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SUMMARY

The immune response to leishmaniasis is complex, and the result of infection depends on both the genetic composition of
the Leishmania species and the immunity of the host. Clinical and experimental evidence suggest that the activation of B
cells leads to exacerbation of visceral leishmaniasis. However, the role of B-1 cells (a subtype of B lymphocytes) in the
pathogenesis of experimental visceral leishmaniasis has not yet been elucidated. In this study, we investigated the import-
ance of B-1 cells in experimental infection with Leishmania. (L.) chagasi. Our results showed that BALB/XID mice (X-
linked immunodeficient mice which are genetically deficient in B-1 cells) infected with L. (L.) chagasi for 45 days had a
significant reduction in parasite load in the spleen when compared with control mice. Cytokine analysis showed that
the BALB/XID mice had lower amounts of IL-10 in their sera compared with control group. In addition, the transfer
of B-1 cells from wild type mice into IL-10KO animals led to an increase in susceptibility to L. (L.) chagasi infection
in the IL-10KO mice, suggesting that the IL-10 produced by these cells is important in experimental infection. Our
results suggest that B-1 cells may play an important role in susceptibility to L. (L.) chagasi.
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INTRODUCTION

Leishmaniasis is caused by more than 20 species of
Leishmania, which are transmitted by sandflies
(genus Phlebotomus in Europe, Africa and Asia;
and genus Lutzomyia in the Americas and
Oceania). The World Health Organization (WHO)
estimates that 350 million people are at risk of
contracting this disease, as leishmaniasis is endemic
in 98 countries (WHO, 2010). Considering the
officially reported cases, approximately 58 000 cases
of visceral leishmaniasis and 220 000 cutaneous
cases are diagnosed each year (Stockdale and
Newton, 2013).
The immune response to leishmaniasis is

complex, and the result of infection depends on the
genetic composition of the Leishmania species and
the immunity of the host. Several works have
demonstrated that B cells contribute to the suscepti-
bility of infection by producing polyclonal anti-
bodies (Louzir et al. 1994; Casato et al. 1999) and/
or cytokines, such as IL-10 (Peruhype-Magalhães
et al. 2006). IL-10 is an immunoregulatory cytokine
that plays a key role in immunosuppression, a

hallmark of visceral leishmaniasis. This cytokine
may be produced by several cell types, but it has re-
cently been demonstrated that cytokines secreted by
B cells can play decisive roles in immunity. The in
vivo role of IL-10-producing B cells has already
been shown in murine autoimmune encephalomyeli-
tis (Fillatreau et al. 2002), Leishmania major (Ronet
et al. 2010) and experimental cerebral malaria
caused by Plasmodium berghei (Liu et al. 2013).
B-1 cells are a subset of B lymphocytes that

produce large quantities of IL-10 (O´Garra et al.
1992). In mice, B-1 cells represent 35–70% of the B
cell subpopulation in the pleural and peritoneal cav-
ities (Hayakawa et al. 1985) but are also found in low
frequency in the spleen, lymphoid tissue, mucosal
sites and omentum (Ansel et al. 2002). Peritoneal
B-1 cells are well characterized and express some
B-lineage markers, such as CD19, CD45, IgM and
IgD, but do not express CD23 (Herzenberg et al.
1986). The expression of CD5 distinguishes the
two B-1 subtypes: B-1a, which is CD5+, and B-1b,
which is CD5− (Hayakawa et al. 1983; Kantor and
Herzenberg, 1993). Although B-1 cells secrete
large amounts of IL-10, the role of these cells in
leishmaniasis is still contradictory. BALB/XID
mice (X-linked immunodeficient mice which are
genetically deficient in B-1 cells) infected with
L. major, responsible for zoonotic cutaneous leish-
maniasis, showed a significantly lower parasite
burden in lymphatic organs (Hoerauf et al. 1994).
On the other hand, BALB/c mice depleted of
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peritoneal B-1 cells and infected with L. major
developed a more severe disease compared with con-
trols (Babai et al. 1999). Studies have not been con-
ducted to verify the role of these cells in visceral
leishmaniasis.
The aim of the present study was to analyse the

role of B-1 cells in experimental infection with
Leishmania. (L.) chagasi. We demonstrated that B-
1 cells are necessary for susceptibility to visceral
leishmaniasis, most likely due to the IL-10 produced
by these cells.

MATERIALS AND METHODS

Animals

BALB/c, BALB/XID, C57BL/6 and C57BL/6 IL-
10 knockout mice (IL-10KO) were purchased from
the Centro de Desenvolvimento de Modelos
Animais (CEDEME) of the Universidade Federal
de São Paulo (UNIFESP). All of the animals used
in the experiments were 6–8 weeks of age. For all
experiments, we used 5–8 animals per group. The
animals were handled and housed according to the
NIH guide for the care and use of laboratory
animals. The mice were housed in pathogen-free
conditions. This study was approved by the
Research Ethics Committee (CEP) of UNIFESP
under protocol number 2011/00063.

Parasites

The L. (L.) chagasi strain used (MHOM/BR/1972/
LD) was characterized by Dr J. J. Shaw (Instituto
Evandro Chagas, Belém, Pará, Brazil) and was
kindly provided by Clara Lúcia Barbieri
(Universidade Federal de São Paulo, São Paulo,
Brazil). The parasites were maintained as amasti-
gotes by inoculation of BALB/c mice by the intra-
venous route (lateral tail vein) every 6–8 weeks
with 1 × 107 amastigotes. The isolate amastigotes
were obtained as previously described (Barbieri
et al. 1990).

Isolation of B-1 lymphocytes and adoptive transfer

B-1 lymphocytes were obtained as previously
described, with modifications (Almeida et al.
2001). The cells from the peritoneal cavity were col-
lected in cold Roswell Park Memorial Institute
(RPMI) 1640 medium (Sigma, St. Louis, MO,
USA) supplemented with 2 mM L-glutamine, 10
mM HEPES (4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid), 24 mM sodium bicarbonate and
0·01% penicillin/streptomycin (Gibco, Thermo
Fisher Scientific Brand, Grand Island, NY, USA).
The obtained cells were seeded onto a tissue
culture disc for 45–60 min at 37 °C to isolate the ad-
herent cells. The non-adherent cells were discarded,

and RPMI (Gibco) supplemented with 10% foetal
bovine serum (FBS; Cultlab, Campinas, SP,
Brazil) was added to the adherent monolayer. After
5 days without changing the medium, B-1 cells
became apparent in the non-adherent layer. The
B-1 cell cultures were routinely checked by flow
cytometry using monoclonal anti-CD19 and anti-
CD23 antibodies (BD Biosciences, San Diego, CA,
USA) before each experiment.
To adoptive transfer experiments, peritoneal B-1

cells from BALB/c mice were cultured as described
above. After that, the cells were washed in
sterile pyrogen-free saline and 5 × 105 cell/200 µL
were intraperitoneally injected per animal in XID
mice 24 h prior to infection.

Flow cytometry

B-1 lymphocytes were identified by double staining
with an anti-CD19 monoclonal antibody conjugated
to allophycocyanin (APC) and an anti-CD23 anti-
body conjugated to phycoerythrin (PE) or fluores-
cein isothiocyanate (FITC) (BD Biosciences).
Primary cultures of B-1 lymphocytes and single-
cell suspensions of total peritoneal cells from unin-
fected and infected animals were collected and
washed with PBS. Approximately 1 × 106 cells
were used for staining. First, the cells were incu-
bated for 20 min with Fc block (anti-CD16/CD32;
BD Biosciences). After washing, the anti-CD23
and anti-CD19 antibodies, which were diluted
(1:100) in PBS containing 1% bovine serum
albumin (BSA; Sigma), were added to each
sample. Then, the cells were washed with PBS,
and the population was analysed by flow cytometry
using a FACSCanto instrument (Becton Dickinson,
Mountain View, CA, USA). B-1 cells (CD19+

CD23−) were determined after gating lymphocytes
in forward scatter vs side scatter dot plots. The
gate strategy is shown in online Supplementary
Fig. 1.

Parasite burden analysis

To determine the in vivo parasite burden of the
infected animals, groups of 5–8 animals were eutha-
nized after 15, 25 and 45 days of intravenous (lateral
tail vein) infection with 1 × 107 amastigotes (Ferreira
et al. 2008). The parasite load was evaluated in the
spleen with the limiting dilution method as previ-
ously described (Lima et al. 1997). In all experi-
ments, the sequential dilutions were done with
factor 2 and were performed three replicates per
animal.

Cytokine assay

The levels of IL-10, IFN-γ and TNF-α were mea-
sured in the sera and the spleen homogenates of
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animals infected with L. (L.) chagasi. The spleen
homogenates were obtained as previously described
(González et al. 2008). Each organ was aseptically
removed, weighed it and subsequently homogenized
it in 1·5 mL sterile PBS. The samples were centri-
fuged, and the supernatants were collected and
stored at −70 °C. All dosages were measured by
capture ELISA (R&D Systems, Minneapolis, MN,
USA) as described by the manufacturer. First,
96-well plates (Costar, Corning Incorporated,
NY, USA) were sensitized with 100 µL well−1 of
capture antibody (working concentration of
4·0 µg mL−1 in PBS). After overnight incubation at
room temperature, the plates were blocked with
300 µL well−1 of PBS containing 1% BSA for 1 h at
room temperature. Then, the wells were washed
three times with 400 µL well−1 of wash buffer (PBS
containing 0·05% Tween). The samples or standard
recombinant proteins (IL-10, IFN-γ and TNF-α)
were added following incubation for 2 h at room tem-
perature. After washing, the detection antibody was
diluted in PBS containing 1% BSA and added at
400 ng well−1. The plates incubated for 2 h at room
temperature. Next, streptavidin (1:200; R&D
Systems) was added, and the plate was incubated
for 20 min at room temperature in the dark. The re-
active wells were detected by the addition of sub-
strate solution (1 mg of o-phenylenediamine [OPD;
Sigma] in 5 mL of 0·1 M citrate–phosphate buffer
[pH, 5·0] plus 10 µL of 30% H2O2; Merck), and the
reaction was stopped by the addition of 50 µL
well−1 of 4 N H2SO4. Optical density was measured
at 492 nm in an automatic MCC/40 plate reader
(Labsystem Multiscan Dynatech, Chantilly, VA,
USA). The standards were used to prepare a stand-
ard curve, which was used to determine the concen-
tration of each cytokine in the samples.

Parasite burden analysis by quantitative real-time
PCR (RT-qPCR)

The parasite load was also determined by RT-
qPCR, following the MIQE guidelines (Bustin
et al. 2009). Briefly, RNA from the spleen or liver
of each infected mouse was reverse transcribed
using a ProtoScript M-MuLV First Strand cDNA
Synthesis Kit (New England Biolabs, Ipswich,
MA, USA) according to the manufacturer’s instruc-
tions. Real-time PCR was conducted using SYBR
Green (Applied Biosystems, Thermo Fisher
Scientific Brand, Foster City, CA, USA). The
primers used to detect the mRNA of the LINJ31
gene, which encodes a hypothetical protein from
the parasite kinetoplast, were as follows: forward,
5′CGGCAAAGTCCAAGGAGGAGTT-3′ and
reverse, 5′-TACGCAACGTACAGTGCCGCAA
TCA-3´ (Reimão et al. 2011). The reference
control primers used to evaluate the mRNA levels
of RPLP0, a mouse ribosomal gene, were as

follows: forward, 5′-AGCTGAAGCAAAGGAAG
AGTCGGA-3′ and reverse, 5′-ACTTGGTTGC
TTTGGCGGGATTAG-3′. The reactions were
performed using an ABI 7500 real-time PCR
System (Applied Biosystems) with equal amounts of
each cDNA. A 10-μL total volume was used for each
PCR reaction, which consisted of 1 × SYBR Green
PCR Master Mix, 250 nmol of the reverse primer,
250 nmol of the forward primer and 2 µL cDNA.
The cycling parameters were 50 °C for 10 min, 95 °
C for 5 min and 40 cycles at 95 °C for 30 s and 60 °C
for 1 min. A non-template control was used to detect
any contamination. cDNA from the spleens of non-
infected mice was also used as a control.
After evaluating the quality of the reaction

using dissociation curves, the results were analysed
using Step One Plus software (Applied
Biosystems). A threshold cycle value (Ct) was deter-
mined as the point at which the fluorescence
exceeded the threshold limit. Amplification efficien-
cies were determined by comparing the dilution
series of the reference gene and target gene from a
reference cDNA template. The serial dilutions
were amplified, and Ct values were obtained and
used to construct a standard curve for LINJ31.
The amplification efficiency was calculated using
the following equation: E= 10(−1/slope)−1, in which
‘E’ is the efficiency and ‘slope’ is the slope of the
standard curve. A validation calculation was per-
formed to evaluate if the efficiencies of the target
gene and endogenous gene were approximately
equal (90%⩽E⩽ 110%). The efficiencies of
LINJ31 and endogenous gene were 93·2 and
90·4%, respectively. For LINJ31, the slope and R2
were −3·494 and 0·99, respectively. Relative quan-
tification was determined according to the 2−ΔΔCt

method (Vandesompele et al. 2002). Each reaction
was performed in triplicate and each group con-
tained at least 5 animals. Differences in the relative
expression levels of genes were analysed by
defining reference cDNA as the reference sample
and arbitrarily setting its average value to 1. The
results are expressed as the mean ± S.D., and
P values were determined using Student’s test.

Statistical analysis

Data were presented as the mean ± the standard
deviation (S.D.) and were representative of at least
two independent experiments. Student’s t-test was
used to compare the percentage of the peritoneal
B-1 cells between uninfected and infected mice.
For comparisons between multiple groups of mice,
analysis of variance (ANOVA) was performed
followed by Tukey’s post-test P values <0·05 were
considered significant. All statistical tests were
performed using Prism version 6.00 for Mac
(GraphPad Software, La Jolla, CA, USA; www.
graphpad.com).
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RESULTS

B-1 cell population increases in the peritoneal cavity
after infection with L. (L.) chagasi

To address the involvement of B-1 cells in visceral
leishmaniasis, we first evaluated the changes in the
B-1 cell population of the peritoneal cavity of
BALB/c mice in response to L. (L.) chagasi infection
using flow cytometry. Figure 1A shows the repre-
sentative dot plots of peritoneal B-1 cells from
uninfected and infected BALB/c mice. As shown
in Fig. 1B, the percentage of CD19+CD23− cells,
which correspond to B-1 cells, significantly
increased in the peritoneal cavity after 45 days of in-
fection with L. (L.) chagasi (P< 0·05). In contrast,
the mean percentage of CD19+CD23+ cells, corre-
sponding to B-2 cells, had no difference after infec-
tion (Fig. 1C).

B-1 cells contribute to disease susceptibility in mice

Given the increase in the B-1 cell population in re-
sponse to L. (L.) chagasi infection, the role of this
lymphocyte population on infection was evaluated
further. B-1 cell-deficient BALB/XID mice (XID),
BALB/c mice (BALB/c) and BALB/XID mice
that were previously populated with B-1 cells
(XID+B-1) were infected with L. (L.) chagasi.
After 45 days, their spleens and livers were used to
determine the parasite burden using the limiting di-
lution method described in the ‘Material and
methods’ section. As a control, the B-1 cell defic-
iency of the BALB/XID mice was confirmed by
flow cytometry (Fig. 2A). As demonstrated in
Fig. 2B, we observed the presence of peritoneal B-
1 cells in the BALB/XID +B-1 mice 45 days after
the adoptive transfer.
Using the limitant dilution method, the BALB/

XID mice had significantly reduced parasite
numbers in their spleens after the infection period
(P< 0·05), suggesting the important role of B-1
cells in susceptibility to L. (L.) chagasi. In addition,
the BALB/XID+B-1 mice showed an increase in
spleen parasite burden, supporting the hypothesis
of the contribution of B-1 cells to parasite persist-
ence (P< 0·05) (Fig. 2C). Similar results were
obtained when the parasite load in the spleen were
determined by analysing the expression of the
LINJ31 gene as a measure of infection by real-time
PCR (data not shown). However, there was no
difference in the expression of the LINJ31 gene
when the liver was analysed (Fig. 2D). In order to
verify the differences in the resistance between
BALB/c and XID mice in early infection, we
infected those animals (8 animals per group) and
checked the parasite load after 15 and 25 days post-
infection. After 15 days, the parasite load was
higher in the liver in BALB/c mice, as compared
with XID mice (P< 0·05). No statistically

significant difference was detected between the
groups when the spleens were analysed. After 25
days, there was a decrease in the liver parasite
burden in both groups but we did not detect statis-
tical significance when we compared BALB/c and
XID groups. When the parasite load was analysed
in the spleen, we observed an increase in both
groups with significantly higher parasite burden in
BALB/c mice compared with XID mice (P< 0·05)
(Fig. 2E and F).
To ascertain the possible differences in the B-1

populations of the peritoneal cavity of the infected
mice, flow cytometry analysis was performed.
Non-infected mice were used as a control group.
As expected, no differences were found when the
peritoneal cell populations were analysed for the
presence of B-1 lymphocytes in infected and unin-
fected BALB/XID mice (Fig. 3). Importantly, for
these animals, very low labelling was detected
when the peritoneal cell populations were stained
for B-1 lymphocytes. For the BALB/c group,
animals infected with L. (L.) chagasi showed a sign-
ificant increase in the percentage of B-1 cells in the
peritoneum when compared with uninfected mice.
Surprisingly, the percentage of peritoneal B-1 cells
in the infected BALB/XID+B-1 mice was lower
than that in the uninfected BALB/XID+B-1
mice. Taken together, these findings indicate that
B-1 cells contribute to the establishment and main-
tenance of infection in visceral leishmaniasis.

Cytokine production

The cytokine levels were evaluated in spleen homo-
genates or sera (Table 1) from BALB/c, BALB/XID
and BALB/XID+B-1 mice that were infected with
L. (L.) chagasi for 45 days. The IL-10 and IFN-γ
levels were significantly higher in the spleens of the
BALB/XID +B-1 mice than in the BALB/c and
BALB/XID mice. There was no difference in the
TNF-α level between all groups analysed. For the
serum samples, the BALB/XID mice showed a stat-
istically significant lower level of IL-10 compared
with the BALB/c.

B-1 cells producing IL-10 may contribute to
susceptibility to visceral leishmaniasis

It has been clearly established that B-1 cells are high
IL-10 producers (O’Garra et al. 1992; Griffin and
Rothstein, 2012), a potent regulator of immune
functions. Thus, to better evaluate whether the IL-
10 produced by B-1 cells is involved in susceptibility
to L. (L.) chagasi, IL-10KO mice were adoptively
transferred with peritoneal B-1 cells (IL-10KO+
B-1) from wild type animals (C57BL/6). C57BL/6
mice were used as a control. After 45 days of infec-
tion, all the animals were euthanized and parasite
load was determined by analysing the expression of
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the LINJ31 gene (Reimão et al. 2011). Two inde-
pendent experiments were performed.
As expected, there was a significant decrease in

LINJ31 expression in the IL-10KO mice when
compared with the control C57BL/6 mice (Fig. 4).
However, the transfer of B-1 cells into the IL-
10KO animals (IL-10KO+B-1) led to an increase
in LINJ31 expression in relation to the IL-10KO
group (Fig. 4), which correlates with an increase in
parasite load.

DISCUSSION

The results obtained in this study showed that B-1
cells may play an important role in the susceptibility
to experimental infection with L. (L.) chagasi. First,
we demonstrated an increase in the percentage of B-1
cells in the peritoneal cavity in BALB/c mice after 45
days of infection with this parasite. Moreover,

experiments performed with BALB/XID mice
showed that these animals were more resistant to in-
fection than wild type (BALB/c) mice and that the
transfer of peritoneal B-1 cells into BALB/XID
mice restored the susceptibility to infection. This
effect may be partially explained by the production
of IL-10 by B-1 cells, as the adoptive transfer of
these cells from wild-type mice into IL-10KO
mice led to an increase in susceptibility in these
animals.
The role of B-1 cells in infectious disease is still

not clear. Using BALB/XID mice model, it has
been shown to be susceptible to various infections,
including Strongyloides stercoralis (Herbert et al.
2002), Schistosoma mansoni (Gaubert et al. 1999)
and Cryptococcus neoformans (Szymczak et al.
2013). In addition, BALB/XID mice showed
transient early susceptibility to pulmonary infection
with Mycobacterium tuberculosis characterized by

Fig. 1. Leishmania chagasi-infected mice exhibited an increase in CD19+CD23− cells in the peritoneal cavity after 45 days
of infection. BALB/c mice were intravenously infected with 1 × 107 amastigotes of L. (L.) chagasi. After 45 days, total
peritoneal cells were collected and labelled with anti-CD19-APC and anti-CD23-PE antibodies (n= 14). Uninfected mice
were used as a control (n= 14). The analysis was performed by gating lymphocytes in forward scatter vs side scatter dot
plots. (A) Representative dot plots of CD19 vs CD23 expression in the peritoneal cavity of uninfected or infected mice.
The numbers indicate the percentage of cells in each quadrant. (B) The average percentage of CD19+CD23− cells (n= 14
animals). (C) The mean percentage of CD19+CD23+ cells (n= 14 animals). Abbreviations: APC, allophycocyanin; PE,
phycoerythrin. Error bars denote the S.D. Student’s t-test (P < 0·05 vs control). Data from three experiments.
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Fig. 2. B-1-deficient mice (XID) exhibited enhanced resistance to Leishmania. (L.) chagasi. Animals were intravenously
infected with 1 × 107 amastigotes of L. (L.) chagasi. After 45 days, the parasite burden was determined using the
limited dilution method. As controls, the deficiency in B-1 cells in uninfected BALB/XID mice (A) and the presence of
peritoneal B-1 cells in uninfected BALB/XID+B-1 (XID+B-1) mice 45 days after adoptive transfer (B) were checked by
labelling total peritoneal cells with anti-CD19-APC and anti-CD23-FITC (n= 5 for each group). The analysis was
performed by gating lymphocytes in forward scatter vs side scatter dot plots. The dot plots are representative of CD19 vs
CD23 expression in total peritoneal cell population. Numbers indicate the percentage of cells in the corresponding
quadrant. Data are representative of three independent experiments. (C) Parasite burden in the spleens of BALB/c, XID
and XID+B-1 after 45 days of infection with 1 × 107 amastigotes of L. (L.) chagasi. The results were comparable for two
independent infections. The results represent the mean of five individual mice per group. We used 24 dilution steps with
two replicates per dilution step during the limiting dilution. The dashed line shows the mean value of parasite load in XID
mice. (D) The relative mRNA levels for the LINJ31 gene (which encodes a hypothetical protein from the parasite
kinetoplast) were evaluated by RT-qPCR in the liver. Relative gene expression was calculated according to 2−ΔΔCt method
using the cellular RPLP0 mRNA level as an endogenous control. The results of the RT-qPCR analysis of the target gene
expression are shown in the figure. The graph is representative of two independent experiments. Bars denote the average of
triplicate experiments, and error bars denote the S.D. One-way ANOVA was performed, followed by the post-hoc Tukey
test (P< 0·05 vs control). (E) Parasite burden in the spleens of BALB/c and XID after 15 and 25 days of infection with 1 ×
107 amastigotes of L. (L.) chagasi. (F) Parasite burden in the livers of BALB/c and XID after 15 and 25 days of infection.
The results represent the mean of eight individual mice per group. We used the same parameters for limiting dilution
described above.Abbreviations:XID, X-linked immunodeficient; APC, allophycocyanin; FITC, fluorescein
isothiocyanate; RT-qPCR, quantitative real-time PCR; Ct, threshold cycle value; ANOVA, analysis of variance. One-way
ANOVA, followed by the Tukey test (P< 0·05 vs BALB/c).
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changes in macrophage morphology, decreased acti-
vation of lung natural killer cells, IL-10 production
and accumulation of macrophages in lung lesions
(Junqueira-Kipnis et al. 2005). Nevertheless,
BALB/XID mice were resistant to Trypanosoma
cruzi (Minoprio et al. 1993) and Paracoccidioides
brasiliensis infection (Popi et al. 2008). The

resistance were also observed in BALB/XID mice
infected with Francisella tularensis. When compared
with controls, BALB/XIDmice had enhanced clear-
ance of bacteria from the lung and spleen associated
with decreased numbers of IL-10-producing B-1a
cells and concomitant increased numbers of IL-12-
producing macrophages and IFN-γ producing

Fig. 3. The peritoneal B-1 cell population was modulated
in BALB/c and BALB/XID+B-1 mice after infection
with Leishmania. (L.) chagasi. BALB/c, BALB/XID
(XID) and BALB/XID+B-1 (XID+B-1) animals were
intravenously infected with 1 × 107 amastigotes of L. (L.)
chagasi for 45 days. Total peritoneal cells were obtained
and labelled with anti-CD19-APC and anti-CD23-PE
antibodies (n= 5 per group). Uninfected mice were used as
a control (n= 5). The analysis was performed by gating
lymphocytes in forward scatter vs side scatter dot plots.
Graph represents average percentage of the five animals in
each group. Abbreviations: XID, X-linked
immunodeficient; APC, allophycocyanin; PE,
phycoerythrin.Error bars denote the S.D. ANOVA was
performed, followed by the post-hoc Tukey test (P < 0·05
vs control). Data are representative of two independent
experiments.

Table 1. Cytokine determination in spleen homogenates or sera from BALB/c, BALB/XID and BALB/XID
+B-1 mice infected with Leishmania. (L.) chagasi for 45 days (n = 5)

Mouse
strain

Cytokine level [mean (χ) ± S.D. (s)]

IL-10 (χ± s) IFN-γ (χ± s) TNF-a (χ± s)

Serum
(pg mL−1)

Spleen (pg g−1

of tissue)
Serum
(pg mL−1)

Spleen (pg g−1

of tissue)
Serum
(pg mL−1)

Spleen (pg g−1

of tissue)

BALB/c 92·1 ± 22·41 693·92 ± 71·03 145·55 ± 28·32 1014·83 ± 174·05 299·79 ± 13·68 350·57 ± 61·97
XID 51·02 ± 12·18a 737·74 ± 56·39 127·68 ± 12·36 860·99 ± 205·54 291·44 ± 21·18 311·37 ± 77·93
XID+B-1 59·26 ± 16·59 1466·82 ± 111·26a 146·34 ± 20·03 5577·89 ± 102·28a 310·32 ± 13·58 328·40 ± 18·69

a One-way ANOVA was performed, followed by the post-hoc Tukey test (P < 0·05 vs BALB/c).
The results are representative of two independent experiments.

Fig. 4. B-1 cells contribute to susceptibility to infection
with Leishmania. (L.) chagasi in IL-10 knockout mice (IL-
10KO). C57BL/6, IL-10KO and IL-10 knockout mice
that received an adoptive transfer of peritoneal B-1 cells
(IL-10KO+B-1) were infected with 1 × 107 amastigotes
of L. (L.) chagasi (n= 3 per group). After 45 days, the
mRNA from the spleen of each mouse was extracted, and
cDNAwas generated. The expression of LINJ31 gene was
evaluated by RT-qPCR. Relative gene expression was
calculated according to 2−ΔΔCt method, as previously
described. The RPLP0 mRNA level was used as an
endogenous control. The graph is representative of two
independent experiments. Bars denote the average of
triplicate experiments, and error bars denote the S.D.
Abbreviations: RT-qPCR, quantitative real-time PCR;
ANOVA, analysis of variance.One-way ANOVA was
performed, followed by the post-hoc Tukey test (P < 0·05
vs control).
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NK/NKT cells (Crane et al. 2013). Therefore, the
participation of B-1 cells in immunity is very
complex and appears to depend on the pathogen
and time of infection.
Our data suggest that B-1 cells have some partici-

pation in the susceptibility to L. (L.) chagasi infec-
tion. Although we have not observed differences in
parasite burden in the liver of infected animals
after 25 and 45 days of infection (Fig. 2D and F),
we detected significantly lower parasite load in the
liver of BALB/XID mice in the early infection 15
days (Fig. 2F). However, we observed a significantly
lower parasite burden in the spleen of BALB/XID
mice compared with BALB/c mice and BALB/
XID+B-1 (Fig. 2C and E). These results are con-
sistent with previous studies showing that the liver
infection in mice is self-resolving, while spleen in-
fection is progressive (Engwerda et al. 2004).
On the other hand, the role of B-1 cells in cutane-

ous experimental leishmaniasis is still contradictory.
BALB/c and C57Bl/6 mice depleted of peritoneal
B220+CD5+ cells (B-1a) and infected with L. major
had no differences in the parasite burden in the
draining lymph node compared with their respective
controls (Babai et al. 1999), suggesting that B-1a
cells do not participate in the experimental infection
with L. major. In contrast, experimental subcutane-
ous infection of BALB/XID mice with L. major
allowed a substantially enhance of the Th1 response
mediated by IFN-γ (Hoerauf et al. 1994) which is
critical for the resolution of leishmaniasis (Stanley
and Engwerda, 2007). However, the Th1 response
alone do not protect against disease, since the pro-
gression is strongly correlated with the production
of high amounts of IL-10 (Ansari et al. 2011,
reviewed in Kumar and Nylén, 2012), an immuno-
suppressive cytokine that inhibits leishmanicidal
immune functions (reviewed in Nylén and Sacks,
2007). In our model, susceptible mice BALB/c and
BALB/XID +B-1 showed higher levels of IFN-γ
in spleen compared with BALB/XID group. Some
reports have demonstrated that IFN-γ is produced
when the parasitic infection still progresses
(reviewed in Goto and Prianti, 2009; McCall et al.
2013). Peripheral blood mononuclear cells from
patients with active visceral leishmaniasis are able
to produce IFN-γ in response to Leishmania
antigen (Singh et al. 2012).
Interestingly, the IL-10 levels were lower in the

sera of BALB/XID mice than in the control mice
(BALB/c) (Table 1), which may be related to the
increased resistance of the BALB/XID animals to
infection (Fig. 2C). Several different populations of
cells have been described as IL-10 producers in vis-
ceral leishmaniasis including innate cells, NK cells,
multiple T cell subtypes and B cells (Nylén et al.
2006; Maroof et al. 2008; Ranatunga et al. 2009).
Using L. major as a model, it was demonstrated
that the IL-10 produced by B cells is necessary for

infection susceptibility in BALB/c mice and for
Th2 cell development (Ronet et al. 2010). Our
results demonstrated that IL-10KO mice that
received B-1 cells from wild type animals showed
restored susceptibility to infection when compared
with wild type and IL-10KO animals (Fig. 4).
These data suggest that the IL-10 produced by
B-1 cells contributes, at least in part, to susceptibil-
ity to L. (L.) chagasi infection.
It is interesting to note that the population of B-1

cells was altered in response of L. chagasi infection.
After 45 days of infection, BALB/c mice had
increased populations of peritoneal B-1 cells
(CD19+CD23−) (Figs 1A and 3). Nevertheless, the
BALB/XID +B-1 group decreased the percentage
of B-1 cells in peritoneum after infection (Fig. 3).
Several studies have demonstrated that the B-1 cell
population are very versatile cells. They may migrate
to a non-specific inflammatory focus (Almeida
et al. 2001) and/or be modulated in response to
different stimuli. BCG and L. major inoculated
into the footpads of BALB/c (Babai et al. 1999;
Russo and Mariano, 2010), and Propionibacterium
acnes intraperitoneally injected in BALB/c mice
(Mussalem et al. 2012) increased the percentage of
peritoneal B-1 cells. However, animals intraperito-
neally infected with T. cruzi revealed a decrease in
the percentage of B-1 cells after 15 days of infection,
attributed to the differentiation of these cells into
IgM-secreting cells (Merino et al. 2010). In add-
ition, the treatment of BALB/XID mice with LPS
after adoptive transfer of B-1 cells labelled with
CFSE leads to the presence of CFSE+ cells in the
peritoneal macrophage population (Popi et al.
2012), indicating that B-1 cells may differentiate
into phagocytes in vivo and most likely contribute
to the macrophage population. In our study, we
did not determine the fate of the B-1 cells transferred
into the peritoneum of the BALB/XIDmice, but we
found that these cells somehow altered the immune
response. When compared with the BALB/XID
group, there was a pronounced increase in the IL-
10 and IFN-γ levels in the spleen in the BALB/
XID+B-1 mice (Table 1), suggesting the import-
ance of these cells in cytokine production.
Our findings indicate that B-1 cells are important

in the susceptibility to infection with L. (L.) chagasi.
The role of B-1 cells in this process could be the
result of the IL-10 produced by these cells.
Understanding the role of B-1 cells in visceral leish-
maniasis remains an important issue that deserves
further study, and new strategies should be devel-
oped to manipulate these cells to benefit the host.

SUPPLEMENTARY MATERIAL
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