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Abstract
CD36 participates in macrophage internalization of a variety of particles, and has been implicated
in inflammatory responses to many of these ligands. To what extent CD36 co-operates with other
receptors in mediating these processes remains unclear. Because CD36 has been shown to co-operate
with TLR2, we investigated the roles and interactions of CD36 and TLRs in inflammation and
phagocytosis. Using antibody-induced endocytosis of CD36 and phagocytosis of erythrocytes
displaying antibodies to CD36, we show that selective engagement and internalization of this receptor
did not lead to pro-inflammatory cytokine production by primary human and murine macrophages.
In addition, CD36-mediated phagocytosis of Plasmodium falciparum malaria-parasitized
erythrocytes (PEs), which contain parasite components that activate TLRs, also failed to induce
cytokine secretion from primary macrophages. Furthermore, we demonstrate that CD36-mediated
internalization did not require TLR2 or the TLR-signaling molecule IRAK4. However, macrophage
pre-treatment with TLR agonists markedly stimulated particle uptake via CD36. Similarly, PE uptake
was unaffected by TLR deficiency, but in wild-type cells was increased by pre-treatment with purified
P. falciparum glycosylphosphatidylinositols, which activate TLR2. Our findings indicate that CD36
must co-operate with other receptors such as TLRs to participate in cytokine responses. Although
purified P. falciparum components activate TLRs, CD36-mediated internalization of intact PEs is
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not inflammatory. Further, CD36 mediates internalization of particles, including PEs, independently
of TLR signaling, but can functionally co-operate with TLRs to enhance internalization.

INTRODUCTION
CD36, a member of the class B scavenger receptor family, is expressed in a variety of cell
types and binds a diverse array of ligands (1). CD36 has been shown to participate in the
internalization of a number of particles, including β-amyloid (2), oxidized low-density
lipoproteins (oxLDL)4 (3), non-opsonized bacteria (4), apoptotic cells (5), and Plasmodium
falciparum malaria-infected erythrocytes (6). Binding and uptake of β-amyloid, oxLDL, and
bacteria is accompanied by release of pro-inflammatory mediators, and CD36 has also been
implicated in these responses (4,7–10). In some cases, CD36 is thought to directly mediate the
observed inflammation: β-amyloid stimulation of microglia was reported to induce a CD36-
dependent pro-inflammatory signaling cascade (7).

Despite the implication of CD36 in inflammatory responses to many of its ligands,
internalization of apoptotic cells is non-inflammatory (11,12). It may be that the pro-
inflammatory effects of CD36 engagement during apoptotic cell clearance are suppressed by
immunoregulatory cytokines such as IL-10 and TGFβ that are secreted during this process
(11,12). An alternative possibility is that CD36 does not directly mediate pro-inflammatory
signaling, but rather presents ligands for recognition by other signaling receptors. In support
of this hypothesis, CD36 has been shown to augment cytokine responses to Toll-like receptor
2 (TLR2) agonists such as Staphylococcus aureus lipoteichoic acid (LTA) (13,14). By analogy
to the role of CD14 in presenting LPS to TLR4, it has been proposed that CD36 concentrates
ligands to facilitate TLR2 recognition (13). Thus, it remains unclear whether CD36 can
independently mediate inflammation, or whether it must partner with other receptors such as
TLRs to contribute to inflammatory responses.

While recent studies have focused on CD36-TLR2 interactions in the context of inflammation,
these receptors could also conceivably co-operate in mediating phagocytosis. Although TLRs
do not mediate phagocytosis directly (15), they have been shown to enhance macrophage
uptake of bacterial pathogens (16–18), and in one report this was dependent on upregulation
of scavenger receptors (17). However, it is not known if TLRs can modulate CD36-mediated
internalization.

In this study, we dissected the roles and interactions of CD36 and TLRs in inflammation and
phagocytosis. The existing uncertainty regarding the interaction between CD36 and TLRs in
mediating inflammatory responses results, at least in part, from the complexity of the
experimental models used. To simplify the analysis, we devised model systems that selectively
activate CD36 to investigate whether this receptor can mediate inflammation independently of
TLRs. We also employed selective, receptor-targeted strategies to assess whether CD36 and
TLRs can co-operatively mediate phagocytosis. Furthermore, we explored potential CD36-
TLR collaborations in an in vitro malaria-macrophage model, as CD36 mediates internalization
of P. falciparum parasitized erythrocytes (PEs) and purified P. falciparum components have
been shown to stimulate inflammation via TLRs (19–22). Here, we demonstrate that targeted
activation and internalization of CD36 do not by themselves stimulate pro-inflammatory
cytokine production. Despite the presence of malaria TLR agonists in PEs, CD36-mediated
PE internalization was also found to be non-inflammatory. In addition, we show that CD36
and TLRs can co-operate to promote internalization of particles, including PEs.

4Abbreviations used in this paper: EBAB, Erythrocyte-Biotin-Avidin-Biotinylated antibody; LTA, lipoteichoic acid; oxLDL, oxidized
low-density lipoproteins; PE, parasitized erythrocyte; PfGPI, Plasmodium falciparum glycosylphosphatidylinositols; uRBC, uninfected
red blood cell.
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MATERIALS AND METHODS
Parasites

P. falciparum (ITG strain) was cultured as previously described (23). Cultures were treated
with Mycoplasma-Removal Agent (MP Biochemicals), confirmed to be mycoplasma-free
(MycoAlert Mycoplasma Detection Kit, Lonza), and synchronized by alanine treatment (24).
Mature-stage cultures were washed and used at a 20:1 PE:macrophage ratio.

Mice
C57BL/6 mice were purchased from Charles River. Cd36−/−, Tlr2−/−, and Irak4−/− mice on the
C57BL/6 background were bred in the University of Toronto animal facility. Animal protocols
were approved by the Animal Care Committee of the University of Toronto and all animal
work was performed in compliance with university institutional guidelines.

Macrophage isolation
Human peripheral blood mononuclear cells were isolated from blood of healthy volunteers by
gradient centrifugation using Ficoll-Paque (GE Healthcare). Monocytes were purified by
adherence to glass coverslips in 24-well plates (1.5×106 PBMCs/well), and cultured for 3–5
days in RPMI 1640 with 10% fetal bovine serum and gentamicin (Gibco-Invitrogen; medium
R10G) to allow for differentiation into macrophages. Peritoneal murine macrophages were
isolated (23), adhered to coverslips in 24-well plates (0.125×106/well) in R10G, and used
within 5 days.

CD36 cross-linking and endocytosis assay
Human macrophages were incubated on ice for 15 min with mouse-α-human CD36 IgG clone
131.2 (a kind gift from Dr. Narendra N. Tandon, Thrombosis Research Laboratory, Otsuka
Maryland Medicinal Laboratories; 3.3 µg/ml) or mouse non-immune matched IgG1 isotype
(Ebioscience). For murine macrophages, mouse-α-mouse CD36 IgA clone 63 (Cascade
Biosciences; 2 µg/mL) or isotype control antibody (Ebioscience) were used. Cells were washed
twice with cold PBS and incubated on ice for 10 min with a secondary antibody to cross-link
CD36: goat-α-mouse IgG-Cy2 antibody (Jackson ImmunoResearch Laboratories) and goat-
α-mouse IgA-FITC antibody (Sigma) for human and mouse macrophages, respectively. For
imaging of cell surface CD36, cells were fixed immediately with 4% PFA. For imaging of
endocytosed CD36-antibody complexes, cells were incubated at 37°C for 30 min before
fixation, and fluorescent staining of remaining surface CD36 was performed with donkey-α-
goat IgG-Cy3 tertiary antibody (Jackson ImmunoResearch Laboratories). Images were
acquired with a spinning disk confocal microscope and Volocity acquisition software. To
assess cytokine production, macrophages were incubated at 37°C for 24 hrs following cross-
linking; supernatants were collected and assayed by ELISA for TNF and IL-6 (Ebioscience,
BD Bioscience). LPS (Sigma; 100 ng/mL) was used as a positive control.

Preparation of erythrocytes coated with anti-CD36 antibody
Erythrocytes coated with Biotin, Avidin, and Biotinylated antibody (EBABs) were generated
as previously reported (25,26). Briefly, human erythrocytes were sequentially treated with
biotin and avidin; then incubated with a biotinylated mouse-α-human CD36, clone SMO (ID
Labs) to target EBABs to human CD36, or with a biotinylated goat-α-mouse Ig F(ab’)2
(Abcam) followed by a mouse-α-mouse CD36 (clone 63, Cascade Bioscience) to target EBABs
to murine CD36. Control EBABs for human and murine systems were prepared using a
biotinylated mouse IgM isotype-matched antibody (ID Labs) or a mouse IgA isotype-matched
antibody (Ebioscience), respectively. Antibody conjugation was confirmed using Cy3-labeled
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secondary antibodies (Jackson Immunoresearch Laboratories). EBABs were added to
macrophages at a 20:1 ratio.

Internalization assays
PE internalization assays were performed as described (23) for 2 hours. Images were acquired
with an Olympus BX41 microscope and an Infinity2 camera. EBAB internalization assays
were performed at 37°C; macrophages were then washed with PBS, subjected to a hypotonic
lysis to remove bound but not internalized EBABs, and fixed with 0.75% glutaraldehyde
(Sigma). EBAB binding assays were performed at 4°C and fixed without hypotonic lysis.
EBABs were stained with o-dianisidine as described (27), and macrophages were stained with
1% eosin. Differential interference contrast (DIC) microscopy was used for imaging of EBABs.
To demonstrate EBAB uptake, murine macrophages were incubated with EBABs for 30 min
at 37°C, then incubated for 10 min on ice with donkey-α-goat IgG-Cy3 antibody to stain bound
EBABs. A hypotonic lysis was performed, and DIC and fluorescence microscopy were used
to identify unstained (i.e. internalized) EBABs. Phagocytic indices were determined as reported
(23).

Cytokine release upon CD36-mediated phagocytosis
α-CD36 EBABs or P. falciparum cultures were added to macrophages in R10G. Control
EBABs or uninfected red blood cells (uRBC) were used as negative controls, respectively, and
LPS (100 ng/mL) was used as a positive control. In some experiments, macrophages were pre-
incubated for 12 hrs with recombinant IFN-γ from the corresponding species (Ebioscience;
100 U/mL). After 4 and 8 hrs at 37°C, supernatants were collected and assayed by ELISA.

Treatment with TLR2 agonists
HPLC-purified PfGPI was isolated and coated onto gold beads as previously described (21,
28) to enhance stability and facilitate quantification. For cytokine assays, macrophages were
incubated with PfGPI, or gold beads alone as a control, in R10G (200 ng/mL) for 24 hrs at 37°
C; supernatants were collected and assayed by ELISA. For internalization assays, macrophages
were pre-incubated at 37°C with PfGPI or gold beads (400 ng/mL), FSL-1 (Invivogen; 20 ng/
mL), or Pam3CSK4 (Invivogen; 100 ng/mL) in RPMI, followed by addition of EBABs or PEs
in a 50 µL volume.

Flow cytometry
Following treatment with media or TLR2 agonists, human or murine macrophages were
washed with cold PBS with 2% fetal bovine serum and gently scraped. Human macrophages
were blocked with 10% mouse serum for 10 min, then stained with mouse-α-human CD36
conjugated to FITC (clone FA6.152, IOTest; 20 µL/test) for 20 min on ice. A rat IgG isotype-
matched antibody conjugated to FITC (Ebioscience; 20 µL/test) was used as a control. Murine
macrophages were treated with anti-mouse CD16/32 (Ebioscience) for 10 min on ice to block
Fc receptors, then incubated with mouse-α-mouse CD36 IgA (2 µg/mL) for 20 min, followed
by rat-α-mouse IgA-PE (Ebioscience; 1.25 µg/mL) for 20 min on ice. A mouse IgA isotype-
matched antibody plus secondary antibody was used as a control. Cells were analyzed using
the FACSCalibur flow cytometer (Becton Dickinson) and FlowJo software.

Statistical analysis
Using GraphPad Prism software, differences between groups were analyzed using the
Student’s t-test or one- or two-way ANOVA with Bonferroni post-tests. Each type of
experiment was performed in duplicate or triplicate. Data are presented as means ± SD.
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RESULTS
Targeted activation of CD36 and CD36-mediated internalization do not induce pro-
inflammatory cytokine secretion

We initially examined whether CD36 could induce cytokine production, independently of
TLRs or other pattern recognition receptors, by selectively activating CD36 by antibody-
mediated cross-linking, leading to receptor endocytosis (Fig. 1A). Surface CD36 on primary
human and murine macrophages was cross-linked on ice with an α-CD36 antibody and a
fluorophore-conjugated secondary antibody (Fig. 1B, upper panels), and these antibody-
induced complexes were internalized upon incubation at 37°C (Fig. 1B, middle panels). The
system was CD36-specific, as no complexes were observed when using an isotype-matched
antibody or Cd36−/− murine macrophages (Fig. 1B, lower panels).

Cytokine production was assessed 24 hrs following CD36 cross-linking and endocytosis. While
LPS stimulated strong cytokine production, there was no secretion of TNF (Fig. 1C) or IL-6
(Fig. S1A) upon cross-linking with α-CD36 antibody. These data suggest that CD36 activation
and endocytosis do not induce pro-inflammatory cytokine release.

Signaling can differ when receptors are clustered into small vs. large aggregates (29,30). We
therefore investigated whether CD36-mediated phagocytosis of large particles stimulates
inflammation. We employed erythrocytes conjugated to α-CD36 antibodies by an Erythrocyte-
Biotin-Avidin-Biotinylated antibody (EBAB) coupling procedure ((25), Fig. 2A). α-CD36
EBABs bound to wild-type, but not Cd36−/−, macrophages (Fig. 2B, upper panels). α-CD36
EBAB internalization, confirmed by selective fluorescent labeling (Fig. 2B, lower panels), was
CD36-specific. α-CD36 EBABs were poorly internalized by Cd36−/− macrophages, and
EBABs prepared with an isotype-matched control antibody were poorly internalized by wild-
type macrophages (Fig. 2C, bottom; p<0.01). Similarly, human macrophages bound (data not
shown) and internalized α-CD36 EBABs but not control EBABs (Fig. 2C, top; p=0.004).

To assess the inflammatory outcomes of CD36-mediated phagocytosis, α-CD36 and control
EBABs were incubated with macrophages for 4 and 8 hrs. CD36-mediated EBAB uptake did
not induce TNF (Fig. 2D) or IL-6 (Fig. S1B) secretion. Thus, like CD36-mediated endocytosis,
CD36-mediated phagocytosis of large particles did not stimulate pro-inflammatory cytokine
release.

CD36-mediated PE internalization does not induce pro-inflammatory cytokine secretion
We next investigated the inflammatory outcomes of non-opsonic internalization of P.
falciparum PEs, which is largely mediated by CD36 ((6,23), Fig. S2A,B). While selective
CD36 activation and internalization did not stimulate cytokine production (Fig. 1,2), CD36
can participate in inflammatory responses to bacterial and fungal pathogens via collaboration
with TLR2 (13,14,31). A number of purified Plasmodium components have been characterized
as TLR agonists. Of note, TLR2 mediates macrophage TNF and IL-6 responses to purified P.
falciparum glycosylphosphatidylinositols (PfGPI; Fig. S2C), which function as membrane
anchors for parasite proteins (21). IRAK4, a signaling molecule downstream of most TLRs, is
also required for these cytokine responses (Fig. S2C). Interestingly, PfGPI-induced TNF
production was facilitated by CD36 ((28), Fig. S2C), indicating some degree of co-operation
between CD36 and TLR2 in the macrophage response to malaria. However, it is unclear
whether CD36-mediated internalization of whole PEs induces inflammation in co-operation
with TLRs.

To assess the inflammatory outcomes of PE phagocytosis, we incubated human and murine
macrophages with PEs or uninfected red blood cells (uRBC) as a control, then collected
supernatants after 4 hrs. Since mature PEs rupture to release parasite progeny as well as
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inflammatory parasite products, we used washed, synchronized mid-mature-stage PEs to focus
on the effects of intact PE internalization. While LPS stimulated TNF and IL-6 production,
neither cytokine was produced by macrophages internalizing PEs or macrophages incubated
with uRBCs (Fig. 3A; Fig. S1C), consistent with our previous observations (6,35). Because
macrophage priming by other immune cells is necessary for robust cytokine responses to P.
falciparum (32), we repeated these experiments using macrophages primed with IFN-γ. This
cytokine is produced early in malaria infection and enhances cytokine responses to PfGPI and
other TLR agonists (21,33,34). Priming did not alter the CD36-dependence of PE uptake (data
not shown). Although IFN-γ-primed macrophages internalizing PEs did not produce IL-6 (Fig
S1C), they produced more TNF compared to macrophages incubated with uRBC (Fig. 3B).
However, this increased TNF production was not a result of CD36-mediated PE internalization,
as the same response was observed upon PE incubation with Cd36−/− macrophages (Fig. 3B).
Thus, CD36-mediated PE uptake did not induce pro-inflammatory cytokine secretion despite
the presence of TLR agonists in PEs, indicating a lack of co-operation between CD36 and
TLRs in this context.

CD36-mediated internalization is not impaired by the absence of TLRs, but is enhanced by
macrophage pre-treatment with TLR agonists

We next examined whether TLR2 or other TLRs co-operate with CD36 in mediating
phagocytosis. Macrophage deficiency in TLR2 or IRAK4 did not impair internalization of α-
CD36 EBABs by murine macrophages (Fig. 4A), indicating that TLRs are not essential for
CD36-mediated internalization.

As macrophage pre-stimulation with exogenous TLR agonists has been shown to enhance
phagocytosis (17), we next treated macrophages with synthetic TLR2 agonists for 1 hr prior
to α-CD36 EBAB internalization. Pre-treatment with Pam3CSK4 increased EBAB
internalization by human (Fig. 4B; p<0.05) and wild-type murine macrophages (Fig. 4C;
p<0.001) in a TLR2- and IRAK4-dependent manner (Fig. 4C). Similar increases were observed
upon pre-treatment of human (Fig. 4D; p<0.001) and murine macrophages (Fig. 4E; p<0.001)
with FSL-1, which stimulates TLR2-mediated inflammation in a CD36-dependent manner
(14). The enhanced uptake was largely CD36-dependent, as TLR2 pre-stimulation of
Cd36−/− macrophages induced only a small increase in EBAB internalization over baseline
compared to wild-type macrophages (Fig. 4F). This increase was not statistically significant,
although we cannot exclude the minor contribution of other receptors to the observed
enhancement of phagocytosis.

Other reports have demonstrated that TLR stimulation can upregulate expression of scavenger
receptors, including CD36 (17,35). We investigated the possibility that TLR2 activation
enhanced CD36-mediated internalization in our system by augmenting surface CD36 levels.
However, increased gene expression of CD36 seemed unlikely to play a role, as EBAB uptake
was enhanced by FSL-1 and Pam3CSK4 pre-treatments as brief as 5 min (Fig. 5A). Further,
we did not detect any change in surface CD36 levels after incubation with these ligands for 15
min, 1 hr, and 2hr (Fig. 5B). Thus, TLR2 stimulation does not enhance CD36-mediated
internalization by increasing the number of CD36 receptors on the macrophage surface.

We next examined whether the enhancement of CD36-mediated internalization is specific to
TLR2 or if other TLRs can exert a similar effect. Pre-stimulation of human and murine
macrophages for 1 hr with LPS, CpG oligonucleotides, and polyI:C (which activate TLR4,
TLR9, and TLR3, respectively) significantly enhanced phagocytosis of α-CD36 EBABs (Fig.
S3). Collectively, these data demonstrate that multiple TLRs can co-operate with CD36 to
promote phagocytosis.
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CD36-mediated PE internalization is not dependent on TLRs, but is enhanced by
pretreatment with TLR2 agonist PfGPI

We next investigated whether TLRs regulate CD36-mediated uptake of P. falciparum PEs.
Unlike EBABs, PEs contain malaria TLR agonists that may stimulate TLRs and thus modulate
uptake. However, uptake of PEs was similar in wild-type, Tlr2−/− and Irak4−/− macrophages
(Fig. 6A), even upon IFN-γ pre-treatment for 12 hrs to enhance macrophage TLR responses
(data not shown). Thus, TLR2 and other IRAK4-dependent TLRs were not essential for CD36-
mediated internalization of PEs.

Although TLRs were not required for PE uptake, we hypothesized that macrophage
pretreatment with the malaria TLR2 agonist PfGPI may modulate PE internalization, similar
to TLR2-enhanced α-CD36 EBAB uptake. In support of this premise, human and wild-type
murine macrophages pre-treated with purified PfGPI for 1 hr exhibited increased α-CD36
EBAB internalization compared to controls (Fig. 6B,C; p=0.011 and p<0.001, respectively),
while uptake by Tlr2−/− and Irak4−/− macrophages was unaffected (Fig. 6C). Similarly, PfGPI
pretreatment for 2 hrs enhanced non-opsonic PE internalization by human (Fig. 6D, p=0.005)
and murine (Fig. 6E, p<0.001) macrophages in a TLR2- and IRAK4-dependent manner (Fig.
6E). Using Cd36−/− macrophages, we confirmed that the increased uptake was largely
dependent on CD36 (Fig. 6C, E), but was not due to a PfGPI-induced increase in surface levels
of CD36 (Fig. S4). These data indicate a functional co-operation between CD36 and TLR2 in
promoting innate PE internalization by macrophages.

DISCUSSION
CD36 and TLRs: Co-operative roles in inflammation and phagocytosis

The role of CD36 in the regulation of inflammatory responses has been controversial, with
some reports implicating direct CD36-mediated pro-inflammatory signaling (4,7) and other
reports suggesting a more passive role for CD36 in presenting ligands to TLRs (13). To address
this issue, we used robust model systems to examine selective activation of CD36-induced
endocytosis and phagocytosis. We did not observe pro-inflammatory cytokine production in
either model (Fig. 1,2), indicating that CD36 activation can generate signals to induce
internalization without inducing cytokine secretion. Our data support the hypothesis that CD36
participates in inflammation by presenting ligands to other receptors such as TLRs, rather than
independently initiating pro-inflammatory signals. This model is consistent with the diverse
binding capacities of CD36 (1) and the induction of a physical association between CD36 and
TLR2 upon FSL-1 treatment (14). Notably, oxLDL and β-amyloid have been found to stimulate
TLRs (36,37), raising the possibility that CD36 contributes to inflammatory responses to these
ligands by facilitating their recognition by TLRs.

It was recently reported that transfection of CD36 into TLR2/4-deficient cell lines enhanced
IL-8 responses to LPS and Gram negative bacteria, suggesting a role for CD36-mediated TLR-
independent pro-inflammatory signaling (4). However, it is possible that in this system CD36
delivers ligands to other innate sensing receptors present in the cell. We cannot formally
exclude a direct contribution of CD36-mediated signaling to cytokine responses initiated by
other receptors, and CD36 may be able to independently induce production of specific
inflammatory mediators, such as reactive oxygen species (38). Nevertheless, in the models we
examined, CD36 activation alone was incapable of producing pro-inflammatory cytokines,
suggesting that these responses depend on the ability of CD36 ligands to also activate pro-
inflammatory signaling receptors such as TLRs.

While CD36 and TLR2 have been shown to co-operatively induce inflammation (8,13,14,
39), we demonstrate here a novel functional co-operation between these receptors in mediating
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phagocytosis. Although CD36-mediated internalization did not require TLRs, exogenous
TLR2 activation enhanced CD36-mediated particle uptake (Fig. 4). In our experiments it is
unlikely that TLR-mediated transcription of scavenger receptors (17,35) is the basis for the
increased phagocytosis, as surface CD36 levels did not change upon TLR2 stimulation (Fig.
5). Early signaling events via the MyD88-IRAK4 complex appear to be critical for TLR2-
mediated enhancement of internalization, as Irak4−/− macrophages did not exhibit increased
phagocytosis after stimulation with TLR2 agonists. The observation that TLR3 stimulation
also promoted uptake indicates that MyD88-IRAK4-independent pathways can mediate this
effect, and suggests the involvement of downstream events common to all TLRs. A number
of signaling molecules activated by TLRs participate in phagocytosis, raising the possibility
that synergy between TLR-and CD36-mediated signals underlies TLR enhancement of CD36-
mediated internalization. For example, MAP kinases p38 and ERK have been implicated in
TLR-enhanced internalization (16,40), are also activated by CD36 cross-linking and play a
role in CD36-mediated PE internalization (6). In addition, TLR stimulation activates Rho
GTPases (41), which are critical for actin remodeling during phagocytosis. Although some
groups have not detected increases in activated Rho GTPases during TLR-enhanced
internalization (16,40), another report using RNAi implicated Rho GTPases in TLR-induced
phagocytosis (42).

While future studies are required to address the precise underlying mechanism, our findings
may have relevance for various biological systems. TLR2 regulation of S. aureus phagocytosis
(16) may occur via co-operation with CD36, which functions as a phagocytic receptor for this
pathogen (8). Moreover, TLR2 recognizes β-amyloid (36) and has been implicated in β-
amyloid clearance in a murine model of Alzheimer’s disease (43), suggesting that TLR2 and
CD36 may collaboratively enhance β-amyloid phagocytosis.

Co-operation between CD36 and TLRs: Implications for malaria
We extended our studies of CD36-TLR interactions to an in vitro malaria-macrophage model
in which both CD36 and TLRs are engaged. We found that CD36-mediated PE internalization
per se did not induce pro-inflammatory cytokine production (Fig. 3). On the other hand, our
group previously implicated CD36 in TNF production induced by PfGPI (28). Given the non-
inflammatory nature of selective CD36 activation, we propose that these distinct inflammatory
outcomes of CD36 engagement in our malaria-macrophage model are attributable to
differential activation of TLRs by distinct CD36 ligands. TLR2 is an essential sensor for
PfGPI, and the affinity of CD36 for lipid moieties (1) suggests that it may present this ligand
to TLR2. In contrast, CD36-mediated PE binding is non-inflammatory, suggesting that
components exposed on the PE surface do not activate TLRs or other pro-inflammatory
receptors. Notably, all known malaria TLR agonists are thought to be confined inside the intact
PE, and only released upon rupture of mature PEs at the end of the parasite’s intraerythrocytic
life cycle (22). Thus, these products are likely inaccessible to cell surface TLRs upon PE
binding, and hence would not stimulate inflammation. Additionally, our data suggest that the
PE surface components that directly bind macrophage CD36 – likely parasite-encoded variable
surface antigens such as P. falciparum erythrocyte membrane protein 1 (6,44) – do not activate
TLRs or other proinflammatory receptors.

TLR2 has been reported to be recruited to phagosomes, where it samples the contents for
cognate agonists (45,46). Thus, one might expect that PE degradation within the phagosome
would release malaria TLR agonists and trigger TLR-mediated inflammation, similarly to how
CD36-mediated internalization of S. aureus LTA has been postulated to promote cytokine
responses by delivering this ligand to phagosomal TLR2 (8). If TLR2 is present in PE-
containing phagosomes, it may not be effectively activated in our model due to rapid
degradation of PfGPI, inhospitable conditions (e.g. low pH), or PE activation of other pathways
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that dampen TLR signaling (47). Alternatively, TLR2 may not be recruited to PE-containing
phagosomes. We were unable to explore this question due to the low fidelity of available
reagents to detect TLR2.

The non-inflammatory nature of PE internalization contrasts with phagocytosis of other
pathogens, which is coupled to release of pro-inflammatory mediators that activate other host
cells and thus strengthen immune defenses (48). It is tempting to speculate that P.
falciparum evolved mechanisms to avoid TLR activation upon innate PE clearance in order to
more closely resemble uptake of apoptotic cells rather than bacteria. This strategy would reduce
host inflammatory responses and prevent accelerated PE clearance. As excessive production
of proinflammatory cytokines has been implicated in the pathophysiology of severe malaria
(49), non-inflammatory PE uptake may in fact represent a host-pathogen co-evolution to limit
immunopathology.

Despite this potential co-evolution to restrict inflammation, the obligate rupture of PEs to
release parasite progeny concomitantly releases parasite products such as PfGPI that stimulate
TLRs and induce inflammatory responses. TLR-mediated inflammation has been linked to
severe malaria pathogenesis, leading to proposals for inhibition of TLR pathways as an anti-
inflammatory adjunctive therapy (50,51). Here we demonstrate that macrophage TLR2
stimulation with PfGPI enhances PE uptake (Fig. 6), indicating that TLR2 can co-operate with
CD36 to integrate inflammatory and phagocytic responses to malaria. Moreover, our finding
suggests a novel and potentially beneficial role for TLRs in the innate immune response to
malaria: promotion of PE clearance by macrophages, which has been implicated in the control
of acute blood stage parasite replication (52–56).
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Fig. 1. Antibody-induced CD36 cross-linking and endocytosis do not stimulate secretion of pro-
inflammatory cytokines
(A) Diagrammatic representation of antibody-induced CD36 cross-linking and endocytosis
model. (B) Upper panels: Surface CD36 was cross-linked on primary human and murine
macrophages by incubation at 4°C with α-CD36 antibody, followed by a FITC- or Cy2-
conjugated secondary antibody. Middle panels: Following transfer of macrophages to 37°C,
CD36-antibody complexes were internalized. Internalization of the complexes was confirmed
by labeling the remaining surface CD36 with a tertiary Cy3-coupled antibody and examining
vertical sections of cells constructed from Z-stacks (above and to left of individual images).
Green signal within the macrophage represents internalized CD36-antibody complexes. Lower
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panels: The CD36-specific nature of the system was demonstrated by treating human
macrophages with an isotype-matched antibody (left) and using Cd36−/− murine macrophages
(right). (C) Macrophages were incubated at 37°C for 24 hr following CD36 crosslinking, and
TNF levels in supernatants were assessed by ELISA. ND, not detectable. NS, not significant
by Student’s t-test. Results are representative of three independent experiments.
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Fig. 2. CD36-mediated phagocytosis of large particles does not result in secretion of
proinflammatory cytokines
(A) Schematic diagram of human and mouse α-CD36 EBABs. α-CD36 antibodies conjugated
to human red blood cells (RBC) via biotin and streptavidin crosslink CD36 on the macrophage
surface, resulting in internalization. (B) Differential interference contrast images of α-CD36
EBABs binding to wild-type and Cd36−/− murine macrophages (upper panels) and
internalization by wild-type macrophages (lower panels). After an internalization assay, EBAB
uptake was confirmed by staining bound EBABs with a fluorophore-conjugated antibody;
following a hypotonic lysis, the ghosts of lysed bound EBABs appeared stained, whereas
internalized EBABs (indicated by arrows) did not. (C) Human macrophages (top) and wild-
type and Cd36−/− murine macrophages (bottom) were incubated with α-CD36 EBABs and
EBABs prepared with an isotype-matched control antibody, and phagocytosis was assessed.
** indicates p<0.01 by Student’s t-test (human data) or one-way ANOVA with Bonferroni
post-tests (murine data). (D) α-CD36 EBABs or isotype control EBABs were incubated with
human (top) or murine (bottom) macrophages at 37°C for 4 and 8 hr, and TNF in supernatants
was measured by ELISA. NS, not significant by Student’s t-test. Results are representative of
three independent experiments.
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Fig. 3. CD36-mediated internalization of P. falciparum PEs by macrophages does not stimulate pro-
inflammatory cytokine secretion
(A) Human macrophages (left) and wild-type murine macrophages (right) were incubated for
4 hr at 37°C with carefully synchronized and washed mature-stage PEs, uninfected red blood
cells (uRBC), or LPS. Supernatants were collected and analyzed by ELISA for TNF. NS, not
significant by Student’s t-test. (B) To ensure that lack of priming was not obscuring
inflammatory consequences of CD36-mediated PE internalization, macrophages were pre-
incubated for 12 hr with IFN-γ (100 U/mL) prior to the internalization assay. Cd36−/− murine
macrophages were included as a control to assess the contribution of CD36-mediated PE
internalization to the low levels of TNF production observed. NS, not significant by Student’s
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t-test (human data); *** indicates p<0.001 and NS indicates not significant by one-way
ANOVA with Bonferroni post-tests (murine data). ND, not detectable. Results are
representative of three independent experiments.
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Fig. 4. Macrophage pre-stimulation by TLR2 agonists enhances CD36-mediated internalization in
a TLR2-, IRAK4-, and CD36-dependent manner
(A) Wild-type, Tlr2−/−, Irak4−/−, and Cd36−/− murine macrophages were incubated with α-
CD36 EBABs over a 30 min time course, and phagocytic indices were determined. * indicates
p<0.05 by one-way ANOVA with Bonferroni post-tests. (B) Human and (C) murine
macrophages were treated with medium alone or TLR2 agonist Pam3CSK4 (100 ng/mL) for 1
hr, followed by a 30 min α-CD36 EBAB internalization assay. (D) Human and (E) murine
macrophages were treated with medium alone or CD36-dependent TLR2 agonist FSL-1 (20
ng/mL) for 1 hour prior to α-CD36 EBAB internalization. (F) Wild-type and Cd36−/− murine
macrophages were pre-stimulated with medium alone, Pam3CSK4, or FSL-1 for 1 hr prior to
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α-CD36 EBAB internalization. * indicates p<0.05, ** p<0.01, and *** p<0.001 by Student’s
t-test (human data) or two-way ANOVA with Bonferroni post-tests (murine data). Data shown
are representative of three independent experiments.
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Fig. 5. Enhancement of CD36-mediated internalization by TLR2 stimulation occurs with brief pre-
treatment periods and is not related to increased surface levels of CD36
(A) Pre-stimulation with FSL-1 and Pam3CSK4 for 5 min and 15 min significantly increased
uptake of α-CD36 EBABs by human macrophages (left) and wild-type murine macrophages,
but not Tlr2−/− macrophages (right). * indicates p<0.05, ** p<0.01, and *** p<0.001 by one-
way ANOVA (human data) or two-way ANOVA with Bonferroni post-tests (murine data).
(B) Human and wild-type murine macrophages were incubated with medium alone (light gray
shaded histogram) or with FSL-1 or Pam3CSK4 for 15 min (thick black line), 1 hr (gray line),
or 2hr (thin black line). Cells were stained for surface CD36 and analyzed by flow cytometry.
The dark gray shaded histogram indicates macrophages incubated with the appropriate isotype-
matched antibody control. Histogram plots (left) show data from a representative experiment.
For at least three independent experiments, the geometric means of CD36 levels were
normalized to medium alone and pooled (right). None of the treatments induced a significant
change in CD36 levels as analyzed by one-way ANOVA.
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Fig. 6. TLRs are not required for CD36-mediated PE internalization, but macrophage pre-
stimulation with a malaria TLR2 agonist enhances internalization of α-CD36 EBABs and PEs
(A) Wild-type, Tlr2−/−, Irak4−/−, and Cd36−/− murine macrophages were incubated with P.
falciparum PEs for 2 hr. Data represent the results of at least 5 independent experiments
expressed as a percentage of the phagocytic index of wild-type macrophages and pooled
together. * indicates p<0.05 by one-way ANOVA with Bonferroni post-tests. (B) Human and
(C) murine macrophages were pre-treated with gold beads alone (control) or HPLC-purified
PfGPI (400 ng/mL) for 1 hr, followed by a 30 min α-CD36 EBAB internalization assay. (D)
Human and (E) murine macrophages were pre-treated with PfGPI or control beads for 2 hr,
followed by 2 hr PE internalization assay. * indicates p<0.05, ** p<0.01, and *** p<0.001 by
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Student’s t-test (human data) or two-way ANOVA with Bonferroni post-tests (murine data).
Results are representative of at least two independent experiments.
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