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Abstract
The mechanisms underlying the modulation of both the malaria-specific immune response and the
course of clinical malaria in the context of concomitant helminth infection are poorly understood.
We used multiparameter flow cytometry to characterize the quality and the magnitude of malaria-
specific T cell responses in filaria-infected and -uninfected individuals with concomitant
asymptomatic Plasmodium falciparum malaria in Mali. In comparison with filarial-uninfected
subjects, filarial infection was associated with higher ex vivo frequencies of CD4+ cells producing
IL-4, IL-10, and IL-17A (p = 0.01, p = 0.001, and p = 0.03, respectively). In response to malaria
Ag stimulation, however, filarial infection was associated with lower frequencies of CD4+ T cells
producing IFN-γ, TNF-α, and IL-17A (p < 0.001, p = 0.04, and p = 0.04, respectively) and with
higher frequencies of CD4+IL10+T cells (p = 0.0005). Importantly, filarial infection was
associated with markedly lower frequencies of malaria Ag-specific Th1 (p < 0.0001), Th17 (p =
0.012), and “TNF-α” (p = 0.0008) cells, and a complete absence of malaria-specific
multifunctional Th1 cells. Filarial infection was also associated with a marked increase in the
frequency of malaria-specific adaptive regulatory T/Tr1 cells (p = 0.024), and the addition of
neutralizing anti–IL-10 Ab augmented the amount of Th1-associated cytokine produced per cell.
Thus, among malaria-infected individuals, concomitant filarial infection diminishes dramatically
the frequencies of malaria-specific Th1 and Th17 T cells, and alters the quality and magnitude of
malaria-specific T cell responses.

Despite their complexity, parasitic helminths are the most prevalent pathogens in resource-
poor countries, especially in sub-Saharan Africa where soil- and vector-transmitted
helminths affect ~500 million people (1). Although helminths often cause chronic infections
that rarely result in mortality, they do induce a regulatory environment that can influence the
efficacy of vaccines and can modulate the host immune response to other pathogens (2).
Although early or acute infection with tissue-invasive helminth parasites, such as
schistosomes or filariae, are associated with proinflammatory innate responses and with a
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nonpolarized or mixed type 1/type 2 adaptive responses, as these infections become patent
(when egg laying occurs or microfilariae appear), type 1 responses are markedly
downregulated, and there is an expansion of those cells mediating type 2 responses (3, 4).
With more longstanding infection, the dominant parasite-specific immune response is one
characterized by the induction of regulatory networks mediated in large part by IL-10–
producing adaptive regulatory T cells (aTregs)/Tr1 cells and natural regulatory T cells
(nTregs) (5, 6). These regulatory networks induced during chronic helminth infection
(particularly schisto-some and filarial infections) have been implicated in both the
modulation of parasite-specific immune responses and responses to nonparasite Ag, the
latter through bystander effects (so-called spillover suppression) (7). Not only does the
helminth-induced attenuation of the immune response extend to nonparasite soluble Ag, but
also to responses to orally and parenterally administered vaccines (8–10), other infectious
diseases (e.g., Helicobacter pylori, Mycobacterium tuberculosis, Plasmodium falciparum,
and HIV) (11–14), and aeroallergens (15).

Of the diseases whose immune responses are modulated by the presence of concomitant
helminth infection, malaria holds primacy as the infection affects >2 billion people
worldwide resulting in >500 million clinical cases that lead to death in 1–2 million people
annually (16, 17). Ninety percent of the clinical episodes and deaths occur in sub-Saharan
Africa (16, 17). Sub-Saharan Africa bears not only the heaviest burden of malaria, but the
region also has the greatest prevalence of the neglected tropical diseases, particularly soil-
and vector-transmitted helminths (1). As in most tropical regions of the world, malaria and
helminth infections in Africa often occur in the same host (18) with the outcome and/or
control of one infection being influenced by opposing responses induced by the other (2, 19,
20). Despite the conflicting data with respect to clinical outcomes of malaria in helminth/
malaria coinfection (13), it is clear that helminth infections [particularly those that are tissue
invasive (e.g., filariae)] induce regulatory immune responses that modulate responses to a
variety of pathogens, including malaria (21–23). Indeed, in a recent study in a malaria/filaria
coendemic area of Mali, we showed that chronic filarial infection was associated with an
IL-10–dependent diminution of malaria-specific production of IL-12p70, IFN-γ, and IP-10
(22), cytokines known to play an important role in mediating immunity to malaria (20, 24–
28).

The advent of multiparameter flow cytometry and the development of polychromatic Abs
for intracellular staining has led not only to the characterization of multifunctional Th cells
and their association with disease outcomes, but also to the elucidation of the correlates of
protection for diseases involving cellular immune responses (29, 30). Thus, in this study, we
sought to use multiparameter flow cytometry to characterize the malaria-specific T cell
compartments (effector and regulatory T cells [Tregs]) and to determine definitively the
source(s) of IL-10 in the context of malaria/filaria coinfection. In so doing, we found that the
presence of a patent filarial infection modulates the magnitude and quality of effector T cell
responses to malaria Ag stimulation and does so through the expansion of both nTregs and
aTregs. Moreover, we found that CD4+CD25−/low FOXP3− T cells were the major source of
IL-10 that, in turn, was primarily responsible for the modulation of effector T cell responses.

Materials and Methods
Study population

The study was carried out in Tienéguébougou and Bougoudiana, two villages situated ~105
km northeast of Bamako, Mali, in a malaria-endemic area with seasonal transmission. The
study (NCT00471666) was approved by the National Institute of Allergy and Infectious
Diseases Institutional Review Board and the Ethical Committee of the University of Mali,
and informed consent was obtained from all participants in the local language.
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Detection of filarial infection
Before the start of the study, screening of adults in the villages showed the prevalence of
circulating Wuchereria bancrofti filarial antigenemia (TropBio, Townsville, Australia) (31)
to be 53% in Tienéguébougou and 36% in Bougoudiana. The prevalence rate of Mansonella
perstans microfilariae by calibrated thick smear examination was 62% in Tienéguébougou
and 63% in Bougoudiana. At the time of the study, stool examinations revealed only
Hymenolepis nana in four individuals and Enterobius vermicularis in one individual. No
other helminth eggs or larvae were detected, likely reflecting the administration of single-
dose mebendazole and praziquantel 6 wk before the study given to treat potential
confounding schistosome and intestinal helminth infections.

The filaria-positive group (Fil+) was defined as positive for circulating filarial Ag and/or
having either W. bancrofti or M. perstans microfilariae on examination of nighttime blood
smears. The filaria-negative group (Fil−) had neither circulating Ag for W. bancrofti nor
microfilariae of either W. bancrofti or M. perstans.

Detection of asymptomatic malaria
Malaria parasites were detected by microscopy using routine Giemsa-stained thick and thin
blood smears. Slides were read in two different laboratories at the Malaria Research and
Training Center Bamako by two well-trained biologists. Discordant results were reconciled
by a third expert microscopist. In addition to parasitemia, the level of circulating P.
falciparum histidine-rich protein 2 (PfHRP2) was determined using a commercially
available PfHRP2 ELISA kit (Standard Diagnostics, Kyonggido, Korea) using a modified
protocol as previously described (32). Recombinant PfHRP2 used to set a standard curve
was a gift from Dr. D. Sullivan (Johns Hopkins Malaria Institute, Baltimore, MD).
Asymptomatic malaria was defined as positive for either P. falciparum trophozoites by
microscopy or positive for PfHRP2 ELISA and no symptoms. For this study, 28 volunteers
between 11 and 18 y of age with asymptomatic malaria (13 Fil− and 15 Fil+) were enrolled
before the start of the malaria transmission season.

Whole-blood culture—Heparinized blood was collected from study subjects in the
villages and transported at ambient temperature to the laboratory in Bamako for processing.
Whole blood (1 ml) was used for leukocyte counts and differentials using an automated cell
counter (Beckman-Coulter). The remaining blood samples were diluted 1:1 in RPMI 1640
supplemented with penicillin/streptomycin (100 U/100 µg/ml), L-glutamine (2 mM), and
HEPES (10 mM) (all from Invitrogen, San Diego, CA). P. falciparum schizont lysate (PfSL)
was prepared as described previously (22) and used at 104 infected RBCs/ml final
concentration. One milliliter of diluted blood samples was left unstimulated, with the rest
being stimulated PfSL or purified protein derivative ([PPD] Statens Serum Institut,
Copenhagen, Denmark) or Staphylococcus aureus enterotoxin B ([SEB] Toxin
Technologies, Sarasota, FL) for 24 h in a CO2 incubator at 37°C with 5% CO2. Separate
blood samples stimulated with PfSL were also cultured in the presence of 20 µg/ml
neutralizing anti-human IL-10 or an isotype-matched control Ab (R&D Systems,
Minneapolis, MN). Brefeldin A (20 µg/ml final concentration; Sigma-Aldrich, St. Louis,
MO) was added to the samples after 12 h of incubation.

Flow cytometry—For flow cytometry, cells were prepared and analyzed exactly as
described previously (5). In brief, cells from stimulated whole blood fixed after lysing the
RBCs were stored at 280°C in PBS-10% DMSO and transported to the United States in
liquid nitrogen. After thawing the cells, they were washed in PBS, permeabilized, and
blocked as described previously. The cells were then stained with the Ab panels for effector
and regulatory cells (Supplemental Table I). Samples were acquired on a BD LSRII (BD
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Pharmingen) and analyzed using FlowJo (Tree Star, Ashland, OR). Fluorescence minus one
staining was used to set up gates for positive events (Supplemental Fig. 1).

Statistical analyses—Both medians and geometric means (GMs) were used as a measure
of central tendency. The Mann–Whitney U and Wilcoxon signed rank tests were used for
paired and unpaired analyses, respectively; the Spearman rank test was used for correlations;
and p values were corrected for multiple comparisons using the Holm’s correction. All
analyses were performed using Prism V5.0 (GraphPad Software, San Diego, CA).

Results
Study population

Patients used for this study were a subset of a cohort of Fil+ and Fil− subjects followed for a
clinical trial in malaria/filaria coendemic region. The study was carried out in two Malian
villages where malaria (P. falciparum) and filarial infections are coendemic. Two filarial
parasites species are present in these villages, W. bancrofti and M. perstans. Malaria in these
regions is caused mainly by P. falciparum. Twenty-eight individuals all with asymptomatic
P. falciparum malaria were enrolled in the study before the malaria transmission season. As
shown in Table I, 13 individuals were Fil− and 15 individuals were Fil+. At the time of the
study, all individuals had asymptomatic malaria as determined by the presence of P.
falciparum trophozoites on thick blood smear or PfHRP2 Ag ELISA. There were no
differences between the groups in terms of demographics or measured hematologic
parameters. As shown in Table I, there were no differences in the concentration of PfHRP2,
the number of trophozoites, the hemoglobin levels, or the total number of WBCs between
the two groups.

Filarial infection is associated with lower frequencies of PPD- and malaria-specific
proinflammatory cytokine-producing CD4+ cells

As shown in Fig. 1, coinfected subjects spontaneously had higher frequencies of CD4+ T
cells producing IL-17A, IL-10, and IL-4 in concert with what we have previously reported
(5). The net frequencies of PPD and malaria Ag-specific cytokine-producing CD4+ cells
(after subtraction of the frequencies of spontaneous production) were determined and
compared between the Fil− and Fil+ groups (Fig. 1). The frequencies of malaria Ag-driven
CD4+ cells producing IFN-γ (median [range]: 0.48 [0.31–0.56] versus 0.13 [0.00–0.16]; p <
0.0001), IL-17A (0.43 [0.12–0.86] versus 0.23 [0.02–0.88]; p = 0.04), and TNF-α (0.53
[0.27–1.36] versus 0.28 [0.14–1.30]; p = 0.04) were significantly higher in the Fil−/Mal+

group compared with the Fil+/Mal+ group. In contrast, the frequency of malaria Ag-driven
CD4+ cells producing IL-10 (0.47 [0.08–1.58] versus 0.18 [0.1–0.32]; p = 0.0005) was
significantly higher in the Fil+/Mal+ group compared with the Fil−/Mal− group (Fig. 1).
There were no differences in the frequencies of cytokine-producing CD4+ cells between the
two groups in response to PPD or SEB stimulation.

The absolute numbers of cytokine-producing CD4+ T cells were also calculated and
compared between the two groups (Supplemental Table II). The absolute numbers of CD4+

cells producing IFN-γ (median [range]: 1767.0 [322.0–5023] versus 481.4 [0.0–631.49]; p =
0.0013) and TNF-α (2064.0 [234.5–7458.0] versus 1055 [48.26–4072.8]; p = 0.03) in
response to PfSL stimulation were significantly higher in Fil− compared with Fil+ and
reflected the difference seen using relative frequencies. Not surprisingly, the absolute
number of IL-10–producing CD4+ T cells (884.3 [92.38–2929.0] versus 2261.0 [37.12–
11239.0]; p = 0.04) was significantly higher in the Fil+ compared with Fil− group
(Supplemental Table II). There were no differences in the absolute numbers of cytokine-
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producing CD4+ cells between the two groups in response to SEB stimulation
(Supplemental Table II).

Frequency of Ag-specific multiple cytokine-producing CD4+ T cells
In the context of coinfection with two parasites that tend to polarize the immune response
toward different effector CD4+ Th subsets, we used multiparameter flow cytometry to
characterize the Th subsets induced by malaria Ag, PPD, or SEB stimulation in Fil+/Mal+

and Fil−/Mal+ individuals. The frequencies of malaria-specific CD4+ cells producing only
IFN-γ, IL-17A, or TNF-α were significantly higher in the Fil−/Mal+ compared with the
Fil+/Mal+ group (p < 0.0001, p = 0.0024, and p = 0.04, respectively; Fig. 2A). In contrast,
the frequency of CD4+ cells producing IL-10 alone (p = 0.028) was significantly higher in
the Fil+/Mal+ compared with the Fil−/Mal+ group. In addition, the frequencies of CD4+ cells
coexpressing IFN-γ/TNF-α, IL-17A/TNF-α, 17A/IL-10, IL-10/TNF-α, or 17A/IL-10/TNF-
α were significantly higher in the Fil−/Mal+ group compared with the Fil+/Mal+ group (p =
0.006, p = 0.011, p = 0.015, p = 0.006, and p = 0.018; Fig. 2A). However, the frequencies of
CD4+ cells producing IL-4/IL-10 were significantly higher in Fil+/Mal+ compared with Fil−/
Mal+ groups (p = 0.04). These differences were specific to malaria Ag because only the
frequencies of CD4+ cytokine-producing cells in response to PPD (Fig. 2B) or SEB (Fig.
2C) were not different (with the exception of CD4+ IFN-γ+ cell in response to PPD; p =
0.026) between the two groups.

Multifunctional T cells in response to Ag stimulation
The ability to measure the simultaneous expression of multiple cytokines allowed us to
categorize the cytokine-producing CD4+ T cells into functional subsets (Th1, Th2, Th17.
“TNF-α,” and aTreg/Tr1; Supplemental Table II). Because both Th1 and Th17 cells produce
TNF-α and IL-10, CD4 T cells producing TNF-α either alone or together with IL-10 were
arbitrarily classified as “TNF-α”. As shown in Fig. 3, in response to malaria Ag stimulation,
the frequencies of malaria-specific Th1. “TNF-α,” and Th17 cells were significantly higher
in the Fil−/Mal+ compared with the Fil+/Mal+ groups (median [range]: 0.39 [0.26–0.53]
versus 0.09 [0.05–0.12], p < 0.0001; 0.25 [0.05–0.77] versus 0.17 [0.00–0.21], p = 0.0008;
and 0.38 [0.17–0.71] versus 0.017 [0.07–0.17], p = 0.012, respectively). In contrast, the
frequency of aTreg/Tr1 cells was significantly higher in the Fil+/Mal+ compared with the
Fil−/Mal+ group (0.08 [0.01–0.57] versus 0.03 [0.00–0.19]; p = 0.024), with no differences
seen in the frequencies of malaria-specific Th2 cells between the groups (Fig. 3A). In
response to PPD, only the frequency of Th1 CD4+ T cells was significantly higher in the
Fil−/Mal+ compared with the Fil+/Mal+ groups (0.23 [0.05–0.41] versus 0.11 [0.01–0.24]; p
= 0.002; Fig. 3B). In response to SEB, the frequencies of all of these subsets were
comparable between the two groups except for that of Th2 cells, which were higher in the
Fil+/Mal+ compared with the Fil−/Mal+ groups (0.89 [0.13–4.00] versus 0.48 [0.01–1.71]; p
= 0.03; Fig. 3C).

The use of polychromatic Abs in intracellular cytokine staining has led to the
characterization of multifunctional Th cells and their association with disease outcomes (29,
30, 33). Thus, we calculated the percentage of patients in whom multifunctional T cells
could be induced by malaria Ag, PPD, or SEB stimulation in the Fil− and Fil+ groups. As
shown in Fig. 3D the presence of filarial infection was associated with the complete absence
of multifunctional Th1 cells (Th1 triple producers, p = 0.003) and a lower percentage
(compared with Fil−) of patients with multifunctional and single Th17 cells (p = 0.016 and p
= 0.007, respectively; data not shown) in response to malaria Ag stimulation. In contrast,
there were no differences in the proportion of patients who produced multifunctional Th
cells in response to PPD and SEB between the two groups (Fig. 3E, 3D respectively).
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Effect of anti–IL-10 blockade on the frequency of malaria Ag-induced cytokine-producing
cells

Several studies have shown that blocking IL-10 can reverse the modulated Th1-type
cytokine secretion by cells from Fil+ subjects (22, 34). Thus, we examined the effect of
neutralizing anti–IL-10 Ab on Ag-specific cytokine production based on the integrated GM
fluorescence intensity (GMFI), a parameter that encompasses cell number (frequency of
cytokine-producing cells) and the quantity of the cytokine produced (GMFI). When the
integrated GMFI of each cytokine produced in the presence or absence (isotype control) of
neutralizing IL-10 Ab in malaria Ag-stimulated whole blood from Fil+/Mal+ and Fil−/Mal+

patients was calculated, we found that, in response to malaria Ag stimulation, the production
of IFN-γ (GM [range]: 1296 [847.8–2978] versus 524.7 [47.1–1868]; p = 0.03) was
significantly increased in the presence of neutralizing anti–IL-10 Ab (Fig. 4A). However,
the addition of neutralizing anti–IL-10 to PPD-stimulated cultures did not increase cytokine
production in CD4+ T cells (Fig. 4B).

Frequency of nTreg and the sources of IL-10 in response to malaria Ag stimulation
The frequency of nTreg induced by PfSL was next examined and shown to be significantly
increased in the Fil+/Mal+ group compared with the Fil−/Mal+ group (median [range]: 0.26
[0.0–1.28] versus 0.04 [0.0–0.61]; p = 0.009; Fig. 5A).

Because IL-10 has long been implicated in immune modulation in both malaria and human
lymphatic filariasis (35, 36), we sought to identify more definitively the sources of T cell-
derived IL-10 in the context of coinfection. To this end, we compared the amount of IL-10
produced by effector cells (CD4+CD25−/lowFOXP3−) and Tregs (CD4+CD25highFOXP3+)
within the same subject between Fil− and Fil+ groups in response to malaria Ag stimulation
(Fig. 5B). Within a given individual, the amount of malaria-specific IL-10 produced by
effector cells (CD4+CD25−/low) was significantly higher than that of IL-10 produced by
nTregs (CD4+CD25+/high) in either the Fil− and Fil+ groups (p = 0.0012 and p = 0.0002,
respectively). Aggregated group data showed the amount of IL-10 produced by CD4+

effector cells was significantly greater in the Fil+/Mal+ compared with the Fil−/Mal+ groups
(p = 0.0002).

Because IL-10 has been shown to be produced by all CD4+ helper and regulatory subsets,
we next examined the contribution of each of the major CD4+ cell subset to the CD4-derived
IL-10 pool induced by malaria Ag. As shown in Fig. 5C irrespective of filarial status, the
aTreg/Tr1 cells provided the overwhelmingly largest contribution to IL-10 pool. The
contribution of other IL-10–producing CD4+ subsets differed to a small degree as well
between the two groups. Thus, in the context of coinfection, aTreg/Tr1 cells are the
predominant producer of IL-10, with nTreg contributing little to the IL-10 pool in Fil+

subjects.

Discussion
Tissue-invasive helminth parasites (such as schistosomes or the filariae) cause chronic
infections that induce an immune response dominated by modulating cytokines (such as
IL-10 and TGF-β) (35) and regulatory cell populations (36, 37). This immunomodulating
environment not only regulates the immune response to specific parasite Ags but also to
nonparasite Ags through bystander or “spillover” suppression (7). Although the mechanisms
underlying this suppression are still not completely understood, it is thought that IL-10 plays
the major role (22, 34). The IL-10–dominated environment induced by chronic helminth
infection has been shown previously to modulate the responses to vaccination (8, 9, 12),
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allergen skin tests (15), and nonhelminth pathogens, including H. pylori (11), M.
tuberculosis (38, 39), P. falciparum (21, 22, 40), and HIV (14).

Although helminth infections modulate the responses to many pathogens, their effect on the
immune responses to pathogens that induce type 1 immune responses such as malaria and
tuberculosis may have the greatest impact because the regions with the greatest prevalence
of helminth infections are also where malaria and tuberculosis are most deadly (17, 41).
Interestingly, protection to disease associated with these pathogens is mediated in large part
by type 1 (Th1)-associated cytokines (IFN-γ, IL-2, and TNF-α) (42–44).

In helminth/malaria coendemic areas, infection with either schistosomiasis or the filarial
parasite, W. bancrofti has been shown to downregulate the production of malaria-specific
IFN-γ in vitro, most likely through the actions of IL-10 (22). These data do not preclude the
involvement of other regulatory mechanisms induced by helminth parasites, however. In
fact, in a recent study in Indonesia, depletion of CD4+CD25+ Tregs was shown to reverse a
downregulated malaria- and bacillus Calmette-Guérin–specific T cell proliferative response,
as well as IFN-γ production (23).

IFN-γ and other Th1-associated cytokines play a pivotal role in immunity to malaria (26,
45). Although many cell types can produce IFN-γ, CD4+ Th1 cells are considered the major
source of this cytokine in malaria (46, 47) though the presence of concomitant systemic
helminth infection has been shown to impair the production of IFN-γ (23, 34).

Using multicolor flow cytometry, we were able to define broadly the different subsets of Th
cells in helminth-infected and –uninfected subjects with concomitant asymptomatic malaria
infection and, in so doing, found that filarial infections were associated with lower
frequencies of malaria-specific Th1, Th17, and “TNF-α” CD4+ subsets. This suggests that
the presence of a patent filarial infection prevents expansion of these important effector T
cell subsets. Although the role of Th17 cells in malaria remains to be delineated, Th17 cells
and their associated cytokines have been implicated in mediating some of the pathologic
consequences in autoimmune diseases (48) and schistosomiasis-associated liver pathology
(49). Furthermore, in a filarial/M. tuberculosis coinfection study in India, filarial infection
was associated with reduced production of M. tuberculosis-specific Th1- and Th17-
associated cytokines (IFN-γ, IL-12, IL-17, and IL-23) (38).

The “TNF-α” subset, defined as malaria Ag-driven CD4+ T cells producing TNF-α either
alone or concurrently with IL-10, was also significantly diminished in filarial-infected
individuals. The low production of TNF-α in Fil+ individuals may have direct consequences
on the severity of and/or protection against malaria. Although exuberant production of TNF-
α and other proinflammatory cytokines, such as IL-6 and IL-1b, have been associated with
severe malaria, high plasma levels of TNF-α have also been associated with rapid malaria
parasite clearance and cure (50, 51). Although TNF-α is produced by almost all cell types,
CD4+ T cells have been shown to be an important source of this cytokine during malaria
(52).

Furthermore, despite the paucity of flow cytometry-based studies in malaria, previous
studies using four-color flow cytometry have found that the frequency of CD8+ and CD4+ T
cells expressing either IFN-γ or IL-2 alone or coexpressing IL-2 and IFN-γ increased with
age (53), and that the frequency of CD3+ cells producing and TNF-α or IFN-γ alone or in
combination were associated with resistance to P. falciparum reinfection and protection
against severe disease (54, 55).

A major finding in this study was the association of filarial infection with the absence of
malaria-specific multifunctional Th1 cells and a lower proportion of malaria-specific Th17
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single-, double-, and triple-cytokine–producing cells. Although the functional significance
of these multifunctional CD4+ T cells in malaria remains to be elucidated among malaria-
endemic populations, their importance in vaccine models in humans and animals has been
elucidated. In fact, in a vaccine study with malaria-naive volunteers, Roestenberg and
colleagues (56) showed that immunized volunteers were protected against peripheral blood
parasitemia and induced polyfunctional memory Th1 cells. In animal models, vaccination of
mice with an adenoviral vector coding for a liver stage Ag induced malaria-specific
polyfunctional CD8+ cells and protection in a model of malaria (53, 57). Moreover,
vaccination of either nonhuman primates or C57BL/6 mice with P. falciparum
circumsporozoite protein with polyinosinic:polycytidylic acid (as an adjuvant) induced
malaria-specific Abs and multifunctional CD4 T cells in both animal models (58). In fact,
multifunctional CD4 T cells have been shown to be correlated with successful vaccination
(33, 59, 60) and protection in disease involving cellular immune responses in HIV, hepatitis
C virus, and tuberculosis (61–63). Because natural immunity to malaria is complex and
involves both cell-mediated and Ab responses, the ability to detect multifunctional T cells
during malaria is of utmost importance in assessing the quality of T cell response induced by
natural infection and ultimately to measure the outcome of vaccine regimens (64).

In this study, we also found that filarial infection was associated with higher frequencies of
nTreg and aTreg/Tr1 cells, the latter being the major source of IL-10. We have previously
reported that filarial infection was associated with increased in vitro secretion of IL-10 that
was responsible for the downregulation of malaria-specific proinflammatory cytokines (22).
These data have parallels in a murine model of malaria in which IL-10 (capable of
modulating malaria-specific proinflammatory responses) were produced by CD4+

FOXP3−CD25− cells (65). In this study, we investigated the impact of filarial infection on
the malaria-specific T cell response in young infants with relatively shorter experience with
chronic filarial infection compared with adults, or with no pathology. Although the immune
interaction between filarial infection and malaria-specific immune response may be different
in adults with patent filarial infection or with pathology, we recently showed that chronic
filarial infection even in infants was associated with increased frequencies of nTregs and
aTregs/Tr1 cells (5).

Our data demonstrate that in filarial/malaria coinfection, the presence of filarial infection
clearly modulates both the magnitude and the quality of T cell responses to malaria Ag. This
quantitative deficiency in malaria-specific Th1, Th17, and TNF-α CD4+ cells and the
complete absence of multifunctional Th1 cells associated with filarial infection suggest that
concomitant filarial infection may lead to a profound inability to mount a response important
for providing protection from severe malaria and for dampening the success of malaria
vaccination programs in filaria-endemic regions of the world, including sub-Saharan Africa.
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Fil− filarialnegative (uninfected)

Fil+ filaria-positive (infected)

GM geometric mean

GMFI geometric mean fluorescence intensity

nTreg natural regulatory T cell

PfHRP2 Plasmodium falciparum histidine-rich protein 2

PfSL P. falciparum schizont lysate

PPD purified protein derivative

SEB Staphylococcus aureus enterotoxin B

Treg regulatory T cell
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FIGURE 1.
Filarial infection is associated with lower frequencies of malaria-specific IFN-γ–, IL-17A–,
and TNF-α–producing but higher frequency of IL-10–producing CD4+ cells and lower
frequency of PPD-specific IFN-γ–producing CD4+ T cells. Flow cytometry was used to
determine the frequency of cytokine-producing CD4+ T cells in unstimulated, PfSL-, PPD-,
or SEB-stimulated whole blood. Graphs show the GM frequencies of CD4+ cells producing
cytokines at homeostasis (media, top left panel) and in response to malaria Ag (PfSL, top
right panel), PPD (bottom left panel) or SEB (bottom right panel). Data are expressed as the
GM (+ 95% confidence limits) frequencies in 13 Fil−Mal+ patients (open bars) and 15
Fil+Mal+ (closed bars) individuals.
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FIGURE 2.
Coinfection is associated with lower frequencies of malaria-specific IFN-γ/TNF-α, IL-17A/
IL-10/TNF-α multiple cytokine-producing CD4+ T cells, lower frequencies of malaria and
PPD-specific IFN-γ single cytokine-producing CD4+ T cells. The frequencies of multiple
cytokine-producing CD4+ T cells were determined with Boolean gating, and the net
frequencies of cytokine-producing CD4+ T cells from malaria Ag- (A), PPD- (B), or SEB-
stimulated (C) cultures are shown. The bars and error bars represent the GM + 95%
confidence limit.

Metenou et al. Page 15

J Immunol. Author manuscript; available in PMC 2012 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 3.
Filarial infection is associated with a lower frequency of malaria-specific Th1 and Th17 and
PPD-specific Th1-associated CD4+ cells, the absence of malaria-specific multifunctional
Th1 cells. Cytokine-producing CD4 T cells were grouped into T cell subsets categories
based on the cytokine they produced. The net frequencies of CD4+ Th cell subsets were
compared between Fil−Mal+ and Fil+Mal+ subjects in response to malaria Ag (A), PPD (B),
and SEB (C). The proportion of subjects with CD4+ Th1 cells producing three, two, or one
cytokine in response to malaria Ag (D), PPD (E), and SEB (F) stimulation are shown on the
pie charts.
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FIGURE 4.
Addition of neutralizing anti–IL-10 Ab significantly increased the relative amount of IFN-γ
in response to malaria Ag stimulation in filarial/malaria coinfected subjects. Integrated
GMFI (iGMFI) showing the relative amount of cytokine produced in response to malaria Ag
(A) or to PPD (B) stimulation in the presence of anti–IL-10 (squares) or isotype control
(circles) Abs. Each pair of dots represents an individual patient’s cells.
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FIGURE 5.
Despite the higher frequency of nTregs cells in filaria-infected subjects, IL-10 is mainly
produced by CD4+CD25−/low T cells, with Tr1 cells as the major producer after malaria Ag
stimulation. The net frequencies of CD4+CD25+FOXP3+CD127− cells are shown (A) with
each dot representing a single patient and the horizontal line representing the GM for the
group in response to PfSL stimulation (A). B, The integrated GMFI (iGMFI) of IL-10
produced by either CD4+CD25+/high or CD4+CD25−/low for each individual. C, The
contribution of each malaria-specific CD4+ T cell subset to the relative amount of IL-10
produced in response to PfSL stimulation in Fil−Mal+ (left pie chart) and Fil+Mal+ (right pie
chart).
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Table I

Study population

Infection Status

Fil−/Mal+ (n = 13) Fil+/Mal+ (n = 15) p Value

Age GM, y (range) 14.47 (11–17) 13.85 (11–18) NS

Female/male sex, n 1/12 4/11

Wb cAg level GM, U/ml (range) 0 460.8 (36.18–32000) N/A

Microfilaremia GM, mf/ml (range) 0 31.79 (17.0–238.0) N/A

Median Pftz/ml (range) 92.3 (0.0–727.3) 214.3 (0.0–1017) NS

Median PfHRP2, µg/ml (range) 3.44 (0.0–25.58) 0.36 (0.0–8.36) NS

WBC × 103/ml GM (range) 6.75 (3.5–9.3) 7.46 (4.9–11.8) NS

Hb GM, g/dl (range) 11.5 (9.4–13.20) 11.9 (9.9–14.8) NS

cAg, circulating Ag; Hb, hemoglobin; mf, microfilaria; N/A, not applicable; Pf, P. falciparum; Pftz, Pf trophozoites; Wb, W. bancrofti.
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