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SUMMARY

Studies have shown that glycosylphosphatidylinositols (GPIs) of Plasmodium faciparum activate
macrophages mainly through TLR2- and to certain extent through TLR4-mediated signaling to
induce proinflammatory cytokine production. However, the ability of parasite GPIs to activate
DCs has not been reported. Here, we show that, parasite GPIs efficiently activate DCs through
TLR2-mediated signaling mechanism and induce the production of TNF-a and IL-12. We also
studied the role of scavenger receptor CD36 in P. falciparum GPI- and merozoite-induced
cytokine responses by DCs. The results indicate that CD36 modulates the cytokine-inducing
activity of the parasite GPIs by collaborating with TLR2 in DCs. Furthermore, our data reveal that
CD36 modulates the activity of A. falciparum merozoites, likely by the contribution of
phagocytosis-coupled CD36-mediated signaling to the signaling induced by merozoites.
Altogether, these results contribute toward understanding of signaling mechanisms in malaria
parasite-induced activation of the innate immune system.
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INTRODUCTION

Plasmodium family of protozoan parasites causes malaria. Of several parasite species that
can infect humans, Plasmodium falciparum is the most virulent and is responsible for the
majority of deaths due to malaria (1-2). Proinflammatory responses produced during the
initial stages of infections are critical for controlling parasite growth (3-6). However,
excessive and prolonged production of pro-inflammatory mediators leads to pathogenesis
(7-12). Unlike infections with other human malaria parasite species, P. falciparum infection
is characterized by sequestration of infected erythrocytes in vascular capillaries of vital
organs such as brain, liver and spleen (13,14). Production of high levels of inflammatory
cytokines leads to up-regulated expression of endothelial cell surface adhesion molecules in
the microvascular capillaries, augmented sequestration and infiltration of mononuclear cells.
This in turn leads to excessive inflammation in organs by a positive feedback, causing tissue
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damage by cytotoxic lymphocytes, and organ dysfunction, causing cerebral and other organ-
related fatal malaria illnesses (13-17).

P. falciparum glycosylphosphatidylinositols (GPIs) have been found to induce the
production of pro-inflammatory cytokines such as TNF-a., IL-1 and IL-6 by macrophages,
produce nitric oxide (NO) by endothelial cells, and up-regulate the expression of cell
adhesion molecules on endothelial cell surfaces (15,18-20). Mice administered with parasite
GPIs have been shown to develop malaria-like symptoms (21). Thus, P. falciparum GPI has
been proposed as a malaria pathogenic factor (21,22). Although macrophages respond
robustly to GPIs /n vitro (20), during malaria infection, cytokine responses by macrophages
are likely to be suppressed due to the ingestion of parasites in large amounts by
phagocytosis, thereby impairing cell function and inducing apoptosis (23,24). Thus,
dendritic cells (DCs) and NK cells appear to be the major sources of inflammatory cytokine
responses during early stages of infection (3,25,26). Further, DCs play major roles in linking
innate immune responses to adaptive immune responses by activating NK cells, inducing
Th1/Th2 responses, which lead to the development of cell-mediated and humoral adaptive
immunity (27,28). Therefore, it is important to study cytokine responses to the
immunostimulatory components of parasites in DCs.

The scavenger receptor CD36 mediates the uptake of a variety of particulate ligands such as
oxidized low-density lipoproteins, p-amyloid plaque, bacteria, and apoptotic cells, and
involved in many disease processes including cardiovascular disease, Alzheimer’s disease,
atherosclerosis and diabetes, and pathogenic infections, including malaria (29,30). The role
of CD36 in these pathogenic processes has been attributed to its ability to bind to its ligands
and participate in immune responses. Thus, it has been shown that CD36 functions as a co-
receptor for certain TLR2-TLR®6 ligands such as diacylated bacterial lipopeptide, diacylated
lipomannans of Mycobacterium smegmatis, lipoteichoic acids of Staphylococcus aureus,
and some synthetic diacylated lipopeptides (31). Recently, CD36 has also been reported to
cooperate with TLR4-TLR6 in triggering respiratory burst to produce reactive oxygen
species by macrophages in response to oxidized LDL, and in producing IL-1f by microglia
in response to Alzheimer’s p-amyloid (32).

Previously, it has been shown that proinflammatory responses to £. falciparum GPls by both
mouse and human macrophages involve mainly TLR2- and to some extent TLR4-mediated
signaling, leading to cytokine production (33). While WT mouse macrophages stimulated
with parasite GPIs efficiently produced TNF-a in a dose-dependent manner, TNF-a
production by macrophages deficient in TLR2 and TLR4 was reduced by ~80% and ~25%,
respectively. Consistent with these results, human blood monocytes treated with anti-TLR2
monoclonal antibodies produced ~80% less TNF-a than untreated monocytes in response to
GPIs. Further, treatment of cells with anti-TLR4 monoclonal antibodies caused 30-50%
decrease in GPI-induced TNF-a production. Moreover, HEK cells transfected with human
TLR2/TLR1 were efficiently activated in a GPI dose-dependent manner (33). Subsequent to
these studies, it has been shown that CD36 modulates the activity of P. falciparum GPIs by
cooperating with TLR2 (34). Furthermore, macrophages deficient in CD36 produced
markedly decreased levels of TNF-a in response to parasite GPI stimulation, and CD367~/~
mice infected with P. chabaudi chabaudi AS produced lower levels of TNF-a and exhibited
higher parasitemia and higher mortality rates than wild type (WT) mice (35). Thus, these
results indicated that CD36 modulates the activity of TLR2, contributing to the increased
production of pro-inflammatory cytokine responses to malaria parasites and the ability of
mice to control parasitemia (35). Similar to GPIs of A. falciparum, GPls from other
parasites, including those of 7rypanosoma cruziand mannosylated diacyl glycolipids of
mycobacterial lipoarabinomannan, have been shown to activate macrophages through
TLR2-mediated signaling (33,36—38). Thus, in all these studies, the observed cytokine
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responses by murine macrophages stimulated with £. falciparum GPls and signaling
mechanisms by mouse cells resembled those produced by human cells.

Furthermore, Pichyangkul et a/. studied immune responses by plasmacytoid DCs (pDCs)
isolated from human blood and by DCs obtained by the FLT3-differentaited mouse bone
marrow cells that were mixture of pDCs and myeloid DCs (mDCs) to the soluble, buffer
extracts of the late blood stage P. falciparum (39). They found that the soluble components
of P. falciparum could activate both human pDCs and /n vitro differentiated murine DCs in a
TLR9-dependent manner and induced surface expression of costimulatory molecules and
production of cytokines. They also found that although both human and murine cells
produced cytokines, the nature of cytokines produced by human DCs were quite different
than those produced by the murine cells. While human pDCs produced both IFN-a and
IL-12, the murine cells produced IL-12 but not IFN-a.. Subsequent studies in our laboratory
demonstrated that, among various components released by the rupture of schizont stage ~.
falciparum-infected erythrocytes, merozoites (MZs) are the predominant immunostimulatory
components (40). The P. falciparum MZs activate both human and mouse DCs by a similar
mechanism, i.e., through the recognition of parasite DNA by TLR9. We also demonstrated
that the uptake of parasite DNA involves complex formation with positively charged
proteins, and that a histone DNA complex (nucleosomes) is the physiological ligand (40,41).
Thus, the results of above studies indicated that although there is some difference in the
types of cytokines produced by human and mouse DCs in response to P. falciparum, the
overall parasite factors and host receptors interaction mechanisms are similar as indicated by
the efficient activation of both human and mouse TLR2 and TLR9 by P. falciparum GPls
and DNA, respectively (33,40). Thus, studies using murine immune cells and P. fac/jparum
components are relevant in understanding the mechanisms of parasite-host interactions
involved in human malaria, although the results in some cases need to be interpreted
cautiously.

In the present study, we assessed the activity and TLR recognition specificity of 2.
falciparum GPls in DCs. We also determined the roles of CD36 in A. falciparum GPI- and
MZ-induced proinflammatory cytokine production by DCs. The results of these studies are
presented here.

MATERIALS AND METHODS

Reagents

The standard TLR ligands were purchased from the following sources: FSL-1 and
Pam3CSK,4 from Microcollections (Tubingen, Germany); CpG ODN-1826 from Coley
Pharmaceutical (Kanata, ON, Canada). Sa/monella minnesota Re595 strain LPS (catalog#
L9764) from Sigma-Aldrich (St. Louis, MO). The cell culture reagents: DMEM, RPMI 1640
medium, and penicillin/streptomycin solution were from Invitrogen (Carlsbad, CA); fetal
bovine serum (FBS) was from Atlanta Biologicals (Lawrenceville, GA); sodium pyruvate,
2-mercaptoethanol, 4-aminobenzoic acid, gentamycin, and MEM non-essential amino acids
from Sigma-Aldrich (St. Louis, MO). Human blood and plasma for P. falciparum culturing
were obtained from The Blood Bank, Hershey Medical Center Hospital, Hershey, PA.
Duoset ELISA kits for measuring TNF-a and 1L-12p40 were from R & D Systems
(Minneapolis, MN). Cell trace™ CFSE cell-staining kit was from Molecolur Probes, Inc.
(Eugene, OR). Anti-mouse CD16/32 (clone 93), FITC- and APC-labeled anti-mouse CD11c
(clone 418N), and APC-labeled anti-mouse MHC class Il (I-A/I-E) (clone M5/114.15.2)
monoclonal antibodies were purchased from eBioscience (San Diego, CA). PE-labeled anti-
mouse CD11b antibody (clone M1/70) was from BD Biosciences (San Jose, CA).
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The TLR27/=, TLR4™~, TLR9™/~ and MyD88~/~ mice (all in C57BL/6J background) were
provided by Dr. Shizuo Akira, Research Institute for Microbial Diseases, Osaka University,
Japan. The WT C57BL/6J mice were purchased from Jackson Laboratories. CD36~/~ mice
(C57BL/6J strain) were provided by Dr. Maria Febbraio from the Lerner Research Institute,
Cleveland Clinic, Cleveland, OH. Mice were bred and maintained in a pathogen-free facility
according to the guidelines of the Pennsylvania State University College of Medicine.

Ethics statement

The use of human blood and plasma for parasite culturing and of mice were approved,
respectively, by the Institutional Review Board and the Institutional Animal Care and Use
Committee of the Hershey Medical Center, Pennsylvania State University College of
Medicine, Hershey, PA.

Parasite culturing

P. falciparum parasites (3D7 strain) were cultured using O-positive human erythrocytes in
RPMI 1640 medium containing 10% human O-positive plasma and 50 g/ml gentamycin
under 90% nitrogen, 5% oxygen and 5% carbon dioxide (42). The cultures were routinely
tested for mycoplasma contamination using PCR mycoplasma test kit from Stratagene (La
Jolla, CA).

Isolation and purification of P. falciparum merozoites

P. falciparum merozoites (MZs) released into the culture medium were isolated by percoll
gradient centrifugation of cell culture harvests and purified by magnetic-activated cell
sorting (MACS) as described previously (40). Briefly, the synchronized parasite cultures
(20-30% parasitemia) at the schizont stages were diluted to 0.1-0.2% hematocrit. When the
majority of the schizonts were burst, the released MZs (under this condition most MZs could
not invade due to the limited availability of erythrocytes and remain in the culture medium)
and food vacuoles were pelleted along with infected erythrocytes by centrifugation at 2,500
g for 15 min after removing uninfected and infected erythrocytes by centrifuging at 250 g
for 5 min. The pellets were re-suspended in RPMI 1640 medium and overlaid on the top of
step-wise layers of 30%, 45% and 60% percoll cushions to remove accompanying
erythrocytes and debris. After centrifuging at 2,500 g for 15 min, MZs on the top of 30%
percoll were collected. The MZs were further purified by passing through magnetic LS
columns (Miltenyi Biotec, Auburn, CA) under magnetic field to separate from precipitated
food vacuole or hemozoin. The column effluents were centrifuged at 2,500 g and MZ pellets
collected. Purity of MZs preparation was estimated by making a thin smears of isolated MZs
on glass slides and stained with Giemsa.

Isolation of GPIs from P. falciparum

The parasite cultures at the late trophozoite and schizont stages (20-30% parasitemia) were
harvested and the cell pellets (10-12 ml) containing red blood cells and infected red blood
cells were lysed with 0.05% saponin as described previously (21). The released parasites
were collected and purified by suspending in PBS and centrifugation on 5% BSA cushions;
yield of parasite pellets ranged between 2 and 2.5 ml/10-12 culture harvests. GPIs were
isolated from the parasite pellets as described previously (21). Briefly, the purified parasite
preparations from several batches were pooled to obtain 10 ml packed wet parasite pellet,
lyophilized, and extracted 3—4 times with 50 ml of chloroform/methanol (2:1, v/v) to remove
neutral and nonglycosylated lipids. The GPlIs in the parasite residue were then extracted 3—4
times with 50 ml of chloroform/water/methanol (10:3:3, v/v/v) and the extract was dried,
dissolved in aqueous 1-butanol, and partitioned between water and water-saturated 1-
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butanol. The GPI-containing water-saturated 1-butanol phase was dried and the GPIs in the
residue was extracted with 80% aqueous 1-propanol and dried. The GPIs were further
purified by HPLC using a C4 reversed phase Supelcosil LC-304 column (4.6 x 250 mm, 5
pm particle size; Supelco). The GPIs bound to the column were eluted at a flow rate of 0.5
ml/min with a linear gradient of 20-60% aqueous 1-propanol containing 0.1% trifluroacetic
acid over a period of 80 min and held for 30 min (21). The GPI containing fractions were
pooled and lyophilized. All GPI isolation and purification procedures were performed using
high quality solvents, sterile water and buffers, and thoroughly washed and siliconized
glassware to avoid loss due to surface adsorption.

Isolation of P. falciparum polynucleosomes

Soluble polynucleosomes were prepared as described previously (41). Briefly, the infected
erythrocytes at the late trophozoite and schizont stages were treated with 0.05% saponin and
the released parasites were pelleted and lysed to obtain nuclear material. Proteins bound to
nuclear material were removed by extracting with 0.3 M KCI followed by 0.6 M KClI
containing 10% glycerol. The chromatin pellet was suspended in 0.65 M NaCl and 0.3 M
sucrose solution and sonicated to obtain soluble polynucleosomes.

Preparation of DCs from bone morrow cells by differentiation with FLT3 ligand or GM-CSF

Bone marrow cells from WT and CD36~/~, TLR2™/~, TLR4™/~, TLR9™/~ and MyD88~/~
mice were cultured for 7 to 8 days in complete DMEM (DMEM supplemented with 10%
FBS, 1% non-essential amino acids, 1% penicillin-streptomycin, 1 mM sodium pyruvate and
50 uM B-mercaptoethanol) containing 15% of culture supernatant from B16 cells that
expressing retrovirus-coded FLT3 ligand (40). Bone marrow cells from WT and CD367/~
mice were also cultured in complete DMEM containing 10% of conditioned medium from
GM-CSF producing X63 cells (43). The DCs obtained by differentiation with FLT3 ligand
and GM-CSF were designated as FL-DCs and GM-DCs, respectively.

Cell stimulation and analysis of cytokines

DCs (1 x 105/well) were plated in 96-well plates and stimulated with the indicated doses of
GPIs coated on gold particles (33), MZs or polynucleosomes in 200 .l of complete DMEM.
DCs were also stimulated with uncoated gold particles and standard TLR ligands: FSL-1
(TLR2 ligand, 10 uM), Pam3CSK,4 (TLR2 ligand, 10 ng/ml), LPS (TLR4 ligand, 100 ng/ml)
or CpG ODN-1826 (TLR9 ligand, 2 ug/ml) as controls. After 24 h, the culture supernatants
were collected and cytokine levels measured by ELISA (20).

Flow cytometry analysis

FL-DCs (1 x 108/well) were cultured in 24-well plated in the presence of MZs or CpG in 1
ml of complete DMEM. After 24 h, cells were harvested and stained with anti-mouse
CD11c, CD11b and MHC class Il antibodies. The stained cells were acquired using
FACSCalibur and the results were analyzed by using CellQuest software (BD Biosciences;
San Jose, CA). DCs cultured in parallel without stimulation were similarly analyzed as
control.

Analysis of MZ uptake by DCs

MZs were labeled with CFSE as described previously (44). Briefly, freshly isolated MZs
were suspended in PBS, pH 7.2, and stained at 37°C with 2 wM CFSE. After 10 min, two
volumes of fetal bovine serum was added, incubated at 37°C for 5 min, and washed two
times with complete DMEM. The CFSE-stained MZs were added to FL-DCs (0.5 x 10%) in
24-well plates in 0.5 ml complete DMEM. After incubating at 37°C for 2 h, cells were
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stained with APC-labeled anti-mouse CD11c antibody, and the MZ uptake was analyzed by
flow cytometry.

Statistical analysis

The data were plotted as mean values + SD. Statistical analysis of data was performed by
Student’s t tests. One-way ANOVA followed by the Newman-Keuls test were used for
comparing cytokine responses from different pairs of samples. GraphPad prism software
version 3.0 was used for the analysis. pvalues <0.05 were considered statistically
significant.

RESULTS AND DISCUSSION

DCs stimulated with P. falciparum GPIs efficiently produce pro-inflammatory cytokines

Previously, we and others showed that P. falciparum GPIs activate mouse bone marrow cell-
derived macrophages, peritoneal macrophages, and human monocytes to induce the
production of inflammatory mediators, including TNF-a, IL-12, IL-6 and nitric oxide, in a
dose-dependent manner (20,35). Even though, macrophages responds to GPIs stimulation
under /n vitro condition, macrophages may not be the major cytokine producing cells 7n vivo
as they can ingest large amounts of parasites by phagocytosis; accumulation of undigested
hemozoin and other parasite materials suppresses their immune responses (23,24). However,
studies have shown that DCs from infected mice are functional and are the major source of
inflammatory cytokines at early stage of infection (25,26). Therefore, in the present study,
we assessed the ability of parasite GPIs to activate FL-DCs and GM-DCs obtained,
respectively, by FLT3 ligand-and GM-CSF-induced differentiation of mouse bone marrow
cells. Most GM-DCs exhibited myeloid DC-like features with characteristic dendrites. In the
case of FL-DCs, while some cells showed dendrites, albeit shorter compared to GM-DCs,
others exhibited plasmocytoid DC-type morphology with smooth surface under light
microscopy. Analysis of cell surface markers by flow cytometry showed that FL-DCs used
in this study are a mixture of ~58% myeloid DCs (CD11C*CD11b*) and ~42%
plasmacytoid DCs (CD11c*CD11b7); both DC subtypes expressed MHC-I1 molecules and
the expression of MHC-II significantly increased upon stimulation with MZs (Fig. 1). GM-
DCs were found to be 100% myeloid-like DCs (CD11¢*CD11b™), most of which expressing
MHC-II (data not shown).

The FL-DCs and GM-DCs were stimulated in parallel with GPIs coated onto gold particles
to mimic the properties of membrane-bound GPIs and with various standard TLR ligands,
namely CpG (recognized by TLR9), LPS (TLR4) and Pam3CSK, (TLR2-TLR1 dimer) and
FSL-1 (TLR2-TLR6 dimer). While untreated FL-DCs and GM-DCs and those treated with
uncoated control gold particles produced either low level or no cytokines, both cell types
efficiently produced cytokines in response to GPIs and to standard ligands (Figs. 2 and 3).
As in the case of macrophages (33), the cytokine responses to GPIs were dose dependent.
Between FL-DCs and GM-DCs, GPIs more efficiently induced cytokine production by the
former cells than by the latter cells. This is evident by the fact that 100-200 pg/ml GPIs was
sufficient to produce saturated level of cytokine secretion by FL-DCs, whereas 400 pg/ml or
higher concentration of GPIs was needed for GM-DCs to produce saturated level of
cytokines. Furthermore, we observed that GM-DCs exhibit much higher levels of phagocytic
activity than FL-DCs, as evidenced by a large number of gold particle accumulation in GM-
DCs (not shown), presumably in the lysosomes. Therefore, in GM-DCs the efficient uptake
of gold particles resulted in the faster removal of GPI-coated beads, thereby decreasing the
interaction of GPIs with the receptor and thus requiring higher concentrations of GPI-coated
beads for optimal cytokine production. Alternatively, ingestion of a large number of gold
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particles and the resulting heavy load of gold particles in the lysosomes may cause inhibition
of the overall cell function, producing lower levels of cytokines.

CD36 modulates P. falciparum GPI-induced inflammatory responses by DCs

Recently, Patel ef al. have shown that macrophages deficient in CD36 produce reduced
levels of TNF-a than WT macrophages in response to 2. falciparum GPls and, that CD367/~
mice infected with P. chabaudi chabaudi AS exhibit higher parasitemia and higher mortality
rates than infected WT mice (35). Given that DCs are likely to be the major source of initial
cytokine responses in malaria infection, we examined the role of CD36 in GPI-induced
production of inflammatory cytokines by DCs. FL-DCs and GM-DCs deficient in CD36
stimulated with GPIs produced significantly decreased levels of TNF-a and IL-12 in a dose
dependent manner than the corresponding WT DCs (see Figs. 2 and 3). However, in the case
of standard TLR ligands, both FL-DCs and GM-DCs that are deficient in CD36 produced
similar levels of cytokines as that produced by WT DCs. These results indicated that CD36
also plays an important role in the GPI-induced production of inflammatory cytokines by
DCs. Here, it should be noted that the GPIs that were presented as molecules on the surface
of gold beads to mimic physiologic cell surface presentation are not only recognized by
TLR2 but also are taken by cells through phagocytic mechanism, wherein CD36 can
modulate GPI-induced TLR2-dependent signaling. In contrast, the standard ligands
presented as soluble molecules were likely entered cells by pinocytosis. Therefore, it
appears likely that modulation of TLR-dependent GPI activity by CD36 is at least partly
dependent on convergence of TLR-mediated signaling with that induced by CD36/
phagocytosis. From our results it is clear that, at higher doses of GPIs, the differences in
cytokine production by WT and CD36 deficient DCs became statistically non-significant
(Figs. 2 and 3). This is likely because when the combined signaling by TLR and CD36/
phagocytosis becomes saturated in WT DCs, the TLR-mediated activity of GPIs in CD36
deficient DCs is still increasing in a concentration-dependent manner. Therefore, under such
circumstance, it is expected that kinetically the differences in signaling out put by the two
cell types becomes less and less significant up to a point where they become equal.

TLR2 and MyD88-mediate P. falciparum GPI-induced activation of DCs

Previous studies have shown that P. falciparum GPIs activate both mouse and human
macrophages mainly through the recognition by TLR2 and to certain extent through TLR4
to initiate downstream production of inflammatory mediators, including TNF-a, IL-12, IL-6
and nitric oxide (20,35). Further, we have reported that both mouse and human TLR2-TLR1
and TLR2-TLR6 dimers recognize the parasite GPIs, although the former recognizes GPI
more efficiently than the latter (45). Here, we tested stimulatory activity of GPIs using FL-
DCs derived from the bone marrow cells of WT and TLR2™~, TLR4™/~, TLR9™/~ and
MyD88~/~ mice. GPIs efficiently activated WT DCs and DCs deficient in TLR9, producing
similar levels of TNF-a and IL-12 (Fig. 4). DCs deficient in TLR2 produced little or no
cytokines. Consistent with these results, cytokine production by DCs lacking MyD88 was
completely absent. These data demonstrated that, unlike macrophages, GPIs activate DCs
almost exclusively through TLR2 and MyD88. However, DCs deficient in TLR4 produced
significantly lower levels of cytokines than WT DCs. The reason for this unexpected
observation is unclear, but is specific to parasite GPIs as the activity of standard TLR2
ligand, Pam3CSKy4, was normal in DCs deficient in TLR4. In any event, these above results
taken together with those observed regarding the modulation of GPI activity by CD36 (see
Figs 2 and 3) indicate that CD36 plays an important role in the GPI-induced production of
inflammatory cytokines by DCs, likely by cooperating with TLR2. Furthermore, the results
are consistent with the previous reports that CD36 cooperates with TLR2 in recognizing
certain TLR2 ligands such as diacylated lipopeptides and glycolipids, and bacterial
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lipotoichoic acid, and that macrophages deficient in CD36 produce significantly reduced
levels of TNF-a (31,32,34).

CD36 modulates MZ-induced inflammatory responses by DCs

We recently showed that nucleosomes isolated from A. falciparum MZs and the parasite-
infected erythrocytes activate DCs through TLR9-mediated signaling, leading to efficient
induction of TNF-a and IL-12 production (41). To determine whether CD36 modulates the
cytokine-inducing activity of P. falciparum polynucleosomes and MZs, we examined the
cytokine responses by WT FL-DCs and FL-DCs deficient in CD36. When stimulated with
soluble polynucleosomes, both WT DCs and CD36-deficient DCs efficiently produced
cytokines and the levels of cytokines produced were essentially comparable (Fig. 5). In
contrast, when cells were stimulated with MZs, DCs deficient in CD36 produced
significantly decreased levels of TNF-a and IL-12, suggesting that CD36 plays a role in the
uptake of MZs and/or modulation of MZ’s stimulatory activity. To determine which of these
processes contributes to decreased cytokine production by CD36 deficient DCs, we analyzed
uptake of MZs by flow cytometry and the uptake by WT and CD36 deficient FL-DCs was
comparable at all doses tested (Fig. 6). Therefore, the higher levels of cytokine production
by WT DCs than CD36 deficient DCs appear to be due to modulation of MZ’s stimulatory
activity by CD36 but not due to the decreased levels of phagocytosis. The inability of CD36
to modulate the polynucleosome-induced cytokine production is likely due to the fact that
the polynucleosomes used were soluble components, which were likely taken up by the cells
through pinocytosis rather than by phagocytosis. When consider together, these two data
argue that modulation of the activity of MZs by CD36 is also dependent on phagocytosis.
Therefore, it appears that phagocytic process is involved in the initiation of CD36-associated
signaling contributes to MZ-mediated signaling.

At higher MZ doses (DC to MZ ratio of 1:56), essentially there was no difference in the
levels of IL-12 production by WT DCs and by CD36 deficient DCs even though the level of
TNF-a production by the latter cells is significantly lower than that by the former cells (Fig.
6). We previously showed that the signaling threshold required for the maximal induction of
TNF-a by DCs is much higher than that required for the maximal production of IL-12 (44).
Further, at higher MZ doses, the differences in cytokine production by WT and CD36
deficient DCs was statistically non-significant (Fig. 5). This is likely because, as explained
above for GPlIs, at high MZ doses, while the co-operative signaling by TLR and CD36/
phagocytosis is saturated in WT DCs, MZ/DNA-mediated activity is increasing in CD36
deficient DCs. Therefore, kinetically, it is expected that the differences between the two cell
types becomes gradually less significant, eventually becoming equal.

Overall, the results of the present study demonstrate that P. falciparum GPIs activate DCs
through TLR2-mediated signaling. Further, the TLR2-dependent activity of GPIs in DCs is
modulated by CD36. These results agree with the previously reported cooperation of CD36
with signaling by several TLR2 and TLR4 ligands (31). However, the P. falciparum MZs
were unable to exhibit TLR2-dependent activity of GPIs, even though GPlIs are expected to
be present in the plasma membranes of MZs. The likely reason is that the levels of GPIs on
plasma membrane are not sufficient to reach signaling threshold required for cytokine
production.

The results of the present study also suggest that CD36 modulates the activity of ~.
falciparum MZs. Previous studies have shown that CD36-mediated binding and uptake of
various particulate ligands contributes to the TLR ligand-mediated cell signaling and
cytokine production (31,32,34). Thus, it is possible that CD36, being a scavenge receptor for
diverse types of ligands, can also bind P. falciparum MZs and present it to the pattern
recognition receptor, thereby modulating the MZ activity. Although CD36 is known to bind
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P. falciparum infected erythrocytes by interacting with P. falciparum erythrocyte membrane
protein 1 (PFEMP1) (46), recent studies have shown that CD36 binds P. berghei-infected
erythrocytes, which do not express the homologues of PFEMP1, and sequester them in the
lungs and adipocyte tissues (47). Also, it has been reported that phagocytosis process itself
modulates TLR-mediated activity of ligands (48). Thus, it is possible that CD36 modulates
both phagocytosis and the activity of TLRs. Further studies are underway to determine the
mechanisms by which CD36 regulates the activity of P. falciparum merozoites.
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Figure 1. FL-DCsare mixtures of myeloid and plasmacytoid DCs and both populations express

MHC class || molecule on their cell surface

FL-DCs were either unstimulated (control) or stimulated separately with MZs and CpG for
24 h, stained with anti-mouse CD11c, CD11b, and MHC-I1I (I-A/1-E) monoclonal antibodies,
and analyzed by flow cytometry. (a and b) Cells were selected by side scattering (SSC) and
forward scattering (FSC) in panel a and analyzed for CD11b and CD11c expression (b). The
percentage of myeloid DCs (CD11c¢*CD11b*) and plasmacytoid DCs (CD11c*CD11b™) in
total gated cells are indicated. (c, d and e) The gated total CD11c* cells in panel b were
further analyzed by flow cytometry for the expression of MHC-I1 molecules. Shown are the
dot-blots of flow cytometry data, indicating percent of MHC class Il positive myeloid and
plasmacytoid DCs in gated total DCs. The experiments were repeated three times and data

from a representative experiment is shown.
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Figure 2. CD36 regulates P. falciparum GPI-induced TNF-a and I1L-12 production by DCs
FL-DCs (1 x 105 cells/well) derived from bone marrow cells of WT and CD36~/~ mice were
plated in 96-well plates and stimulated with indicated doses of GPIs coated on gold particles
in 200 I of complete medium. The TNF-a (a and b) and IL-12 (c and d) secreted into the
culture medium were measured by ELISA. DCs stimulated with uncoated gold particles or
TLR ligands: CpG (2 pg/ml), LPS (100 ng/ml), Pam3CSKy4 (10 ng/ml) or FSL-1 (10 uM)
were analyzed as controls. Experiment was done three times, each in duplicates. Mean
values + SD are plotted. *, p<0.05; **, p<0.01; ns, p>0.05.
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Figure 3. CD36 modulates P. falciparum GPI-induced TNF-a and IL-12 production by GM-DCs
TNF-a (aand b) and IL-12 (c and d) produced by WT and CD36 deficient GM-DCs (1 x
10° cells/well) in 200 pl of complete medium stimulated with different doses of GPIs coated
on gold particles. Cells stimulated with uncoated gold particles or TLR ligands: CpG (2 g/
ml), LPS (100 ng/ml), Pam3CSK4 (10 ng/ml) or FSL-1 (10 M) were analyzed as controls.
Experiment was done three times, each in duplicates. Shown are data from a representative
experiment. Mean values + SD are plotted. *, p<0.05; **, p<0.01; ns, p>0.05.
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Figure4. P. falciparum GPIsinduce cytokine production mainly through TL R2-mediated
signalin

FE—DC?derived from bone marrow cells of WT mice and TLR2~~, TLR4~/~, TLR9~~ and
MyD88~/~ mice were plated in 96-well plates (1 x 10° cells/well) and stimulated with
indicated doses of GPIs coated gold particles in 200 I of complete medium. Pam3CSKy4
(TLR2 ligand, 10 ng/ml), LPS (TLR4 ligand, 100 ng/ml), and CpG (TLR9 ligand, 2 p.g/ml)
were used as control stimulants. The TNF-a and 1L-12 secreted into the culture medium
were analyzed using ELISA. The experiment was repeated two times and the mean values +
SD from one of the experiments are plotted. *, p<0.05; **, p<0.01; ***p <0.001; ns, p
>0.05.
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Figure5. CD36 regulates P. falciparum merozoite-induced pro-inflammatory cytokine
production by DCs

FL-DCs derived from WT and CD36~/~ mice were plated into 96 well plates (1 x 10° cells
per well) and stimulated with MZs (1 to 280 x 10°> MZs/ml) to obtain the indicated ratios of
DCs to MZs or polynucleosomes (0.5-2.5 tg/ml DNA content) in 200 pl of culture
medium. TNF-a and IL-12 released into the culture medium were analyzed by ELISA. FL-
DCs similarly stimulated with LPS (100 ng/ml) or CpG (2 .g/ml) were analyzed as controls.
Data are representative of three independent experiments. Mean values + SD are plotted. *,
p<0.05; **, p<0.01.
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Figure 6. The levels of phagocytic uptake of MZsby WT and CD36 deficient FL-DCsare similar
WT and CD36 deficient FL-DCs were incubated with CFSE-labeled MZs at 37°C. After 2 h,
cells were stained with anti-mouse CD11c antibody and analyzed by flow cytometry. The
percent CFSE-positive cells (indicative of the extent of MZ uptake) is shown in the
histograms. The experiment was performed two times, and the data from a representative
experiment is shown.
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