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IFN-� secretion by natural killer (NK) cells is pivotal to several tumor
and viral immune responses, during which NK and dendritic cells
cooperation is required. We show here that macrophages are
mandatory for NK cell IFN-� secretion in response to erythrocytes
infected with Plasmodium falciparum (Pf ), a causative agent of
human malaria. In addition, direct sensing of Pf infection by NK
cells induces their production of the proinflammatory chemokine
CXCL8, without triggering their granule-mediated cytolytic pro-
grams. Despite their reported role in Pf recognition, Toll-like
receptor (TLR) 2, TLR9, and TLR11 are individually dispensable for
NK cell activation induced by Pf-infected erythrocytes. However,
IL-18R expression on NK cells, IL-18 production by macrophages,
and MyD88 on both cell types are essential components of this
previously undescribed pathway of NK cell activation in response
to a parasite infection.

innate immunity

In mammals, natural killer (NK) cells are found in blood, in
secondary lymphoid organs, and in peripheral nonlymphoid

tissues such as liver and lungs (1, 2). NK cells participate in host
innate responses that occur upon viral and intracytoplasmic
bacterial infections but also during the course of tumor devel-
opment and allogeneic transplantation (3). These lymphocytes
are not only important players of innate effector responses but
also participate to the initiation and development of antigen-
specific responses (4, 5). An involvement of NK cells in the
control of parasitic infections has been reported, but the mo-
lecular and functional basis of their activation in response to
parasites and�or parasite-infected cells remains unknown (6).

Plasmodium spp. are apicomplexan parasites responsible for
malaria infection, a major cause of human disease that leads to
300 million acute cases and at least 1 million deaths every year.
Among Plasmodium spp., Plasmodium falciparum (Pf ) causes
the most severe form of malaria (7). In human hosts, malaria
starts with the bite of an infected mosquito. The injected
parasites migrate from the skin to the liver in which they mature
and multiply. The incubation period usually lasts 5–7 days and
ends with release of parasites into the blood circulation. Subse-
quently, cyclic proliferation of parasites starts in red blood cells
(RBC), quickly followed by the clinical symptoms.

Despite major efforts to decipher the host response to Pf
infection, immunity to malaria is still poorly understood. This is
in part due to the highly sophisticated mechanisms used by Pf to
generate enormous antigenic variability and in part to the
unknown function of 60% of the 5,400 genes present in Pf
genome (7). In mouse models of malaria, NK cells represent an
important early source of IFN-�, and NK-cell depletion leads to

an increased parasitemia and higher mortality (6). In addition,
the NK complex (NKC), a genetic region of highly linked genes
encoding several receptors involved in NK cell function, plays a
role in immunological responses during murine malaria infection
(8). During experimental Pf infection of nonimmune human
volunteers, several cytokines including IFN-� are produced in
the serum 1–2 days prior to clinical symptoms and detectable
parasitemia, suggesting that cells from the innate immune system
detect the presence of the parasite very early during the course
of infection (9). In vitro experiments with human peripheral
blood mononuclear cells (PBMC) have also shown that NK cells
may be the first source of IFN-� after exposure to blood stage
Pf in an IL-12-dependent manner (10, 11). However, these
pioneering studies have been performed by using a single
laboratory Pf strain, and have raised a number of unresolved
issues regarding the extension of these observations to other Pf
strains and the factors required for NK cell activation. Here we
dissect the cellular and molecular requirements as well as the
functional consequences of NK cell activation in response to
blood stage Pf.

Materials and Methods
Parasites. Pf was cultured by a slightly modified standard proce-
dure in human RBC in RPMI medium 1640 containing bicar-
bonate, glutamine, 0.2% glucose, 50 �M hypoxanthine, 10 �g�ml
gentamicin, and 5% Albumax (Invitrogen) (12). The parasites
used in this study were FcR3, 3D7, FcR3-CSA, FcR3-CD36,
IPL�BRE1-ICAM1 (BC2), IPL�BRE1-CD36 (B3A4) (13), C9,
and BXII strains from Brazil, and 42-CSA and 193-CSA pla-
cental isolates from Cameroon also adapted to culture (14). CSA
(FCR3-CSA), CD36 (FCR3-CD36, IPL�BRE1-CD36), and
ICAM1 (IPL�BRE1-ICAM1) adhesive phenotypes were se-
lected from the FCR3 strain and maintained by panning as
described in ref. 15. Cultures were routinely tested for myco-
plasma contamination by ELISA and proved to be mycoplasma-
free in the laboratory of J.G. Trophozoites and mature schizont-
infected erythrocytes (Pf-RBC) were enriched by incubation
with modified fluid gelatin-Plasmion. After enrichment, para-
sitemia was comprised between 60% and 90%. Uninfected
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erythrocytes (RBC) were treated in the same conditions and
used as controls.

Cell Isolation and Stimulation. PBMC were isolated by Ficoll�
Hypaque density gradient centrifugation (Amersham Pharmacia
Biotech) from cytopheresis or whole blood samples obtained
from healthy volunteers (Etablissement Français du Sang, Mar-
seille, France). Human NK cells, plasmacytoid BDCA2� den-
dritic cells (PDC), dendritic cells (DC), and monocytes were
sorted by magnetic cell sorting (MACS), respectively, with
human NK cell isolation kit II, BDCA-4 cell isolation kit, human
blood dendritic cell isolation kit II, and human monocytes
isolation kit II (Miltenyi Biotec). The purity of all sorted
populations ranged from 85% to 97%. In some experiments,
purified cells were sorted by flow cytometry (FACSVantage SE,
BD Biosciences) to reach a purity of 99%. Mouse splenocytes or
human PBMC were seeded at 5 � 105 per well into 96-well
round-bottom tissue culture plates. Purified human PDC, DC, or
monocytes were seeded at 4 � 104 per well. For mixed spleno-
cytes experiments, 2.5 � 105 splenocytes of each mouse strain
were added to the wells. Purified human NK cells and mouse
Ky.2 NK cell lines were seeded at 105 per well. When indicated,
5 � 105 splenocytes were added to Ky.2. Cells were cultured in
the presence or absence of Pf-RBC or RBC (2 � 106). K562
tumor cells (2 � 105 per well) and phorbol 12-myristate 13-
acetate (PMA)�ionomycin (50 ng�ml PMA and 500 ng�ml
ionomycin) were used as positive controls for human and mouse
NK activation. When mentioned, human rIL-12 and mouse

rIL-12 (PeproTech) were added to cell cultures at 1 ng�ml and
20 pg�ml, respectively. For intracellular IFN-� assay, Golgi stop
(BD Biosciences) was added to cultures immediately when the
analysis was performed at 4 h, or during the last 6 h of the
incubation when the analysis was performed at 20–24 h. Other
tests were performed as described in Supporting Methods, which
is published as supporting information on the PNAS web site.

Results
NK Cell Activation by Pf-RBC. In vivo, NK cells can encounter Pf
infected RBC (Pf-RBC) in the blood and in the spleen, in the
presence of other leukocytes. We therefore coincubated Pf-RBC
(trophozoite�schizont stage, 3D7 Pf strain) with freshly isolated
human PBMC, to investigate whether primary NK cells are
activated under these circumstances. As shown in Fig. 1A (and
in Fig. 6, which is published as supporting information on the
PNAS web site), Pf-RBC induced the up-regulation of activation
markers, CD25 and CD69, on NK cells within PBMC. This
up-regulation was observed in all individuals tested upon 20–24
h of coculture with Pf-RBC, although its intensity was variable
among individuals. Moreover, IFN-� was produced by NK cells
upon 24 h of treatment with Pf-RBC, and as soon as 4 h in the
presence of suboptimal concentration of IL-12 (1 ng�ml) (Fig.
1B). In the later setting, the frequency of IFN-�-producing NK
cells was increased by 1.3- to 4.3-fold in the presence of Pf-RBC
compared with RBC (mean 2.1 � 0.5, P � 0.0001). Despite the
high variability of Plasmodium spp., the increase in CD25 and
CD69 surface expression (data not shown), and IFN-� produc-

Fig. 1. Pf-RBC-induced NK cell activation within PBMC. Freshly isolated human PBMC were cultured alone (0) or in the presence of the NK cell target K562,
Pf-RBC, or uninfected RBC (RBC). NK cell activation was analyzed by flow cytometry after gating on CD3�CD56� NK cells (A–C) or on CD56� lymphocytes (D).
Statistical analyses were done by using a one-tailed Wilcoxon signed rank test. (A) After 20–24 h of coculture, the percentage of CD25� cells within NK cells (Left)
and the mean fluorescence intensity (MFI) of CD69 staining on NK cells (Right) are indicated for 30 healthy donors. Each dot represents the result obtained from
one donor. (B) IFN-� production by NK cells in PBMC was assessed by flow cytometry after coculture with 3D7-RBC or RBC during 20–24 h (Left) or 4 h in the
presence of suboptimal doses of IL-12 (Right). Each dot represents the results from one donor. (C) IFN-� production by NK cells was determined after 4 h of PBMC
exposure to RBC infected with various Pf strains in the presence of IL-12. For each experiment, NK cell activation with the 3D7 strain was used as a control and
represents 100% of NK cell IFN-� production. Depending on the strains, 2–14 experiments were performed. Means � SEM are represented. (D) Lamp1 and Lamp2
mobilization by NK cells (CD3�) or CD56� T cells (CD3�) in PBMC was assessed by flow cytometry after 4 h of culture in the presence of monensin. One
representative experiment of five is shown.
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tion was induced by all nine Pf strains tested, including clinical
isolates (Fig. 1C). CD25 and CD69 expression were within
ranges comparable with those induced by the prototypical
human tumor cell target K562 (Fig. 1 A). In contrast to K562, we
could not detect signs of NK cell cytotoxicity upon encounter
with Pf-RBC, as shown by the absence of cytotoxic granule
exocytosis detected by Lamp1 (CD107a) and Lamp2 (CD107b)
cell-surface redistribution (Fig. 1D) (16). Therefore, RBC in-
fected by multiple Pf strains induced the up-regulation of CD25
and CD69 expression as well as IFN-� production by human NK
cells within PBMC.

Full NK Cell Activation Induced by Pf-RBC Requires Help from Macro-
phages. Purified NK cells were responsive to Pf-RBC, as shown
by the up-regulation of CD69 cell-surface expression (Fig. 2A).
Importantly, Pf-RBC also induce purified NK cells to produce
CXCL8 (IL-8), a proinf lammatory cytokine characterized by
its leukocyte chemotactic activity and its NK stimulating
functions (Fig. 2 A) (17). Incubation of Pf-RBC but not
uninfected RBC with human NK cell lines (NKL, NK92) also
led to an up-regulated expression of activation markers, to the
production of CXCL8 (data not shown), and to a direct
interaction evoking ‘‘rosettes’’ (see Fig. 7, which is published
as supporting information on the PNAS web site). Therefore,
human NK cells are activated upon direct Pf-RBC recognition.
However, the production of IFN-� after coculture with Pf-
RBC for 20 h, or for 4 h in the presence of suboptimal dose of
IL-12, was extinguished when NK cells were purified from
PBMC (Fig. 2B), indicating that full NK cell activation induced
by Pf-RBC requires help from another cell type present in

PBMC. Reciprocal interactions between NK cells and DC have
been documented and are critical for NK cell activation, DC
maturation, and appropriate control of murine cytomegalovi-
rus infection and tumor cell elimination (5). DC respond to
pathogens by undergoing a maturation process characterized
by increased surface expression of MHC molecules. HLA class
I and class II molecule expression on DC were up-regulated
upon coculture with Pf-RBC (see Fig. 8, which is published as
supporting information on the PNAS web site), consistent with
previous reports (18). Yet, addition of purified autologous DC
(CD19�, CD14�, BDCA1�, or BDCA2� or BDCA3�) or
purified plasmacytoid BDCA2� dendritic cells (PDC) did not
restore NK cell capacity to produce IFN-� upon encounter
with Pf-RBC (Fig. 2B). In addition, depletion of DC in PBMC
had no effect on NK cell activation under these settings (data
not shown). In contrast, the selective depletion of CD14�

monocytes from PBMC abolished IFN-� production by NK
cells in response to Pf-RBC (Fig. 2B). Reciprocally, addition
of sorted autologous monocytes to purified NK cells restored
their IFN-� production capacity (Fig. 2B), with significant
effects observed with monocyte�NK ratios as low as 1�10 (data
not shown). Because monocytes readily differentiate toward a
macrophagic state upon in vitro culture, it is impossible to
formally restrict the helper NK cell function to monocytes or
macrophages, which will both be referred to as macrophages
hereafter. Our results thus reveal an early innate response in
which Pf-RBC directly activate NK cells (leading to CXCL8
production) and indirectly activate NK cells (leading to IFN-�
production) via a specific collaboration with macrophages.

Mandatory Role of MyD88 in NK Cell Activation Induced by Pf-RBC. A
feature shared by many innate sensors is their conservation
through evolution (19, 20). We thus reasoned that the signals
provided by Pf-RBC to human NK cells and macrophages might
be conserved across species, and we tested whether human RBC
infected by various Pf strains could activate mouse splenic NK
cells in the presence of macrophages. Remarkably, coculture of
human RBC infected by Pf with mouse splenocytes led to IFN-�
production and up-regulation of CD69 cell-surface expression by
mouse NK cells (Fig. 3A). As for human NK cells, the level of
IFN-� induced by the coculture with Pf-RBC was greater in the
presence of suboptimal concentration of IL-12 (data not shown).
The reactivity of mouse splenocytes to Pf-RBC allowed us to
further dissect the signaling pathways involved in this innate
recognition strategy by using various mutant mouse models. NK
cell reactivity to Pf-RBC was not extinguished when splenocytes
were isolated from RAG-1�/� mice, thus showing that B and T
cells were not essential partners for this innate response (Fig.
3A). Many innate sensors are wired to the downstream signaling
machinery via specialized adaptors. In particular, adaptors with
immunoreceptor tyrosine-based activation motif (ITAM) (e.g.,
DAP12) associate with multiple innate sensors such as the
triggering receptors expressed on myeloid cells (TREM) (21).
However, NK cell activation still occurred when splenocytes
were prepared from mice deficient for the ITAM-bearing
polypeptides expressed by cells of the innate immune system
(CD3�, FcR�, and DAP12; ZGK-RAG mice) (Fig. 3B). Other
adaptors include MyD88 that acts downstream of the IL-1R, the
IL-18R, as well as all TLR except TLR3, although its role in
mouse TLR12 and TLR13 signaling is still unknown (22). Yet,
no substantial decrease in NK cell IFN-� production upon
Pf-RBC stimulation was observed in TLR1-, TLR2-, TLR9-
deficient (Fig. 3B) or TLR3-, TLR4-, TLR6-, IL-1R-deficient
(data not shown) mice. In contrast, no production of IFN-� by
NK cells was observed when splenocytes were isolated from
MyD88 and IL-18R-deficient mice (Fig. 3B). Mouse NK cells are
thus activated by Pf-infected human RBC via ITAM-

Fig. 2. Full NK cell activation induced by Pf-RBC requires monocytes�
macrophages. (A) Purified or FACS-sorted NK cells were exposed to medium
alone (0), 3D7-RBC, or RBC for 24 h. (Upper) CD69 expression by NK cell
assessed by flow cytometry (mean � SEM of 10 experiments). (Lower) CXCL8
production in the supernatant of culture (mean � SEM of 3 experiments). (B)
After 4 h of exposure to RBC infected with 3D7 strain, in the presence of
suboptimal doses of IL-12, the frequency of IFN-�-producing NK cells was
assessed by flow cytometry. In each experimental condition, the IFN-� pro-
duction was calculated as the proportion of IFN-�-producing NK cells sub-
tracted from background, as compared with IFN-�-producing NK cells within
PBMC in the presence of Pf-RBC (this ‘‘100% value’’ corresponds to 8.4% in this
representative experiment). Purified NK cells were cultured alone or together
with purified autologous DC, plasmacytoid DC (Upper) or FACS-sorted mono-
cytes (Lower). CD14� monocytes were also depleted from PBMC by FACS
sorting before stimulation (Lower, NK in PBMC w�o monocytes). One repre-
sentative experiment of three is shown.
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independent but MyD88-dependent and IL-18R-dependent
pathways.

To identify the cells on which these molecules were required,
we performed mixed splenocyte experiments. These experi-
ments revealed that only Ly5.1� WT NK cells but neither Ly5.1�

MyD88�/� NK cells nor Ly5.1� IL-18R�/� NK cells produce
IFN-� in the presence of Pf-RBC, indicating that expression of
MyD88 and IL-18R by NK cells is mandatory for this activation
(Fig. 4A). In addition, when the mouse NK cell line Ky.2 (23) was
cocultured with Pf-RBC, no IFN-� production was observed
(Fig. 4B). Coincubation with WT splenocytes enabled IFN-�
production by Ky.2 NK cells (Fig. 4B). These data show that
mouse NK cells require cellular help for full activation in the
presence of Pf-RBC, similar to our results obtained with human
NK cells and macrophages (Fig. 2). No alteration in NK cell
IFN-� production was detected when we used splenocytes from
IL-18R-deficient mice, consistent with a specific role of IL-18R
on NK cells (Fig. 4B). In contrast, splenocytes from MyD88�/�

mice were impaired in their capacity to help Ky.2 NK cells to
produce IFN-� when they were exposed to Pf-RBC stimulation
(Fig. 4B) but not to PMA�ionomycin (data not shown). There-
fore, mouse NK cell activation induced by Pf-RBC requires
MyD88-dependent, IL-18R-independent help.

Molecular Requirements for Macrophage�NK Cell Activation by Pf-
RBC. We further addressed the nature of the MyD88-associated
human innate sensors that could be implicated in the recognition

of Pf-RBC. Several TLR have been shown to recognize Pf-RBC.
TLR9 recognizes hemozoin, an hydrophobic heme polymer
produced by Pf digestion of hemoglobin (24). TLR11 interacts
with profilin-like molecules expressed by apicomplexan parasites
such as Toxoplasma gondii, Cryptosporidium parvum, and Pf (25).
Finally, Pf GPI have been shown to interact with TLR2, leading
to TNF-� secretion by macrophages (26). Using a large panel of
HEK293 reporter cell transfectants expressing various human
and mouse TLR, we found that Pf-RBC were selectively recog-
nized by human and mouse TLR2 but not by the other TLR
tested, including TLR9 and TLR11 (Fig. 5A). As expected, the
recognition of Pf-RBC by TLR2 was more efficient in the
presence of CD14 and TLR6 (20). However, a blocking anti-
TLR2 mAb failed to impair NK cell activation induced by
Pf-RBC (Fig. 5B) despite its ability to extinguish the activation
of hTLR2� HEK293 cell transfectants by Pf-RBC (see Fig. 9,
which is published as supporting information on the PNAS web
site). Therefore, our results obtained with mouse and human
cells show that NK cell activation induced by Pf-RBC is not
critically dependent on the engagement of TLR2 and TLR9
individually.

We then addressed the role of IL-18 in the human system.
First, incubation of Pf-RBC with human macrophages led to
their production of IL-18 (Fig. 5C). Second, blocking anti-IL-18
mAb extinguished IFN-� production by human NK cells stim-
ulated with Pf-RBC (Fig. 5B). In contrast, blocking anti-IL-1�
mAb had no effect on IFN-� production by human NK cells
stimulated with Pf-RBC (data not shown). Saturating concen-
tration of TLR2 agonists (Pam3CSK4 and FSL-1) induced the
secretion of only marginal levels of IL-18 by macrophages and no
detectable IFN-� production by NK cells, although they trigger
the production of substantial amounts of TNF-� by macrophages
(Fig. 5C and data not shown). Thus, TLR2 triggering is not
sufficient for IL-18 secretion by macrophage, which is essential
to NK cell IFN-� production via the IL-18R�MyD88 pathway.

Discussion
Although NK cells have been reported to play a role during the
course of parasite infection, numerous issues are still poorly
understood. Our data provide evidence that sensing Pf infection
by NK cells is a very general phenomenon, not only conserved
for a variety of Pf strains in human but also in the mouse,
suggesting that the pathways implicated in that process are
conserved. We also show that human NK cells present in PBMC
secrete IFN-� upon interaction with Pf-RBC, consistent with
previous reports (10, 11). However, in these earlier studies, the
NK cell response to Pf-RBC was not detected in all individuals
(10, 11). We also found heterogeneity in the strength of NK cell
reactivity to Pf-RBC among donors, but this might result in part
from variations in the kinetics of the response because CD25 and
CD69 were up-regulated at the NK cell surface for all donors
tested. We also document a direct interaction between Pf-RBC
and NK cells by the rapid formation of ‘‘rosettes.’’ This direct
interaction between NK cells and Pf-RBC induces CD69 expres-
sion and CXCL8 production but not NK cell degranulation,
suggesting that the major role of NK cell against Pf infection is
not direct cytotoxicity. NK cell cytotoxicity against Pf-RBC has
been previously reported, but differences in NK cell purification
and in NK cell cytolytic assays could account for these apparently
discordant findings (27, 28). Our results, rather, support a role
for NK cell cytokines in the recruitment and the activation of
other cells during malaria infection.

Importantly, the direct sensing of Pf-RBC is not sufficient for
full NK cell activation, as shown by a strong reduction in IFN-�
secretion, when the response of purified NK cells is compared
with that of NK cells within PBMC. This requirement for
another cell type that cooperates with NK cells is also conserved
in the mice, emphasizing the importance of this phenomenon.

Fig. 3. Mouse NK cells are activated by Pf-RBC via an ITAM-independent and
MyD88-dependent pathway. (A and B) Freshly isolated mouse splenocytes
(from WT or genetically deficient mice for the indicated molecules) were
cocultured with Pf-RBC (3D7-RBC) or uninfected RBC (RBC) for 20–24 h. NK cell
activation was analyzed by flow cytometry after gating on CD3�NK1.1� NK
cells. Each dot represents the result from one individual mouse. Statistical
analyses were done by using a one-tailed Wilcoxon signed rank test. (A Left
and B) NK cell IFN-� production was determined by intracytoplasmic staining
after activation in the presence of suboptimal doses of IL-12. (A Right) CD69
expression on WT NK cell surface was assessed after indicated stimulation in
the absence of exogenous cytokines (B) shows the percentage of IFN-�-
producing NK cells in the presence of 3D7-RBC (the background signals
detected in the presence of uninfected RBC were subtracted).
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Despite the numerous studies that have highlighted the role of
DC–NK interactions in the immune responses to viruses and
tumors (5), and despite DC activation induced by Pf-RBC (18),
DC are not sufficient to help NK cells to produce IFN-� in
response to Pf-RBC. However, we cannot rule out a role of these
cells in producing IL-12 because we add suboptimal doses of this
cytokine in our experimental system. In these latter conditions,
help to NK cells is selectively provided by macrophages with a
mandatory role for their capacity to secrete IL-18. Very few
reports document a collaboration between macrophage and NK
cells (29). Our results reveal the pivotal and selective role for
macrophages in the secretion of NK cell IFN-� induced by
Pf-RBC. It remains to be addressed whether macrophages are
also important in NK cell response to other parasites, such as

Toxoplasma gondii, Leishmania major, or Trypanosoma cruzi, and
whether the resulting immune response differs from that initi-
ated by the DC–NK cross-talks during tumor development or
viral infection.

The innate sensors potentially involved in the initiation of NK
and�or macrophage activation and cooperation include TLR2
(26), TLR9 (24), and TLR11 (25). Despite the reported involve-
ment of TLR9 and TLR11 in the sensing of Pf, we could not
detect an activation of neither TLR9� nor TLR11� HEK293
transfectants induced by Pf-RBC. It is possible that hemozoin
interacting with TLR9 (24) and Pf profiling-like molecules
interacting with TLR11 (25) may not be present in sufficient
amount in our Pf-RBC preparation, and�or that these Pf mol-
ecules need a processing of Pf-RBC in endocytic compartments

Fig. 4. MyD88 is required for NK cell activation induced by Pf-RBC. (A) Splenocytes from Ly5.1� WT mice were mixed with splenocytes from either Ly5.1�

MyD88�/� mice (Top), Ly5.1� IL-18R�/� mice (Middle), or Ly5.1� WT mice (Bottom) at a 1�1 ratio. Mixed splenocytes were then stimulated for 20–24 h in the
presence of IL-12 with 3D7-RBC, RBC, or PMA�ionomycin. Two parameter flow cytometry contour plots, gated on NK cells, are shown. The frequencies of IFN-��

NK cells expressing Ly5.1� or Ly5.1� are indicated in the upper and lower quadrant of each plot, respectively. Similar results were obtained in three experiments.
(B) The Ly5.1� mouse NK cell line Ky.2 was cultured in the absence (0) or presence of freshly isolated splenocytes from Ly5.1� WT or deficient mice and stimulated
with 3D7-RBC for 20–24 h in the presence of IL-12. The percentages of Ly5.1� Ky.2 cells producing IFN-� are indicated. Results are expressed as means � SEM
of three experiments. Statistical analyses were performed by using a one-tailed Wilcoxon signed rank test. When cocultured with uninfected RBC, the percentage
of IFN-�� Ky.2 cells was 1.9 � 1.5 in the absence of splenocytes (n � 4), 4.4 � 1.2 with WT splenocytes (n � 5), 2.9 � 1.9 with MyD88 knockout (KO) splenocytes
(n � 5), and 6.8 � 2.0 with IL-18R knockout splenocytes (n � 3).

Fig. 5. Human TLR2 is not mandatory for NK cell activation induced by Pf-RBC, but IL-18 is required. (A) HEK293 reporter cells transfected with indicated human
(h) or mouse (m) TLR were stimulated with a specific agonist for each TLR (open bars) or 3D7-RBC (filled bars) for 18–24 h. Results are represented as optical density
(OD) after subtraction of the background signal obtained with RBC or medium alone. (B) The production of IFN-� by NK cells within human PBMC in response
to 3D7-RBC versus RBC was assessed in the presence of anti-TLR2 blocking mAb, compared with the isotype control (Upper, n � 5), and in the presence of anti-IL-18
blocking mAb, compared with the isotype control (Lower, n � 2). Results (means � SD) are presented as a percentage of control calculated as in Fig. 2. (C) IL-18
production was assayed in the supernatant of purified human macrophages after 24 h of culture with Pam3CSK4, 3D7-RBC, or RBC, in the presence of medium
alone.

Baratin et al. PNAS � October 11, 2005 � vol. 102 � no. 41 � 14751

IM
M

U
N

O
LO

G
Y



after phagocytosis. However, NK cells from TLR9-deficient
mice were fully responsive to Pf-RBC, and TLR11 is not
expressed in human, suggesting that those receptors are not
required for human NK cell activation induced by Pf-RBC. Using
a series of deficient mice, we identified MyD88 as a mandatory
adaptor involved in at least two cell types and in association with
at least two distinct receptors. On NK cells, the MyD88-
associated IL-18R is a major indirect sensor for Pf infection. On
macrophages, MyD88 is required in the help provided to NK
cells, but no known TLR is responsible on its own for this role.
Yet, human and mouse TLR2 were able to recognize Pf-RBC,
with a minor contribution of hTLR6 when coexpressed with
hTLR2. TLR2 is involved in the triggering of cytokine secretion
by macrophages in response to Pf-RBC (26, 30) (data not
shown). However, TLR2 agonists induce neither a strong IL-18
secretion by macrophages nor IFN-� production by NK cells.
Moreover, blocking TLR2-mediated signals does not affect
human NK cell IFN-� secretion, and TLR2 is not mandatory to
provide a help to mouse NK cells. The molecular basis of the
MyD88 involvement in macrophage stimulation leading to NK
cell activation thus remains an open question. We excluded the
requirement of each individual TLR tested, but it is still possible
that a combination of several TLR may be involved and redun-
dant in that process. Another possibility is the existence of a still
unknown MyD88-linked pathway involved directly or indirectly
in Pf recognition by macrophages. Interestingly, the other
MyD88-associated cytokine receptor IL-1R is required neither
in mice nor in humans (data not shown) for NK cell activation
induced by Pf-RBC. The pathway leading to full NK cell
activation by parasitized erythrocytes is thus highly specific and
requires MyD88 signaling and IL-18 production by macrophages.

Our study documents a selective and functional interaction
between macrophages and NK cells during parasite infection for
the production of IFN-� and establishes that a conserved
component of the pathogen, or a consistent alteration induced

by the pathogen, must be detected by the macrophage�NK cell
‘‘tandem.’’ Importantly, Pf-RBC directly triggers the production
of CXCL8 by NK cells and the production of IL-18 by macro-
phages. The clinical outcome of this coordinated innate immune
response to Pf infection remains to be evaluated during the
course of natural Pf infection. Yet, the present study provides
insights for previously reported clinical and epidemiologic stud-
ies. IFN-� and CXCL8 were indeed detected in the serum in the
early phases of the infection, during experimental Pf infection of
nonimmune volunteers (9), as well as during natural infection
(31, 32). In addition, previous studies have pointed to a role of
IL-18 during the course of malaria in endemic areas (33–35).
However, it is obvious that the immune response to a highly
sophisticated and rapidly evolving parasite like Pf is the result of
�100,000 years of interaction history with its obligatory human
host. It is thus predictable that the NK cell–macrophage–Pf
triangle interactions might either be somehow beneficial for the
parasite or might have a significant cost for the host, such as
immunopathology.
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