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The optimal immune response to malaria infection comprises rapid induction of inflammatory responses promptly counter-
acted by regulatory mechanisms to prevent immunopathology. To evaluate the role of dendritic cells (DC) in the balance of para-
site-induced inflammatory/anti-inflammatory mechanisms, we studied the activity of monocyte-derived dendritic cells
(MDDC), previously exposed to soluble extracts of Plasmodium falciparum-infected red blood cells (PfSE), in the differentiation
of CD4 cells isolated from donors never exposed to malaria infection. We show that MDDC exposed to PfSE are extremely effi-
cient to induce a contemporary differentiation of TH1 effector cells and T regulatory (Treg) cells in CD4 T cells even when ex-
posed to low concentrations of parasitic extracts. Treg cells induced by MDDC infected with PfSE (MDDC-PfSE) produce trans-
forming growth factor beta (TGF-�) and interleukin 10 (IL-10) and are endowed with strong suppressive properties. They also
show phenotypical and functional peculiarities, such as the contemporary expression of markers of Treg and TH1 differentiation
and higher sensitivity to TLR4 ligands both inducing an increasing production of suppressive cytokines. On the whole, our data
indicate that MDDC exposed to PfSE orchestrate a well-balanced immune response with timely differentiation of TH1 and Treg
cells in CD4 cells from nonimmune donors and suggest that, during the infection, the role of MDCC could be particularly rele-
vant in low-parasitemia conditions.

Infection with the malaria parasite Plasmodium falciparum af-
fects �200 million people each year, causing 655,000 fatal cases

per year (1). P. falciparum is estimated to be as old as humans (2),
and it is highly probable that it coevolved with the human im-
mune system. The coadaptation of the parasite and the human
host has ensured that the human immune system does not effi-
ciently clear the parasite, as periodic reinfections or chronic, low
levels of parasitemia are needed to maintain acquired immunity to
malaria (premunition) (3). Presumably, the persistence of the
parasite gives some advantage to the host, perhaps by reducing the
risk of severe complications (4). Immunity to infection with a
blood-stage Plasmodium parasite is critically dependent on the
type 1 cytokine gamma interferon (IFN-�) and requires coordi-
nate and timely innate and adaptive response involving dendritic
cells, NK cells, and CD4� T cells and B cells (5, 6). Therefore, the
host’s ability to regulate both the magnitude and the timing of
antiparasitic inflammatory responses avoiding the development
of life-threatening immune-mediated pathology represents the
key to the successful resolution of an infection.

Dendritic cells (DC) are actively engaged in the earliest phase
of infection and are endowed with a higher capacity to migrate
into the T-cell area of the splenic white pulp than other major
antigen-presenting cells (APCs), like monocytes/macrophages
and B cells (7, 8). Although conflicting data were reported about
the ability of parasites and/or parasite products to induce the full
maturation process of dendritic cells (9–12), DC have been clearly
involved in TH1 differentiation of CD4 cells and also in malaria
pathogenesis (13).

T regulatory (Treg) cells have a key role in maintaining the
balance between immune and inflammatory response in the

course of malaria infection, and their potential role in modifying
the outcome of infection has become increasingly recognized (re-
viewed in reference 14).

In spite of conflicting data reported in murine malaria whereby
these cells have been associated either with increased (15) or de-
layed (16) parasite growth, in human malaria infections, the ex-
pansion of Treg cells correlates with high parasitemia levels and
low proinflammatory responses (17). Marked seasonal variations
in the number of both Treg and TH1 effector cells were found in
healthy malaria-exposed individuals in regions of malaria ende-
micity (18), further suggesting that the ability to downregulate
inflammatory responses, once parasitemia is under control, is cru-
cial to avoid immune-mediated pathology. The molecular mech-
anisms underlying the expansion of the Treg cell population in-
duced by P. falciparum-infected red blood cells (iRBC) and/or P.
falciparum soluble extracts (PfSE) have been partially elucidated.
Both antigen-specific activation and T-cell receptor (TCR)-inde-
pendent mechanisms contribute to parasite-induced Treg cell ex-
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pansion (19, 20) in a dose-dependent manner (19, 21). Previous
studies approaching the origin and the mechanisms of expansion
of Treg cells in healthy donors have been performed in peripheral
blood mononuclear cells (PBMC) using monocytes as APCs. In
order to evaluate the role of DCs in the balance of parasite-in-
duced inflammatory/anti-inflammatory mechanisms, we studied
the role of myeloid dendritic cells exposed to PfSE in the differen-
tiation of CD4 cells obtained from donors never exposed to ma-
laria infection. We found that, despite their semimature pheno-
type, monocyte-derived dendritic cells (MDDC) exposed to PfSE
(MDDC-PfSE) orchestrate a well-balanced immune response
with timely differentiation of TH1 and Treg cells from CD4 cells.
A subset of Treg cells also express a TH1 phenotype, with contem-
porary expression of Tbet, Foxp3, and IFN-� production.

MATERIALS AND METHODS
Antibodies and reagents. Fluorescein isothiocyanate (FITC)–anti-CD25,
phycoerythrin (PE)–anti-CD25, PerCP–anti-CD4, FITC–anti-CD4,
FITC–anti-CD80, APC–anti-CD86, PE–anti-CD127, and PE–anti-
HLA-DR antibodies were obtained from BD Biosciences Pharmingen
(San Jose, CA); APC–anti-Foxp3 (FJK-16S) staining kits were from
eBioscience (San Diego, CA). PerCP–anti-Tbet, PerCP–anti-IFN-� anti-
bodies were from eBioscience (San Diego, CA). CD4� T cell and CD25�

cell separation kits were obtained by Miltenyi Biotech (Bergisch
Gladbach, Germany). Rat anti-huTLR4 monoclonal antibody (MAb) and
mouse anti-huTLR5 monoclonal antibody were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). FITC secondary antibody was ob-
tained from Sigma-Aldrich (Milano, Italy). Flagellin from S. enterica se-
rovar Typhimurium and lipopolysaccharide (LPS) were purchased from
InvivoGen (San Giuliano Milanese, Milano, Italy). RPMI 1640, antibiot-
ics (penicillin-streptomycin), L-glutamine, and heat-inactivated fetal bo-
vine serum were purchased from Celbio (Pero, Italy) and used for cell
culture. Phorbol myristate acetate (PMA), ionomycin calcium salt, and
brefeldin A (BFA) were from Sigma.

Donors. Buffy coats from donors never exposed to malaria infection
were supplied by Transfusional Center of Azienda Ospedaliera Careggi
(Firenze, Italy).

P. falciparum and uninfected red blood cell (uRBC) extract prepa-
ration. A laboratory strain (3D7) of P. falciparum was cultured in group
O� human RBCs suspended in RPMI medium 1640 (Gibco) containing
10% heat-inactivated O� human serum. Schizont-stage parasites were
purified by sedimentation through 60% Percoll. Mature schizont-infected
erythrocytes were lysed through three freeze-thaw cycles (�156°C and
37°C). The schizont-soluble fraction was obtained by repeated centrifu-
gations of the lysate at 13,000 rpm, and protein concentration was deter-
mined by Bio-Rad assay in 0.2 � Millex-filtered supernatants. A total of 10
�g of PfSE was obtained by approximately 105 infected RBCs (iRBCs).
Uninfected O� RBCs were always obtained from the same donors in each
experiment. They were treated according to the same protocol as infected
O� RBCs. PfSE were titrated with PBMC from semi-immune adults. An
optimal induction of activation assessed by proliferation of PBMC and
IFN-� production was obtained with 10 �g/ml (22).

All cultures of iRBC were tested for micoplasma using the MycoAlert
mycoplasma detection kit (Lonza, Milano). Only negative cultures were
processed.

PfSE or uRBC lysates were also tested for the ability to activate TLR2,
TLR4 by using HEK-293 cells transfected with huTLR2, the TLR4 gene
(InvivoGen), and the pNiFty2-luc NF-�B-inducible reporter plasmid
(InvivoGen) as a reporter gene. We did not evidence NF-�B activation by
PfSE or uRBC lysates (uRBCL) in the range of concentrations used in any
TLR assay.

Isolation of cellular populations. (i) PBMC. Peripheral blood mono-
nuclear cells (PBMC) were isolated from buffy coats of healthy donors by
gradient centrifugation using Ficoll-Paque (GE Healthcare Italia, Milan,

Italy), according to the manufacturer’s recommendations. CD14� cells
were obtained through positive selection with anti-CD14 antibody-cou-
pled beads (Miltenyi Biotech, Bergisch Gladbach, Germany) according to
the manufacturer’s recommendations.

(ii) Dendritic cells. MDDC were obtained as described in reference
23. Briefly, CD14� cells were cultured in the presence of 20 ng/ml of
human recombinant (HR) interleukin 4 (IL-4) and 50 ng/ml of HR gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF) (R&D) for 5
days at 37°C in a humidified chamber with 5% CO2. Cells were washed
with cold phosphate-buffered saline (PBS), harvested, and then stimu-
lated with PfSE or uRBCL for 16 h.

(iii) CD4� T cells were purified from the nonadherent fraction of
PBMC by using a CD4 cell isolation kit (Miltenyi Biotech, Bergisch
Gladbach, Germany).

(iv) CD25high cells were affinity purified from the CD4�-enriched
fraction by using anti-CD25 antibody-conjugated microbeads (Miltenyi)
and 2.5 �l/107 cells (1/4 of recommended quantity). The purified popu-
lation resulted in �95% CD4� CD25� T cells (67 to 88% Foxp3�,
CD127low/�). Viability was assessed through Trypan blue exclusion and
was always �95%.

Flow cytometry. A total of 5 � 105 CD4� T cells or MDDC were
stained with adequate concentrations of labeled antibodies (0.1 to 1 �g/
ml) for 30 min and washed with cold PBS. For intracellular staining of
IFN-�, cells harvested on different days were restimulated for 5 h with
PMA (50 ng/ml) and ionomycin (1 �M) in the presence of brefeldin A
(eBioscience) for the last 4 h. Cells were washed with PBS and incubated
with antibodies diluted in PBS-10% heat-inactivated fetal bovine serum
(HS)-0.01% NaN3 (sodium azide) for 30 min on ice. Intracellular staining
for Foxp3, Tbet, and IFN-� was performed using the eBioscience fixation/
permeabilization buffer kit by following the manufacturing recommen-
dations. A minimum of 105 events in the lymphocyte gate were acquired
using an Accuri C6 flow cytometer for 4-color analysis (BD Biosciences)
and using CFlow software. Cells were gated first based on forward and side
scatter to exclude dead cells and cell debris. The area of positivity was
determined by using an isotype-matched control MAb. Ten thousand
events for each sample were acquired.

The mixtures of antibodies used were (i) FITC–anti-CD25, PE–anti-
CD127, PerCP–anti-CD4, and APC–anti-Foxp3 antibodies; (ii) FITC–
anti-CD25, PE–anti-CD127, PerCP–anti-IFN-�, and APC–anti-Foxp3
antibodies; (iii) FITC–anti-CD25, PE–anti-CD127, PerCP–anti-Tbet,
and APC–anti-Foxp3 antibodies; (iv) FITC–anti-CD80, PE–anti-CD11c,
and APC–anti-CD86 antibodies; (v) FITC–anti-HLA-DR and PE–anti-
CD83 antibodies; (vi) FITC–anti-TLR4, PE–anti-CD25, PerCP–anti-
CD4, and APC–anti-Foxp3 antibodies; (vii) and FITC–anti-TLR5, PE–
anti-CD25, PerCP–anti-CD4, and APC–anti-Foxp3 antibodies.

Multiplex assay technology. IFN-�, IL-4, IL-10, IL12p70, and IL-17
concentrations in culture supernatants were determined by using the Mil-
liplex kit (Millipore) and Bioplex apparatus according to the manufactur-
er’s recommendations.

For transforming growth factor beta (TGF-	) measurement, culture
supernatants were treated with 1 N HCl and neutralized with 1.2 N
NaOH-0.5 M HEPES, and total TGF-	 was measured through TGF-	1
immunoplex array (Invitrogen) using a Bioplex apparatus.

RNA extraction and quantitative real-time reverse transcription
(RT)-PCR analysis. Total RNA was isolated from a minimum of 105 mag-
netically activated cell sorted (MACS) CD4� CD25� and CD4� CD25high

T cells using the SV total RNA isolation system from Promega (Madison,
WI) according to the manufacturer’s recommendation. A total of 100 ng
of total RNA was retrotranscribed using a StrataScript kit (Stratagene,
Santa Clara, CA) and random hexamer primers in the presence of RNase
inhibitor (Promega) by following the manufacturer’s recommendations
(42°C for 5 min and 50°C for 60 min followed by 70°C for 15 min).
Quantitative real-time PCR was performed by incubating sample cDNA
or control cDNA in triplicate with Sybr green PCR master mix (Super-
Array) and primers specific for genes to be tested and ACTIN as the house-
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keeping gene (HK) in 96-well microtiter plates. FOXP3, IL-10, TGF-	,
IFN-�, and ACTIN-specific primers were obtained by SuperArray (Qia-
gen, Hilden, Germany). Primer sequence references are as follows:
gamma interferon, NM_000619, reference position 2191, bp 89; interleu-
kin 10, NM_000572, reference position 168, bp 63; transforming growth
factor beta 1, NM_000660, reference position 1477, bp 91;forkhead box
P3, NM_014009, reference position 2191, bp 89; actin beta, NM_001101,
reference position 730, bp 174.

PCR was performed on an ABI PRISM 7900 (Applied Biosystems) as
follows: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for
15 s and 60°C for 1 min. Results for target genes were normalized to
ACTIN expression. A relative amount of mRNA was calculated by using
the 2�
CT method (24).

Treg functional assay. Autologous CD4� CD25� cells, obtained as
reported above, were cultured in triplicate in a 96-well plate (104/well) in
the presence of anti-CD3/CD28 antibody-coupled beads (1 bead per 5
cells) with or without CD25high cells isolated from cocultures of CD4� T
cells and MDDC-PfSE, MDDC-uRBCL, or unstimulated (US) MDDC at
the indicated Treg/Teffector ratio for 5 days. 3H-thymidine (1 �Ci/ml)
(GE Healthcare) was added in the last 8 h of culture, and 3H-thymidine
incorporation was recorded by liquid scintillation counting.

RESULTS
Phenotypic and functional changes induced by PfSE on myeloid
dendritic cells of monocytic origin (MDDC). Human myeloid
dendritic cells were obtained by differentiation of CD14� circu-
lating monocytes in the presence of IL-4 and GM-CSF (23) and
cultured for 16 h with 0.5, 1, 10, or 100 �g/ml of PfSE (derived
from 5 � 103, 104, 105, or 106 infected red blood cells [iRBC]) or
with the same amounts of lysates from uninfected erythrocytes
(uRBCL). Control cultures were also set up with MDDC cultured
in the absence of stimuli (US MDDC). At the end of the incuba-
tion time, cells were stained with antibodies to CD80, CD86,
HLA-DR, and CD11c and analyzed by flow cytometry. Figure 1
shows the dose-response effects of PfSE on CD86 expression by
MDDC: while the expression of CD80 and HLA-DR was not af-
fected even by high concentrations of PfSE (data not shown), a
weak but significant increase in the expression of CD86 by MDDC
is already evident with 1 �g/ml of PfSE, and the maximum in-
crease is reached at concentrations of 10 �g/ml (�105 iRBC). A
moderate increase in CD86 expression but not in CD80 or
HLA-DR expression could be detected also when MDDC were
stimulated with live iRBC in amounts corresponding to the para-
sitic extracts (105 to 106) (data not shown). On the whole, these
data suggest that low concentrations of live parasites or parasitic
extracts do not induce a complete maturation process in MDDC.

In another set of experiments, we tested whether exposure to
PfSE was able to inhibit the maturation process induced by a pow-
erful stimulus such as LPS. MDDC were cultured with PfSE (1, 10,
100 �g/ml) or with similar amounts of uRBCL for 16 h and then
subjected to stimulation with LPS (20 ng/ml) for an additional 24
h. Figure S1 in the supplemental material shows that no interfer-
ence is exerted by the parasite extracts with the maturation in-
duced by LPS.

Finally, we also evaluated the production of cytokines able to
orientate the differentiation of CD4 lymphocytes by MDDC. In
particular, we evaluated the production of IL-10 and IL-12. Figure
1C shows that no significant differences were recorded in IL-10 or
IL-12 production between MDDC stimulated with parasitic ex-
tracts and those stimulated with uRBCL. In a limited set of exper-
iments, we compared the effects of PfSE on IL-10 and IL-12 pro-
duction by MDDC with those obtained by corresponding

amounts of iRBC (104 to 107/ml). We could not detect any signif-
icant induction of IL-10 or IL-12 production by using either live
parasites or parasitic extracts.

TH differentiation induced by MDDC-PfSE. To assess the
type of T helper response induced by MDDC pulsed with parasitic
extracts in CD4 lymphocytes, we set up cultures of CD4� T cells
from 8 healthy donors with autologous MDDC previously ex-
posed to different concentrations of PfSE (1, 10, and 100 �g/ml,
corresponding to 104, 105, and 106 infected RBC) or equal

FIG 1 Expression of costimulatory markers and cytokine production by
MDDC exposed to PfSE. MDDC were cultured in RPMI containing 10% fetal
bovine serum (FBS) with the indicated concentrations of PfSE or uRBCL or
with LPS (20 ng/ml) for 16 h or in the absence of any stimulus (US). Cells were
stained with anti-CD11c and anti-CD86 antibodies or isotype control anti-
bodies and analyzed by flow cytometry. (A) Representative scatterplot depict-
ing isotype control staining and specific staining for CD86 and CD11c of
MDDC cultured in the absence of any stimulus (US) or exposed for 16 h to
PfSE (10 �g/ml), uRBC lysates (10 �g/ml), or LPS (20 ng/ml). (B) MDDC were
gated based on their expression of CD11c, and the CD86 fluorescence intensity
was recorded. The histogram represents data obtained from 5 different exper-
iments. Results are expressed as RFI, that is, the ratio between median fluores-
cence intensity of stimulated cultures (PfSE, black columns; uRBCL, gray col-
umns, LPS, white column) and those of unstimulated cultures � 100.
Statistical analysis was performed by Wilcoxon signed-rank test; a P value of
�0.05 was considered to be statistically significant. (C) MDDC were cultured
at 106 cells/ml in RPMI containing 10% FBS with 20 ng/ml LPS or with the
indicated concentrations of PfSE (black columns) or uRBCL (gray columns).
MDDC were cultured in the absence of any stimuli (US) as the negative con-
trol. Conditioned media were collected after 16 h of stimulation, and IL-10 and
IL-12(p70) levels were measured by immunoplex array (Millipore). Data rep-
resent mean cytokine production � standard error (SE) from 5 experiments.
IL-10 and IL-12(p70) levels in unconditioned medium were always under the
assay detection limits. No statistically significant differences were recorded.
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amounts of uRBCL. Control cultures were set up with autologous
unstimulated MDDC. Cells were cultured for different times, and
the production of IFN-�, IL-4, and IL-17 as markers of TH1, TH2,
and TH17 differentiation, respectively, was evaluated in culture
supernatants by immunoplex array. Figure 2A shows that IFN-�

production was significantly increased in culture supernatants of
MDDC-PfSE-stimulated CD4 cells after 5 days of culture. In con-
trast, the production of IL-4 and IL-17 was always low and not
different from those induced by uRBCL or by US MDDC (data
not shown). Figure 2B shows the time-dependent production of
IFN-� by CD4 cells cultured with MDDC previously exposed to
fixed concentrations of PfSE or uRBCL (10 �g/ml) or with un-
stimulated MDDC. As is evident, the increase in IFN-� produc-
tion in MDDC-PfSE-stimulated cultures is detectable already after
3 days of culture, suggesting the induction of TH1 response by
parasitic extracts.

To confirm that MDDC-PfSE induce a TH1 differentiation,
CD4 cells (from 5 donors) were cocultured with MDDC exposed
to 10 �g/ml of PfSE or uRBCL; after 3, 5, and 7 days, cells were
treated with PMA-ionomycin and intracellular stained with spe-
cific antibodies to IFN-� and to CD25. The cytofluorometric anal-
ysis shows that IFN-� was produced by either CD25� or CD25�

cells in a time-dependent manner and that this production was
higher in cells activated with MDDC-PfSE than in cultures with
MDDC-uRBCL.

Figures 2C and D show the results of the cytofluorometric
analysis of CD4 cells intracellularly stained with anti-IFN-� anti-
bodies: the expression of IFN-� was higher in CD4 cells from
MDDC-PfSE-stimulated cultures than in cultures with MDDC-
uRBCL.

These data indicate that, despite the semimature phenotypic
profile, PfSE-exposed MDDC oriented TH differentiation of CD4
cells toward a TH1-type response.

Treg differentiation induced by MDDC-PfSE. To evaluate the
effect of PfSE-exposed MDDC on Treg cell differentiation, CD4
cells were first cultured with MDDC exposed to a fixed concentra-
tion of PfSE (10 �g/ml, derived from �105 iRBCs) known to be
active in inducing IFN-� production or to equal amounts of
uRBCL. Control cultures were also set up with MDDC not ex-
posed to any stimuli. After 3 and 5 days of culture, cells were
stained with anti-CD25, anti-CD127, and anti-Foxp3 antibodies
and analyzed by flow cytometry. Figure 3A shows an expanded
CD4� Foxp3� cell population with high expression of CD25 or
low/absent expression of CD127 in cultures with MDDC-PfSE
compared to that of MDDC-uRBCL-stimulated cultures starting
after 3 days of culture. Significant differences in the percentage of
CD25high CD127low/� Foxp3� cells were recorded in MDDC-
PfSE- and MDDC-uRBCL-stimulated cultures, particularly after
5 days of culture (2.08 � 0.56 versus 6.35 � 0.9; P  0.02).

However, based on Foxp3 expression intensity, we could not
discern CD25� cells with high or intermediate expression of
Foxp3 in contrast to what is reported for the Treg cell population
expanded in PBMC following iRBC or PfSE stimulation (19, 21).

The expression of the Foxp3 gene was also assessed in the pu-
rified CD25� and CD25� cell subpopulation by quantitative RT-
PCR experiments using primers specific for the Foxp3 gene. The
data obtained, shown in Fig. 3B, confirm that the expression of the
Foxp3 gene is predominantly restricted in the CD25� population
after 5 days of culture and confirmed the kinetics of Foxp3 protein
expression as detected by fluorescence-activated cell sorting
(FACS) analysis.

In human malaria infections, the number of circulating Treg
cells correlates with parasitemia levels (17), and the stimulation in
vitro of PBMC from healthy donors with iRBC induces a dose-
dependent expansion of Treg cell populations (19, 21). We there-

FIG 2 TH1 differentiation of CD4� T cells induced by MDDC exposed to
PfSE or uRBC lysates. (A) Left, CD4� T cells isolated from PBMC of 8 healthy
donors were cultured at 106/ml with unstimulated autologous MDDC (US;
white column), MDDC previously exposed to the indicated concentrations of
uRBCL (gray columns), or PfSE (black columns) at a 20:1 T/DC ratio. Right,
MDDC were also cultured alone at 2 � 104/ml with 100 �g/ml of uRBC lysates
or PfSE. IFN-� was measured in culture supernatants collected after 5 days by
immunoplex array. IFN-� concentrations in MDDC culture medium or in
unconditioned medium was always less than or equal to the detection limits of
assay. (B) CD4� T cells (n  8) were cultured at 106/ml with autologous
MDDC previously exposed to 10 �g/ml of uRBCL or PfSE at a 20:1 T/DC ratio.
Supernatants were collected after 3, 5, and 7 days, and IFN-� levels were mea-
sured by immunoplex array. (C) Purified CD4� cells were recovered at differ-
ent times from cultures with autologous MDDC previously exposed to 10
�g/ml of uRBC lysates or PfSE. Cells were activated for 5 h with PMA-iono-
mycin in the presence of BFA and stained with anti-CD25 antibodies; then,
cells were fixed, permeabilized, and intracellular stained with antibodies to
IFN-�. The selected population was �96% CD4�. The upper panel shows a
representative scatterplot of cells stained with PE–anti-CD25 and PerCP–anti-
IFN-� antibodies. The area of positivity was determined using an isotype-
matched control MAb. Ten thousand events for each sample were acquired.
The lower panel shows a histogram with MFI values obtained from 5 different
experiments: results are reported as IFN-� MFI � SE of total CD4� cell pop-
ulation (both CD25� and CD25�) activated by MDDC exposed to PfSE (black
column) or uRBC lysates (gray column) at different times. Statistical analysis
was performed by Student’s t test.
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fore evaluated the effect of MDDC exposed to increasing doses of
PfSE on Treg differentiation of CD4 cells. CD4 cells were cul-
tured with MDDC exposed to 1, 10, and 100 �g/ml of PfSE or
uRBCL for 5 days. Control cultures were also set up with US
MDDC. Figure 3C shows the results of the cytofluorometric anal-
ysis performed with anti-CD25 and anti-Foxp3 antibodies in
5-day cultures of CD4 cells from 18 different subjects; although a
dose-response effect is evident also in these experimental condi-
tions, the saturation of Treg cell expansion is reached with MDDC
exposed to 10 �g/ml of PfSE, suggesting that MDDC could pres-
ent high-affinity ligands at low-antigen density, promoting Treg
cell generation as reported in different systems (25).

Overall, our data demonstrate that exposure of myeloid den-
dritic cells to low concentrations of parasitic extracts induces a
TH1-type differentiative response of CD4 cells promptly counter-
balanced by the simultaneous expansion of Treg cells.

We thus investigated the molecular mechanisms involved in
Treg cell expansion in MDDC-PfSE-stimulated cultures. Culture
supernatants of CD4 cells cultured with MDDC-PfSE or MDDC-
uRBCL were collected at different times, and the concentrations of
total TGF-	 and IL-10 were measured through immunoplex ar-
ray. We found increased levels of total TGF-	 and IL-10 in culture
media of MDDC-PfSE compared to that in MDDC-uRBCL-stim-
ulated cultures (see Fig. S2 in the supplemental material), sup-
porting a role of these cytokines in Treg cell expansion as reported
by others (19).

Recently it was reported that the ability of Treg cells to modu-
late specific TH differentiative responses could depend on the ex-
pression of TH-associated transcription factors (26–28). Since our
model shows a predominant TH1 differentiative response, we
wanted to investigate whether Treg cells induced by MDDC-PfSE
could also coexpress Tbet or produce IFN-�. Thus, CD4� cells
were cultured with MDDC-PfSE or MDDC-uRBCL, and the ex-
pression of Tbet and IFN-� by Treg cells was analyzed by cytofluo-
rometric analysis at different times of culture. By gating the cells
based on Foxp3 expression, we observed that, in both experimen-
tal conditions, a subset of CD25high CD127low/� Treg cells also
express Tbet (Fig. 4A) and produce IFN-� (Fig. 4B). The intensity
of Tbet and of IFN-� expression were higher in Treg cells from
PfSE-MDDC-stimulated cultures than in Treg cells from cultures
with MDDC-uRBCL, in particular after 7 days of coculture.

To investigate whether the expansion of Tbet�/Treg cells could
be driven by the intensity of TH1 response, we correlated mean
fluorescence intensity (MFI) values of IFN-� expressed by total
CD4 cell population with MFI values of Tbet expressed selectively
by Treg cell population (CD25high CD127low/� Foxp3�) at differ-
ent time points of culture. The results obtained with data from 5
different experiments showed a significant correlation between
these parameters in MDDC-PfSE-stimulated cultures (Spearman,
0.809; P  0.01) but not in MDDC-uRBCL-stimulated cultures
(Spearman, 0.571; P  0.1). A significant correlation was also
found between MFI values of IFN-� expressed by total CD4 cell

FIG 3 Treg differentiation of CD4� T cells induced by MDDC exposed to
PfSE or uRBC lysates. (A) CD4� T cells isolated from PBMC of 12 healthy
donors were cultured at 106/ml with autologous MDDC previously exposed to
10 �g/ml of uRBC lysates or PfSE at a 20:1 T/DC ratio. Cells were recovered
after 3 and 5 days of culture; stained with PerCP–anti-CD4, PE–anti-CD127,
FITC–anti-CD25, and APC–anti-Foxp3 antibodies; and analyzed by flow cy-
tometry. Lymphocytes were gated, followed by CD4� cells. Treg cells were
defined as CD4� FOXP3� CD127low/� cells or CD4� FOXP3� CD25high. In
order to draw FOXP3� CD25high gate, cells were first gated on CD25� cells,
and CD25high cutoff was determined where population was clearly visible. In
order to draw FOXP3� CD127low/�, cells were first gated on CD127, and
CD127low/� cutoff was determined where two populations were clearly visible.
(B) CD4� T cells from cultures with MDDC-PfSE were fractionated in CD25�

and CD25� cells by magnetic sorting with anti-CD25 monoclonal antibodies
at the indicated times. Equal amounts of RNA (100 ng) from each cellular
subset were reverse transcribed and amplified in triplicate by RT-PCR by using
specific primers for FOXP3 or ACTIN as the HK gene. Data were normalized to
the mean value of HK, and the relative amount of mRNA was calculated by using
the 2�
CT method. Data are expressed as mean FOXP3 relative amounts �
SE from three different experiments. (C) Box-and-whisker plots show the

percentages of CD25high FOXP3� cells recovered in CD4 cells stimulated with
MDDC exposed to different concentrations of PfSE or uRBC lysates or with
MDDC cultured in the absence of any stimulation (US). Data are representa-
tive of 18 different subjects. The boxes extend from the 25th percentile to the
75th percentile, with a horizontal line at the median (50th percentile). Whis-
kers indicate standard errors. � indicates the mean values. Statistical analysis
was performed by Student’s t test.
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population and MFI values of IFN-� expressed selectively by Treg
cell population in PfSE-MDDC-stimulated culture (Spearman,
0.74; P  0.02) but not between the same values in MDDC-uR-
BCL-stimulated cultures (Spearman, 0.075; P  0.8). On the
whole, these data suggest that the IFN-� produced by total CD4
cells in response to MDDC-PfSE could specifically drive the dif-
ferentiation of the Treg/TH1 subset.

To confirm the results of flow cytometric analysis, we sepa-
rated CD25high cells by small amounts of magnetic beads conju-
gated with anti-CD25 antibodies (29), obtaining a highly enriched
Foxp3� population (67 to 88% Foxp3�). These cells were incu-
bated in medium without additional stimuli for 48 h, and IFN-�
was measured by an immunoplex array in culture supernatants.
Figure 4C shows that the production of IFN-� by CD25high cells
induced in the presence of MDDC-PfSE is higher than that of
CD25high cells induced in the presence of MDDC-uRBCL.

Suppressive activity of Treg cells induced by MDDC-PfSE.
To evaluate the suppressive activity of Treg cells induced by
MDDC-PfSE, we purified CD25high cells from CD4� cells cultured
for 5 days with MDDC-PfSE, MDDC-uRBCL, or unstimulated
(US) MDDC as reported above and used these cells in a functional

assay as described previously (29). Briefly, CD25high cells were
cocultured with autologous effector CD4� CD25� cells at differ-
ent Treg/Teffector ratios, and their ability to suppress the prolif-
eration of effector cells induced by anti-CD3/CD28 antibodies
was recorded. The “power of suppression” was expressed as the
low Treg/Teffector ratio, leading to significant inhibition of poly-
clonal-induced T-cell proliferation.

Figure 5 shows that CD25high cells derived from cultures with
MDDC-PfSE are able to more effectively suppress the prolifera-
tion of autologous CD4� CD25� T cells than CD25high cells iso-
lated from cocultures with MDDC-uRBCL. Indeed, they show
higher suppressive activity at very low Treg/Teffector ratios (1:100
or 1:300).

Production of cytokines from Treg cells induced by MDDC-
PfSE. To analyze the mechanisms of suppressive activity in the
Treg cell population, we isolated CD25high cells at various time

FIG 4 Time-dependent expression of Tbet and IFN-� by Treg cells. CD4� T
cells isolated from PBMC of 5 healthy donors were cultured at 106/ml with
autologous MDDC previously exposed to 10 �g/ml of uRBC lysates or PfSE at
a 20:1 T/DC ratio. Cells were recovered after 3, 5, and 7 days of culture and
stained with FITC–anti-CD25, PE–anti-CD127, APC–anti-Foxp3, and
PerCP–anti-Tbet antibodies and analyzed by flow cytometry. The population
analyzed was more than 96% CD4�. Cells were gated based on the high ex-
pression of CD25 and low or absent expression of CD127. Within this popu-
lation, Foxp3� cells were analyzed for the expression of Tbet (A) and IFN-�
(B). (C) CD25high cells were isolated from CD4� T cells cultured for 5 days
with MDDC exposed to 10 �g/ml PfSE (black column) or uRBCL (gray col-
umn) and cultured at 106 cells/ml for two additional days without addition of
any stimulus. IFN-� was measured in culture supernatants by immunoplex
array. Data are expressed as mean concentrations � SE (n  8). Statistical
analysis was performed by Student’s t test. Significance levels were fixed at P
values of �0.05.

FIG 5 Suppressive activity of Treg cells induced by MDDC-PfSE. CD25high

cells were purified from CD4� cells cultured for 5 days with 10 �g/ml of
MDDC-PfSE or -uRBCL. Control cultures were also set up with CD25high cells
from coculture of CD4� cells with unstimulated MDDC. CD4� CD25� cells
were incubated (104 cells/well) in triplicate cultures with anti-CD3/CD28 an-
tibody-coupled beads (1 bead/5 cells) in the presence of CD4� CD25high at the
indicated Treg/Teff ratio. After 5 days of culture, cells were pulsed with 1 �Ci
of 3H-thymidine for 12 h. Cells were harvested and cpm incorporated were
measured by liquid scintillation counting. Panel A shows the mean 3H-thymi-
dine incorporation (cpm) of cells cultured in the presence or absence of Treg
cells (n  5). In all of the experiments, mean 3H-thymidine incorporation of
Treg cells (103 to 102 cells/well) was always �100 cpm. (B) The boxplot rep-
resents the percentage of suppression of 3H-thymidine incorporation induced
by CD25high expanded in the presence of MDDC-PfSE or MDDC-uRBCL
calculated as follows: (cpm background � cpm suppressed)/cpm back-
ground � 100. Background  cpm of cells stimulated with anti-CD3/
CD28 antibodies. Results are expressed as means � SE from 5 different exper-
iments. The percentage of suppression induced by Treg from unstimulated
(US) MDDC coculture is shown in panel B as means � SE from 3 different
experiments. Statistical analysis was performed by Student’s t test. Mann-
Whitney analysis of data also shows significant differences in the suppressive
activity of Treg cells (P  0.04 for 1:100 and 1:300 Treg/Teff ratios).
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intervals and evaluated by quantitative RT-PCR the expression of
genes for cytokines involved in the suppressive activity, in partic-
ular TGF-	 and IL-10. Figure 6 shows the kinetic expression of
genes for two important cytokines involved in suppressive func-
tion: TGF-	 and IL-10. After 3 days of stimulation, the expression
of the TGF-	 gene is significantly increased in CD25high isolated
from cells cultured with MDDC-PfSE compared to that in
CD25high from cultures with MDDC-uRBCL, and this difference
further increases after 5 days, consistently with the expression of
the Foxp3 gene. The expression of the IL-10 gene from CD25high

cells is maximal after 3 days of culture, but after 5 days, no signif-
icant difference was detected between MDDC-PfSE- and MDDC-
uRBCL-stimulated cultures.

Expression of TLR by Treg cells and functional changes in-
duced by TLR ligands. The data obtained so far show that the
presence of MDDC-PfSE induces the expansion of highly suppres-
sive Treg cells and that a subset of them acquire a mixed Treg/Tbet
phenotype likely to be dependent on IFN-� released in culture
medium. In a subsequent series of experiments, we wanted to
investigate whether, beside the amplitude of TH1 response, fac-
tors external and unrelated to malaria infection could also influ-
ence the functional profile of Treg cells induced (30). In particular
we analyzed the effect of TLR ligands from a microbic source.
First, we analyzed the presence of differences in the TLR profile
between Treg cells induced in the presence of MDDC-PfSE and
those induced with MDDC-uRBCL. To this aim, CD4 cells were
stained at day 5 of coculture with MDDC with monoclonal anti-
bodies specific for those TLRs known to be more expressed on
Treg cells than on effector cells (30), TLR2, TLR4, TLR5, and
TLR7, as well as antibodies to CD25 and Foxp3. FACS analysis of
the cells did not show differences in the expression of TLR2 and
TLR7 between Treg cells induced by MDDC-PfSE and Treg cells

induced by MDDC-uRBCL (data not shown). In contrast, the
expression of TLR4 and TLR5 is much higher on Treg cells in-
duced in cultures with MDDC-PfSE. Furthermore, to study the
functional consequences of the increased expression of TLR4 and
TLR5, we isolated CD25high cells from 5-day coculture with
MDDC-PfSE or -uRBCL and cultured them with LPS and flagellin
as ligands of TLR4 and TLR5, respectively. The production of
IL-10 and TGF-	 was measured in culture supernatants after 48 h
of stimulation by immunoplex array. Figure 7B shows that the
stimulation of Treg cells with LPS and flagellin increases the pro-
duction of both cytokines and that, particularly after stimulation
with LPS, such production is significantly higher in Treg cells de-
rived from cultures with MDDC-PfSE than in those derived from
cultures with MDDC-uRBCL. Therefore, these data suggest that
other factors not related to malaria infection may also affect the
functional profile of Treg cells during the course of the disease.

DISCUSSION

The optimal outcome of malaria infection is that parasitized cells
are killed and cleared without inducing significant pathology.
Therefore, in the course of evolution, refined regulatory mecha-
nisms of immune and inflammatory response were selected with
reciprocal benefit for the host and the parasite. To better under-
stand how immune regulation is achieved, we studied the immune
response induced in vitro by MDDC previously exposed to P. fal-

FIG 6 Cytokine production of Treg cells induced by MDDC-PfSE. CD25high

cells were isolated from CD4� T cells cultured for 3 and 5 days with MDDC
exposed to 10 �g/ml PfSE or uRBCL. RNA was extracted and TGF-	 and IL-10
gene expression was analyzed by quantitative RT-PCR with specific primers,
using actin as the HK gene. Data were normalized to the mean value of the HK
gene, and the relative amount of mRNA was calculated by using the 2�
CT

method. The figure shows the results (mean TGF-	 mRNA � 10�1 � SE and
mean IL-10 mRNA � 10�4 � SE) of 3 different experiments. Statistical anal-
ysis was performed by Student’s t test.

FIG 7 TLR expression and TLR sensitivity of Treg cells induced by MDDC-
PfSE or MDDC-uRBCL. CD4� T cells were cultured at 106/ml with autologous
MDDC previously exposed to 10 �g/ml of uRBCL (gray columns) or PfSE
(black columns) at a 20:1 ratio for 5 days. (A) Cells were stained at day 5 with
PE–anti-CD25 antibody, anti-TLR4 and anti-TLR5 monoclonal antibodies,
FITC secondary antibody, and APC–anti-Foxp3 antibodies and analyzed by
cytofluorometry. Data represent the percentage (mean � SE) of CD25high

Foxp3� expressing TLR4 and TLR5 over the total CD25� of 8 different sub-
jects. Statistical analysis was performed by Student’s t test. Significance levels
were fixed at P values of �0.05. (B) CD25high cells were purified through
magnetic sorting with anti-CD25 MAb-coupled beads from culture of CD4� T
cells with MDDC-PfSE (black columns) or MDDC-uRBCL (gray columns).
Cells were then stimulated with LPS (20 ng/ml) or flagellin (100 ng/ml) for an
additional 48 h, and supernatants were collected. The production of IL-10 and
total TGF-	 in culture supernatants was measured by immunoplex array. Data
are expressed as the mean percentage increase of IL-10 and TGF-	 � SE (n 
6). Statistical analysis was performed by Student’s t test.
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ciparum soluble extracts in CD4� T cells purified from donors
never exposed to malaria infection. The reason we used myeloid
dendritic cells as T cell activators instead of circulating monocytes
is based on data obtained in experimental models of murine ma-
laria, reporting these cells as the most active antigen-presenting
cells (APCs) in the first phase of infection (31); MDDC are de-
scribed as cells able to influence the development of protective
immunity or tolerance dependent on the intensity of the costimu-
lation signals, the affinity of T cells for processed antigens, and,
most of all, the cytokine environment in which they operate (6).
Furthermore, CD11c� myeloid dendritic cells were shown to be
endowed with a greater ability to migrate in the T zone of splenic
white pulp than other APCs, such as monocytes/macrophages and
B cells (7, 8).

Conflicting data on the ability of parasites or parasite products
to inhibit the maturation of dendritic cells were reported (9–12)
likely to be dependent on the experimental models of infection as
well as on the different strains or concentrations of parasites used.
Our results demonstrate that the parasitic extracts, in a range of
concentrations between 0.5 and 100 �g/ml of PfSE, do not inter-
fere with the process of maturation of dendritic cells induced by
LPS. They also, at the appropriate concentrations (1 to 100 �g/
ml), significantly induced the expression of CD86 while the ex-
pression of other markers of maturation, such as CD80 and HLA-
DR, was unaffected.

However, we must stress that the activity of PfSE does not
necessarily reflect those of iRBC: indeed, higher iRBC concentra-
tions (�1:1 MDDC:iRBC) are needed to obtain comparable ef-
fects (10) (data not shown).

Despite the small amounts of IL-12 produced by MDDC ex-
posed to PfSE, these cells induced a clear TH1 differentiation of
CD4 lymphocytes as evidenced by the expression of IFN-� by CD4
cells as well as by the expression of the “master” regulator of TH1
responses, Tbet (data not shown). MDDC pulsed with low PfSE
(corresponding to 104 and 105 iRBC) concentrations are as effec-
tive as MDDC pulsed with larger amounts of PfSE in inducing
TH1 response. Whether or not this response really represents an
in vitro priming of CD4 cells needs to be further investigated.
Indeed, CD4 cells cross-reactive to malarial antigens have been
described by numerous authors (32–34). Dendritic cells could be
involved in Treg cell generation either through the presentation of
ligands which preferentially expand Treg cell populations or
through mechanisms independent of specific TCR activation
based on the production of “suppressive” cytokines. In our exper-
imental conditions, the functional phenotype of MDDC acquired
in the presence of parasitic extracts resembles that of semimature
dendritic cells with prevalent tolerogenic functions (35), and the
maximum expansion of Treg cell population induced is achieved
by MDDC pulsed with relatively small amounts of PfSE (1 to 10
�g/ml, corresponding to 104 to 105 iRBC), indicating that, under
conditions of low antigenic concentrations, MDDC may present
high-affinity ligands to T cells which primarily promote Treg in-
duction (25). Preliminary results obtained in our laboratory by
using live parasites also show that MDDC activated by iRBC at low
iRBC/MDDC ratios (0.1:1, 1:1) are equally effective in inducing
Treg cells compared to parasite extracts.

When using monocytes as APCs, much greater antigen
amounts are needed to obtain comparable expansion of Treg cell
populations (19, 21) (data not shown).

Besides the ability to present high-affinity ligands at low anti-

gen concentrations, it is possible that the sensitivity of MDDC to
parasite products is higher than that of monocytes, leading to an
optimal and concerted production of factors involved in Treg cell
generation. In fact, it was reported that dendritic cells are the most
potent APC in spleen in inducing Treg cells compared to other
APCs (36), and differences in gene expression profiles were found
between monocytes and dendritic cells after stimulation with dif-
ferent parasites (37). The overall results therefore suggest that
dendritic cells could play an important role in the expansion of
Treg cells in human malaria, particularly under conditions of low
parasitemia, as in the first phase of infection or at the end of im-
mune response, when most of parasites have been cleared. In this
stage, the suboptimal generation of activated Treg cells could con-
tribute to limit the inflammatory response due to a subsequent
reinfection and favor parasite persistence. Consistently with this
hypothesis, circulating Treg cells isolated from malaria-exposed
donors in areas of malaria endemicity show marked features of
activation not related to parasitemia levels (22).

Other peculiarities of the phenotypic and functional features of
Treg cells induced by MDDC-PfSE are represented by their ho-
mogeneous Foxp3 expression: subsets with high or intermediate
expression of Foxp3, as reported in different systems (19, 21), are
not clearly distinguishable in Treg cells induced by MDDC-PfSE.
Thus, the presence of Treg cells which coexpress the master regu-
lator of TH1 response, Tbet, could be interpreted as the result of
contamination of effector cells expressing Foxp3 but not endowed
with regulatory activity. However, it is possible to envisage a dif-
ferent hypothesis. Recently, it has been described that Foxp3�

Treg cells may coexpress transcription factors typical of effector
TH1, TH2, and TH17, such as Tbet, GATA3, and Stat3 (26–28).
The expansion of these T regulatory subsets is driven by the TH
cytokines (IFN-�, IL-4, IL-17) and occurs in parallel with the re-
lated effectors (27, 38), and, in definite pathological conditions,
such as strong pathogen-induced immunopathology, it was re-
ported that these Treg cells also produce the TH-related cytokines
(39, 40) without losing the regulatory ability. With these premises,
it is conceivable that Treg cells acquire (or reacquire) the TH1
phenotype, with the expression of Tbet and also the production of
IFN-�, in response to the great amounts of IFN-� released under
the influence of MDDC-PfSE. Consistently with this hypothesis,
we found a significant correlation between the production of
IFN-� by CD4 cells (expressed as fluorescence intensity) and ei-
ther the expression of Tbet or the percentage of Treg cells with
TH1 phenotype found only in MDDC-PfSE-stimulated cultures.
Further studies are needed to definitely assess the role of Treg/
TH1 in the context of malaria infection. Our data show that the
functional property of the whole Treg cell population, particularly
their suppressive activity, was not limited by the presence of Treg
cells with the TH1 phenotype since the suppressive power of the
Treg cell population was evident at very low Treg/Teffector ratios
(1:100, 1:300).

In areas of malaria high endemicity, patients frequently suffer
fron cobacterial infections, such as with nontyphoid Salmonella,
Haemophilus, and Streptococcus pneumoniae (41, 42). The in-
creased sensitivity of Treg cells induced by MDDC-PfSE to TLR4
and TLR5 ligands could represent a further checkpoint in Treg cell
functions; indeed, bacterial ligands of TLR4 and TLR5 increase the
production of suppressive factors by these cells, suggesting that
concomitant bacterial infections might worsen the outcome of
acute malaria by potentiating Treg functions.
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