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ABSTRACT Interleukin-10 (IL-10)-producing regulatory B (Breg) cells were found to
be induced in a variety of infectious diseases. However, its importance in the regula-
tion of immune response to malaria is still unclear. Here, we investigated the dy-
namics, phenotype, and function of Breg cells using Plasmodium chabaudi chabaudi
AS-infected C57BL/6 and BALB/c mice. BALB/c mice were more susceptible to infec-
tion and had a stronger IL-10 response in spleen than C57BL/6 mice. Analysis of the
surface markers of IL-10-producing cells with flow cytometry showed that CD19� B
cells were one of the primary IL-10-producing populations in P. c. chabaudi AS-
infected C57BL/6 and BALB/c mice, especially in the latter one. The Breg cells had a
heterogeneous phenotype which shifted during infection. The well-established Breg
subset, CD19� CD5� CD1dhi cells, accounted for less than 20% of IL-10-producing B
cells in both strains during the course of infection. Most Breg cells were IgG� and
CD138� from day 0 to day 8 postinfection. Adoptive transfer of Breg cells to
C57BL/6 mice infected with P. c. chabaudi AS led to a transient increase of para-
sitemia without an impact on survival rate. Our finding reveals that B cells play an
active and important regulatory role in addition to mediating humoral immunity in
immune response against malaria, which should be paid more attention in develop-
ing therapeutic or vaccine strategies against malaria involving stimulation of B cells.
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Malaria, an infectious disease caused by parasites of the genus Plasmodium, re-
mains a major public health problem in tropical areas, threatening the lives of

hundreds of thousands of people (1). Malaria parasites have a complicated life cycle and
induce immune responses with particular features. Once injected into human blood via
mosquito bites, the parasites multiply first in the liver and then enter the circulation,
where they invade and damage red blood cells, causing clinical symptoms. The blood
stage of infection leads to production of both proinflammatory and anti-inflammatory
mediators by the host immune system (2). The proinflammatory response characterized
by increased interferon gamma (IFN-�) production plays a critical role in limiting
parasite replication while it sometimes contributes to malaria pathology (3, 4). The
anti-inflammatory cytokines, although having a counter effect on the protective im-
munity (5, 6), are regarded as necessary for suppressing severe pathology (7, 8). The
presentation and outcome of the malaria infection depends, at least in part, on the fine
balance of the proinflammatory and anti-inflammatory responses.

Interleukin-10 (IL-10), an important anti-inflammatory cytokine, has been extensively
studied in human malaria as well as in mouse models. IL-10 is effectively induced in
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Plasmodium infection, and there is evidence that the serum level of IL-10 is related to
clinical manifestation of the patients (3, 9–12). A number of clinical investigations
showed that plasma IL-10 concentration was positively correlated with parasitemia
(13–16). Various studies in different populations revealed that patients with severe
malaria-associated anemia had relatively less circulating IL-10 (16–18), and patients
with cerebral malaria had a higher level of IL-10 (12, 17, 19), although there were
reports with contradicting data (20, 21). The association between IL-10 level and clinical
presentation was further supported by recent findings that single-nucleotide polymor-
phisms of the IL-10 gene were significantly linked to malaria susceptibility or symptoms
(22–25). In addition, animal experiments with IL-10 knockout mouse or neutralizing
anti-IL-10 antibodies proved the importance of IL-10 in controlling immunopathology
in malaria (26, 27). Thus, IL-10 is one of the key players in immunoregulation in malaria;
however, its induction pathways and functional mechanisms have not been fully
elucidated in the context of Plasmodium infection.

IL-10 has multiple cellular sources, including lymphocytes and monocyte/macro-
phages (28). CD4� T cells were thought to be the major source of IL-10 in humans and
mice infected with Plasmodium parasites (29, 30), and other cells were also involved
in the production of IL-10 during malaria infection (31, 32). Regulatory T (Treg) cells,
one of the subpopulations of CD4� T cells, were intensively studied in mouse
models of malaria and were shown to modulate the inflammatory response via IL-10
production (33–35). Nevertheless, a non-Treg cell source of interleukin-10 was
reported to be critical in preventing experimental cerebral malaria (36). Moreover,
Wang et al. found that depletion of regulatory T cells enhanced the proinflamma-
tory responses in P. c. chabaudi AS-infected DBA/2 mice and prolonged their
survival time, whereas blocking IL-10 signal caused excessive proinflammation
responses and earlier death of mice (37). These findings suggest that IL-10 signal as
a whole has more profound regulatory effects than Tregs on their own, and
non-Treg sources of IL-10 play a crucial role in maintaining an appropriate immune
response against malaria.

It has been more than a decade since Mizoguchi et al. found that a subset of B cells
was able to suppress inflammatory reactions by producing cytokines such as IL-10 (38).
These IL-10-producing B cells are called regulatory B (Breg) cells, and it has become
evident that Breg cells play a critical role in the immunoregulation of a variety of
diseases. Breg cells suppress immunopathology in autoimmune diseases (39, 40) and
dampen anti-tumor immunity and host defense in cancer and bacterial and viral
infections (41–43). The function of Breg cells in parasitic diseases is complex and seems
to depend on parasite species and their pathogenic mechanisms (44). So far, studies
investigating the immunomodulatory role of B cells in Plasmodium infection are rare
(44). It was noticed a long time ago that B cells were required for the switch from Th1-
to Th2-regulated immune responses in malaria (45), but only recently was the impor-
tance of B cell-mediated immunoregulation in malaria confirmed. Two independent
studies demonstrated that IL-10-producing B cells confer protection against experi-
mental cerebral malaria through IL-10-mediated inhibition of inflammatory responses
(46, 47). However, the role of Breg cells in uncomplicated malaria remains unknown.
Here, using Plasmodium chabaudi-infected mice, we investigated the cellular sources of
IL-10 and analyzed the phenotype and function of IL-10-producing B cells in common
malaria (48). We showed that Breg cells were one of the primary IL-10-producing cells
during P. c. chabaudi AS infection. Our findings suggested that more importance should
be attached to the immunoregulatory role of B cells in the context of Plasmodium
infection.

RESULTS
BALB/c mice are more susceptible to P. c. chabaudi AS infection and have a

stronger splenic IL-10 response than C57BL/6 mice. BALB/c and C57BL/6 strains are
known to have distinct predispositions to different types of immune response. BALB/c
mice tend to mount potent Th2 responses, whereas C57BL/6 mice are inclined to
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organize strong Th1 responses. We used these two strains to explore the IL-10 response
pattern and its connection with disease outcome in P. c. chabaudi AS infection. In both
strains, parasitized erythrocytes emerged from peripheral blood from day 4 postinfec-
tion (p.i.) and kept increasing at a similar rate during the first week of infection. After
reaching the peak on day 8 p.i., parasitemia in C57BL/6 mice stopped rising and started
to drop rapidly. By day 13 p.i., almost all parasites were cleared from peripheral blood
of C57BL/6 mice. However, the parasitemia in BALB/c mice was not controlled and led
to death of mice from day 8 p.i. (Fig. 1A). Thus, most BALB/c mice succumbed to

FIG 1 Parasitemia, survival, and cytokine responses of BALB/c and C57BL/6 mice during P. c. chabaudi AS
infection. BALB/c and C57BL/6 mice were administered with 1 � 106 pRBC, and the parasitemia (A) and survival
rate (B) were monitored daily. For evaluation of cytokine production, mice were sacrificed at the indicated time.
Serum samples were prepared and total RNA was isolated from spleen. The mRNA level of IFN-� (C) and IL-10 (D)
were measured by real-time PCR. The serum concentration of IFN-� (E) and IL-10 (F) was determined with ELISA.
All data except survival rate are presented as arithmetic means � SE. Single and double asterisks indicate P values
of �0.05 and �0.01, respectively, compared with uninfected mice of the same strain. A pound sign means a P
value of �0.05 compared with the other strain at the same time point. The P value for the difference in survival
between the two strains was less than 0.01.
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infection within 2 weeks postinfection, whereas the majority of C57BL/6 mice survived
(P value of �0.01) (Fig. 1B).

We then looked into the changes of cytokine profiles of the two strains during P. c.
chabaudi AS infection. The mRNA levels of proinflammatory cytokine IFN-� and anti-
inflammatory cytokine IL-10 in spleen from both strains were determined with real-time
PCR. As shown in Fig. 1C, the mRNA expression of IFN-� was dramatically induced in
both C57BL/6 and BALB/c mice. The highest mRNA level appeared on day 5 p.i. in both
strains. C57BL/6 mice seemed to have a higher level of IFN-� mRNA than BALB/c mice,
but the difference had no statistical significance. The change of the mRNA level of IL-10
was different between the two strains. C57BL/6 mice showed a slow and gradual
increase of IL-10 mRNA after infection and reached the peak on day 8 p.i. In compar-
ison, BALB/c mice exhibited a more rapid increase of IL-10 mRNA and remained at a
high level from day 5 to day 8 p.i. The IL-10 mRNA level in spleen from BALB/c mice was
significantly higher than that from C57BL/6 mice on day 5 p.i. (Fig. 1D). We also
detected the serum concentrations of IFN-� and IL-10 but did not find significant
difference between C57BL/6 and BALB/c mice before and after infection (Fig. 1E and F).
Our result suggested that BALB/c mice had an early and long-lasting IL-10 response in
spleen during P. c. chabaudi AS infection, which might contribute to their sensitivity,
since IL-10 response is associated with disease exacerbation during Plasmodium infec-
tion (5, 6).

CD19� B cells are the major IL-10-producing population in spleen from P. c.
chabaudi AS-infected BALB/c mice. During P. c. chabaudi AS infection, the number of
spleen cells as well as total IL-10-producing splenocytes increased apparently in both
BALB/c and C57BL/6 mice (Fig. 2A and B). The absolute numbers of IL-10-producing
splenocytes grew faster in BALB/c mice and turned out to be higher than that in
C57BL/6 mice on days 3 and 5 p.i., which was in keeping with the changes of IL-10
mRNA in spleen from the two strains (Fig. 1D). As IL-10 could be produced by T cells,
B cells, and monocytes/macrophages, we investigated the cellular sources of IL-10
using fluorescent antibodies against CD3, CD19, and CD11b (Mac-1), which are the
surface markers of T cells, B cells, and macrophages, respectively. CD3� cells accounted
for more than 50% of IL-10-producing cells from day 0 to day 5 p.i. in C57BL/6 mice,
while they were less than 50% in BALB/c mice after infection. The frequency of CD3�

cells in IL-10-producing cells from C57BL/6 mice was significantly higher than that from
BALB/c mice on days 3 and 5 p.i. (Fig. 2C). It is notable that CD19� cells constituted
more than 50% of total IL-10-producing cells in spleen from BALB/c mice on days 3 and
5 p.i., and their proportion also exceeded 30% in C57BL/6 mice during the course of
infection (Fig. 2D). BALB/c mice had more CD19� IL-10� cells than C57BL/6 mice on
days 3 and 5 p.i. both in percentage (Fig. 2D) and absolute number (Fig. 2F). The
proportion of CD11b� cells in IL-10-producing cells was less than 10% in both strains
before and after infection (Fig. 2E). These data indicated that CD19� B cells were an
important source of IL-10, comparable to T cells, in spleen during P. c. chabaudi AS
infection. BALB/c mice had an earlier and stronger CD19� IL-10� cell response than
C57BL/6 mice, which may account, in large part, for the higher IL-10 production in
BALB/c mice.

CD19� CD5� CD1dhi B10 cells represent only a small part of Breg cells in P. c.
chabaudi AS-infected mice. The CD19� CD5� CD1dhi population, also called B10 cells,
is a well-defined regulatory B cell subset in mouse spleen (49, 50). B10-like cells have
been found in a mouse model of cerebral malaria caused by Plasmodium berghei
infection (46). To see if B10 cells are the predominant population of Breg cells in P. c.
chabaudi AS-infected mice, we examined the dynamic change of the frequency and the
number of CD19� CD5� CD1dhi cells in splenic Breg cells during P. c. chabaudi AS
infection by flow cytometry. CD19� CD5� CD1dhi cells, gated as shown in Fig. 3A,
constitute 0.5% and 1% of splenocytes from uninfected C57BL/6 and BALB/c mice,
respectively (Fig. 3B). The frequency of these cells dropped significantly after P. c.
chabaudi AS infection in both strains; however, the absolute number did not change in
the same way. The number of CD19� CD5� CD1dhi cells in spleen from C57BL/6 mice
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was kept stable after infection except for a transient drop on day 3 p.i., while that from
BALB/c mice increased gradually from 5 � 105 to 10 � 105 with the progression of
infection (Fig. 3C). About 20% of CD19� CD5� CD1dhi cells were detected to produce
IL-10 in uninfected C57BL/6 and BALB/c mice, and the frequency was not changed
much by infection (Fig. 3D). As the dynamic of CD19� CD5� CD1dhi cells was not
consistent with that of CD19� IL-10� cells, we checked the frequency of CD5� CD1dhi

cells in CD19� IL-10� cells. The highest frequency of these cells, varying between 10%

FIG 2 Dynamics of IL-10-producing cells and the frequency of IL-10-producing CD3�, CD19�, and CD11b� cells in
P. c. chabaudi AS-infected C57BL/6 and BALB/c mice. Mice were infected with P. c. chabaudi AS and sacrificed at
the indicated time. (A) Spleen cells were isolated and counted. The percentages of IL-10-producing cells in spleen
cells and their phenotypes were analyzed with flow cytometry. (B) The absolute numbers of total IL-10-producing
splenocytes were calculated. The percentages of CD3� (C), CD19� (D), and CD11b� (E) cells in IL-10-producing cells
as well as the absolute number of CD19� IL-10� cells (F) in spleen from C57BL/6 and BALB/c mice are shown. Data
are presented as arithmetic means � SE. Single and double asterisks indicate P values of �0.05 and �0.01,
respectively, compared with uninfected mice of the same strain. Single and double pound signs mean P values of
�0.05 and �0.01, respectively, compared with the other strain at the same time point.
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FIG 3 Dynamics of CD19� CD5� CD1dhi cells and their contribution to IL-10 production during the course of P. c.
chabaudi AS infection in C57BL/6 and BALB/c mice. (A) Spleen cells were isolated from mice and stained for
membrane CD19, CD5, and CD1d as well as intracellular IL-10. CD19� CD5� CD1dhi cells were gated as shown in
the left and middle panels, and the subgating of IL-10� cells in the CD19� CD5� CD1dhi population is displayed
on the right. (B and C) Change of frequency and absolute number of CD19� CD5� CD1dhi cells in spleen from
C57BL/6 and BALB/c mice. The percentage of IL-10-producing cells in CD19� CD5� CD1dhi cells (D) and the
proportion of CD5� CD1dhi B cells in CD19� IL-10� cells (E) were also analyzed. (F) Gating strategy used for panel
E. Data are presented as arithmetic means � SE. Single and double asterisks indicate P values of �0.05 and �0.01,
respectively, compared with uninfected mice of the same strain. Single and double pound signs mean P values of
�0.05 and �0.01, respectively, compared with the other strain at the same time point.
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and 20%, appeared before infection in both strains and dropped rapidly after infection.
The CD5� CD1dhi cells accounted for less than 10% of CD19� IL-10� B cells from day
3 p.i. in both C57BL/6 and BALB/c mice (Fig. 3E). These data indicated that CD19� CD5�

CD1dhi B10 cells represented only a small portion of IL-10-producing B cells in P. c.
chabaudi AS-infected mice. Therefore, B cell populations other than D19� CD5� CD1dhi

B10 cells are likely to contribute more to IL-10 production induced by P. c. chabaudi AS
infection.

The phenotypes of most Breg cells are IgG� and CD138� during the course of
P. c. chabaudi AS infection. As various phenotypes of Breg cells have been reported
in different diseases or disease models (51, 52), we tried to identify the common surface
markers on Breg cells in P. c. chabaudi AS-infected mice. We checked the expression of
membrane immunoglobulins and some previously reported surface molecules on
CD19� IL-10� Breg cells from C57BL/6 and BALB/c mice on days 0 and 8 p.i. Membrane
IgM and IgD were expressed on about one-third and more than half of CD19� IL-10�

cells, respectively, in both strains on day 0 p.i. With infection progressing, the propor-
tion of IgM� or IgD� Breg cells dropped significantly. IgG� cells were the prevalent
population on both days 0 and 8 p.i. and accounted for over 80% of Breg cells. The
alternative B cell marker B220 was also expressed on a large proportion of Breg cells.
Differential expression of CD5 on Breg cells was found between C57BL/6 and BALB/c
mice on day 0 p.i.; however, by day 8 p.i., the CD5� Breg cells in C57BL/6 mice increased
to a level similar to that in BALB/c mice. Previously, Allan et al. found that CD1d on
human B cells was downregulated by activation (53). We also observed a significant
decrease in the frequency of CD1d� cells in CD19� IL-10� populations on day 8 p.i. in
both strains (Table 1).

Recently, some CD138� plasmacytoblasts were reported to produce IL-10 (54). We
also checked the expression of CD138 on Breg cells and found that the majority of Breg
cells are CD138� before and after infection. Tim-1 (T cell immunoglobulin and mucin
domain-containing molecule-1) was reported to define certain Breg cell populations
(55); however, it was only expressed by less than 5% of Breg cells from C57BL/6 and
BALB/c mice before infection. Nevertheless, the frequency of Tim-1� Breg cells in-
creased significantly on day 8 p.i. in both strains, although this still amounted to a very
small fraction of Breg cells. These observations indicated that the phenotype of Breg
populations changed during P. c. chabaudi AS infection, and the isotype-switched IgG�

B cells constituted most of the Breg cells before and after the infection (Table 1).
Adoptive transfer of Breg cells to C57BL/6 mice with P. c. chabaudi AS infection

leads to transient increase of parasitemia. As Breg cells are one of the important
producers of IL-10 during P. c. chabaudi AS infection, we tried to evaluate the impact
of Breg cell-mediated immunoregulation on the course or outcomes of disease via
adoptive transfer experiments. Taking into account that Breg cells may inhibit protec-

TABLE 1 Surface molecule expression by CD19� IL-10� splenocytes on days 0 and 8 after
P. c. chabaudi AS infection in C57BL/6 and BALB/c mice

Surface molecule

Mean (�SD) % positive cellsa

C57BL/6 BALB/c

Day 0 Day 8 Day 0 Day 8

IgM� 31.6 � 2.62 23.14 � 3.60* 33.5 � 5.85 21.54 � 9.75*
IgD� 72.13 � 4.98 29.44 � 1.91** 52.83 � 8.75# 24.96 � 12.25*
IgG� 94.38 � 3.77 88.67 � 3.20 91.32 � 6.66 85.67 � 8.49
B220� 75.68 � 11.35 87.37 � 3.68 72.11 � 7.93 80.90 � 7.37
CD5� 13.61 � 2.30 35.84 � 2.03** 29.41 � 9.37# 27.14 � 13.76
CD1d� 61.43 � 2.66 17.52 � 3.06** 65.57 � 5.69 17.67 � 5.88**
CD138� 1.79 � 0.36 1.06 � 0.30 1.53 � 0.39 1.60 � 0.29
Tim-1� 1.41 � 0.92 7.45 � 2.39* 2.20 � 0.57 13.49 � 4.27*
aData shown are for each surface molecule in IL-19� IL-10� spleen cells (3 to 6 mice/group). * and **, P
values of �0.05 and �0.01, respectively, compared with data from the same strain on day 0 p.i. #, P � 0.05
compared to the other strain at the same time point.
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tive immune responses, we chose a resistant strain to carry out the experiment. Breg
cells were isolated from P. c. chabaudi AS-infected C57BL/6 mice on day 8 p.i. and
adoptively transferred (106/mouse) into C57BL/6 mice on day 5 p.i. This timing was to
mimic the dynamics of Breg cells in BALB/c mice during P. c. chabaudi AS infection.
IL-10� B cells harvested from the Breg isolation process were used as a control.
Recipient mice transferred with Breg cells showed an earlier and higher peak of
parasitemia than mice receiving IL-10� B cells (Fig. 4A). These mice also have a higher
splenic IL-10 level than the control group of mice 2 days after the adoptive transfer (Fig.
4B). The IFN-� level from mice receiving Breg cells was lower than that from the control
mice without statistical significance. (Fig. 4C). Nevertheless, the suppressive effects of
Breg cells were transient, and all mice transferred with IL-10� and IL-10� B cells
survived the infection. These data confirmed that Breg cells did have a regulatory effect
in the mouse model of uncomplicated malaria, but their role may not be decisive in the
survival from infection on the C57BL/6 background.

DISCUSSION

We showed here that IL-10-producing regulatory B cells were substantially induced
by Plasmodium chabaudi infection. These Breg cells were heterogeneous in phenotype

FIG 4 Effects of adoptive transfer of Breg cells to P. c. chabaudi AS-infected C57BL/6 mice. Breg cells
(1 � 106) and IL-10� B cells were isolated from C57BL/6 mice 8 days p.i. and transferred intravenously
to C57BL/6 mice on the fifth day of infection. (A) Parasitemia was monitored daily. The recipient mice
were sacrificed on day 7 p.i. and the mRNA levels of IL-10 (B) and IFN-� (C) of spleen were measured. Data
are presented as arithmetic means � SE. A pound sign means a P value of �0.05 compared with the
other strain at the same time point. One data set out of two independent experiments with similar results
is shown.
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and exerted suppressive effects on host defense against malaria parasites. This finding
reveals the essential immunoregulatory function of B cells in addition to producing
antibodies in the context of Plasmodium infection.

To address the possible impact of IL-10 response on the course of Plasmodium
infection in a mouse model, we took advantage of the prototypical Th1- and Th2-type
mouse strains, i.e., C57BL/6 and BALB/c mice, which may have different IFN-� and IL-10
responses to P. c. chabaudi AS infection. As it turned out, Th2-prone BALB/c mice
displayed significantly higher sensitivity to infection than Th1-prone C57BL/6 mice.
Splenic cytokine examination confirmed that susceptible BALB/c mice had an early and
stronger IL-10 response than the resistant C57BL/6 mice. This observation was similar
to the finding with Plasmodium yoelii-infected DBA2 and BALB/c mice, in which
susceptible BALB/c mice had higher IL-10 and lower IFN-� production than resistant
DBA2 mice (56). These results stressed again the importance of proper balance between
proinflammatory and anti-inflammatory responses for survival from malaria. Moreover,
it implies that BALB/c mice can serve as a good model for the study of the cellular
source of IL-10 induced by Plasmodium infection.

It is known that Breg cells are induced in some infectious diseases, and they have
been reported to be the primary producer of IL-10 in some cases. An elegant experi-
ment performed by Lee and Kung showed that the marginal-zone B cell was the most
dominant and relevant IL-10 source in the context of Listeria susceptibility (57). A study
on patients with chronic hepatitis B indicated that increased Breg cells are a major
source of elevated IL-10 in the culture supernatant of peripheral blood mononuclear
cells (58). However, the extent to which B cells contribute to IL-10 production in malaria
is still unclear. We showed here that B cells were a chief producer of IL-10 other than
T cells in Plasmodium chabaudi-infected C57BL/6 and BALB/c mice, especially for the
latter ones. Our result has some similarities with a previous report by Kobayashi et al.
(31). They found that a strong IL-10 response early in infection is associated with the
lethal outcome of infection caused by a Plasmodium yoelii 17X lethal variant compared
with the infection caused by the nonlethal variant. Both CD4� T cells and non-T cells
were involved in the production of IL-10 in mice infected with the lethal variant (31).
Our result provided a possible explanation for the cellular source of the non-T cell-
produced IL-10 in their experiment and highlights the importance of B cell as one of the
major IL-10 producers in malaria immune response.

Various Breg subsets have been described in different disease models or inflamma-
tory environments. Liu et al. showed that Breg cells from mice with experimental
cerebral malaria expressed high levels of CD1d and CD5, which defined the population
of B10 cells (46). Therefore, we checked the dynamic changes of B10 cells and their
frequency in IL-10-producing B cells in our experiment. We found that B10 cells
accounted for less than 20% of IL-10-producing B cells in spleen before and throughout
the process of infection, which means that the majority of Breg cells were not B10 cells.
The activation and expansion of non-B10 Breg cells during Plasmodium parasite infec-
tion were also observed in another study on experimental cerebral malaria. Bao et al.
found that the Breg cells from C57BL/6 mice that underwent three cycles of Plasmo-
dium berghei infection and radical treatment were CD5 negative (47). This observation
and our data suggested that multiple populations of B cells were activated to produce
IL-10 in Plasmodium infection. This notion is in line with the view that the activation of
Breg cells is not lineage specific (50).

Several other Breg populations, such as transitional 2 B cells (CD19� CD21hi CD23hi),
marginal-zone B cells (CD19� CD21hi CD23�), CD138� plasma cells and plasmab-
lasts, Tim-1� B cells, etc., have been described to be involved in immune response to
infection or immune-mediated pathologies (55, 57, 59, 60). Therefore, we were curious
about the phenotype of non-B10 Breg cells activated during P. c. chabaudi infection. We
found that most Breg cells were neither plasma/plasmablasts nor Tim-1� B cells. They
also did not seem to be transitional 2 B cells, because they were CD23� (data not
shown). About half the Breg cells expressed CD21, which matched the phenotype of
marginal-zone B cells. The only common surface molecule that most of the Breg cells
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shared was membrane IgG, which meant that these Breg cells were isotype-switched B
cells. IgG� or isotype-switched Breg cells were also reported in other studies (61, 62).
It is not clear if the dominance of IgG� Breg cells observed in our experiment is unique
to malaria infection and, if so, why they were selectively activated to produce IL-10.
More studies on the activation and differentiation of Breg cells in malaria models may
help to elucidate these questions.

Liu et al. reported that adoptive transfer of IL-10� Breg cells in the mouse model of
cerebral malaria significantly reduced pathological inflammation in brain tissue and
improved the survival of mice (46). Therefore, it is worth knowing what role Breg cells
played in malaria without severe immune-mediated pathology. We adoptively trans-
ferred Breg cells to P. c. chabaudi AS-infected C57BL/6 mice at early stages of infection
and found that this transfer resulted in a transient increase of parasitemia and sup-
pression of Th1 response. Our result was similar to the report of Jeong et al. showing
that adoptive transfer of IL-10-producing B cells induced by infection of Babesia microti,
an intraerythrocytic protozoan, led to greater parasitemia in recipient mice (63). In both
experiments, transfer of Breg cells did not exhibit impact on survival of infected mice,
although our previous data implied a relationship between the activation of Breg cells
and the succumbing of BALB/c mice to P. c. chabaudi AS infection. We suppose that this
is due to the resistant genetic background of recipient mice, and the effects of Breg
cells might be more detrimental on a sensitive background. Further investigation of the
role of Breg cells in BALB/c mice will help to clarify the influence of genetic background
on Breg’s function. Despite the minor effects on survival of a resistant strain, our results
confirmed that Breg cells induced by P. c. chabaudi AS infection had suppressive activity
on host defense. This effect might be utilized by the parasites to build a favorable
microenvironment for their growth without causing death of the hosts.

As IL-10 is reported to be essential for the generation of anti-Plasmodium humoral
immunity (64), Breg cells may be involved in the regulation of antibody responses to
plasmodium infection. Recently, a number of studies revealed that Breg cells controlled
the differentiation of follicular helper T cells, which were crucial for germinal center
antibody responses and the differentiation of memory B cells (65, 66). There is also
evidence that activation of Breg cells was negatively associated with the magnitude of
secondary antibody response (67). Therefore, the massive activation of Breg cells in
Plasmodium infection might have consequences other than suppression of Th1 re-
sponse.

Taken together, our results suggest that B cells have important regulatory functions
in immune response against malaria which might have been undervalued before. There
are more questions that need to be addressed in future studies. For example, what is
the mechanism of Breg cells’ activation during Plasmodium infection? Do plasmodium
parasites have specific components that cause massive activation of Breg cells? Does
the activation of Breg cells impair the development of immune memory and the
long-term protection against malaria? Solving these questions may help to deepen the
understanding of immune evasion mechanisms of malaria parasites and provide new
insight into the therapeutic and preventive strategies against malaria.

MATERIALS AND METHODS
Animals, parasites, and infection. Female C57BL/6 and BALB/c mice, 6 to 8 weeks old, were

purchased from the Center of Zoology, Chinese Academy of Sciences (Shanghai branch), and kept under
specific-pathogen-free conditions in the animal facility at China Medical University. All experimental
procedures were approved by the China Medical University Animal Care and Use Committee. The
parasite strain of Plasmodium chabaudi chabaudi AS was maintained in our department by cryopreser-
vation with periodic passage in mice. For experimental infection, each mouse was inoculated intraperi-
toneally (i.p.) with 1 � 106 P. c. chabaudi AS parasitized red blood cells (pRBCs). From day 3 after P. c.
chabaudi AS infection, a Giemsa-stained thin blood smear was prepared daily from tail blood, and the
level of parasitemia was determined by calculating the proportion of parasite-infected red blood cells.
The deaths of mice were monitored once a day for 2 weeks for survival rate study.

Real-time PCR. Mice were euthanized on specific time points and spleens were harvested. Total
spleen RNA was isolated with TRIzol reagent and reverse transcribed with PrimeScript RT master mix
(TAKALA, Dalian, China). The levels of IL-10 mRNA were determined by real-time PCR on a Corbett
Rotor-Gene 6000 instrument using SYBR Premix Ex Taq II. The ribosomal protein S17 (Rps17) was used
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as a loading control. The sequences of primers used were the following: RPS17 F, 5-TGTCGGGATCCAC
CTCAATG-3; R, 5-CGCCATTACCCCAGCAAG-3; IFN-� F, AAAGACAATCAGGCCATCAG; R, TGGGTTGTTGACC
TCAAACT; IL-10 F, 5-CAGTACGCCGGGAAGACA-3; R, 5-GCATTAAGGAGTCGGTTAGCA-3.

ELISA. The concentrations of IFN-� and IL-10 in serum samples from P. c. chabaudi AS-infected mice
were determined with a sandwich enzyme-linked immunosorbent assay (ELISA) kit according to the
manufacturer’s protocol (R&D Systems, Minneapolis, MN, USA). The optical density values were measured
using a microplate reader (iMark Microplate reader; Bio-Rad, USA) at 450 nm. The serum cytokine
concentrations (in picograms per milliliter) were determined using a standard curve from recombinant
cytokines provided by the kit.

Isolation of splenocytes. Spleens were disaggregated by being pressed through a sterile fine-wire
metal mesh, and spleen cells were collected by centrifugation at 350 � g for 10 min. Red blood cells were
removed by hypotonic lysis with 0.17 M NH4Cl. Trypan blue exclusion assay was used for the evaluation
of viability of harvested splenocytes, and only samples with viability greater than 95% were used for
downstream procedures.

Intracellular IL-10 staining and flow cytometry. Splenocytes were prepared and cultured in
duplicate at 2 � 106 cells/ml in 50-ml conical tubes and stimulated with 50 ng/ml of phorbol myristate
acetate (PMA; Sigma-Aldrich, St. Louis, MO, USA), 1 �g/ml of ionomycin (Sigma-Aldrich), and 10 �g/ml
lipopolysaccharide (LPS; Sigma-Aldrich) in RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS) and antibiotics for 1 h at 37°C in a 5% CO2 chamber and then exposed to 2 �M monensin
(GolgiPlug; BD Biosciences, San Jose, CA, USA) for an additional 4 h. After that, Fc receptors on cell
surfaces were blocked with anti-CD16/CD32 (FcIII/II receptor) antibody (BioLegend, San Diego, CA, USA),
and the cells were subjected to surface and intracellular staining. For intracellular staining, splenocytes
were fixed and permeabilized with BD Cytofix/Cytoperm (BD Biosciences, San Diego, California) and
washed with Perm/Wash buffer (BD Biosciences, San Diego, California) according to the manufacture’s
instructions.

The following antibodies and their isotype controls were used for surface staining: fluorescein
isothiocyanate (FITC)-conjugated anti-CD11b (M1/70), peridinin chlorophyll protein (PerCP)/cy5.5-
conjugated anti-CD19 (6D5), allophycocyanin (APC)-conjugated anti-CD3 (281-2), FITC-conjugated anti-
CD1d (1B1), APC-conjugated anti-CD5 (53-7.3), FITC-conjugated anti-IgM (RMM-1), APC-conjugated
anti-IgD (11-26c.2a), Alexa Fluor 647-conjugated anti-IgG (Poly4053), FITC-conjugated anti-CD45R/B220
(RA3-6B2), APC-conjugated anti-CD138 (281-1), and phycoerythrin (PE)-anti-Tim-1 (RMT1-4). PE-
conjugated anti-IL-10 (JES5-16E3), APC-conjugated anti-IL-10(JES5-16E3), and their isotype controls were
used for intracellular staining. All antibodies were purchased from BioLegend, San Diego, CA. Stained
cells were kept in 1% paraformaldehyde solution before being analyzed on a FACSCalibur (BD Biosci-
ences) machine. Totals of 50,000 to 500,000 cells were collected from each sample, and data were
analyzed with FlowJo software.

Isolation and adoptive transfer of Breg cells. IL-10-producing Breg cells were isolated using the
regulatory B cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufac-
turer’s protocol. Briefly, splenocytes were prepared from P. c. chabaudi AS-infected C57BL/6 mice on day
8 p.i. and were incubated with regulatory B cell biotin-antibody cocktail for 10 min at 2 to �8°C. B cells
were enriched by negative selection using magnetic bead sorting. The harvested B cells were then
stimulated with LPS (10 �g/ml) for 48 h in RPMI 1640 containing 10% FBS and 5 � 10�5 M
2-mercaptoethanol. PMA (50 ng/ml) and ionomycin (500 ng/ml) were added to the culture in the last 5
h. The cells were then incubated with an IL-10-catching reagent for 45 min at 37°C to allow the binding
of the reagent to the surface of IL-10-secreting B cells. The IL-10� and IL-10� B cells were separated with
anti-IL-10 magnetic microbeads. For adoptive transfer, 1 � 106 IL-10� B cells were injected intravenously
into C57BL/6 mice on the fifth day of infection. The purity of IL-10� B cells was over 80%, and IL-10� B
cells were used as a control.

Statistical analysis. All data, unless otherwise noted, are presented as means with standard errors
(SE). Significance of differences between two groups was analyzed by a t test, and the comparisons among
multiple groups were conducted using a one-way analysis of variance. The statistical difference between
survival was assessed with the log-rank (Mantel-Cox) test and Gehan-Breslow-Wilcoxon test. Data were
analyzed using Prism 5 (GraphPad), and P values equal to or less than 0.05 were considered significant.
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