










a moderate and transient increase in IL-12p35 mRNA levels in
DCs, which peaks at 5 h p.i (32). As shown in Fig. 2D, IL-12p35
mRNA levels gradually decreased from day 1 to 6 p.i. in DC
isolated from infected WT mice. In contrast, in infected mMT
mice, IL-12 p35 expression was induced at greater levels com-
pared with WT mice and sustained over the first 6 days of in-
fection (Fig. 2D). The expression levels for the IL-12/IL-23 p40
mRNA were comparable in DCs isolated from infected WT and
mMT mice, with the exception of day 3, when p40 was expressed
at greater levels in infected WT mice (Fig. 2E).
To test whether Abs were involved in suppressing the generation

of TEM, we reconstituted a group of mMT mice with serum col-
lected at days 12–14 p.i. from infected WT mice. TEM OT-I T cells
were generated in infected, serum-reconstituted mMT mice at
a similar frequency to that observed in mMT (Supplemental Fig.
2C, 2D). Adoptively transferred OT-I T cells in these mice also
had similar KLRG1 expression at days 7 and 12 p.i. (Supple-
mental Fig. 2E). This implies that Abs alone may not play a role in
the regulation of TEM responses; nevertheless, we cannot exclude
the participation of Abs in the suppressive effects mediated by
B cells.
To exclude the fact that our observations were mainly due to

differences in the splenic architecture, cellular composition, and
physiology between mMT and C57BL/6 mice rather than to the
lack of B cells, we depleted B cells in C57BL/6 mice using
a depleting Ab directed against CD20 (Supplemental Fig. 2F). We
then infected these mice and control undepleted C57BL/6 mice
with L. donovani. Like mMT mice, B cell-depleted C57BL/6 mice
had a similar parasite burden to the undepleted group at day 6 p.i.
By day 12 p.i., though, B cell-depleted mice showed a superior

capacity in controlling parasite growth and had nearly cleared
infection (Fig. 2F). B cell depletion also resulted in an increase in
granzyme B expression in CD8 T cells (Fig. 2G) and NK1.1+ cells
(Fig. 2H) at day 6 p.i. No difference in granzyme B production by
both cell populations was observed at day 12 p.i. Similarly, B cell-
depleted mice had a significantly higher frequency of IFN-g+ CD4
T cells at day 6 p.i. compared with the control group (Fig. 2I); no
differences were detected at day 12 p.i.
As already observed in L. donovani-infected mMT mice, the

frequency of KLRG1+ OT-I T cells was significantly greater in
B cell-depleted mice compared with the undepleted group (Fig.
2J). Moreover, OT-I T cells generated TEM in anti-CD20–treated
mice at day 12 p.i., but not in the control group (Fig. 2K, Sup-
plemental Fig. 2G).

B cells are activated on exposure to L. donovani

To understand how B cells may interfere with the development of
CD8 T cell responses, we monitored the interaction between naive
splenic B cells and L. donovani amastigotes over 24 h. One to 2 h
after exposure to the parasites, some B cells already had amasti-
gotes attached to their surface and were projecting protrusions
(see Supplemental Video). This was a transient phenomenon that
was only observed at the early time points after exposure, sug-
gesting that B cells were activated (33). Moreover, some B cells
had formed clusters within 3–5 h after exposure to the parasite. At
48 h, most of the B cells that had clustered were dead (data not
shown).
To better understand the B cell–parasite interaction, we exposed

B cells to fluorescently labeled L. donovani. After 24 h, B cells
were labeled with an anti-IgM Ab and analyzed by immunofluo-

FIGURE 3. B cells form clusters

and upregulate IgM and CD86 on

exposure to L. donovani. (A) Naive

splenic B cells were isolated and in-

cubated with (1–3) or without (4)

PKH67-labeled LV9 (WT L. donovani)

for 24 h. B cell cytospins were stained

with anti-IgM followed by secondary

conjugation to AF594. Immunofluo-

rescence staining; original magnifica-

tion 3600. (B) CD86 and CD80

expression on CD19+MHC class II+

B220+ B cells after incubation with

different ratios of B cells to parasite

(1:2 and 1:5) for 24 h. Numbers indi-

cate percentage of cells expressing

the respective markers, as measured by

flow cytometry. (C) PKH67-labeled

parasites were transferred to mice and

spleens were harvested 20 h later.

Splenocytes were stained for CD19,

CD5, CD21, and CD23. Cells gated on

CD19+CD5+ and PKH67+ are shown.

Data are representative of two to three

independent experiments.
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rescence. As shown in Fig. 3A (1–3), most of the B cells carrying
parasites had formed clusters after 24 h in culture. Interestingly,
the IgM staining seemed to form pockets that partially surrounded
the parasite aggregates. This suggests that IgM was not only in-
creasingly expressed on the surface of B cells but probably also
secreted. We next investigated whether the interaction between
B cells and parasites resulted in B cell activation. Hence we in-
cubated parasites with naive B cells and monitored the surface
modulation of the costimulatory molecules CD86, CD80, and
CD40 24 h after exposure with L. donovani. The B cell–Leish-
mania interaction resulted in the upregulation of CD86 (Fig. 3B).
The majority of these cells also expressed high levels of MHC
class II and CD80 (Fig. 3B). CD40 was not upregulated after
coculture with L. donovani (data not shown).
To determine whether B cells were also capturing parasites

in vivo, we infected C57BL/6 mice i.v. with PKH67-labeled L.
donovani and sacrificed them 20 h later. As expected from the
results obtained in vitro, a small percentage (0.2–0.3%) of splenic
CD19+ cells was indeed PKH67+ (Fig. 3C). These cells were
mostly CD21hi, CD19+, and CD23lo/int.

CD5+CD1d+/2CD23lo and CD5+CD1d+CD23hi B cells
produce IL-10 after exposure to L. donovani

Recent literature has demonstrated that some Leishmania species
activate B cells and induce IL-10 production (5, 19). Thus, we
investigated whether B cells also produce IL-10 after L. donovani
infection. Purified naive splenic B cells were incubated with L.
donovani amastigotes for 24 h and IL-10 production was assessed
by FACS. As expected, B cells stimulated with CpG produced IL-
10 (34) (Fig. 4A); the majority of the CpG-stimulated cells pro-
ducing IL-10 were CD1d+CD5+CD23hi, a phenotype that has been
associated to Bregs. Of the B cells exposed to L. donovani
amastigotes, 2.3% also produced IL-10. However, the IL-10 pro-
ducers were divided into two populations, both of which were
CD21+ (data not shown): CD19+CD21+CD1d+/2CD5+CD23lo

cells, a phenotype similar to MZB, and CD19+CD21+CD1d+CD5+

CD23hi cells, which have been described as Bregs (4).
Next, we investigated the role of MZB in the production of IL-

10. Thus, we depleted MZB (25) in naive mice, purified naive
splenic B cells, and exposed them to L. donovani in vitro. Strik-
ingly, the IL-10 production was reduced by ∼60% after incubation
with the parasite (Fig. 4B) and most of the cells that were still
producing IL-10 in the MZB-depleted group were CD1d+CD5+

CD23hi cells (Fig. 4B). The IL-10 production by B cells after
exposure with CpG was also severely reduced after depletion of
MZB (Fig. 4B).

IL-10 production by B cells is MyD88 dependent

Given the quick kinetics of IL-10 production by B cells exposed to
L. donovani, we investigated the mechanism that leads to IL-10
secretion. We have previously reported that HASPB1, a surface
protein of L. donovani, is recognized by natural Abs and com-
plement (35); and in Fig. 3A, we have shown that B cells dra-
matically upregulate IgM expression after coincubation with
parasites. Thus, we first coated beads with anti-IgM Abs to cross-
link IgM on B cells. Of the B cells incubated with anti-IgM–
coated latex beads, 3.7% produced IL-10, and the majority of
these cells showed a phenotype similar to MZB (Fig. 4C). Because
amastigotes purified from Rag12/2 mice were coated with com-
plement C3 (see Supplemental Fig. 3A), we next assessed whether
cross-linking of CD21 (complement receptor 2), would also in-
duce IL-10 production. Hence we incubated B cells with anti-
CD21–coated latex beads for 24 h and monitored IL-10 produc-
tion. Only 1.8% of cells produced IL-10, the majority of which

displayed a MZB-like phenotype. These results suggest that
Leishmania may be inducing IL-10 production by cells with an
MZB phenotype via cross-linking of surface IgM and/or CD21.
However, neither mechanism induced IL-10–producing B cells
expressing CD1d+CD5+CD23hi, implying that there may be an
additional pathway of IL-10 induction. Thus, we investigated
whether the adaptor protein MyD88 was involved in the induction
of IL-10 secretion by B cells after exposure with L. donovani.
Naive B cells were purified from Myd882/2 mice and coincubated
with L. donovani or CpG. As expected, no IL-10 production was
detected in culture treated with CpG in Myd882/2 B cells (Fig.
4D). Similarly, IL-10 was also nearly completely abrogated after
incubation of Myd882/2 B cells with L. donovani (compare Fig.
4A and 4D).

MZB present parasite-derived OVA to CD4 T cells

Because L. donovani was captured by cells with an MZB-like
phenotype (Fig. 3C) and this interaction resulted in the upregu-
lation of CD86 (Fig. 3B), we next investigated whether MZB were
able to present parasite-derived Ags to T cells. Hence we coin-
cubated sorted MZB and PINK parasites with the KZO (ova-
specific CD4 T cell hybridoma) and/or B3Z (ova-specific CD8
T cell hybridoma) (27, 28, 36) overnight. As shown in Fig. 5A,
presentation of the SIIKFEKL peptide by MZB led to the acti-
vation of the B3Z cells, as measured by the lacZ expression.
However, when MZB were incubated with PINK, we did not
detect any activation in the B3Z cell population, suggesting that
MZB were not able to present parasite-derived ova to B3Z (Fig.
5A). We also assessed whether MZB were capable of presenting
parasite-derived OVA to ova-specific CD4 T cell hybridoma
(KZO). As a positive control, we coincubated MZB and OVAwith
KZO, which showed increased lacZ expression (Fig. 5B). Inter-
estingly, when we coincubated MZB with PINK, we also noticed
a significant increase in T cell activation compared with the
negative controls (Fig. 5B). We next investigated whether follic-
ular B cells (FoB) were able to present parasite-derived OVA to
KZO and B3Z cells. Neither B3Z (Fig. 5C) nor KZO (Fig. 5D)
were activated on coincubation with FoB and PINK, suggesting
that FoB are not capable of presenting parasite-derived OVA to
B3Z or KZO.

IL-10 suppresses expansion of OT-I T cells

Next, we evaluated whether IL-10 could mediate the suppressive
effects observed on the T cell responses in infected mice. Hence we
treated C57BL/6 mice with an anti–IL-10R Ab and monitored the
development of adoptively transferred OT-I T cells. In vivo IL-
10R blockade resulted in a 3- to 4-fold increased expansion of OT-
I cells at day 6 p.i. (Fig. 6A). Interestingly, though, despite the
increased expansion at day 6, OT-I T cells in mice treated with the
anti–IL-10R Ab contracted to about the same number at day 9 p.i.
IL-10R blockade did not improve IFN-g production by CD8 OT-I
T cells (data not shown); however, we noticed an increase in
granzyme B production by OT-I T cells (Fig. 6B, Supplemental
Fig. 3B) and in the frequency of endogenous CD4 T cells pro-
ducing IFN-g (Fig 6C, Supplemental Fig. 3B) at day 13 p.i. in
infected mice treated with the anti–IL-10R Ab. However, IL-10R
blockade failed to restore the generation of TEM in L. donovani-
infected mice (see Supplemental Fig. 3C, 3D), but we observed
a significant increase in the frequency of KLRG1+ cells in anti–IL-
10R–treated, infected mice (Fig. 6D). Taken together, these data
show that IL-10R blockade enhanced the effector functions of
CD8 and CD4 T cells, and KLRG1 expression by CD8 T cells;
however, it did not induce TEM, suggesting that the pathway
leading to the generation of TEM is not governed by IL-10.
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MZB suppress T cell functions but not the generation TEM
during the first week of infection

We then wanted to determine which B cell population was involved
in the regulation of T cell responses during the early stages of L.
donovani infection. Thus, we proceeded to deplete MZB before
infection with L. donovani (see Supplemental Fig. 4A). MZB
depletion did not affect OT-I T cell expansion in infected mice
(Fig. 7A) and did not promote the generation of TEM at day 14 p.i.

(Fig. 7B, 7C, Supplemental Fig. 4B). However, the frequency of

KLRG1+ OT-I T cells was significantly increased in mice depleted

of MZB compared with undepleted mice (Fig. 7D, Supplemental

Fig. 4B). Moreover, the percentage of granzyme B producing OT-I

T cells was also increased at day 7 p.i. in mice depleted of MZB

compared with the control group (Fig. 7E, Supplemental Fig. 4C).

No differences were observed at day 14 p.i. Endogenous CD8

T cells also expressed more granzyme B in infected MZB-

FIGURE 4. CD5+CD1+CD23hi B cells and MZB produce IL-10 on exposure to L. donovani. (A–D) IL-10 production was assessed by the IL-10 secretion

assay kit. IL-10 producers were gated on forward scatter (FSC) and then identified using surface markers CD23, CD1d, and CD5. (A) Naive splenic B cells

were isolated and incubated with either parasite, CpG, or medium alone for 24 h. (B) Naive B cells were isolated from MZB-depleted spleens and incubated

with either parasite, CpG, or medium alone. (C) Naive splenic B cells were incubated with either latex beads alone, anti-IgM–coated latex beads, or anti-

CD21–coated latex beads for 24 h. (D) Naive splenic B cells from Myd882/2 mice were incubated with either parasite, CpG, or medium alone for 24 h.
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depleted mice at day 7 p.i. (Fig. 7F, Supplemental Fig. 4C) and
the frequency of IFN-g–producing CD4 T cells was also slightly
greater in these mice compared with undepleted mice (Fig. 7G,
Supplemental Fig. 4C). More importantly, depletion of MZB not
only improved T cell responses, but also resulted in a significantly
lower parasite burden (Fig. 7H), suggesting that MZB contribute
to the establishment of chronic L. donovani infection in mice.

B cell-derived IL-10 contributes to disease exacerbation but
does not affect CD8 T cell responses

Because the enhanced T cell effector functions observed after IL-10
blockade were similar to those observed in mMT mice, we finally
wanted to investigate the role of B cell-derived IL-10 in the
suppression of T cell responses. Thus, we generated mix bone
marrow chimera using mMT and Il102/2 mice as donors and ir-
radiated C57BL/6 as recipients. Because 25% of non-B cells will
also be IL-10 deficient and this could compromise the course of
infection, we generated C57BL/6 and Il102/2 chimeric mice as
control group. Twenty-five percent of the cells in these mice are
also IL-10 deficient. First, we determined whether both groups of
mice had comparable frequencies of B and T cells in the spleen.

The percentage of B cells (Supplemental Fig. 4D), CD4 T cells
(Supplemental Fig. 4E), and CD8 T cells (Supplemental Fig. 4F)
was not significantly different in both groups of mice. We then
proceeded to analyze the effect of B cell-derived IL-10 on Ag-
specific CD8 T cell responses during L. donovani infection. As
shown in Fig. 8A, the absence of IL-10 production by B cells did
not have any effect on the expansion of OT-I T cells. Likewise, no
differences were observed in the surface modulation of CD62L
(Supplemental Fig. 4G) and CD127 (Supplemental Fig. 4H). IFN-g
(Fig. 8B) and granzyme B (Fig. 8C) production by OT-I T cells
were also comparable in both groups of mice. Granzyme B pro-
duction by endogenous CD8 T cells was also similar in both
groups at day 6 p.i., but slightly increased in the WT/Il102/2

control group at day 13 p.i. (Fig. 8D). These results imply that
B cell-derived IL-10 does not affect CD8 T cell responses during
VL. In contrast, when we analyzed granzyme B expression in
NK1.1+ cells, we noticed a significant increase in granzyme B+

NK1.1+ cells in the mMT/Il102/2 group at day 6 p.i. (Fig. 8E). As
observed in infected mice depleted of MZB (Fig. 7G), the fre-
quency of IFN-g+ CD4 T cells was also slightly greater in the
mMT/Il102/2 group at day 6 p.i. (Fig. 8F). By day 13 p.i., though,
both groups of mice had comparable frequencies of IFN-g+ CD4
T cells. Interestingly, mMT/Il102/2 mice had a significantly lower
parasite burden at day 12 p.i. compared with the WT/Il102/2

group (Fig. 8G). Taken together, our data suggest that IL-10
production by B cells does not interfere with the development
of CD8 T cell responses; however, it significantly reduces the
cytotoxic capacity of NK and/or NKT cells, and slightly con-
tributes to delay the onset of Th1 responses and to exacerbate
disease during the early stages of infection.

Discussion
In this study, we show that MZB are involved in the suppression
of CD8 and CD4 effector functions during the early stages of L.
donovani infection, and that this suppression contributes to disease

FIGURE 5. MZB present parasite-derived OVA to CD4 T cell hybrid-

oma. MZB and FoB were purified from the spleen of C57BL/6 mice and

incubated with KZO and/or B3Z, and PINK, OVA, or the SIINFEKL

peptide at 37˚C. Eighteen hours later, KZO and B3Z were assessed for

their lacZ expression by flow cytometry. (A) FACS profiles of lacZ ex-

pression by B3Z cells incubated with MZB from naive C57BL/6 mice. (B)

FACS profiles of lacZ expression by KZO cells incubated with MZB from

naive mice. (C) FACS profiles of lacZ expression for B3Z cells incubated

with FoB from naive mice. (D) FACS profiles of lacZ expression for KZO

cells incubated with FoB from naive mice. Data are representative of three

independent experiments.

FIGURE 6. IL-10 suppresses expansion and function of OT-I T cells.

Mice were administered either isotype or anti–IL-10R Ab before transfer

of OT-I T cells and infection with PINK. (A) Absolute numbers of OT-I

T cells on days 6 and 13 p.i. were identified by gating on CD8+ Ly5.1+

cells. (B) Granzyme B production by OT-I T cells upon restimulation on

days 6 and 13 p.i. (C) IFN-g production by endogenous CD4 T cells. (D)

Percentage of OT-I T cells expressing KLRG1+. Data represent mean

percentages 6 SE, representative of four independent experiments, n = 3–

5. *p , 0.05, **p , 0.01.
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exacerbation. Moreover, we demonstrate that B cells also prevent
the generation of TEM by a yet unidentified mechanism.
We have previously shown that L. donovani induces defective

CD8 T cell responses with limited expansion capacity (23). In-
terestingly, although most of the CD8 T cells during peak ex-
pansion are CD62Llo, they do not express other markers typically
associated with effector cells, such as PD-1 (23), Fas (data not
shown), or KLRG1, and the majority of the CD62Llo effectors are
uncharacteristically highly positive for Bcl2 (data not shown).
This phenotype is not typically associated with effector CD8
T cells. Moreover, 70–80% of the CD8 surviving contraction are

TCM-like cells and TEM are not generated (23). Thus, it seems that
there is a bias toward the development of TCM-like cells rather
than effectors during the early stages of L. donovani infection. The
transition of effector to memory CD8 T cells is affected by ex-

FIGURE 7. MZB depletion enhances CD8 and CD4 T cell responses.

Mice were treated with a single dose of 100 mg anti-CD11a and anti-

CD49d 1 wk before transfer of OT-I cells followed by infection with PINK.

(A) Absolute numbers of OT-I T cells on days 7 and 14 p.i. were identified

by gating on CD8+ Ly5.1+ cells. OT-I T cells were analyzed for expression

of (B) CD62Llo, (C) CD1272, and (D) KLRG1+ at days 7 and 14 p.i. (E and

F) Splenocytes were restimulated and intracellularly stained for granzyme

B. (E) Granzyme B production by OT-I T cells and (F) endogenous CD8

T cells. (G) IFN-g production by endogenous CD4 T cells. Data represent

mean percentages 6 SE, representative of two independent experiments,

n = 3–5. (H) Splenic parasite burden was determined by limiting dilutions.

Data represent mean numbers 6 SE, representative of two independent

experiment, n = 3–5. *p , 0.05, **p , 0.01.

FIGURE 8. B cell-derived IL-10 contributes to disease exacerbation.

Mix bone marrow chimeras were generated. One group of irradiated mice

was reconstituted with a mix of bone marrow cells consisting of 75% mMT

and 25% Il102/2 mice; the control group received bone marrow cells from

75% C57BL/6 and 25% Il102/2 mice. Six weeks after engraftment, OT-I

T cells were adoptively transferred into both groups of mice. The animals

were infected the day after with PINK. (A) Absolute numbers of OT-I

T cells on days 6 and 13 p.i. were identified by gating on CD8+ Ly5.1+

cells. (B and C) Splenocytes from infected mice were restimulated and

stained for IFN-g and granzyme B. Graph represents the percentage of

OT-I T cells producing IFN-g (B) and granzyme B (C). (D) Granzyme B

production by endogenous CD8 T cells. (E) Percentage of NK1.1+ cells

producing granzyme B. (F) IFN-g production by endogenous CD4 T cells.

Data represent mean percentages 6 SE, representative of two independent

experiments, n = 3. (G) Splenic parasite burden was determined by limiting

dilutions. Data represent mean numbers 6 SE, representative of two in-

dependent experiments, n = 3. *p , 0.05, **p , 0.01.
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tracellular stimuli such as costimulation, the strength and timing
of TCR–Ag interactions, and inflammatory cytokines (37–39). In
the experimental model for VL, Ag may only be available in low
quantities during the first few days of infection, because parasites
are quickly segregated into macrophages. Moreover, the parasite
actively suppresses IL-12 production in macrophages (40, 41), and
DCs only transiently express this cytokine (42). Hence parasite-
specific CD8 T cells are primed in a low-Ag, IL-12–poor envi-
ronment. This could explain why only a small percentage of ef-
fector CD8 T cells expresses KLRG1 and 70–80% of the CD8
surviving contraction are TCM-like cells (31).
However, in B cell-deficient mice, IL-12 production by DCs

was sustained during the first week of infection. Consequently, in
agreement with the literature (31), a larger percentage of effector
CD8 T cells expressed KLRG1, and CD8 TEM were generated in
those mice. L. donovani infection in mMT mice also resulted in
a stronger Th1 response compared with WT mice. CD4 T cells are
known to provide help during CD8 T cell priming, among others
by secreting IL-2. A recent study has shown that priming of CD8
T cells in an IL-2–deficient environment results in decreased
KLRG1 and granzyme B expression by effector CD8 T cells and
in premature upregulation of CD127 and CD62L (43). Hence
Leishmania-specific CD8 T cells in WT mice may be primed in an
environment in which both IL-12 and IL-2 are present only at very
low levels.
The mechanism by which B cells interfere with the development

of T cell responses is still not clear and is only partly mediated by
IL-10, which is known to suppress IL-12 production by DCs and
also Th1 effector functions (44). MZB depletion and IL-10R
blockade resulted in increased KLRG1 and granzyme B expres-
sion by CD8 T cells and in a higher frequency of IFN-g–pro-
ducing CD4 T cells. A similar outcome was observed after
depletion of regulatory CD4 T cells (data not shown), which are
also thought to express IL-10 during the early stages of L. dono-
vani infection (32). Among B cells, IL-10 is mainly produced by
cells with an MZB phenotype and by Bregs after in vitro exposure
to L. donovani. Nevertheless, B cell-derived IL-10 had only
transient inhibitory effects on CD4 T cells and on NK1.1+ cells but
did not affect CD8 T cell responses. This suggests that MZB do
not directly suppress CD8 effector function via IL-10 secretion,
but may operate via other pathways and/or could be inducing IL-
10 production by other cell populations and suppress the function
of APCs. Further studies aimed at investigating whether MZB
suppress APC functions and/or induce IL-10 production by other
cells are currently under way.
The IL-10–rich environment present during the first week of

infection may explain the partial suppression on T cell functions
but does not explain why CD8 TEM are not generated after L.
donovani infection. Several transcription factors are involved in
the induction of memory and/or effector CD8 T cells (30, 45–49).
T-bet deficiency, the lack of Blimp-1, inactivation of the tran-
scription factor Id2, or forced expression of Bcl-6 all induce CD8
T cells that developed into memory precursor cells and more
rapidly acquired TCM characteristics (48–51). Whether these
transcription factors also play a role in governing the generation
(or the lack) of TCM-like and TEM CD8 T cells during L. donovani
infection and the role of B cells in inducing/inactivating these
factors still remains to be determined.
MZB are able to bind immune complexes and migrate toward the

splenic T/B cell border (52, 53). The migration into the white pulp
is induced by ligation of CD21 (54). In this study, we demonstrate
that B cells have the capacity to bind L. donovani. Hence it is
possible that after L. donovani injection, MZB capture C3-coated
parasites via CD21 (complement receptor 2) and/or via surface

IgM. This interaction could result in the activation of MZB and
consequently in the upregulation of CD86 and surface IgM, and
secretion of IgM. In vivo, the majority of the CD19+ cells that
were positive for PKH67-labeled parasites were CD21+ CD23lo/int,
a phenotype that is also shared by MZB. This suggests that pos-
sibly, after capturing the parasite, MZB migrate to the white pulp,
where they might interact with FoBs, follicular DCs, and/or fol-
licular Th cells. This interaction could result in the overactivation
of FoBs, which further contribute to the suppression of protective
T cell responses by a yet unknown mechanism. After interaction
with the parasite, cells with a MZB phenotype also secrete IL-10
in an MyD88-dependent way. The steps upstream of MyD88 ac-
tivation in B cells are as yet unknown. Definition of these steps
will require a deeper understanding of how MZB interact with the
parasite. For instance, one needs to clarify how MZB recognize L.
donovani and which pathways are triggered during these early
recognition events. We also need to determine whether L. dono-
vani is merely bound at the cell surface of MZB or these cells are
actually able to internalize the parasite. Although B cells from
early vertebrates are able to phagocytose 2-mm particles (55),
phagocytosis by murine MZB has not yet been reported.
How MyD88 activation in B cells interferes with the regulation

of T cell responses is not yet clear. Our findings suggest that the
suppressive effects of B cells during Leishmania infection are only in
part mediated by IL-10. It is tempting to speculate that MZB may
prime CD4 T cells with a regulatory phenotype during the very early
stages of infection, which then contribute to suppress protective Th1
responses. A recent study has shown that signaling via MyD88 in
B cells suppresses NK cells and T cell responses in Salmonella
typhimurium-infected mice (56). In this study, IL-10 was an es-
sential mediator of the B cell inhibitory effects on NK and T cells,
and MyD88 was crucial for mediating these effects. Inhibition of
T cell functions by B cells has also been reported in tumor immunity
(17). A recent vaccination study that used CpG as an adjuvant has
shown that B cells suppressed CD8 T cell responses (57).
In conclusion, we have identified a novel inhibitory function for

MZB, which contribute to suppress NK1.1+ cells, CD8, and CD4
T cell responses during the early stages of L. donovani infection.
Suppression of NK1.1+ cells and CD4 T cells is only partly me-
diated by MyD88-dependent production of IL-10 by B cells.
Furthermore, depletion of MZB results in increased resistance to
infection.
Hence the early recognition of some pathogens by MZB con-

tributes to shape the development of adaptive T cell responses and
may help the establishment of chronic infections.
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