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Summary

Dendritic cells (DCs) are professional antigen-presenting cells specifically

targeted during Plasmodium infection. Upon infection, DCs show

impaired antigen presentation and T-cell activation abilities. In this study,

we aimed to evaluate whether cellular extracts obtained from Plasmodium

berghei-infected erythrocytes (PbX) modulate DCs phenotypically and

functionally and the potential therapeutic usage of PbX-modulated DCs

in the control of experimental autoimmune encephalomyelitis (EAE, the

mouse model for human multiple sclerosis). We found that PbX-treated

DCs have impaired maturation and stimulated the generation of regula-

tory T cells when cultured with naive T lymphocytes in vitro. When adop-

tively transferred to C57BL/6 mice the EAE severity was reduced. Disease

amelioration correlated with a diminished infiltration of cytokine-produc-

ing T cells in the central nervous system as well as the suppression of en-

cephalitogenic T cells. Our study shows that extracts obtained from

P. berghei-infected erythrocytes modulate DCs towards an immunosup-

pressive phenotype. In addition, the adoptive transfer of PbX-modulated

DCs was able to ameliorate EAE development through the suppression of

specific cellular immune responses towards neuro-antigens. To our knowl-

edge, this is the first study to present evidence that DCs treated with

P. berghei extracts are able to control autoimmune neuroinflammation.

Keywords: dendritic cells; experimental autoimmune encephalomyelitis;

neuroinflammation; Plasmodium extracts.

Introduction

Dendritic cells (DCs) are professional antigen-presenting

cells that activate naive T cells and help to dictate the

course of the adaptive immune response through the

stimulation of T helper type 1, type 2, type 17 cells or

regulatory T (Treg) cells.1–4 Because of this potential,

DCs are frequent targets during infection. For instance, it

was shown that DCs harbour bacteria and parasites in

Salmonella and Plasmodium infections, respectively.5–8

The impairment of DC function also dampens the

immune system and slows down or even abrogates the

elimination of the pathogen. This can be observed in DCs

from malaria patients, which are modulated towards an

anti-inflammatory phenotype: lower expression of

co-stimulatory molecules, secretion of interleukin-10

(IL-10) and stimulation of Treg cells.9,10 The mechanisms

by which some strains of Plasmodium suppress DCs are

not yet fully understood. However, it was previously

demonstrated that hemozoin, the Plasmodium pigment, is

able to arrest human and mouse DC maturation.10–12

The modulation of DCs has proven to be a promising

field for the treatment of inflammatory diseases. For

instance, it was previously demonstrated that DCs treated

with synthetic drugs or pathogen-derived extracts acquire

immature phenotype and upon adoptive transfer suppress

the severity of collagen-induced arthritis, mouse kidney

grafts and experimental autoimmune encephalomyelitis

(EAE).13–22 The mechanisms of DC-induced suppression

are mostly dependent on the generation of Treg cells in

vivo.17 EAE is a T-cell-dependent neuroinflammation that,

in many aspects, mimics human multiple sclerosis. CD4+

T cells play a pivotal role in disease development with

the stimulation of accessory cells and production of
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inflammatory mediators, which leads to inflammation

and neuronal damage.23,24 Hence, suppression of the cel-

lular response is desirable for the control of EAE.

The interplay between DCs and Plasmodium parasites

must be better characterized and, when possible, directed

towards new approaches in inflammatory conditions. In

this study, we aimed to evaluate whether extracts from

Plasmodium berghei, the causative agent of malaria, mod-

ulate DCs towards a regulatory phenotype, aimed at its

use for the control of inflammatory conditions. We found

that DCs treated with P. berghei extracts stimulated the

generation of Treg cells in vitro. Upon adoptive transfer,

modulated DCs reduced the severity of EAE through the

reduction of the inflammation in the central nervous sys-

tem (CNS) and suppressed the proliferation of autoreac-

tive T lymphocytes.

Materials and methods

Mice

Female C57BL/6 mice, 6–8 weeks old, from the Multidis-

ciplinary Centre for Biological Research, University of

Campinas, were used in this study. Mice were kept in

specific-pathogen-free conditions, in an environement

with controlled temperature and photoperiod, with free

access to autoclaved food and water throughout the

experiment. All protocols involving laboratory animals

were approved and performed in accordance with the

guidelines of the State University of Campinas0 Commit-

tee on the Use and Care of Animals (Comiss~ao de �Etica

no Uso de Animais – CEUA, # 2687-1).

Plasmodium berghei NK65 infection, enrichment of
infected erythrocytes and P. berghei extract preparation

Malaria-infected red blood cells (iRBCs; 1 9 106) were

obtained from a source mouse and injected intraperitone-

ally into naive C57BL/6 mice. On the 14th day of infec-

tion, mice were killed and blood samples were collected

in heparinized tubes. Mice with parasitaemia > 30% were

used for the enrichment of iRBCs, according to a previ-

ously described method.25 Briefly, blood samples were

centrifuged over a Percol 65% gradient (300 g, 20 min,

4° with no brakes) and the cells from the interface were

collected and washed with PBS 0�02 M, pH 7�2. This sus-
pension is mainly iRBCs (95%) as confirmed by Giemsa

staining in blood smears. For the preparation of P. berg-

hei extracts (PbX), the iRBC-enriched suspension was

submitted to 20 cycles of freeze–thawing in liquid nitro-

gen and a warm bath (37°), as previously described.26 As

controls, normal RBC underwent the same freeze–thaw
process. The protein concentration was determined using

the Bradford Protein Assay following the manufacturer0s
instructions (Sigma-Aldrich, St Louis, MO).

Generation of DCs, in vitro modulation and adoptive
transfer

Bone-marrow-derived precursors were used in the genera-

tion of DCs, according to a previous report.27 Briefly,

femurs were collected and the bone marrow cells were

flushed out with RPMI-1640 medium supplemented with 2-

mercaptoethanol (2 mM), fetal bovine serum (10% volume/

volume) and gentamycin (50 lg/ml) – referred to as com-

plete medium. Cells (5 9 106) were seeded in 24-well cul-

ture plates containing complete medium supplemented

with granulocyte–macrophage colony-stimulating factor

(10 µg/ml). Fresh medium was added at days 3 and 6 of cul-

ture. This culture method results in DC generation of 85–
95% purity, assessed by flow cytometry. The DCs were used

in transfer or co-culture experiments. For DC modulation,

the cells were treated with PbX (100 lg/ml) for 18 hr in the

presence of an activating factor – lipopolysaccharide from

Escherichia coli O111:B4 (1 µg/ml; Sigma-Aldrich) and

pulsed overnight with 10 lg/ml of myelin oligodendrocyte

glycoprotein peptide (MOG35–55; Genemed Synthesis Inc.,

San Antonio, TX) or ovalbumin (50 lg/ml, OVA; Sigma-

Aldrich). The RBC extracts were used as a control reagent;

1�5 9 106 cells were adoptively transferred intravenously by

the retro-orbital route 3 days before (prophylactic) and

14 days after (therapeutic approach) EAE induction.

Antigen presentation assays and cytokine dosages

The following assay was performed as previously described.28

Briefly, 5 9 105/well DCs treated as above were seeded in

U-bottom 96-well plates. Splenocytes were enriched in

lymphocytes by centrifugation in Percoll gradient, following

a previously published protocol.29 Total T lymphocytes were

isolated using Dynabeads following manufacturer0s instruc-
tions (Mouse Pan T-cell isolation kit; Life Technologies,

Austin, TX). Responder T cells from EAE-inflicted mice

were stained with carboxyfluorescein succinimidyl ester

(CFSE, 2�5 lM; Sigma-Aldrich) following the manufacturer0s
instructions. T cells were seeded together with DCs at a ratio

of 1 : 1 (DC : T) in complete RPMI-1640 medium contain-

ing MOG35–55 (10 lg/ml; Genemed Syn). As controls, T cells

were grown in the absence of DCs. The plates were incu-

bated at 37° for 96 hr. The proliferation in these sets of

experiments was measured by the decay of the dye in a flow

cytometer. Culture supernatants were collected and assayed

for cytokines [IL-10, IL-17, interferon (IFN-c) and tumour

necrosis factor-a] secretion using the Cytometric Bead Array

(CBA; BD Biosciences, Franklin Lakes, NJ) according to the

manufacturer0s instructions.

EAE induction and evaluation

EAE was induced and evaluated in mice according to a

previous published method.30 Briefly, each mouse was
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injected with 200 lg MOG35–55 (Genemed Syn) emulsi-

fied with complete Freund0s adjuvant (Sigma-Aldrich).

Pertussis toxin (300 µg; Sigma-Aldrich) was administered

intraperitoneally at 0 and 48 hr after antigen challenge.

Clinical signs were followed and graded daily according

to the following score method: 0, no sign; 1, flaccid tail;

2, hind limbs weakness; 3, hind limbs paralysis; 4, hind

paralysis and fore-limb weakness; 5, full paralysis/dead. At

the indicated time-points after antigen challenge mice

were killed and their spinal cords were removed, dehy-

drated in serial alcohol and xylene solutions and paraffin

embedded; 10-lm thin slices were made and stained with

haematoxylin & eosin.

Lymphoproliferative response and cytokine dosage

Splenic cells from EAE mice were aseptically collected

after 10 days of antigen administration. Cells (5 9 105/

well) were diluted in RPMI-1640 medium supplemented

with fetal calf serum (10% volume/volume), guaramicine

(50 lg/ml) and 2-mercaptoethanol (2 mM). Media were

supplemented with MOG35–55 (10 lg/ml), myelin basic

protein (50 lg/ml) or OVA (50 lg/ml). The cells were

plated in flat-bottom plates and incubated at 37° in 5%

CO2 for 96 hr. As controls, cells were grown in the

absence of antigen. After the incubation period, the cells

were treated with 10 ll of 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT, 5 mg/ml; Sigma

Aldrich) for 4 hr and the formazan crystals were dis-

solved with 100 ll isopropanol. Absorbances were read at

540 nm by spectrophotometer (VersaMax; Molecular

Devices, Sunnyvale, CA).

Analysis of cellular infiltration in the central nervous sys-
tem

Fourteen days after EAE induction, mice were anaesthe-

tized, perfused with ice-cold PBS and their CNS tissue

was prepared for the enrichment of infiltrating leucocytes

according to a previously described methodology and

analysed by flow cytometry.31

Flow cytometry

Fluorochrome-conjugated monoclonal antibodies were

used to stain leucocytes. Cells were surface stained with

anti-CD4/phycoerythrin (PE)-Cy5 (clone GK1.5), anti-

CD8/allophycocyanin (APC) (clone 53-6.7), anti-CD3/

APC-Cy7 (clone 145-2C11), CD11c/APC (clone N418),

MHC-II/PE-Cy7 (clone M5/114.15.2), CD80/FITC (clone

16-10A1) and CD86/PE (clone GL-1). For intracellular

staining, cells were cultured for 4 hr in the presence of

PMA (50 µg/ml; Sigma) and ionomycin (100 µg/ml).

Brefeldin A (10 lg/ml) was added as well. Later, the

cells were fixed/permeabilized (fixation/permeabilization

buffers) according to the manufacturer0s recommenda-

tions, and monoclonal anti-Foxp3/APC (clone FJK-16s),

IL-10/PE (clone JES5-16E3), IFN-c/PE (clone XMG1.2)

and IL-17/APC (clone eBIO17B7) were added to cells. Is-

otype controls were also used. All antibodies were pur-

chased from BD Biosciences. Preparations (50 000 events/

sample, unless otherwise stated) were acquired with a

Gallios flow cytometer (Beckman Coulter, Brea, CA) and

data were analysed using FLOWJO 7.6 (Tree Star Inc., Ash-

land, OR). The analysis of cytokine-producing cells was

performed using the Fluorescence Minus One methodol-

ogy to help to identify gating boundaries, in which cells

are stained with all surface antibodies but those for intra-

cellular staining.32

Statistical analysis

Clinical score comparisons between control and experi-

mental groups were performed by two-way analysis of

variance (ANOVA) and post-tested with Bonferroni. Other

analyses among two and three (or more) groups were

carried out with Student0s t-test and one-way ANOVA,

respectively. The statistical analyses were performed in

GRAPHPAD PRISM SOFTWARE (v.5; GraphPad Software, Inc.,

La Jolla, CA). Results are expressed as mean � standard

error mean (SEM) and P < 0�05 value were defined as

significant.

Results

Dendritic cells acquire an immature phenotype after con-

tact with P. berghei extracts, stimulating the generation of

regulatory T cells and changing the profile of T-cell-

derived cytokines in vitro.

It has been previously shown that splenic DCs from

Plasmodium-infected patients and mice present impaired

antigen presentation.9,26 In addition, treatment of DCs

with Plasmodium falciparum extracts drives DCs towards

a permissive state.9 In this context, we aimed to evaluate

whether the contact of DCs with crude extracts from

P. berghei-infected erythrocytes (PbX) would promote

changes in the maturation phenotype of DCs. Our results

showed that after stimulation with lipopolysaccharide,

DCs treated with PbX presented a significant reduction in

the expression of CD86 and CD80, but not in MHC-II,

when compared with cells treated with non-infected RBC

extracts (Fig. 1a).

Our next goal was to investigate whether the PbX-trea-

ted DCs (DC-PbX) were modulated towards a suppressive

phenotype. For that purpose, T cells were isolated from

naive mice and co-cultured with MOG-pulsed DC-PbX

or MOG-pulsed non-infected RBC-treated DCs (DC-

RBC) as control. The data obtained show that DC-RBC,

but not DC-PbX, stimulated the generation of IL-17-pro-

ducing T cells (Fig. 1b). Also, DC-RBC were able to

ª 2014 John Wiley & Sons Ltd, Immunology, 143, 164–173166

R. Thom�e et al.



induce the production of IFN-c in naive T cells, but not

as efficiently as DC-PbX (Fig. 2c). DC-PbX were able to

stimulate T cells to produce IL-10 (Fig. 2d). Interestingly,

further analysis showed that DC-PbX induced IFN-c/IL-
10 double-producing T cells (data not shown). As the

differentiation of naive T cells into regulatory T cells is a

desirable ability in the immunosuppressive phenotype of

DCs, we then investigated whether DC-PbX were able to

induce Treg cells. Co-cultures conducted in the presence

of DC-PbX had higher frequencies of Foxp3+ Treg cells
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Figure 1. Dendritic cells (DCs) treated with Plasmodium berghei extracts (PbX) acquire an immature phenotype and stimulate the generation of

regulatory T cells. Bone marrow-derived DCs were stimulated with lipopolysaccharide (LPS; 1 µg/ml) for 18 hr in the presence of PbX (100 lg/
ml). As control, cells were stimulated in the presence of non-infected red blood cell extracts (RBC, 100 lg/ml). (a) The cells were collected and

stained with fluorochrome-conjugated antibodies for MHC-II, CD80 and CD86. The mean fluorescence intensity (MFI) was calculated from

500 000 acquired events. Dendritic cells were treated with PbX (100 lg/ml) or non-infected RBC extracts (100 lg/ml), stimulated with LPS

(1 µg/ml) and pulsed with myelin oligodendrocyte glycoprotein peptide (MOG35–55) peptide (10 lg/ml) for 18 hr. Then cells were seeded in 96-

well U-bottom plates (5 9 105 cells/well). T lymphocytes were isolated from spleens of naive mice using Dynabeads and seeded with DCs (1

DC : 1 T). The cells were allowed to grow for 96 hr in the presence or absence of MOG peptide (10 lg/ml). As controls, T cells were cultivated

without DCs. At the end of the culture period, the supernatant was collected and the cells were treated with PMA and Ionomycin together with

Brefeldin-A for 4 hr. (b–d) Intracellular interleukin-17 (IL-17), interferon-c (IFN-c) and IL-10 in CD3+ cells was determined, respectively. (e)

The generation of Foxp3+ regulatory T cells was also determined. Data from three separate experiments with similar results. *P < 0�05 and

**P < 0�01.
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than cultures conducted in the presence of DC-RBC

(Fig. 2e).

Transfer of DCs treated with P. berghei extracts (DC-
PbX) reduces EAE through the suppression of
antigen-specific cellular responses

To evaluate whether DCs treated with P. berghei extracts

show a therapeutic potential, we transferred DC-PbX to

naive C57BL/6 mice 3 days before the immunization

with MOG35–55 peptide as a prophylactic approach. As

shown in Fig. 2, mice receiving DC-RBC (controls)

showed an aggravated disease course whereas the trans-

fer of DC-PbX significantly reduced the clinical signs of

EAE (Fig. 2a). It is well known that the MOG-induced

EAE is dependent on the cellular immune response

towards the CNS tissue.33 In this context, we compared

the reactivity of splenic leucocytes from EAE-inflicted

mice towards MOG35–55 peptide and whole myelin basic

protein with the reactivity of splenic leucocytes from

mice adoptively transferred with DC-PbX or DC-RBC.

Our data showed that splenocytes from EAE mice that

received DC-PbX proliferated significantly less than cells

derived from DC-RBC or untreated EAE-affected mice

when cultured in the presence of neuro-antigens

(Fig. 2b,c). Interestingly, splenocytes from MOG35–55-

immunized mice cultivated in the presence of OVA pro-

liferated at the same level as the cells cultivated in the

presence of MOG35–55 and myelin basic protein. This

indicates that some antigen presentation occurs in vitro

due to the presence of antigen-presenting cells in the

culture, but it also shows that the cellular immune

response towards an unrelated antigen was unaffected

(Fig. 2d).

Next, we investigated whether the infiltration of inflam-

matory cells in the CNS was changed. Our data showed

that DC-RBC recipient and untreated EAE-effected mice

presented high infiltration of leucocytes, whereas the

transfer of DC-PbX reduced the cellular entry to the CNS

(Fig. 3a). In addition, the profile of the invading T cells

was altered. We observed that both the frequencies and

the absolute numbers of IL-17-producing and IFN-c-pro-
ducing T cells were reduced in mice that received DC-

PbX compared with DC-RBC and the untreated EAE

group (Fig. 3b,c, respectively). The frequency of IL-10-

producing T cells was significantly augmented in the
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Figure 2. Reduced experimental autoimmune encephalomyelitis (EAE) severity in mice that received Plasmodium berghei extract (PbX) -modu-

lated dendritic cells (DCs) correlates with decreased cellular response towards neuro-antigens. DCs were stimulated with lipopolysaccharide (LPS;

1 µg/ml) then treated with PbX (100 lg/ml) and pulsed with myelin oligodendrocyte glycoprotein peptide (MOG35–55) peptide (10 lg/ml) for

18 hr and adoptively transferred (1�5 9 106 cells/mouse) into C57BL/6 mice (n = 6/group) before the induction of EAE. (a) The clinical score of

DC-transferred and untreated EAE-effected mice was monitored daily; ***P < 0�001. The spleens of EAE and DC-transferred EAE [both DC-red

blood cells (DC-RBC and DC-PbX] mice were collected and total leucocytes (5 9 105/well) were cultured in the presence of MOG35–55 peptide

(b), Myelin basic protein (c) and ovalbumin (d) (10, 50 and 50 lg/ml, respectively) for 96 hr. The proliferation was analysed using the MTT

method; *P < 0�05. Representative data of three independent experiments.
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DC-PbX-transferred group compared with the DC-RBC

and un-transferred EAE-effected mice; however, because

of the lower infiltration of T cells in the CNS from

DC-RbX-transferred mice (Fig. 3a), the absolute numbers

of infiltrating IL-10-producing cells was significant

reduced in comparison to the EAE group (Fig. 3d).
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Figure 3. Changes of infiltrating cells in the central nervous system (CNS) from dendritic cell (DC) -transferred mice. DCs were stimulated with

lipopolysaccharide (LPS; 1 µg/ml) then treated with Plasmodium berghei extracts (PbX; 100 lg/ml) and pulsed with myelin oligodendrocyte gly-

coprotein peptide (MOG35–55) peptide (10 lg/ml) for 18 hr and adoptively transferred (1�5 9 106 cells/mouse) into C57BL/6 mice (n = 6/group)

before the induction of experimental autoimmune encephalomyelitis (EAE). (a) At day 14 after immunization, the CNS tissue of EAE-effected

mice was removed and processed for histopathology analysis by haematoxylin & eosin staining. Magnification: 2009. In addition, the CNS tissue

of EAE mice (both DC-transferred and untreated) was removed at day 14 post-immunization and the infiltrating leucocytes were enriched

through gradient centrifugation using Percol reagent. Cells were stimulated with PMA + ionomycin in the presence of Brefeldin-A for 4 hr before

staining with fluorochrome-conjugated antibodies. The frequencies of T cells producing interleukin-17 (IL-17) (b), interferon-c (IFN-c) (c) and

IL-10 (d) were evaluated by flow cytometry. Data from three independent experiments. *P < 0�05.
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Dendritic cells treated with extracts from P. berghei
suppress ongoing EAE and encephalitogenic T cells

In this study, we show that the adoptive transfer of DC-

PbX reduced the clinical course of EAE. Our data demon-

strated, in Figs 2 and 3, that the cellular immune

response towards neuro-antigens as well as the frequency

of inflammatory T cells in the CNS was reduced in EAE-

inflicted mice that received DC-PbX (DC-PbX+EAE) in

comparison with EAE-inflicted mice that received

DC-RBC (DC-RBC+EAE). However, in this set of experi-

ments, the DCs encountered naive T cells by the time of

adoptive transfer, because cells were transferred before

EAE induction. To investigate whether DC-PbX would

suppress the clinical course of ongoing EAE, we adop-

tively transferred these cells at disease onset. Results

showed that the transfer of DC-PbX significantly reduced

the clinical course of EAE (Fig. 4a). In addition, the sup-

pressive effect of DC-PbX over encephalitogenic T cells

was evaluated. For that purpose, we co-cultured DC-PbX

with splenic T cells from MOG35–55-immunized mice.

Our results showed that the proliferation of MOG-specific

T cells was significantly suppressed in the presence of

DC-PbX, but not when cells were co-cultured with

DC-RBC (Fig. 4b). Besides, in the culture supernatants,

levels of TNF-a, IL-6 and IFN-c were reduced in DC-PbX

co-cultures in comparison with the cultures conducted

with DC-RBC. There were no statistical differences in

IL-10 levels between the groups (Fig. 4b).

Discussion

It has been demonstrated that DCs in malaria patients

and mice are immature and non-functional.10–12,34

Although in malaria infection the paralysed DC is a prob-

lem, in autoimmune inflammation this is a desired phe-

nomenon. In this study, we show, for the first time to

our knowledge, that DCs modulated by extracts of

P. berghei-infected erythrocytes protect mice from the

development of EAE.

During the Plasmodium infection, the parasite develops

tropism towards DCs, which phagocytose the infected

RBCs.35,36 Inside DCs, the parasite produces hemozoin, a

product of haemoglobin degradation, ultimately leading

to impaired DC maturation.12 In vitro hemozoin-treated

DCs acquire immunosuppressive abilities such as reduced

expression of co-stimulatory molecules CD80 and CD86,

secretion of IL-10 and induction of Treg cells.10,34 Semi-

mature DCs are so called because they express low-to-

intermediate levels of co-stimulatory molecules and have

the ability to induce the differentiation of Treg cells when

co-cultured with naive T cells (reviewed in refs 37,38).

Our data showed that extracts from P. berghei-infected

erythrocytes (PbX) changed the maturation status of DCs,

with lower expression of antigen-presenting molecules,

which may characterize these cells as semi-mature DCs.

Indeed, we observed that these modulated DCs also stim-

ulated the production of anti-inflammatory cytokines by

T cells and were able to induce the conversion of naive T

cells into Treg cells. The DCs treated with PbX stimulated

the production of IFN-c by naive T cells, suggesting that

the induced anti-inflammatory profile of DC-PbX is

dependent on the stimulation of an IFN-c-biased milieu.

A similar mechanism of DC modulation can be observed

with Schistosoma japonicum-derived Sj16 protein, which

induces IL-10- and IFN-c-producing Treg cells.39 Also, it

was recently shown that P. falciparum schizont extracts

also modulate human DCs, that acquire the ability to

induce Treg cells from naive autologous T cells.25 On the

other hand, it was demonstrated that extracts of Plasmo-

dium yoelii-infected erythrocytes induced DC maturation

and inflammatory activation.40 These data, in conjunction

with our results, indicate that diverse Plasmodium species

are able to promote distinct effects on DCs.

Here we have demonstrated that transfer of DC-PbX

into EAE-effected mice reduced the clinical signs of the

disease. The peripheral immune response towards neuro-

antigens was also suppressed while splenic T cells were

able to proliferate against an unrelated antigen, OVA.

This finding suggests that the transfer of modulated DCs

not only reduced the neuroinflammation but also stimu-

lated the generation of an antigen-specific immunosup-

pression.

Moreover, when DCs treated with PbX were co-cultured

with previously activated encephalitogenic T cells the spe-

cific proliferation was reduced as well as the supernatant0s
inflammatory cytokine levels. These observations might

correlate with the amelioration of the disease. Although

the precise mechanism for this observation is unknown,

an increasing amount of evidence suggests that Plasmo-

dium-derived molecules modulate the immune system. It

was previously demonstrated that P. falciparum soluble

extracts potentiate the induction and function of human

regulatory T cells through a transforming growth factor-

b-dependent mechanism.41 In Plasmodium chabaudi infec-

tion of mice, there is an increase in the frequency of

peripheral Treg cells, which modifies the course of EAE.42

Interestingly, DCs modulated with PbX presented dif-

ferent results when cultured with naive and encephalito-

genic T cells regarding the secretion of IFN-c. It is

uncertain how these IFN-c/IL-10-double-producing T

cells, generated from naive cells, suppress the establish-

ment of EAE (in the prophylactic approach), although

the IFN-c/IL-10 double-producing Treg cells have been

previously reported when helminth-derived products were

used to modulate T-cell activation.39 These observations

suggest that PbX-modulated DCs possess a dual role: (i)

to stimulate the differentiation of Treg cells from naive T

cells and (ii) to suppress the proliferation of inflamma-

tory T cells.
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Modulation of DCs with pathogen-derived molecules is

notorious. For instance, it was previously demonstrated

that eggs from Schistosoma mansoni arrests DC maturation

towards an immature phenotype.43,44 In addition, soluble

egg antigens from S. mansoni is enriched in omega-1,

which modulates DCs and induces the expression of Foxp3

in T cells in vitro.45,46 Although the restrained immune

response in malaria and schistosomiasis is a problem, the

impairment in DC function may become useful for the

control of chronic inflammatory conditions. Likewise, DCs

exposed to soluble egg antigens and omega-1 acquire mod-

ulatory properties and induces Treg cells in CD4+ T cells

from non-obese diabetic (NOD) mice, reducing the inci-

dence of spontaneous diabetes.47 Other groups have also
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Figure 4. Dendritic cells (DCs) treated with Plasmodium berghei extracts suppress ongoing experimental autoimmune encephalomyelitis (EAE)

and encephalitogenic T cells. DCs were stimulated with lipopolysaccharide (LPS; 1 µg/ml) then treated with Plasmodium berghei extracts (PbX;

100 lg/ml) and pulsed with myelin oligodendrocyte glycoprotein peptide (MOG35–55 peptide; 10 lg/ml) for 18 hr and adoptively transferred

(1�5 9 106 cells/mouse) into C57BL/6 mice (n = 6/group) at the onset of EAE (day 14 after immunization). (a) The clinical score of DC-trans-

ferred and untreated EAE mice was monitored daily; ***P < 0�001. DCs were modulated with PbX (100 lg/ml) stimulated with LPS (1 µg/ml)

and pulsed with MOG peptide (10 lg/ml) for 18 hr. Splenic T cells from MOG35–55-immunized mice were isolated at the 10th day after immuni-

zation, CFSE-stained and co-cultured with DC-PbX (1 : 1, DC : T) in the presence or absence of MOG35–55 (10 lg/ml) for 96 hr. As controls,

cells were grown with DC-RBC or alone. (b) The proliferation of T cells was measured by the decay of the dye at the end of the culture period

by flow cytometry. Cytokine levels in culture supernatants were determined by Cytometric Bead Assay. ***P < 0�001; *P < 0�05 (in comparison

to the DC-RBC co-culture); #P < 0�05 (in comparison to co-cultures without antigen in the same DC regimen); $P < 0�05 (in comparison to all

DC co-cultures). Representative data from two independent experiments with similar results.
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reported that the administration of helminth products,

such as those from Trichuris suis, reduced the clinical man-

ifestation of EAE, probably through the modulation of

antigen-presenting cells.48

As DCs dictate the course of the immune response, it

is reasonable to assume that they are targets during infec-

tions, which change the maturation/activation profile of

these cells towards an immunosuppressive phenotype.

Taken together the results presented herein show that

DCs modulated with P. berghei-derived extracts are sup-

pressive and control EAE. Further elucidations are neces-

sary to define the mechanisms that control the

modulation of DCs.
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