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Edited by Robert L. Coffman, Dynavax Technologies, Berkeley, CA, and approved November 28, 2007 (received for review October 19, 2007)

Previous interethnic comparative studies on the susceptibility to
malaria performed in West Africa showed that Fulani are more
resistant to Plasmodium falciparum malaria than are sympatric
ethnic groups. This lower susceptibility is not associated to classic
malaria-resistance genes, and the analysis of the immune response
to P. falciparum sporozoite and blood stage antigens, as well as
non-malaria antigens, revealed higher immune reactivity in Fulani.
In the present study we compared the expression profile of a panel
of genes involved in immune response in peripheral blood mono-
nuclear cells (PBMC) from Fulani and sympatric Mossi from Burkina
Faso. An increased expression of T helper 1 (TH1)-related genes
(IL-18, IFN�, and TBX21) and TH2-related genes (IL-4 and GATA3)
and a reduced expression of genes distinctive of T regulatory
activity (CTLA4 and FOXP3) were observed in Fulani. Microarray
analysis on RNA from CD4�CD25� (T regulatory) cells, performed
with a panel of cDNA probes specific for 96 genes involved in
immune modulation, indicated obvious differences between the
two ethnic groups with 23% of genes, including TGF�, TGF�Rs,
CTLA4, and FOXP3, less expressed in Fulani compared with Mossi
and European donors not exposed to malaria. As further indica-
tions of a low T regulatory cell activity, Fulani showed lower serum
levels of TGF� and higher concentrations of the proinflammatory
chemokines CXCL10 and CCL22 compared with Mossi; moreover,
the proliferative response of Fulani to malaria antigens was not
affected by the depletion of CD25� regulatory cells whereas that
of Mossi was significantly increased. The results suggest that the
higher resistance to malaria of the Fulani could derive from a
functional deficit of T regulatory cells.

One of the possible approaches in the study of human variation
in the susceptibility to malaria consists in comparing malari-

ologic indicators between populations differing in their genetic
background and living in the same epidemiological context, i.e.,
exposed to the same transmission level and to the same parasite
strains. Actually, the possible observation of interethnic differences
of susceptibility in such conditions may provide new opportunities
to detect factors associated to protection. This interethnic compar-
ative approach was applied in extensive studies performed in
hyperendemic rural areas of Burkina Faso and Mali, West Africa.
These studies showed obvious interethnic heterogeneities in the
susceptibility to Plasmodium falciparum malaria among sympatric
ethnic groups, Fulani, Mossi, Rimaibé, and Dogon (1, 2), with
different genetic background (3). Despite similar exposure to
malaria and comparable use of protective measures, the Fulani
were less parasitized and less affected by the disease. This resistance
was not associated to classic malaria resistance genes (4), and the
analysis of the antibody response to P. falciparum antigens revealed
higher immune reactivity in Fulani than in sympatric ethnic groups
(1, 5, 6). The hypothesis of a stronger activation of the immune
system in the Fulani is also suggested by the higher frequency in this

group of the tropical splenomegaly syndrome (2, 7) and by the
higher humoral immune response to other pathogens (Schistosoma
haematobium, hepatitis B, and cytomegalovirus). (D.M., unpub-
lished data). This higher reactivity could involve any cellular or
soluble mediator of the T helper 1 (TH1) or TH2 response, as well
as diverse mechanisms of immune tolerance. The generation of T
regulatory cells (Treg), in particular, has been demonstrated to
modulate the immune response in malaria infection and in other
infectious diseases (8–10).

In this context, the analysis of the expression, in selected
cellular populations of the immune system, of a large panel of
genes involved in the immune response by microarray and
real-time PCR techniques might be helpful in the identification
of genes for genetic susceptibility studies.

In the present study we analyzed, in PBMC from Fulani and
sympatric Mossi, the expression profile of a large panel of genes
involved in the immune response and obtained evidence sug-
gesting a functional deficit of the mechanisms of immune
regulation in Fulani: They showed an increased expression of
some genes related to TH1 or TH2 function, together with a
reduced expression of CTLA4 and FOXP3, two genes involved
in the immune modulation operated by T cells (11). Microarray
analysis on RNA purified from peripheral blood CD4�CD25�

Treg showed great differences between the two ethnic groups,
with important genes such as TGF�, TGF�Rs, CTLA4, and
FOXP3 being less expressed in Fulani compared with Mossi, as
well as compared with European donors not living in malaria
endemic areas. The reduced expression of genes related to
suppressive activity seriously affected the ability of Treg cells to
suppress P. falciparum-induced cell proliferation in Fulani be-
cause depletion of these cells did not significantly increase the
proliferation of PBMC to P. falciparum antigens in this group,
whereas it restored an optimal response to the same antigens in
the sympatric Mossi.

Overall, these results suggest that a functional deficit of Treg
in Fulani could be involved in the lower susceptibility to malaria
of this ethnic group.
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Results
Study Population. The 26 subjects included in the study [13 Mossi
(seven females and six males), mean age � SD � 38.24 � 7.6
years; 13 Fulani (eight females and five males), mean age �
SD � 41.3 � 9.7 years] were selected on the basis of their stable
residence in the rural area of Barkoundouba, northeast of
Ouagadougou, Burkina Faso. Previous epidemiological surveys
in this area (1) demonstrated that Mossi and Fulani are homo-
geneously exposed to P. falciparum malaria (entomological
inoculation rates � 100 per person per year), with the Mossi
showing higher P. falciparum parasite rates (50–90% according
to age group) than Fulani (0–70%) and higher incidence of
clinical malaria. Blood collections were performed at the end of
the rainy season (October 2005), when entomological inocula-
tion rates reach one to two infective bites per person per night.
At the clinical examination the subjects did not show any clinical
symptom referred to malaria or other infectious diseases. P.
falciparum infection was observed in one of the Mossi subjects
(180 parasites per microliter) whereas all of the 13 Fulani were
negative.

The previously reported interethnic differences in the immune
reactivity to P. falciparum were confirmed also in these groups
of Mossi and Fulani since significant differences were found in
IgG against the P. falciparum circumsporozoite protein (CSP)
and the merozoite surface protein (MSP119) [supporting infor-
mation (SI) Fig. 6].

Functional and Phenotypical Studies in Mossi and Fulani. As first
assessment of selected populations we performed a phenotypical
analysis with a panel of mAbs in PBMC. The results did not show
any significant differences in the percentage of CD3�, CD4�,
CD8�, CD19�, and CD14� cells between the two groups (data
not shown).

Thus, we compared the expression of genes involved in
immune response in PBMC by using the quantitative TH1, TH2,
TH3 PCR Array (SuperArray) and primers specific for FOXP3
as marker of Treg (11). Fig. 1 A shows the results relative to
PBMC from five Fulani and five Mossi randomly selected from
the two groups of 13 recruited in the study. Different genes,
peculiar of TH1 (IFN�, TBX21, IL-18, and CXCR3) and TH2
(IL-4, IL-9, and GATA3) (12) response, were more expressed in
Fulani than Mossi, with a fold increase between 2 and 9. Higher
amounts of CD69 T cell activation marker and CD28 were also
found in Fulani. On the contrary, FOXP3 and CTLA4, two genes
distinctive of Treg activity, were less expressed in Fulani.

These results suggested that the higher TH1 and TH2 re-
sponses in Fulani can be related to alterations in the mechanisms
of immune suppression mediated by Treg.

The proportions of circulating Treg in both ethnic groups were
then assessed by quantitating, through cytofluorimetric analysis,
CD4�CD25� T cells expressing Foxp3 in PBMC from all Fulani
and Mossi included in the study. Fig. 1B shows that the percent-
age of Treg is higher in Mossi than in Fulani.

Pathway-Focused Microarray Analysis on Treg from Mossi, Fulani, and
European Donors. To perform a general assessment of markers
involved in Treg activity in the two ethnic groups, we analyzed
the expression of 367 genes involved in T cell activation and
differentiation using a pathway-specific microarray (Autoim-
mune and Inf lammatory Disease; SuperArray) in the
CD4�CD25� cell populations, known to include the most of
circulating Treg. Taking into account that the two groups live in
a geographical area endemic for pathogens known to induce
Treg activity such as schistosomes, intestinal nematodes, and P.
falciparum (13), we performed the same analysis on
CD4�CD25� cells from donors living in Europe as control.

Pooled RNA isolated from five Fulani and five Mossi ran-

domly selected from the two groups of 13 recruited in the study
and from five European donors was used for the array.

Based on the phenotypical and functional features (11, 14, 15)
as well as on microarray analysis of Treg reported in literature
(15), a list of 96 genes, related, specifically or not, to Treg activity
was selected (SI Table 1). For convenience, these genes were
divided in functional clusters: (i) cytokines and cytokine recep-
tors, (ii) chemokines (receptors and ligands), (iii) membrane or
intracellular markers, (iv) transcription factors, and (v) Toll-like
receptors (TLRs).

The results obtained for each group, normalized to the mean
value of actin, GAPDH, and PPI as housekeeping (HK) genes,
were compared by scatter plot analysis with specific software
(GeneArray). Fig. 2 lists the genes where at least one difference
in the level of expression among the three groups was observed.
The general picture clearly shows that higher levels of expression
were observed in the Mossi and Europeans compared with
Fulani. Fifty percent of the recorded differences (17/34) were
represented by genes more expressed in Mossi and Europeans
compared with Fulani whereas only the CCR2 gene was over-
expressed in Fulani compared with Mossi. Both African ethnic
groups showed higher expression of SELE, NFATC4, and CD3G
compared with Europeans.
Cytokines and cytokine receptors. Among the cytokines, the gene for
TGF�1, an important mediator of Treg activity (16), is more
expressed in Treg from Mossi (16-fold) and European donors
(8-fold) as compared with Fulani. In contrast, IL-10 gene
expression showed no differences in the three populations (data
not shown). Also, TGF�R2 and TGF�R3 genes were more
expressed in both Mossi and European donors compared with
Fulani whereas TGF�R1 was differentially modulated only
compared with Mossi. With the exception of TGF�1, these genes
were not changed when Mossi were compared with European
donors.

Among genes for cytokines related to Treg differentiation,

Fig. 1. Gene expression analysis and surface phenotype of PBMC from Fulani
and Mossi. (A) Quantitative PCR mRNA expression profiling of PBMC. Total
RNA was extracted from PBMC of five Fulani (three females and two males)
and five Mossi (two females and three males). TH1-TH2-TH3 PCR Array (Su-
perArray) was used to simultaneously examine the mRNA levels of 89 genes.
Separate experiments were performed to analyze Foxp3 gene expression as
compared with control genes. In both cases data were normalized to the mean
amounts of PPI, actin, and GAPDH as HK genes. Data are expressed as fold
change in RNA from Fulani compared with Mossi calculated by using the
2���CT method. The figure shows only the genes differentially regulated
between the two groups (fold increase or decrease � 2). The statistical
analysis, performed by using Student’s t test on �CT values from both groups,
revealed significant differences (*) for FOXP3 (P � 0.021), CTLA4 (P � 0.041),
IL-18 (P � 0.042), GATA3 (P � 0.041), and IL-4 (P � 0.001). (B) Percentage of
CD25� cells expressing FOXP3. CD25� cells coexpressing FOXP3 were deter-
mined by cytofluorimetric analysis in all of the 13 Fulani and 13 Mossi included
in the study. Quadrant lines demarcate the isotype control. Analysis was
performed on CD4� gated cells. P � 0.023, Fulani vs. Mossi.
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survival, or proliferation, such as IL-4, IFN-�, and IL-15, only
IL-7 gene expression was 5-fold more expressed in Treg from
Mossi as compared with Fulani.
Chemokines (receptors and ligands) and membrane or intracellular mark-
ers. Fig. 2 also shows that Treg from Mossi and European donors
have an increased expression of three markers reported to be
highly expressed by Treg, CTLA4, LAG-3 (16), and ICAM1 (17),
as compared with Fulani. In contrast, no differences for these
genes were observed between Mossi and European donors.

Interestingly, FAS ligand (FASLG), which has been involved
in the suppression of activated monocytes (18), was also more
expressed in Treg from Mossi group as compared with Fulani
(Fig. 2); however, this gene was more expressed in Mossi even
when compared with European donors.
Transcription factors. Fig. 2, consistent with the phenotypic analysis
(Fig. 1), shows that Treg from Mossi and European donors have
higher expression of FOXP3, the transcription factor responsible
for Treg differentiation, as compared with Fulani. SOCS2, a
member of the suppressor of cytokine signaling family, whose
expression is confined to Treg subset and is dependent on
FOXP3 expression (15), was also more expressed in Treg from
Mossi as compared with Fulani. Only SOCS2 but not FOXP3
was more expressed in Mossi as compared with Europeans.
TLRs. Among the TLR genes, Treg from Mossi, compared with
Fulani, have a higher expression of TLR5 and TLR7, which have
been reported as expressed at significantly higher levels in Treg
than in conventional T cells (19). The expression of TLR5 was
increased in Mossi also compared with European donors.

On the whole these results indicated that Fulani differ in the
expression of genes determinant for Treg activity such as TGF�,

TGF�Rs, CTLA4, and FOXP3 compared with both Mossi and
European donors. In contrast, gene expression of Mossi Treg
was superimposable to that of European donor Treg except for
such genes as TRADD, SOCS2, FASLG, and TLR5, likely to be
involved in Treg activation dependent on ‘‘area-specific’’ stimuli.

Validation of Microarray Results Through Quantitative PCR. Based on
the results of microarray analysis, for each category we selected
one to three genes and assessed, through quantitative PCR, the
RNA expression level in CD4�CD25� cells isolated from 12
Mossi and 12 Fulani, on the 13 described above and from 10
European donors. The selected genes were CTLA4 and FASLG
for the membrane/intracellular markers, FOXP3, SOCS2, and
TRADD for the transduction factors, TLR5 for TLRs, TGF�1
and TGF�R2 for cytokines and cytokine receptors, and
CX3CR1 for chemokines. As in microarray analysis, the amount
of mRNA for each gene was normalized to the mean values of
three HK genes (actin, GAPDH, and PPI).

Fig. 3A shows that, in agreement with the microarray analysis,
eight of nine genes tested (CTLA4, FOXP3, SOCS2, TRADD,
TGF�, TGF�R, TLR5, and FASLG) were less expressed in
Fulani compared with Mossi, and, with the exception of FASLG,
the differences between the two groups were statistically signif-
icant. FOXP3, CTLA4, TGF�, and TGF�R were significantly
reduced in Fulani even when compared with European donors.

The comparison with Mossi and European donors confirmed
that Treg from Mossi express significantly more TLR5 and
SOCS2. Higher expression of TRADD and FASLG was also
found, but the differences were not significant.

The whole results of microarray and PCR analysis and in
particular the reduced expression of the CTLA4, TGF�, and
TGF�R genes suggested that an early block in the differentiation
process driven by TGF� (TGF�/CTLA4/FOXP3/CTLA4 posi-
tive loop) (20) affects the generation of Treg in Fulani. To
support this hypothesis and to rule out that differences in gene

Fig. 2. Expression of genes involved in Treg function in Mossi, Fulani, and
European donors. One hundred nanograms of total RNA from CD4�CD25�

cells, extracted independently from five of the 13 Mossi and five of the 13
Fulani included in the study and from five European donors were pooled and
used to hybridize human gene probe arrays (Autoimmune and Inflammatory
Disease; SuperArray). Image processing and intensity data extraction were
performed through specific software (GeneArray). The results obtained for
each group, normalized to a mean value of PPIA, actin, and GAPDH as HK
genes, were compared by Scatter Plot Analysis (GeneArray Expression Analysis
Suite) with 1.9 as boundary value for fold change. The results of one experi-
ment of two performed are shown. Gray bars, genes more expressed in Mossi
and Europeans compared with Fulani (11/34); red bars, genes more expressed
in Mossi compared with Fulani (6/34); blue bars, genes more expressed in Mossi
compared with Fulani and Europeans (5/34); pink bars, genes more expressed
in Europeans compared with Mossi and Fulani (5/34); green bars, genes more
expressed in Fulani and Europeans compared with Mossi (1/34); orange bars,
genes more expressed in Mossi and Fulani compared with Europeans (3/34).

Fig. 3. Quantitative PCR analysis of selected genes related to Treg function
in CD4�CD25� cells from Mossi, Fulani, and European donors. (A) CD4�CD25�

cells were isolated from 12 of 13 Mossi (black bars) and 12 of 13 Fulani (gray
bars) included in the study and 10 European donors (white bars) and lysed to
obtain total RNA. Equal amounts of RNA (50 ng) from each donor were
reverse-transcribed and amplified in duplicate in RT2 Custom PCR Array to
simultaneously examine the mRNA levels of nine selected genes related to
Treg activity and PPIA, GAPDH, and actin as HK genes. Data were normalized
to the mean values of HK genes, and a relative amount of RNA was calculated
by using the 2��CT method. Statistically significant differences between Fulani
and Mossi were as follows: FOXP3, P � 0.011; CTLA4, P � 0.041; TGF�, P �
0.045; SOCS2, P � 0.049; TLR5, P � 0.002; FASLG, P � 0.22; TRAD, P � 0.0002;
TGF�R, P � 0.048. Statistically significant differences between Fulani and
European donors were as follows: FOXP3, P � 0.001; CTLA, P � 0.042; TGF�, P �
0.011; TGF�R, P � 0.012. (B) RNA was extracted from CD4�CD25�high cells
isolated from three Fulani (gray bars) and three Mossi (black bars) of the 13
included in the study, and the expression of selected genes was investigated
as reported in A.
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expression simply reflect the differences in the percentage of
FOXP3� cells (see Fig. 1), in selected cases CD4�CD25�high

cells, which include all FOXP3� Treg (12, 21), were sorted by
FACS and analyzed for the expression of TGF�, FOXP3, and
CTLA4 genes. Fig. 3B shows that the expression of these genes
is lower in Fulani CD4�CD25�high cells. Furthermore, in two
Fulani that showed percentages of CD4�CD25�FOXP3� cells
comparable to that of Mossi, the expression of CTLA4, TGFB,
and TGF�R was lower than Mossi (data not shown).

Effect of CD25� Cell Depletion on P. falciparum-Induced Cell Prolif-
eration. CD4�CD25� cells have been reported to inhibit immune
responses induced by P. falciparum antigens in both human and
murine models of malaria infection (8, 9, 22). The reduced
expression of key regulatory genes, revealed by microarray and
PCR analysis in CD4�CD25� cells from Fulani, suggests that
these cells could be less efficient in suppressing T cell prolifer-
ation induced by P. falciparum antigens. To investigate this issue
we compared the in vitro proliferative response to P. falciparum
soluble extracts of both unfractionated and CD25�-depleted
PBMC from all of the Mossi and Fulani included in the study.
As control, the proliferative response toward the recall antigen
streptokinase (SK) (23) was also evaluated. Fig. 4A shows that
the proliferative response to P. falciparum in Fulani was higher
than in Mossi and that the depletion of CD25� cells significantly
increased the stimulation index only in the Mossi group. In
contrast, the depletion of CD25� cells did not influence the
SK-induced proliferation of PBMC in both groups, thus sug-
gesting that few if any SK-specific Treg are present. Fig. 4B shows
the changes in the stimulation index obtained after CD25� cell
depletion in each individual donor. SI Table 2 shows that a
significant increase (stimulation index � 50%) after CD25� cell
depletion was observed in six of 13 Mossi and in two of 13 Fulani.
Moreover, the mean of this increase was 151% among the six
Mossi and 69.4% in the two Fulani.

Serum Levels of the Regulatory Cytokine TGF� Are Higher in Mossi
than in Fulani. To provide support to the in vitro data showing
higher Treg activity in Mossi than in Fulani, sera from 58 Fulani

(21 males and 37 females, mean age 26.9 � 15.2 years) and 82
Mossi (35 males and 47 females, mean age 30.5 � 8.1 years)
collected in a previous survey (August 1994) in the same
Barkoundouba area were assessed for the presence of the
Treg-related cytokines TGF�1 and IL-10. The proinflammatory
chemokines CXCL10 and CCL22, considered as markers of TH1
and TH2 activity, respectively (24), were also measured. Fig. 5
shows that the levels of the immunoregulatory TGF�1 were
significantly higher in Mossi than in Fulani whereas IL-10
concentrations were comparable. In contrast, serum levels of
CXCL10 and CCL22 were markedly higher in Fulani, supporting
the hypothesis that an imbalance between the regulatory and the
effector functions of the immune system could be responsible for
the high response to P. falciparum antigens.

Discussion
In this work we tried to dissect the mechanisms determining the
strong immune reactivity toward P. falciparum of the Fulani, a
West African ethnic group with low susceptibility to malaria. We
reported that PBMC from Fulani express higher amounts of
RNA for several TH1- and TH2-related genes compared with
sympatric Mossi. In contrast, gene expression of FOXP3 and
CTLA4, two important genes related to the mechanisms of
immune tolerance mediated by Treg, was markedly lower in
Fulani than in Mossi. These results are in agreement with
previous reports showing a more efficient TH1 and TH2 re-
sponse toward P. falciparum antigens in this group (25). The
reduced expression of FOXP3 and CTLA4 found in PBMC from
Fulani, compared with sympatric Mossi, directly involves the
activity of Treg, key agents of immune regulation (11, 26). Treg,
either naturally produced or induced in response to a specific
stimulus (Tr1 and TH3) (10, 16), exert their function through a
number of potential mediators such as CTLA4, FOXP3, and the
antiinflammatory cytokines TGF-� and IL-10 (12, 16, 26). In
parasitic infections, natural and adaptive Treg preserve host
homeostasis by controlling excessive immune response, but they
can favor pathogen survival and pathogen persistence (13). In
malaria infection, in particular, Hisaeda et al. (8) demonstrated
that depletion of CD4�CD25� Treg protects mice from death
upon infection with a lethal strain of Plasmodium yoelii. Re-
cently, Walther et al. (9) demonstrated, in a longitudinal study of
malaria sporozoite infection performed in malaria naı̈ve vacci-
nated and control subjects, that both the production of TGF�
and the presence of CD4�CD25�FOXP3� Treg are associated
with higher rates of parasite growth in vivo.

In our study, cytofluorimetric analysis showed that the per-
centage of circulating CD4�CD25� cells expressing FOXP3 was
lower in Fulani. More important, a detailed assessment of gene
expression in circulating CD4�CD25� cells, which include most
of the circulating Treg, revealed, together with reduced amounts
of FOXP3 mRNA, a lower expression of several genes essential

Fig. 4. Proliferative response to P. falciparum and SK antigens by total and
CD25-depleted Fulani- and Mossi-derived PBMC. Unfractionated PBMC (white
bars) and CD25-depleted PBMC (black bars) obtained from the 13 Mossi and
the 13 Fulani included in the study were stimulated with P. falciparum extracts
or SK antigens as control. Cell proliferation was evaluated by thymidine
incorporation after a 5-day culture. (A) Data are presented as mean stimula-
tion index (cpm of stimulated cultures/cpm of unstimulated cultures) � SE of
Mossi and Fulani. (B) Results are expressed as stimulation index of PBMC
before (�) and after (■ ) CD25� cell depletion for each individual donor.

Fig. 5. Serum levels of Treg-related and proinflammatory cytokines in Mossi
and Fulani. Levels of TGF-�, IL-10, CXCL10, and CCL22 were evaluated in the
sera of 82 Mossi (black bars) and 58 Fulani (gray bars). Columns represent the
mean values (� SE) of the indicated cytokine/chemokine concentration. Sta-
tistical analysis was performed by using Student’s t test.
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for Treg activity such as CTLA4, TGF�, and TGF� receptors in
Fulani compared with sympatric Mossi. The fold decrease of
differentially regulated genes in Fulani ranged between 2 and 16,
suggesting that it does not merely reflect the differences in Treg
percentage found with phenotypical analysis (see Fig. 2). Fur-
thermore, the differences in TGF�, CTLA4, and FOXP3 ex-
pression between Mossi and Fulani were evident also in
CD4�CD25�high cells, known to include all of the FOXP3� cells
(21), suggesting that alterations in the maturation process of
Treg in Fulani account also for the generation of a lower number
of Treg.

The comparison of gene expression profiles of CD4�CD25�

between West African ethnic groups and European donors was
deemed necessary to identify differences in those genes activated
by infectious agents endemic in the study area and known to
induce Treg-mediated immunosuppression, such P. falciparum,
intestinal nematodes, and schistosomes (13). The results ob-
tained clearly showed that, among the genes less expressed in
Fulani, there are TGF�1, TGF�R2, TGF�R3, FOXP3, and
CTLA4, which normally are expressed on Treg, irrespective of
their activation state (15). On the other side, SOCS2, FASLG,
TGF�2, and TRADD were overexpressed in Mossi, even when
compared with European donors, a finding that suggests that
their activation might depend on stimuli present in the study
area.

A possible interpretation of the overall results is that the
autocrine/paracrine circuits maintaining the regulatory pheno-
type, in particular those triggered by TGF�, are interrupted or
less efficient in Fulani. In fact, it has been shown that TGF�,
beside the role of suppressor factor, induces FOXP3 gene
expression and that, in turn, FOXP3 renders T cells highly
susceptible to the regulatory effects of TGF� signaling by
down-regulating inhibitory Smad proteins (27, 28). Further-
more, the interaction between CTLA4 and the CD80/CD86
determinants on the surface of target T cells (16) is needed for
the induction of FOXP3 in the presence of TGF� (20).

The reduced expression of the CTLA4 gene in Fulani, to-
gether with the lower expression of TGF� and TGF�Rs, suggest
that, in this ethnic group, an early block in the differentiation
process driven by TGF� (TGF�/CTLA4/FOXP3/CTLA4 posi-
tive loop) affects the generation of Treg and might be respon-
sible for the inability of reaching a mature Treg phenotype,
consistent with a lower expression of LAG3, ICAM, and FASLG
molecules. For these reasons TGF�, TGF�Rs, FOXP3, and
CTLA4 genes can be proposed as candidate genes for genetic
susceptibility studies.

The phenotypic alterations of Treg in Fulani are consistent
with the lower concentrations of TGF� and the high levels of
proinflammatory chemokines found in sera from this group
compared with Mossi. These data suggest the hypothesis that an
imbalance between the specific effector and the regulatory
response to P. falciparum antigens can account for the differ-
ences in susceptibility to malaria infection. The functional
correlate, however, was evident in proliferation experiments:
The response to P. falciparum antigens in PBMC from Fulani
was definitely higher than in Mossi, and the depletion of CD25�

cells did not affect the proliferation of PBMC from Fulani. In
contrast, CD25� depletion induced an increase in proliferation
in the P. falciparum-stimulated cultures from Mossi, thus con-
firming that fully functional, activated Treg were modulating this
immune response. Although the specificity of Treg to P. falci-
parum antigens needs to be further investigated, the lack of
interferences of CD25� cell depletion in the proliferative re-
sponse to the control antigen SK suggests that few if any
SK-specific Treg are present in both of the populations studied
and that Treg in Mossi are rather derived from the expansion of
cells specific for more frequently encountered antigens, such as
P. falciparum.

Conclusions
In line with previous evidence from murine and human models
(8, 9, 22), these results suggest that Treg activity could be central
in the control of malaria infection also in populations exposed to
naturally high P. falciparum transmission. Furthermore, this
study highlights the existence of clear-cut differences in strategic
pathways of the immunoregulatory network between sympatric
populations differing in their genetic background and degree of
susceptibility to malaria. The functional deficit of Treg here
reported in Fulani is consistent with their higher susceptibility to
diseases with autoimmune pathogenesis such as diabetes mellitus
(29), pemphigus (30), and onchocercal skin disease (31). A
higher resistance against infectious diseases like P. falciparum
malaria could have been the driving selective force of this
disorder. The definition of the genes involved could have
important implications in the understanding of host–parasite
relationships and in the development of anti-malaria vaccines.

Materials and Methods
Populations. Subjects were recruited after oral informed consent for immu-
nological studies was obtained. The study protocol was approved by the
Technical Committee of the Centre National de Recherche et de Formation sur
le Paludisme of the Ministry of Health of Burkina Faso. Ten- to 15-ml blood
samples were collected at the end of the rainy season (October 2005). Buffy
coats from 10 healthy blood donors (mean age � SD � 39.9 � 7.0) were
supplied by Transfusional Center of Azienda Ospedaliera Careggi (Firenze,
Italy).

Reagents. Phycoerythrin-, FITC-, and allophycocyanin-conjugated anti-CD3,
anti-CD4, anti-CD25, anti-CD8, anti-CD19, anti-CD14, and isotype-matched
control mAbs were purchased from Becton Dickinson. Anti-FOXP3 antibody
was purchased from eBiosciences. POD anti-human IgG was purchased from
Behring. FOXP3 primer 20� Mix was purchased from Applied Biosystems.
TH1-TH2-TH3 PCR array, custom PCR array for CTLA4, FOXP3, FASLG, TLR5,
CX3CR1, TGFB, TGFBR, TRADD, SOCS2, PPI, and GAPDH, and the Human
Autoimmune and Inflammatory Response Gene Array were purchased from
SuperArray. yPfMSP1-19 (E-TSR)/VK1, yeast-secreted 19-kDa recombinant pro-
tein containing the carboxyl terminus of MSP1 from P. falciparum (3D7 strain)
and yPfCSP-RPEU3/VK1, yeast-secreted recombinant CSP protein from P. fal-
ciparum WELCH, were supplied by MR4. SK was purchased by Behring.

Parasite Extract Preparation. A laboratory strain (3D7) of P. falciparum was
cultured in group O� human RBC suspended in RPMI medium 1640 (GIBCO)
containing 10% heat-inactivated human serum. Schizont-stage parasites
were purified by sedimentation through 60% Percoll. Mature schizont-
infected erythrocytes were lysed with 0.05% saponin/0.06 M NaCl, washed
with PBS, and subjected to three freeze–thaw cycles (�156°C/37°C). The
schizont-soluble fraction was obtained by repeated centrifugations of the
lysate, and protein concentration was determined by Bio-Rad assay in 0.2-�
Millex filtered supernatants.

Flow Cytometric Analysis. Flow cytometry analysis was performed as detailed
elsewhere (32) on PBMC of the 13 Mossi and 13 Fulani described above. Briefly,
cells were analyzed on a BDLSRII cytofluorimeter using Diva software (BD
Biosciences). The area of positivity was determined by using an isotype-
matched control mAb. Ten thousand events for each sample were acquired.
Statistical analysis was performed by using Student’s t test. P � 0.05 was
considered significant.

Cellular Populations. PBMC were isolated by Ficoll density gradient and frozen
in liquid nitrogen until they were used. Depletion of CD25� cells was obtained
by using anti-CD25 mAb conjugated microbeads (Miltenyi Biotec) in PBMC.
CD4�CD25� cells were affinity-purified by using anti-CD25 mAb conjugated
microbeads in a CD4� enriched population as described (32). In selected
experiments CD4�CD25high cells were isolated by FACS sorting (FACSVantage)
using a phycoerythrin-coupled anti-CD25 mAb.

Antigen-Specific Proliferative Response. Total PBMC or PBMC depleted of
CD25� cells (106 per milliliter), suspended in medium supplemented with 10%
FCS, were cultured in triplicate on 96 U-bottomed plates (Nunc) for 5 days in
the presence or absence of schizont antigen (10 �g/ml) or SK (5,000 units/ml).
On day 5 cells were pulsed for a 16-h pulse with 0.5 �Ci of [3H]thymidine per
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well (Amersham), cultures were harvested, and radioactivity was measured
with a scintillation counter.

Quantitation of Cytokines and Antibodies. The quantitative determination of
CXCL10, CCL22, TGF-�, and IL-10 in the sera of patients was performed by
ELISA (Quantikine; R & D Systems) according to the manufacturer’s instruc-
tions. IgG against P. falciparum CSP and MSP-119 were measured by ELISA as
described (6). Data were compared by using the Kruskal–Wallis test. P � 0.05
was considered significant.

Quantitative Real-Time PCR Analysis. Total RNA was extracted with TRIzol
reagent (Invitrogen) from PBMC of five Mossi (two males and three females,
mean age � 42.0 � 11.4 years) and five Fulani (three females and two males,
mean age � 40.6 � 9.8 years) and from CD4�CD25� cells of 12 Mossi (seven
females and five males, mean age � 42.4 � 11.1 years) and 12 Fulani (seven
females and five males, mean age � 39.3 � 8.7 years). All of the Mossi and
Fulani were included in the groups described above. RNA (50 ng) was reverse-
transcribed by using SuperScript reverse transcriptase (Invitrogen). Specific or
custom PCR array (SuperArray) was used to simultaneously examine the mRNA
levels of several genes according to the manufacturer’s protocol. Quantitative
real-time PCR analysis was performed with the ABI PRISM 7700 sequence
detector (Applied Biosystems). To examine the expression of the FOXP3 gene,
FOXP3 primer control reagent Mix and TaqMan PCR Master mix (Applied
Biosystems) were also used with the following protocol: 50°C/3 min, 95°C/10
min, 95°C/15 s, and 60°C/1 min for 40 cycles. Normalization was performed
based on the mean of three HK genes, actin, PPIA, and GAPDH, in both cases.

Relative amounts of RNA for each gene and fold increase were calculated by
using the 2��CT method or the 2���CT method (33). Statistical analysis was
performed by using Student’s t test. P � 0.05 was considered significant.

Microarray Analysis of CD4�CD25� Cell Populations. RNA was extracted inde-
pendently from five Mossi (three females and two males, mean age � 43.2 �
3.1 years) and five Fulani (three females and two males, mean age � 40.8 �
13.4 years) all included in the groups described above and five European
donors (three females and two males, mean age � 38.0 � 4.7 years). A total
of 100 ng for each of the donor groups (Mossi, Fulani, and European donors)
was pooled. Sample labeling and processing were performed with GEArray
Ampolabeling LPR kit (SuperArray) by using [�-32P]dCTP (Amersham) accord-
ing to the supplier’s instructions. Radioactivity was quantified with a Packard
Cyclone phosphorimager. Image processing and intensity data extraction
were performed with the GEArray Expression Analysis Suite (SuperArray). The
results obtained for each group, normalized to the mean value of actin,
GAPDH, and PPI as HK genes, were compared by scatter plot analysis using
GeneArray Expression Analysis Suite software with 1.9 as boundary value for
fold change. This procedure was replicated with another set of pooled RNA
from the same donors and a second set of microarrays to assess the variability
associated with the preparation of targets and processing of microarrays.
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