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Peroxisome Proliferator-Activated Receptory-Retinoid X
Receptor Agonists Increase CD36-Dependent Phagocytosis of
Plasmodium falciparumParasitized Erythrocytes and

Decrease Malaria-Induced TNF« Secretion by
Monocytes/Macrophage$

Lena Serghides* and Kevin C. Kair?*"

Severe and fatal malaria is associated with the failure of host defenses to control parasite replication, excessive secretion of
proinflammatory cytokines such as TNF«, and sequestration of parasitized erythrocytes (PES) in vital organs. The identification

of CD36 as a major sequestration receptor has led to the assumption that it contributes to the pathophysiology of severe malaria

and has prompted the development of antiadherence therapies to disrupt the CD36-PE interaction. This concept has been chal- &
lenged by unexpected evidence that individuals deficient in CD36 are more susceptible to severe and cerebral malaria. In this §
study, we demonstrate that CD36 is the major receptor mediating nonopsonic phagocytosis of PEs by macrophages, a clearancez
mechanism of potential importance in nonimmune hosts at the greatest risk of severe malaria. CD36-mediated uptake of PEs 3
occurs via a novel pathway that does not involve thrombospondin, the vitronectin receptor, or phosphatidylserine recognition.
Furthermore, we show that proliferator-activated receptor y-retinoid X receptor agonists induce an increase in CD36-mediated
phagocytosis and a decrease in parasite-induced TNé&-secretion. Specific up-regulation of monocyte/macrophage CD36 may
represent a novel therapeutic strategy to prevent or treat severe malaria. The Journal of Immunology,2001, 166: 6742—6748.
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the greatest risk of developing severe and complicatecadipocytes, platelets, monocytes, and macrophagess)irhas
malaria leading to death. Despite decades of research, nbeen shown to be a receptor preferentially recognized by most
specific treatments have been identified to prevent or improve theatural isolates oP. falciparum(7, 9, 21). The identification of
outcome of patients with cerebral or severe malaria (1). The centralD36 as a major sequestration receptor has led to the assumptigh
pathophysiologic events in sevePasmodium falciparurmalaria  that it contributes to the pathophysiology of severe malaria and ha%
are the inability of the host defenses to control parasite replicationprompted the development of antiadherence therapies to disrupt
cytokine imbalance resulting in the excessive release of proinflamthe CD36-PE interaction (7, 18, 22—-23). However, its role in ce-g
matory cytokines in response to infection, and the sequestration atbral and severe malaria is unclear because little CD36 is ex§
parasitized erythrocytes (PEs) the microvasculature of vital or-  pressed on cerebral microvasculature endothelial cells (5, 24), an§
gans (2-6). Several receptors have been implicated in the cytoadtudies have reported that significantly higher binding of PEs toZ
herence of PEs to vascular endothelium, including ICAM-1 (7-8),CD36 occurs in cases of nonsevere malaria (25, 26). Furthermorey
VCAM-1 (9-10), E-selectin (10), platelet/endothelial cell adhe- individuals deficient in CD36 were found to be more susceptible toé
sion molecule-1/CD31 (11), chondroitin-4-sulfate (12), hyaluronicsevere and cerebral malaria (27). However, the mechanism byc:
acid (13), thrombospondin (TSP) (14y,8; (15), and CD36 which CD36 may confer protection from severe disease is;:3
(16-20). unknown. n
In contrast to CD36, other adhesion receptors such as ICAM-T8
are expressed in cerebral endothelial cells and may be up-regulated
by inflammatory cytokines such as TNF{6, 8, 28). Elevated
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p_ T P T been associated with severe and fatal malaria (8, 29-33). Further-
Received for publication January 30, 2001. Accepted for publication March 19, 2001,

more, a genetic predisposition to overproduce T&F-response
The costs of publication of this article were defrayed in part by the payment of pag : . : .
charges. This article must therefore be hereby maddartisemenin accordance %o infection has been propose_d as a mEChanlsr_n underlying the
with 18 U.S.C. Section 1734 solely to indicate this fact. development of cerebral malaria (34—36). Collectively, these data
1 This work was supported by the Medical Research Council of Canada (MT-13721)SUggest that the sequestration of PEs observed in cerebral malaria
the Heart and Stroke Foundation of Canada (NA-3391), and the Ontario HIV Trialsmay result from up-regulated ICAM-1 and other adhesion mole-

Network. L.S. is the recipient of a Medical Research Council of Canada Studentship, | th bral mi lat due t . bal
K.C.K. is supported by a Career Scientist Award from the Ontario Ministry of Health. cules on the cerebral microvasculature due to excessive or unbal-

2 Address correspondence and reprint requests to Dr. Kevin C. Kain, Tropical Diseasgnced promﬂammatory responses _(6’ :_33‘ 3_4’ 36). .

Unit, EN G-224, Toronto General Hospital, 200 Elizabeth Street, Toronto, Ontario, Phagocytic cells are an essential first line of innate defense
Canada M5G 2C4. E-mail address: kevin.kain@uhn.on.ca against malaria, facilitating control and resolution of infection by
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noid X receptor; PS, phosphatidylserine; Pl, phosphatidylinositol; PC, phosphatidyI—WI‘]'C_h these cells recognize PEs are nOt_ well underStoc_)d' Most
choline; RA, retinoic acid; MA, methoprene acid; 15d-BGIB-deoxyA'>14PG]. studies have focused on the phagocytosis of Ab-opsonized PEs

Y oung children and other nonimmune individuals are at CD36, an 88-kDa integral protein found on endothelial cells,
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(39-41). However, it is uncertain what role opsonic clearanceblue exclusion. In some experiments, purified monocytes were adhered to
plays in the nonimmune individuals most at risk for severe anddlass coverslips in 12-well polystyrene plates (250,000 monocytes/well).
cerebral malaria. Phagocytes of the monocyigiMeage are also Nonadherent cells were washed away, and the monocytes were cultured in

. oo g . RPMI 1640 with L-glutamine, HEPES, and 10% heat-inactivated FCS
the primary source of paras.lte-lnduced promflammatory cytokingrp| 10) at 37°C and 5% COMonocytes, aged in culture for 5 days to
responses that have been linked to adverse clinical outcomes (Berive M¢s, were assayed for phagocytic ability or CD36 expression.

29-31). We have recently shown that CD36 mediates the uptakecg tecti f CD36 by . ¢
nonopsonized PEs by human monocytes (42). Furthermore, actretection o y flow cytometry
vation of CD36 on monocytes, either by cross-linking the receptotHuman monocytes, THP-1 (a human monocytic cell line), and WR-1 cells

or during nonopsonic phagocytosis, does not induce the release &t transformed brain endothelial cell line; the kind gift of Dr. C. Ocken-
the proinflammatory cytokine TNE—k42) house, Walter Reed Army Institute of Research, Washington, DC) sub-

. . jected to various treatments were stained with 1:100 dilution of the mAb
Based on these observations, we hypothesized that mongsag-152 (anti-CD36) for 30 min on ice followed by a 1:50 dilution of a

cytes/Mp CD36 may play a beneficial role during infection by secondary anti-mouse IgG-FITC conjugated Ab. An unstained control and

mediating nonopsonic clearance of PEs and by not contributing t§econdary Ab-only stained controls were also performed. The monocytes

the release of proinflammatory cytokines associated with pooE/ere fixed in 1% paraformaldehyde/PBS and analyzed using the Epics
. . . LITE flow cytometer and software (Beckman Coulter, Marseille, France).

clinical outcomes. Furthermore, we hypothesized that clinical ma-

laria might benefit from specific up-regulation of monocyté¢/M Up-regulation of CD36 using PPAJRRXR agonists and

CD36, particularly in the nonimmune host, where opsonic phagophagocytosis assay

CytOSi_S Wou_ld be expected to be less. TO_ test this hypothesis, WBurified human monocytes or culture-derived$/ plated on round glass §’
have investigated the effect of up-regulating CD36 on the phagocoverslips in 12-well polystyrene plates (250,000 monocytes/well), werez
cytosis of nonopsonized PEs by aging monocytes in culture and byxposed to RPMI 10 containing sV 15d-PGJ plus 30uM MA, 5 uM g
treating monocytes and & with peroxisome proliferator-acti-  15d-PGd plus 1uM 9-CisRA, ciglitazone (3-3QuM), or appropriate con- =
vated receptory (PPARy)-retinoid X receptor (RXR) agonists. ﬁ?r}tLaFt,'_olnié’”stvveSr‘gt?:;;g?:‘;higg;{‘;gﬁéted at 37°C 5%022-24 g
The CD36 promoter contains a PPARXR binding site, and the The phagocytosis assay was performed as previously described (42%

PPARy-RXR complex can modulate CD36 gene expressionThe monocytes were washed and incubated withug0ml Fc fragments
through direct promoter interaction (43). In addition, PRARXR  for 30 min at room temperature (to block Fc receptors), followed by a
agonists have anti-inflammatory properties; down-regulating |p$0-min incubation with 1Qug/ml of various mAbs or 0.1 mM of liposomes

. . . . where appropriate. The monocytes were washed, andub@d 2% he-
and PMA induced proinflammatory cytokine secretion (44, 45). If j\atocrit and 5-8% parasitemia of carefully synchronized trophozoite-S
the anti-inflammatory effects of PPARRXR agonists can be ex- stage parasites in RPMI 10 were layered on top. The final PE:mono3

tended to malaria-induced inflammation, then these compoundeyte/M¢ ratio was 20:1. The assay was allowed to continuetfo at37°C
may be beneficial in decreasing the excessive or unbalanced swith gentle rotation. After 4 h, the coverslips were subjected to hypotonic g
cretion of proinflammatory cytokines implicated in severe malarialY>'S I ice-cold water for 30 s to remove nonphagocytosed PEs and werg

. . fixed and stained with Giemsa. The number of monocytégs/Mith fully
(46). We present evidence that PPARXR agonist freatment re-  internalized PEs was quantitated microscopically. At least 400 monocytesk

sults in an increase in CD36-mediated phagocytosis and a decreasgeps were counted per coverslip. Phagocytic index was defined as th&
in parasite-induced TNle-secretion. percentage of monocytes/d with at least one internalized PE multiplied
by the average number of PEs per monocyté/fdr that coverslip (51).
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Materials and Methods

- TNF-« assay
Reagents and parasite culture
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Endotoxin-free RPMI 1640 culture medium was obtained from Life Tech- (200,000 cells/well) and allowed to adhere for 1 h. Unattached cells weres
nologies (Burlington, Canada). FCS was obtained from Wisent (Missis-washed away, and the remaining cells were treated with BPRRR ago-
sauga, Canada) and was heat inactivated at 55°C for 30 min before use. Thésts or DMSO controls as described above, followed by the addition of 505
anti-CD36 mAb FA6-152 was obtained from Immunotech (Marseille, nM PMA, 1:10 dilution of varioud. falciparumculture supernatants (my- <
France), the anti,8; mAb 23C6 from Serotec (Raleigh, NC), the anti- coplasma free), or no additions. Following an 18- to 24-h incubation at&
TSP mAb C6.7 from Medicorp (Montreal, Canada), and the anti-ICAM-1 37°C, the supernatants were collected, cleared by centrifugation, and a$
mADb 15.2 from Santa Cruz Biotechnology (Balthesa, CA). Recombinantsayed for TNFe using a sandwich ELISA (52). ©
human TNFe and monoclonal anti-human TNd&-were obtained from TNF-a assays were also performed as described above using THP-§
Genzyme (Mississauga, Canada). Ciglitazone, 15-déd®y*PGJ, (15d- cells kept in suspension at a concentration of 500,000 cells/ml.
PGJ), and methoprene acid (MA) were obtained from Biomol (Plymouth o )
Meeting, PA). PMA, DMSO, Sis-retinoic acid (RA), saline, trypsin, and ~ Statistical analysis
sterile water were obtained from Sigma-Aldrich (Oakville, Canada). Ficoll- Il experiments were performed in duplicate or triplicate and repeated at
Paque, Percoll, and dextran T500 were obtained from Pharmacia (Peapa east tFr)mree times Ther?e was some varigtion betwegn ex erimentg due to the
NJ). Human IgG Fc fragments were obtained from Calbiochem (San Di- £ diff t : e d d it it P H ithi
ego, CA). Lipids were purchased from Avanti Polar Lipids US€ of difierent monocyle donors and parasite cuttures. rowever, within
(Alabaster, AL). each ixpenmerlmt, the r:esu!ts weredcon3|$te_nt.I D_atqf_are represegted as

Liposomes were prepared as described (47). Phosphatidylcholine (sz_ear:j_ SD’ tﬁn eSstsdot teé\tlete noted. Statistical significance was deter-
liposomes were made at 100 mol % PC. Phosphatidylinositol (Pl) an Ineéd using the Studentistest.
phosphatidylserine (PS) liposomes were made at 70 mol % PC and 30 m%
% PS or PI. esults

Parasite cultures were maintained and synchronized as described (48zulture-derived Mps express more CD36 and have increased
50). Parasites from two patient lines (P1 and P2) and the laboratory Clonghagocytic capacity for nonopsonized PEs
ItG were used. Parasite cultures were treated with mycoplasma removal . .
agent (ICN Pharmaceuticals, Costa Mesa, CA) and tested negative for mpVe have recently reported that CD36 is the major receptor on
coplasma by PCR analysis before use. Culture supernatants were collecté@éshly isolated human monocytes mediating the uptake of non-
from parasite lines, aliquoted, and frozen for subsequent use. opsonized PEs (42). However, our observations with freshly ex-

Monocyte isolation and culture planted monocytes may underestimate the potential for nonopsonic

Venus blood was collected from healthy volunteers, and monocytes Werclearance Of PES in vivo. Tissue-residend/in the liver, spleen,
isolated as described (42). This procedure yields a r‘)IateIet-free populatio nd reticuloendothelial system that mgdlate the upta.lke of PEs
of nonactivated monocytes that ar€0% CD14 positive by flow cytom- would be expected to behave more like culture-derive¢sM
etry, minimal baseline TNFe secretion, and>98% viability by trypan  which have been reported to express increased levels of CD36
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(53). We investigated the effect of culture maturation of monocytes a 12 :
on CD36 expression and phagocytic capacity for nonopsonized
PEs. CD36 surface levels increased on monocytes aged in culture 100
for 5 days (Fig. &). In association with increased CD36 levels, the x
phagocytosis of nonopsonized PEs increasddfold (p < 0.01; 5 80 4
Fig. 1b). Phagocytosis occurred in a complement-free environment E
with Fc receptor blockade and no prior opsonization of PEs. The -E, 60
mAb blockade of CD36 (FA6-152; 10.g/ml) resulted in a 50— §
70% inhibition of phagocytosis in both day 0 and day 5 monocytes 5 40 4 e
(p < 0.01; Fig. b). There was no phagocytosis of uninfected
erythrocytes by monocytes or culture-derived/ 0 4 %
M¢ phagocytosis of nonopsonized PEs is a CD36-specific 0 -
g . +
process AntAGAM. .
CD36 participates in cooperation with 8; and TSP in the phago- :::::?Vsﬁﬁ + . :
cytic removal of apoptotic cells (54-55). We investigated whether
these or other recognized PE receptors such as ICAM-1 contrib- b 125 c 7
uted to nonopsonic phagocytosis of PEs by culture-derives.M §’
Receptor blockade af,3; or TSP on culture-derived s using 100 6 g
mAbs (23C6 and C6.7, respectively) (54-55) did not decrease PE X 1 1 5 &
phagocytosis (Fig. &. Blocking «,85, TSP, and CD36 in com- 25 ﬁ /, E g
bination resulted in a decrease in PE phagocytosis similar to that § {z < 4 ;
observed with CD36 blockade alone (Fig)2Receptor blockade 850 § 5 3 . ¥ Z
of ICAM-1, an important sequestration receptor for PEs expressed g ’ % . %
0-25- % *k i %
] a 1 o
a g 0 ! 0 é
2 PS + anti-CD36  + 3
- PC + Trypsin + g
£ s PI + 5
8 : anti-CD36 + 2
e FIGURE 2. Phagocytosis of nonopsonized PEs by culture-deriveg M (9:
o - is a CD36-specific processa, Fc receptor-blocked culture-deriveddd ;
' . . were pretreated for 30 min with 1@g/ml of the mAbs FA6-152 (anti- <
Logqo fluorescence intensity CD36), 15.2 (anti-ICAM-1), 23C6 (antis,35), C6.7 (anti-TSP), or a com- §
bination of FA6-152, 23C6, and C6.7. Receptor blockade was followed by
1601 a standard phagocytosis assay (Skserials and Methods *#, p < 0.01 g
b 1404 fid (Student’st test,n = 3/group), control vs FA6-152-treated and control vs g
x _T_ FA6-152 plus 23C6 plus C6.7-treatdu). Fc receptor-blocked culture-de- 3
§ 1204 rived Mds were pretreated for 30 min with 0.1 mM PS-containing lipo- &
o 1004 somes, PC-containing liposomes, Pl-containing liposomes, or with 108
> 80 ng/ml of mAb FA6-152 (anti-CD36) before exposure to nonopsonized PEs:ir
;:°‘;> 60 - (seeMaterials and Methods #*, p < 0.01 (Student’s test,n = 3/group), g
z + control vs FA6-152-treated Wk. c, Fc receptor-blocked culture-derived g
40 7 M ¢s were exposed to either nonopsonized PEs or to nonopsonized PEs that
20 - were trypsin treated for 30 mim, p < 0.05 (Student’s test,n = 3/group), 3:;
0 % control vs trypsinized PEs and control vs FA6-152 (anti-CD36)-treated.
UE + + . . - X
PE + o+ + 4 The above were performed in duplicate or triplicate and are representativ&
Day 1 + o+ o+ of data collected in at least three independent experiments.
Day 5 + + o+
anti-CD36 + +

FIGURE 1. Culture-derived Mps express more CD36 and have in- . -
creased phagocytic capacity, The CD36 mean log fluorescence of on both endothelial cells and monocytegf®] had no significant

freshly isolated monocytes is shown in gray, and that for monocytes agelhibitory effect on PE phagocytosis (Figaj2 o

in culture for 5 days is shown in black. The flow cytometry histograms CD36 has been shown to interact with PS, and PS-containing
shown are typical of four independent experiments. Secondary-only stainefposomes have been reported to inhibit CD36-mediated apoptotic
controls were equivalent for both fresh and day-5 monocydedlonop-  cell phagocytosis (51). To investigate the possible involvement of
sonized PEs were incubated with adhered, Fc receptor-blocked, freshi?S in the phagocytic uptake of nonopsonised PEs, we exposed
isolated monocytes and day-5 culture-derivegdviWhere indicatedZ),  culture-derived Mps to PS-containing liposomes before phagocy-
CD36 was blocked by preincubation with 1@/ml FAG-152 (anti-CD36  tosjs. PS-containing liposomes had no inhibitory effect on nonop-
mADb). Phagocytic assays were performed as described Malerials and sonic PE phagocytosis (Figbp nor did PC- or Pl-containing li-
Methods Phagocytic index is defined as the percentage of monocyies/M iposomes (Fig. ).

with at least one internalized PE multiplied by the average number o . . . . )
internalized PEs per monocytesgMThere was no phagocytosis of unin- The ligand for CD36 on the PE is a trypsin-sensitive protein,

fected erythrocytes. Experiments were performed in duplicate or triplicatefalc'par_um(':‘rythro_cyte me_mbrqne protein 1 (56). Removal of thfe
and repeated at least three times, p < 0.01, day 1 vs day 1 plus cD36 CD36 ligand by mild trypsinization of the PEs before phagocytosis
blockade; ##p < 0.01, day 5 vs day 1+ +, p < 0.01, day 5 vs day 5 plus ~ resulted in a decrease in phagocytosis similar to that observed with
CD36 blockade (all by Studentistest,n = 9/group). CD36 receptor blockade (FigcpR
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Up-regulating CD36 in monocytes anddd results in increased
uptake of nonopsonized PEs

o

19 39 58 78

Our observations that culture-deriveddil express more CD36
and have increased phagocytic capacity for PEs prompted us to test
the hypothesis that pharmacologic up-regulation of CD36 would ‘
increase phagocytic uptake of nonopsonized PEs. . 1 10 100
The nuclear receptor PPAR acting in combination with the Lagy, fluorescence intensity
RXR, has been shown to up-regulate CD36 expression in mono-
cytic cells (43). We treated monocytes with the PBA&jonists b 89 *x ¢ ¥
15d-PGJ (5 uM) or ciglitazone (3—100uM), a member of the 70 J_
thiazolidinedione family of drugs, and the RXR agonists MA (10
uM) or 9-cis-RA (1 uM) to determine whether PPARRXR ac- 69 J.
tivation increased CD36 surface levels and CD36-mediated phago-
cytic capacity. Monocytes treated overnight with 15d-P&dd a
RXR agonist or ciglitazone alone expressed 40—60% higher levels
of CD36 compared with similarly treated controls as determined 3d
by flow cytometry (Fig. & and data not shown). Similar up-reg- XX
ulation was observed in treated THP-1 cells (data not shown). This 9 %
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increase in surface level of CD36 was associated with a 2-fold or 10 5 §
greater increase in the phagocytic uptake of nonopsonized PEs a
over co_ntrols 0 < 0.01; Fig._S,b andc). Treated monocytes that 15d_PGJ°2 T, Cig"tazo?‘e .
internalized at least one PE increased 40—60%, and 30% more PES  9-cis-RA + anti-CD36 +
were internalized per phagocytic-positive monocyte compared ~ MA . o
with controls (1.51+ 0.21 vs 1.16+ 0.13, PEs per monocyte
SD;n = 16, p < 0.05). In each case, phagocytosis was inhibited
by mAb blockade of CD36§ < 0.01; Fig. 3,0 andc). Inhibition
levels ranged from-50 to 70% (mear= 61.15%) in control and 15
~65-90% (mear 72.9%) in treated monocytes. CD36-indepen-
dent phagocytosis did not differ significantly between treated and
control monocytes.

Increases in monocyte surface levels of CD36 and nonopsonic
phagocytosis demonstrated a dose-response relationship to treat- 11 120
ment with ciglitazone (3—-10@QM; Fig. 3d). 10 D AL 10 ﬂ .

The ability of PPARy and RXR agonists to increase CD36 ex- 0 3 30 100 0 3 30 100
pression and phagocytic capacity was not limited to freshly iso- Ciglitazone (uM)
lated monocytes. Culture-deriveddd treated with 15d-PGblus  FIGURE 3. PPARyand RXR agonists up-regulate the CD36 expression
9-cis-RA showed increased CD36 surface level$0% over con-  of human monocytes and increase their phagocytic capacity for nonops
trol M¢s and a corresponding increase in nonopsonic phagocytosigzed PEsa, Monocytes were treated for 24 h withyv 15d-PGJ plus
(~70% increase in ingested PEs in treategdvlp < 0.01; Fig. 1 uM 9-cis-RA or with DMSO as a control. CD36 mean Igdluorescence g
4a). Similar to untreated Ms, phagocytosis of nonopsonized PEs of control monocytes is shown in gray and that of treated monocytes ing

by PPARy-RXR agonist-treated Mis was inhibited by mAb plack. The histograms are representative of d:?\ta collected in three or mon‘§
independent experiments. Secondary-only stained controls were equivaleiit
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blockade of CD36 and by cleaving the CD36 ligand from the IDESfor both control and treated monocytés:c, Monocytes were treated with 2
and not by receptor blockade af5, TSP, and ICAM-1 or pre 5, \1 154.pG plus 1M 9-cis-RA (b), 5 uM 15d-PGI plus 10uM MA 5
incubation with PS-, PC-, or Pl-containing liposomes (Fig. 4, ) or 30 uM ciglitazone €) for 24 h and then used in PE phagocytosis =
b—d). assays as described faterials and MethodsFc receptors were blocked 3
in all assays and, where indicated, CD36 was blocked by preincubation
PPARy agonists reduc®. falciparurinduced TNFe from with 10 ug/ml FA6-152 (anti-CD36%). Data shown are means SD of

at least three independent experiments.p < 0.01, controls vs treated;
) ) XX, p < 0.01, Fc vs CD36 blockade by FA6-152 (Studerittest,n =
Elevated levels of proinflammatory cytokines such as TdNfave  9/group; ciglitazonen = 6/group).d, Monocytes were treated with in-

been associated with disease severity and a poor prognosis, sugeasing doses of ciglitazone (3—1@B1) or appropriate controls for 24 h.
gesting that excessive secretion of TNy monocytes/Mps in CD36 mean log, fluorescence of ciglitazone-treated as compared with
response to parasite products may promote severe and Cerebp@ptrol-treated monocytes is shown in tleé& panel Phagocytic index of
malaria (29, 30, 34). PPARagonists have been shown to reduce f:iglitazpne-treated as compared with control-treated monocytes is shown
LPS and PMA-induced proinflammatory cytokine secretion from™ thefight panel
monocytes (44, 45). We examined whether PRAIgonists would
inhibit P. falciparuminduced TNFe secretion from human mono- secretion induced by PMA was significantly inhibited by cotreat-
cytes and THP-1 cells. ment of cells with PPAR-RXR agonists p < 0.05). Cotreatment
We have previously demonstrated that CD36-mediated phagosf monocytes or THP-1 cells with 15d-P&dnd 9€is-RA plus a
cytosis of washed well-synchronized mature stage PEs does ndt10 dilution of parasite culture supernatants resulted in a signif-
induce TNFe release from monocytes (42). However, humanicant decrease in TNk&-production compared with control (<
monocytes and THP-1 cells exposed to parasite culture supern&05; Fig. 5,a andb). PPARy-RXR agonist-induced inhibition of
tants containing parasite GPI toxins released during schizont rupFNF-a was not limited to the laboratory clone ItG but also oc-
ture (57) do secrete TNk-(Fig. 5, a andb). Monocyte TNFe curred with wild isolates (P1 and P2).

human monocytes
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EIC * . Trypsin * FIGURE 5. Treatment with PPAR agonists reduceB. falciparumin-
anti-CD36 + duced TNFe secretion from THP-1 cells and human monocy&dHP-1

cells were exposed to no treatment, 50 ng/ml PMA, or a 1:10 dilution of
variousP. falciparumculture supernatants (ItG, P1, and P2), and T&NF-
production was assayed (sééaterials and Methodsfor details). E,
DMSO-treated controlsy, cells treated with .uM 15d-PGJ plus 1 uM
9-cis-RA. Experiments were performed in triplicate, and data shown are
representative of at least three independent experimenis< 0.05 (Stu-
dent'st test,n = 6 per group)b, Adherent human monocytes were treated
as described above and assayed for TdNPBroduction.y, Monocytes

d for 30 min with 10ua/ml of the follow Abs: FAG-152 ~ treated with 5uM 15d-PGJ and 1uM 9-cis-RA; E, DMSO-treated con
treated for 30 min with 1Qug/ml of the following mAbs: N @nti- o Experiments were performed in triplicate, and data shown are rep

CD36)' 15.2 (anti-ICAM-1), 23C6 (anti), C6.7 (anti-TSP), a combi  osaniative of at least three independent experiments.< 0.05 (Stu-
nation of FA6-152, 23C6, and C6.7, or they were left untreated (Fc recePyantst test,n = 6/group).

tor-blocked only; H). Nonopsonic phagocytosis assays were then

performed as previously described.p < 0.05, Fc only- vs FA6-152-

treated Mps; #+, p < 0.01, Fc only- vs FA6-152, 23C6, and C6.7-treated NONImMmune patient populations. CD36-PE uptake occurs via &
Mds; by Student's test,n = 3/group.c, M$s were subjected to no treat- novel phagocytic pathway that is distinct from the cooperatives
ment, to treatment with 0.1 mM of PS-containing liposomes, PC-contain-e, 85-TSP-CD36 mechanism involved in the uptake of apoptotic &

FIGURE 4. PPARy and RXR agonists increase CD36-dependent
phagocytosis of nonopsonized PEs by culture-derivetsN, Mds were
treated with 5uM 15d-PGJ plus 1 uM 9-cis-RA (E8) or DMSO controls
(M) for 24 h and were then used in PE phagocytosis assayg < 0.01
(Student’st test,n = 3/group), control vs treated &. The data are rep-
resentative of three independent experimeibtsd These experiments
were performed on culture-derivedd that were pretreated with 5M
15d-PGJ plus 1 uM 9-cis-RA for 24 h.b, Fc receptor-blocked Mis were
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ing liposomes, or Pl-containing liposomes, or to treatment withu@Onl
of mAb FA6-152 (anti-CD36) before phagocytosis assaysp < 0.05
(Student’st test,n = 3/group), control vs FA6-152-treated ¢d. d, Fc

cells and does not appear to involve PS recognition. Furthermore,
we demonstrate that natural and synthetic PRARXR agonists
increase monocytes/i CD36-mediated phagocytosis of nonop-

receptor-blocked Ms were exposed to nonopsonized PEs or nonopsonize%onized PEs and decrease monocyte secretion of @ NiF-re-

PEs that were pretreated with trypsin for 30 min. FA6-152 (anti-CD36)- . .

treated monocytes exposed to nonopsonized PEs are also shgvpn< sponse to malaria toxins, I . .

0.01, trypsinized vs nontrypsinized PEsp < 0.05 F¢ only- vs FAG-152- Be'cause most natural pgrasﬂe |solgtes bind CD36, it has been

treated Mps (Student's test,n = 3/group). considered a target for antisequestration therapy (18, 22, 23). De-
spite the role of CD36 in cytoadherence, our data putatively assign
a protective role for CD36 and suggest that strategies to block

Treating THP-1 cells with increasing doses of 15d-P(53-15  CD36-PE interactions may be deleterious to the host. Several ad-

uM) resulted in a dose-response inhibition of PMA and parasite-ditional lines of evidence support this hypothesis. Although almost

induced TNFe production (data not shown). all wild isolates ofP. falciparummalaria adhere to CD36, only a
minority of infected nonimmune patients develop cerebral or se-

Discussion vere malaria. CD36 expression in the brain is low to absent (5),

In this study, we demonstrate that CD36 is the major receptoand cytoadherence to CD36 is unlikely to account for cerebral

mediating the phagocytosis of nonopsonized PEs by monocytesequestration. However, CD36 is well expressed in microvascular

and culture-derived Mis. This clearance mechanism is of potential endothelial cells from sites such as skin and muscle (5). CD36-

relevance to those at the greatest risk of severe disease, includimgediated cytoadherence may direct parasites to these nonvital sites
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and away from cerebral microvasculature. Sequestration in peripHunction and decreased expression of MHC class Il Ag (36, 65, 66)
eral sites such as skin might be expected to facilitate transmissiolhese data suggest that hemozoin loading @&vhay impair both

(58) while at the same time not compromise host survival. Thisnonspecific and specific immune responses. Despite these consid-
hypothesis is supported by the work of Newbold and colleaguesgrations, the great majority &#. falciparuminfected individuals

who have reported that significantly higher binding to CD36 oc-do not progress to severe malaria and control their infections due,
curs in cases of nonsevere disease (25). More recent populatiat least in part, to the activity of circulating and tissue-resident
data has linked CD36 deficiency with an increased susceptibility tanonocytes/Mps. Whether CD36-mediated PE phagocytosis will
severe and cerebral malaria (27). Taken together, our data and thead to similar Mp impairment is currently under investigation.
above observations support an emerging model of the CD36-PHowever, even if the phagocytic function of the circulating pool of
interaction as a complex parasite-host adaptation, resulting in immonocytes is decreased, these cells are replaced during the course
proved survival of the parasite with consequent reduced injury t@f clinical infection by fresh phagocytes. In fact, the recovery
the host (down-regulated proinflammatory response and parasifghase of human malaria is coincident with an increased capacity
replication balanced by host clearance). for its phagocytic clearance (67).

Several other receptors including ICAM-1 and CD31 support In summary, we present evidence establishing CD36 as a major
sequestration of PEs, are expressed on brain endothelium, and aeceptor mediating nonopsonic uptake of PEs, which is of potential
up-regulated by proinflammatory cytokines (8, 11, 28, 31-33, 59)importance in nonimmune hosts who are at the greatest risk of
Secretion of inflammatory cytokines during infection has been assevere and cerebral malaria. We also demonstrate that PPAR
sociated with a parasite-derived GPI toxin, which stimulates theRXR agonists induce an increase in the CD36-mediated phagocyd
release of TNFe, IL-1, and IL-6 from monocytes and ¥6. GPI  tosis of PEs and a decrease in parasite-induced @gFeduction.
from P. falciparumhas also been shown to be a potent inducer ofSpecific up-regulation of monocytetMCD36 may represent a
inducible NO synthase and NO output, presumably via the activanovel way to immunomodulate host defense and a new strategy tg
tion of transcription factors such as NdB and crel (28, 46). NO  prevent or treat severP. falciparum malaria. Because several
up-regulates ICAM-1 and VCAM-1 expression and has been im-PPARy agonists are approved for human use, this hypothesis ¢
plicated in the etiology of cerebral malaria (reviewed in Ref. 46).be directly tested (43, 68).

PPARy agonists including 15d-PG&nd thiazolidinediones have
been reported to inhibit the ir_]duction of inflammatpry genes ViaAcknowIedgments
both PPARy-dependent and -independent mechanisms, an efie e are grateful to the blood donor volunteers, especially W. Soukoreff,

mediated, at Ieaslt partially, by inhibition of N&B (44_45' 6'0._ A. C. Labbe, Y. Yau, T. Smith, S. Huntley, J. Dlugosz, and S. Nathoo.
63). PPARy agonists down-regulate TN&-and IL-6 and inhibit
activation of inducible NO synthase in response to LPS and PM
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