2855

https://doi.org/10.1098/rsif.2011.0654
https://doi.org/10.1371/journal.pntd.0005585
https://doi.org/10.7554/eLife.02851
https://doi.org/10.1186/s13071-016-1743-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Coinfection With Trypanosoma brucei Confers Protection Against Cutaneous Leishmaniasis
	Introduction
	Materials and Methods
	Animals and Ethics Statement
	Infection of Mice With T. b. brucei
	Treatment of Mice With Diminazene Aceturate
	Sand Fly Infection and Transmission of L. major to T. b. brucei Infected Mice
	Measurement of L. major Lesion Size
	Elisa
	L. major Load by Limiting Dilution Assay (LDA)
	Evaluation of Brain Histopathology in T. b. brucei-Infected Mice
	In vitro Stimulation of Spleen Cells With L. major Cell Lysate (Leish)
	Flow Cytometry
	RNA Extraction and cDNA Synthesis
	Real Time PCR for Cytokine Quantification
	Statistical Analysis

	Results
	A Treatment Regimen With Diminazene Aceturate Produces a Chronic Infection With T. b. brucei
	T. b. brucei Infection Results in a Sustained Control of Leishmania major Lesion Pathology Following Vector-Transmission
	T. b. brucei Infection Induces Expansion of the Splenic Plasma B Cell Compartment
	T. b. brucei Infection Produces an Inflammatory Environment at the Site of L. major-Infected Vector Bites and Systemically

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


