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I dentification of a Region of PFEMPL Tha Mediates Adherene of
Plasmodium falciparum Infected Erythrocyte to CD36:
Conservea Functian With Variarnt Sequence

By Dror I. Baruch, Xin C. Ma, Hardeep B. Singh, Xiahui Bi, Brittan L. Pasloske, and Russell J. Howard

Adherence of mature parasitized erythrocytes (PE) of Plas-
modium falciparum to microvascular endothelial cells
contributes directly to the virulence and pathology of this
human malaria. The malarial variant antigen, P falciparum
erythrocyte membrane protein 1 (PfEMP1), has been impli-
cated as the PE receptor for CD36 on endothelial cells. We
identified the region of PFEMP1 that mediates adherence of
PE to CD36 and showed that a recombinant protein fragment
from this region blocked and reversed adherence of antigeni-
cally different parasites. Sequence variation was evident in

ATURE STAGES of Plasmodium falciparum parasit-

ized erythrocytes (PE) are sequestered from the periph-

eral circulation by adherence to microvascular endothelium

within various organs.*? PE adherence is centrd for both the

survival and the pathology of P falciparum.>** Adherence of

P fal ciparum PE to cerebral blood vessels and consequent local

microvascular occlusion contributes directly to the pathology
lacking from other human malarias.**

Adherence of PE to endothdid cells can be mediated by
severad molecules on endothelia cells*® CD36 and thrombo-
spondin (TSP) are host cell receptors that support adherence
of most P falciparum laboratory strains and patient iso-
lates.*™ Other molecules such as intercellular adhesion mole-
cule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-
1), endothelial leukocyte adhesion molecule-1 (ELAM-1) and
chondraitin sulfate mediate adherence of aminority of P falcip-
arum parasites®™ Turner et a* found significant correlation
between the expression of ICAM-1 and CD36 in different or-
gans and sequestration of PE. Under flow conditions that mimic
invivo blood flow, only CD36 supports stable stationary adher-
ence of PE, while ICAM-1 mediates PE rolling and adherence
to TSP appears to be unstable™® PE taken from placenta of
pregnant women do not adhere to CD36 whereas PE taken from
the microvasculature adhere to CD36.* Thus, CD36 appears to
be the critical receptor for anchoring of PE to the microvascular
endothelium.

In P falciparum-infected Aotus' and Saimiri monkeys,
passive transfer of strain or isolate-specific antimalarial anti-
bodies flushed sequestered PE into the peripheral blood
where they were rapidly destroyed. Thus, anti-adherence
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the CD36 binding domain of different PFEMP1 genes, yet
many highly conserved residues, particularly cysteine resi-
dues, are evident. This suggests a highly conserved shape
that mediates adherence to CD36. Immunization with the
CD36-binding domain elicited sera that are cross-reactive
with the different recombinant proteins but are strain-spe-
cific for the PE surface. Novel anti-adherence therapeutics
and a malaria vaccine may derived from exploitation of the
structure of the CD36 binding domain of PFEMP1.

© 1997 by The American Society of Hematology.

compounds such as antibodies™*® or competitive ligands™”
could lead to reversal of microvascular obstruction and rapid
treatment of acute human cerebral malaria.

Several molecules on the surface of PE have been sug-
gested to participate in PE adherence, including Ag332,%
sequestrin,*® modified band 3,%° and PfEM P1.*?** Numerous
studies point to PFEMP1, which is also the malarial surface
variant antigen, as the major PE adherence receptor.**-%

Recently, we showed that PFEMPL1 extracted from PE is
an adherence receptor and showed that tryptic fragments of
PFEMP1 cleaved from the PE surface specifically bound to
CD36, TSP, and ICAM-1.Z PfEMP1 proteins are encoded
by the large and diverse var gene family, severa members
of which have been recently cloned.?*?**" Several cystein-
rich domains in var genes show homology to other malarial
proteins involved in attachment and invasion of merozoites
including EBA-175 and ebl-1 of P falciparum and the eryth-
rocyte binding protein of P knowlesi and P vivax which
bind to the Duffy blood group antigen. These regions named
Duffy-binding like (DBL) domains group these malarial re-
ceptors and var genes into the DBL superfamily.

Antibodies against a recombinant protein, rC1-2, corre-
sponding to amino acids 576-808 in the sequence of Malayan
Camp (MC) PfEMP1 genes (MCvar-1 and MCvar-2),
blocked adherence of MC strain PE to CD36.2 Anti rC1-2
sera also immunoprecipitated the same tryptic fragment of
PFEMP1 that was affinity purified with immobilized CD36.
These results suggested that this domain of the MC PFEMP1
protein may mediate adherence to CD36. The anti-CD36
monoclonal antibodies (MoAbs), OKM5 and 8A6 block PE
adhesion to CD36 regardless of antigenic differences of the
expressed PFEMP1s.2% This suggests that all PE bind to a
single region on CD36. Thus, the CD36-binding domains
of different (CD36-adherent) PE are expected to have high
sequence homology and structural conservation.

In this report we show that the recombinant protein rC1-
2 mediates adherence of PE to CD36 and that, in vitro, rC1-2
can block and reverse PE adherence of several P falciparum
strains. High structural conservation of corresponding do-
mains of var genes of different P falciparum parasites was
also identified. Identification of this CD36-binding domain
of PFEMP1 may lead to development of a malaria vaccine
and novel anti-adherence therapeutics.

MATERIALS AND METHODS

Parasites. The Malayan Camp MC K*R*C* (knob,-rosette and
adherence-positive) line, denoted MC K* and other clones and
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Fig 1. Schematic diagram of 5
the MC PfEMP1 protein and re- I DBL-1
combinant protein fragments. =
Schematic drawing showing the 62 394 839
four DBL domains and the three
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cysteine rich motifs (CRM) of the o1
MCvar-1 PfEMP1 gene with
amino acid boundaries. Recom-
binant proteins (GST or MBP fu-
sion) derived from the MCvar-1
sequence (filled bars) and frag-
ments specific for the MCvar-2
sequence (open bars) are shown.

strains of P falciparum were maintained in culture with O" erythro-
cytes? DNA or RNA were also extracted from the following P
falciparum parasites: MC R™, FVO, ItG2-ICAM, ItG2-F6, ItG2-G1
and FCRs-C5 al K* C*, HB3 (K* C*, TSP only), Palo Alto (PA)
K~C*, FCQ-27 D10 (K* C*, low-binding TSP only), Dd2 K~ (low
C*), FCR4-C6 K~ C~ and MC K~C™. Unless specified all C* para-
sites bound to CD36 and TSP. [tG-ICAM and [tG2-F6 also bound
to ICAM-1.

Preparation of nucleic acids. P falciparum genomic DNA
(gDNA) and total RNA were isolated from mature and late ring
stage PE.2* The MC K* and the FV O cDNA libraries were prepared
as described previously.?*®! RT-PCR was performed® with primer
179-3' (GAGCGGGCGACACTTCTATCT) carrying an EcoRlI site
followed by polymerase chain reaction (PCR) with primers 179-
3’ and 179-5 (AAGGAAGACAAAATTATGTCCTAT) carrying a
BamH1 site? Reverse transcriptase-PCR was also performed as
described above using the degenerate oligonucleotides (equal ratio)
Uni179-5' (TTTTTTTGG(G/A)(A/T)(GIT)TGGGT(A/T)(T/AIC)
(A/C)(TIC)(GIC)A(T/A)ATGTTA) and Unil79-3' (AC(C/T)AC
AATTGATAAA(T/A)T(A/G)CT(AIC)(C/A)A(AIT)CACGAA). Ade-
quate removal of contaminating DNA was verified by mock RT-
PCR reaction (no enzyme) and PCR across an intron of EBA-175.
PCR from gDNA and from cDNA libraries was performed by stan-
dard methods.? The PCR products were digested with BamH1 and
EcoRlI, cloned into the BamH1-EcoRI sites of the pGEX-3X vector
(Pharmacia Biotech Inc, Piscataway, NJ) and expressed as glutathi-
one-S-transferase (GST)-fusion proteins.

Preparation of recombinant proteins and mutant forms of rC1-2.
GST fusion proteins were constructed, expressed in Escherichia coli
and purified as described.?? The fragments of PFEMP1 expressed in
each fusion protein are identified by their amino acid boundaries
(Fig 1 and ref 22). The GST-fusion proteins rA1(3-158), rB1(161-
385), rC1-1(402-605), rC1-2(576-808), rD1(818-1003), rD2(982-
1320), rF1-1(1300-1707), rF1-2(1688-2190), rF1-3(2171-2450), and
rG1(2550-2794) were derived from the sequence of MCvar-1.2
rD3(992-1243), rE1-1(1219-1471), and rE1-2(1454-1719) were spe-
cific to the MCvar-2 PFEMPL1.2 The rF1-2 GST-fusion protein was
not stable and was tested as a Maltose binding protein (MBP) fusion
only. GST-fusion proteins representing different fragments of the
233 amino acids rC1-2 GST fusion, denoted rC1-2 [1-233], were
generated by PCR as above and are indicated with the corresponding
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boundaries of rC1-2 [1-233]. Cysteines at various positions were
replaced by using a primer with a serine codon in place of the
corresponding cysteine residue. MBP-fusion proteins were generated
as above using a modified pMAL vector compatible with the
BamH1-EcoRI cloning sites. The GST-fusion rGA62-5 derived from
clone A62 was described earlier.??

Antibodies and soluble receptors. Mouse MoAb 179 (Affymax
Research Institute) recognizes an epitope incorporated into the car-
boxyl terminus of host receptors expressed as phosphoinositol gly-
can-linked extracellular domains. Mouse MoAb 141 (Affymax Re-
search Ingtitute) recognizes GST. Preparation of soluble host
receptors, CD36, ICAM-1, VCAM-1, E-selectin, P-selectin, and L-
selectin, was described earlier.?*% Antibodies to recombinant pro-
teins of PFEMP1 were prepared as described before.?

Cytoadherence microassay and binding of CHO-CD36 cells to
rC1-2. Adherence of PE to cells or immobilized proteins was per-
formed by standard methods.®2# Blockade of PE adherence by re-
combinant protein was tested by preincubating the recombinant pro-
tein with CD36 immobilized to plastic via MoAb 179, 1 hour 21°C,
before addition of PE in binding media (BM, RPMI-1640, 25 mmol/
L HEPES, 1% bovine serum albumin [BSA] pH 6.8) containing
recombinant protein. Reversal of adherence was performed by bind-
ing of PE to CD36 for 30 minutes, nonadherent cells were washed
away with binding media (BM) and the bound PE were incubated
with BM containing antibodies or recombinant protein up to 45
minutes. For binding of CHO-CD36 cells to rC1-2, GST-fusion
proteins were immobilized on petri dishes coated, 1 hour 21°C, with
7 pL of 50 pug/mL MoAb 141. Fifty microliters of 2 x 10° cells/
mL in BM were added, 1 hour at 37°C, washed four times with BM,
fixed, stained, and counted.?

Affinity-purification of CD36 with immobilized recombinant frag-
ments of PFEMP1. Twenty-five microliters of GammaBind Plus
Sepharose beads (Pharmacia Biotech Inc) was precoated, 90 minutes
21°C, with 15 ug of MoAb 141 (anti GST), then incubated as de-
scribed® with 5 g of recombinant protein or with 50 pL of bacterial
lysate containing comparable amounts (5 to 15 ug) of recombinant
protein. 0.5 mL of solublereceptor at 0.5to 1 ug/mL in BM, express-
ing a sequence recognized by MoAb 179 was added and incubated,
2 hours 21°C with the beads. The beads were washed twice with
BM, once with BM without BSA and solubilized in 40 uL of sodium
dodecy! sulfate (SDS) sample buffer. Five microliter samples were
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Fig 2. Binding of CHO-CD36 cells to the rC1-2 fragment of MC PfEMP1. GST-fusion proteins derived from the MIC PfEMP1 sequence were
immobilized on petri dishes and incubated with 50 uL of 2 x 10° cells/mL of CHO, CHO-CD36, and CHO-ICAM-1 cells. Results are presented
as number of bound cells/mm? + STD. (A) CHO-CD36 cells specifically bind to immobilized rC1-2 but not to rB1 and rD1 recombinant proteins
from MC PfEMP1, rGA62-5, GST, or to the immobilizing MoAb 141 alone (none). CHO cells or CHO-ICAM-1 cells did not bind to any of the
recombinant proteins tested. (B) Concentration-dependent binding of CHO-CD36 cells (e ) but not CHO cells (O) to immobilized rC1-2.

fractionated by SDS-polyacrylamide gel electrophoresis (PAGE) im-
munoblotted and probed with a 1:5,000 dilution of biotinylated
MoAb 179 as primary Ab followed with peroxidase-conjugated
streptavidin (Jackson Immunoresearch Inc, West Grove, PA) at
1:5,000 dilution.?

RESULTS

rC1-2 specifically binds CD36. Antibodies against the re-
combinant protein, rC1-2, corresponding to amino acids 576-
808 of the MC PFEMP1 genes MCvar-1 and MCvar-2 (Fig 1),
were shown to block adherence of MC strain PE to CD36.%
These antibodies also immunoprecipitated a tryptic fragment
derived from PFEMPL affinity purified with immobilized
CD36.%2 To determine directly whether this region of PFEEMP1
is involved in PE adherence to CD36, the rC1-2 GST fusion
protein, expressed in E coli, was tested for binding to CD36.
rC1-2 immobilized on plastic promoted the binding of Chinese
hamster ovary (CHO) transfected cells expressing CD36 (CHO-
CD36) but not of CHO or CHO-ICAM-1 transformants (Fig
2A). None of the other recombinants tested, including recombi-
nants derived from adjacent regions of the MC PFEMPL (rB1
and rD1), nor GST aone, mediated adherence of CHO-CD36
cdls (Fig 2A). Adherence of CHO-CD36 cells to rC1-2 was
significantly grester than that of CHO cells over the entire
range of rC1-2 concentrations tested (Fig 2B). The interaction
of CD36 with PFEMP1 was specific for the rC1-2 recombinant
protein (Fig 3A). None of the other recombinant protein from
the MC PFEMPL (Fig 1), nor GST per se, bound CD36 (Fig
3A). Identica results were obtained with recombinant proteins
expressed as MBP fusion proteins (data not shown). The rC1-
2 fragment itself expressed in yeast also bound CD36 (Table
1). The binding properties of rC1-2 were specific for CD36
(Fig 3B). ICAM-1, VCAM-1, and ELAM-1 that mediate adher-
ence of some parasite strains but not the MC strain®® were
not affinity purified with beads bearing rC1-2 (Fig 3B). No
binding of rC1-2 to TSP was detected (data not shown), in
agreement with our earlier observations that the CD36 and TSP

binding sites in MC strain PFEMPL1 reside on different tryptic
fragments cleaved from the PE surface®

We endeavored to identify a smaller fragment of rC1-2
containing the CD36-binding function. Recombinant GST
fusion proteins representing different fragments of rC1-2
(hereafter denoted rC1-2 [1-233]) were tested for binding
CD36 (Fig 3C and Table 1). Deletion of 54 residues from
the carboxyl end of rC1-2, yielding rC1-2 [1-179], had no
effect on binding of CD36 (Fig 3C and Table 1). However,
deletion of an additional 39 or more residues (Table 1) in-
cluding two cysteine residues (positions 159 and 168), yield-
ing fragments equal or smaller than rC1-2 [1-140], ablated
adherence to CD36 (Fig 3C). Replacement of either or both
of these cysteines with serine in rC1-2 [1-233] or rC1-2 [1-
179] greatly reduced binding to CD36 (Table 1). Hence,
the region 140-179 of rC1-2, and in particular its cysteine
residues, is essential for maintaining CD36 binding. Deletion
of thefirst 9 amino acids yielding rC1-2[10-179] or deletion
of larger fragments from the amino end of rC1-2 ablated
binding to CD36 (Table 1). Thus, rC1-2[1-179] isthe small-
est fragment retaining the CD36 binding property.

rC1-2 contains 7 cysteine residues, 5 of which are located
in a cysteine-rich motif (CRM) near the amino end (residues
32-51 in rC1-2) characterized by the sequence CXgCXs,
CX4CXC.?? Separate replacement of each of the five cys-
teinesin the CRM with serineresulted in very low expression
or a nonfunctional fusion protein, except for rC1-2[1-179]
ser49 that had approximately half of the CD36-binding activ-
ity of rC1-2 (Table 1). Hence, the amino-terminus of rC1-2
including its CRM, isimportant but not sufficient for adher-
ence to CD36. Reduction of rC1-2 followed by alkylation
with iodoacetamide was associated with lower mobility on
SDS-PAGE and lack of binding of CD36 (Table 1). Without
akylation the protein bound CD36 (Table 1). Thus, binding
of rC1-2 to CD36 requires a conformation imposed by cys-
teine residues and is not mediated by linear sequence alone.
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lized rC1-2 and fragments of rC1-2 [1-233]. Soluble
receptors were incubated with bead-immobilized
GST fusion recombinant proteins derived from the 495 — 49.5—
sequence of MC PfEMP1. Binding of CD36 and other
host receptors was detected by Western blotting. (A) 355 — 32.5=—
CD36 specifically binds to immobilized rC1-2 and not 275 — 27 5=
to GST or to other GST-fusion proteins (Fig 1) from ) ’
the MC PfEMP1. rF1-2 was tested as an MBP-fusion
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from 50 uL of bacterial lysate. CD36 binds to the 233 g0 — @& & =
amino acid rC1-2 fragment of MC PfEMP1, denoted
rC1-2 [1-233], and to a fragment representing a 41
amino acid deletion from the carboxy terminus, de- 49.5 =—
noted rC1-2 [1-192]. Other fragments of rC1-2, includ-
ing deletions from the amino or the carboxy end of 305 —
rC1-2 and mutant forms in which cysteine residues 975 —

were replaced with serine were also tested. These
results are summarized in Table 1.

rC1-2 blocks and reverses adherence of PE to CD36.
Antibodies against rC1-2 blocked adherence of PE from
strain MC, but not PE from other strains.?? In contrast, prein-
cubation of immobilized CD36 with rC1-2, followed by ad-
dition of MC strain PE, ablated PE adherence to CD36 of all
strainstested. Blockade of adherence of several P falciparum
strains known to express antigenically and biochemically
different forms of PFEMP1%% is depicted in Fig 4A. Block-
ade of adherence was observed also with strains MC R,
FCR,-C5, 1tG2-F6, and Dd2 (data not shown). GST and
other recombinant proteins derived from the sequence of
PFEMP1 were without effect (Fig 4A and unpublished data).
rC1-2 and other recombinant proteins, expressed in E coli,
had no effect on PE adherence to TSP (not shown). The
malarial protein fragment itself, cleaved by thrombin from
its GST fusion partner, or expressed with a histidine tag in
yeast, was also active and blocked PE adherence to CD36
(data not shown). A dose-response analysis of the competi-
tive inhibition of PE binding by rC1-2 (Fig 4B) reveaed
that rC1-2 [1-233] inhibited adherence of MC strain PE to
CD36 by 50% at about 63 ug/mL (ICsp~ 1.2 umol/L). rC1-
2[1-179] inhibited adherence to CD36 with an I Cs, of ~0.78
pmol/L (Fig 4B). At the maximal concentration tested inhibi-
tion was 80% (Fig 3). However, >90% inhibition was ob-
served at 100 pg/mL with several other preparations of rC1-
2[1-179] (data not shown). Such variability may result from
different concentrations of correctly folded recombinant pro-
teins in each sample. rC1-2 was also able to reverse PE
adherence to CD36 with an ICs, of about 25 pug/mL (Fig
4C). GST had no effect over the concentration range tested
(Fig 4B and 4C).

The CD36 binding domain of different var genes. The
primers used to amplify therC1-2 [1-179] region of PFEMP1
(179 primers) were specific to P falciparumand did not yield
aPCR product from gDNA of several other malaria parasites
including P knowlesi, Plasmodium fragile, Plasmodium
coatneyi and Plasmodium cynomolgi. PCR products were
obtained with the 179 primers from 11 culture-adapted
strains and clones of P falciparum. These sequences can be
grouped into three distinct categories characterized by >95%
identity between the different members of each group (first
three sequencesin Fig 5). The ‘*“MC group’’ includes all the
MC sequences including the expressed sequence (MCvar-1)
of MC R* (cDNA and mRNA sequences) and sequences
originated from gDNA of all MC parasites (MC R*, MC R~
and the nonadherent MC K~). The "' ItG/FVO group’’ of
sequences is represented by the cDNA sequence of clone
FVO, RT-PCR product of 1tG-ICAM, and gDNA sequences
from ItG-ICAM, ItG2-F6, 1tG2-G1, FCR3-C5, FCR3-C6,
and Palo Alto parasites. The third type, denoted ‘‘HBS,"”
includes the RT-PCR products of [tG2-F6 and FCR3-C5
parasites and the gDNA and cDNA products of HB3. Degen-
erate universal primers (unil79) were deduced from the
above sequences. Fourteen different sequences depicted in
Fig 5, were obtained by RT-PCR from mRNA of seven P
falciparum strains (MC R*, MC R™, ItG-ICAM, FVO, HB3,
PA, and D10) and two from gDNA of strain Dd2 (var-6 and
the var gene Dd2 var-7 like, homologous to the expressed
Dd2var-7). Similar sequences were found in gDNA of 11
P falciparum strains tested. Several of the sequences, such
as the Dd2 var-7 like and the ItG/FV O type, were apparent
in more than one strain and more that one of the above
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Table 1. Binding of CD36 to Fragments
and Mutant Forms of rC1-2 [1-233]

Recombinant Protein Binding of CD36

rC1-2 [1-233] +++
rC1-2 [1-192] +++
rC1-2 [1-179] +4++
rC1-2 [1-140] -
rC1-2 [1-102] -
rC1-2 [1-59] -
rC1-2 [1-30] -
rC1-2 [11-179] -
rC1-2 [25-233] -
rC1-2 [25-179] -
rC1-2 [63-192] -
rC1-2 [80-192] -
rC1-2 [96-192] -
rC1-2 [135-192] -
rC1-2 [156-192] -
rC1-2 [1-179] ser159 +
rC1-2 [1-179] ser168 +
rC1-2 [1-140] ser159 & 168 -
rC1-2 [1-179] ser45 -

rC1-2 [1-179] ser49 ++
rC1-2 [1-179] Reduced & oxidized +++
rC1-2 [1-179] Reduced & alkylated -

Yeast rC1-2 [1-179] +++

Recombinant proteins representing different fragments of rC1-2 [1-
233] were generated by PCR amplification. Cysteines at various posi-
tions were replaced by using a primer with a serine codon. Recombi-
nant proteins were either purified or immobilized directly from bacte-
rial lysate and assayed for binding of CD36 as described in Fig 2.
Binding is given in semi-quantitative results: +++ high binding; ++
moderate binding; + low binding; = very low but detectable binding;
— zero binding. Mutants rC1-2 [1-179] ser32, rC1-2 [1-179] ser41 and
rC1-2 [1-179] ser51 were expressed at very low levels in E coli and
could not be assayed effectively. rC1-2 [1-179] alone, containing a six-
histidine tag, was expressed in yeast and assayed bound to nickel-
agarose resin.

sequences were represented in gDNA from different strains.
However, none of the genomes of individual strains carried
al 16 sequences (not shown). As already published,??*%
we found expression of more than a single var gene among
the PE of a particular strain (Fig 5). PCR products with
similar size were observed from 20 wild isolates and were
positive for hybridization with DNA corresponding to rC1-
2 [27-80] (D. Baruch, unpublished data). This region of
PFEMP1 is therefore represented and size-conserved among
geographically diverse P falciparum parasites.

Alignment of the predicted amino acid sequences reveal ed
relatively high sequence and potential structural conserva-
tion (Fig 5). The homology of the sixteen rC1-2 sequences
exceeded any known homology between exon-1 sequences
of var genes. Such homology is suggestive of a highly con-
served function for this region of PFEMPL.

The cysteines of the rC1-2 [1-179] fragment, in particularly
the 5 cysteines within cysteine rich motif 1 (CXgCX3CX3;CXC)
are highly conserved among the different var genes (Fig 5).
This motif has the consensus sequence of C(I/L)XNX4,CXs5
C(N/K)XXCXCF. These observations are compatible with

BARUCH ET AL

the important role of the cysteines in the structure-function
of the CD36-binding domain. Apart from the CRM motif
we note 5 additional regions of homology (Fig 5). The first
homology region, residues 10-26 shows very high homology
and has the consensus sequence FFWXWVXXMLXDS(L/
I/V)XWR. The second homology domain, residues 51-85
includes part of the CRM-1 motif with C(N/K)XXCXCF-
XKWNXXKXXEWXXIKXHFXKQK(XX)DI as the con-
sensus sequence. The next two domain shows lower homol-
ogy and has the consensus sequence LEX(V/L)LXKXXLL
(residues 107-117) and GX I X(H/R)XX(L/M)LXXE (resi-
dues 126-147). Homology domain number 5 is very con-
served with the consensus sequence of TTIDKXLXHE (resi-
dues 179-188). It isinteresting to note that although the first
9 residues are not conserved they were important for the
correct folding of the protein in E coli (Table 1). The high
homology observed could also come from the primers used
to generate the PCR products that amplify a subset of var
genes that has high homology in this region. Examination
of available var sequences®”* revealed high conservation of
the CRM and the homology domain at the amino terminus
but less or low conservation of other homology domains,
particularly domain 5.

GST-fusion proteins corresponding to rC1-2 [1-179] from
11 parasite sequences (shown as MC, FVO, and HB3 type
in Fig 5) and from Dd2 var 7, were expressed in E coli and
tested for binding to CD36. Each of the three **MC type’”’
sequences (from MC R*, MC R~ and MC K~) strongly
bound CD36. Seven examples of fusion proteins from the
other groups showed binding to CD36; however, binding
was significantly lower compared to rC1-2 [1-179] of MC
parasites. The Dd2 var-7 and the PA recombinant proteins
had no activity at all even when tested at high concentrations
(data not shown). Reduced activity or zero activity in these
recombinant proteins could derive from multiple factors in-
cluding incorrect folding of the protein in the bacterial host,
absence of essential residues located outside the cloned re-
gion, or expression of a non-CD36 binding var gene.

Antibodies against the rC1-2 [1-179] of different P falcip-
arum provided additional support for therole of thisregionin
adherence to CD36. Antibodies to the rC1-2 [1-179] fusion
protein of the MC and the ItG (ItG/FV O type, Fig 5) strains
agglutinated and blocked adherence of PE expressing the
same sequence without affecting PE expressing heterologous
sequences (Table 2 and ref 22). Sera to the ItG type rC1-
2 [1-179] readily agglutinated FVO PE (in Aotus monkey
erythrocytes) and blocked adherence of FVO PE by more
than 70% without affecting binding of strain MC PE (Table
2). These antibodies al so agglutinated PE of strain ItG, which
sharethe samerC1-2 sequencewith FVO (Table 2). Wewere
unable to show that these antibodies also block adherence of
strain 1tG PE (Table 2). ItG population express several var
genes with different rC1-2 [1-179] seguences (Fig 5). Al-
though we assume that the binding of PE expressing the
FVO/ItG sequence was blocked the sera had no effect on
adherence of PE expressing other rC1-2 [1-179] sequences
in the ItG population. Antibodies to the HB3 type did not
agglutinate or block adherence of PE from any of the strains
tested (Table 2).
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Fig 4. Blockade and reversal of PE adherence to
CD36. Petri dishes coated with CD36 were preincu- 0
bated with recombinant protein before testing for
binding of PE. (A) rC1-2 but not other recombinant
proteins, at 100 ug/mL, specifically blocked adher-
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0.78 umol/L for rC1-2 [1-179]. (C) Concentration de-
pendent reversal of MC PE adherence to CD36 with
rC1-2. Adherent PE were incubated with GST or rC1-
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2 [1-233] and remaining adherent cells counted. The 0
ICs value was 0.5 umol/L.

Taken together, these studies with the rC1-2 [1-179] re-
gion of different var genes support the concept that this
region of PFEMP1 mediates adherence of P falciparum PE
to CD36.

Reactivity of sera with the CD36-binding domain of differ-
ent PFEMP1s. Despite the homology between the CD36
binding domains of different var genes, immunization with
these domains appears to elicit strain-specific antibodies.
Anti rC1-2 [1-179] sera from various animals were found to
be strain or sequence specific for both PE agglutination and
blockade of adherence (Table 2). However, cross-reactivity
was observed frequently when these sera were tested for
reactivity with the recombinant protein by ELISA or Western
blotting (Table 2). Consistent with these data, many Aotus
and human sera (Table 2 and refs 22, 25) and sera generated
against different exposed regions of PFEMP1% (and unpub-
lished data, 1995-1996) mediate strain-specific PE agglutina-
tion. Furthermore, none of the Aotus sera raised by repeated
infection with P falciparum strains reacted with any of the
PFEMP1 recombinant proteins on Western blots (D Baruch,
unpublished observations). We propose that the immuno-
dominant agglutinating epitopes expressed on the surface of
PE are conformation-dependent, strain-specific epitopes and
that cross-reactive linear epitopes, evident by enzyme-linked
immunosorbent assay (ELISA) and Western blotting, are
inaccessible to antibodies on the surface of the infected cell.
Hence, the parasite can efficiently evade the host immune
system even when cross-reactive antibodies (to linear epi-
topes) are generated.

None of several potent agglutinating and adherence
blocking monkey and human sera (tested individually or
pooled) showed high-titer antibodies to the CD36-binding

50

100 150 200

Recombinant Protein (jig/ml)

domain (Table 2). These sera also failed to immunoprecipi-
tate the small CD36-binding tryptic fragments of the MC
PFEMP1.2 The CD36-adherence blocking activity of these
serais probably due to steric hindrance or to conformational
alterations mediated by antibody binding. Thisis evident by
the inability of the monkey anti-FV O sera to agglutinate PE
from the ItG strain even though the CD36-binding domains
of these strains show sequence identity and anti-I1tG rC1-2
[1-179] sera agglutinate PE of both strains (Table 2). Thus,
the CD36-binding domain may not elicit high-titer antibodies
in P falciparum infected humans and monkeys, but is a very
potent immunogen when expressed as a recombinant protein.

DISCUSSION

Sequestration of mature PE from the peripheral circulation
plays a major role in the virulence and pathogenesis of P
falciparum.*** Adherence of mature PE to microvascular
endothelial cellsisacomplex process that may involve inter-
actions between multiple receptors. ! | dentification of the
adherence molecules and particular domains that mediate PE
adherence to different host receptors is an essential step to
understand the molecular pathogenesis of P falciparum and
for development of anti-adherence therapeutics. Several host
receptors, including CD36, TSP, ICAM-1, VCAM-1,
ELAM-1, and chondroitin sulfate were shown, in vitro, to
promote binding of PE.%'?833 Most adherent PE from
wild isolates and culture-adapted strains bind to CD36, illus-
trating its importance as host receptor.”® We describe here a
fragment from the PFEMP1 protein, corresponding to amino
acids 576 to 755 of the MC PFEMP1 gene,? denoted rC1-2
[1-179], which mediates PE adherence to the major host
receptor, CD36. This fragment specifically bound CD36 and
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1 10 20 30 40 50 60 70 80 90
L 1 1 1 1 1 1 1 1
* * * * ok
Consensus FFW WV ML DSI WR CI N c CN C CF KW K EW IKHF KaK DI
(1) MC type (var 1)  EDKIMSYNAFFWMWVHDML 1DSIKWRDE -HGRC | -NKDKGKT~C IK-~G~CNKKC I CFQKWVEQKKTE-WGK [KDHFRKQK - =D IPKDW=-===~=--=~
(2) FVO/ItG type EDK IMSYHPFFWKWVTEMLDDS I EWRRE -LKSC 1 D-KDKSGQ-C IKL - --CHWKCDCFAKWVKQKKNE - F [E [KEHFKKQK--D1GQK-GV---~-~ PIV

(3) HB3 type
4) ItG-ICAM (var 3)

EDK IMSYNAFFWDWV YHMLHDSLDWRKQ-LGNC [ ~NKDNGNK-C-K-SG-CNTKCKCFEKWVEQKGKE -WKA ITKEHFDKQK--DIPD--GR--Y-FL
FFLGLVNQMLHDSLDWRKQ-LGRC [ -NKKEETK-CI---GSCNKKCECFARWVGHKQQE-WEQIKKHFLKQD--DIGQET--NC-D-PMV

55) MC R+ (var 4) FFWEWVHDML IDSIEWRDE-HGRC INNKK-ETK-CI---GSCKKKCECFLKWVEKKQTE-WGK [KEHFDKQK--DIPYE----CY-~
(6) MC R- (var 5) FFWVWVYDMLHDSVEWRAQ-LNSC INNAK-SQN-C-KN-NKCNSDCDCFLKWIGKKKTE-WGNIVKHFYKQE--DIGQKE-V----~ PIV
(7) Dd2 (var 6) FFWVWVTEML IDSTEWRTQ-LKSCINN---ETKAC-KN-G-CNTKCDCFKKWVEKKKTE -WGK IKEHFKKQKGFSIF---GDN-Y
(8) Dd2 (var 7) FFWIWVSHMLHDSVEWKTE-LSKC INNNTNGNT-CRNN-NKCKTYCGCFQKWVEKKQQE-WMATKDHFGKQT--D1VQQKG-----~ LIV
(9) PA (var 8) FFWKWVHQMLHDSLDWRNE-LGSC IDNAK-SGQ-CEN---KCNSKCECFAKWPQQKEKE -WKN [ VEHFKKQK--DIDQK-G--~-~~ FLAV
(10) HB3 (var 9) FFWVWVYHMLKDS IHWKK-KLQRCLAQNGN-RIK-CEKR--KCNNDCECFKKWVDQKKKE-WEK IKEHFKTQK--DIPD--G-~--~--~--~
(11) HB3 (var 10) FFWMWVHDMLKDS IHWRTEKIKKCLENGTKTR-~-C-KNNEKCNRECECFQRWITQKQQE-WDAIKKHFNTQDFGSKGGI-G-N-YAFLERA
(12) PA (var 11) FFWVWVHDMLKDS I YWRK -KLKKF LENEKK--K-C--GKEKYNKQCDCFQKWVKQKKEEEWTP IKTHF YKQK--NLGEDAG--~-~~ F-IN
(13) HB3 (var 12) FFWVWVYDMLKDS IHWRTKRIKRCLENGTK--K-CGK---NCKDNCGCFEKWVKQKKNE-WGK IVQHFKTQN---1SGTVGNGNQGGLMV
(14) D10 (var 13) FFWVWVSEMLHDSVEWKTE-LDNCLKKENK--Q-CMS---KCNDKCKCYESWAKQKKTE-WTNIKDHFRKQK--NIPT--G-----~---~
(15) D10 (var 14) FFWVWVHEMLHDSLDWRKQ-LGSC INKDNDKSQNC -KNNKKCNSKCECFAKWVVKKKEE -WKK IKEHFDKQK-=DIPN--G--CY----~
(16) D10 (var 15) FFWEWVYHMLKDS IHWRTEKIKGCLENNIGN--RCNKKN-KCKDDCECFKRWVEKKKHE -WDK IKEHFRKQK--NIPE--G-=~-~-~-~ L---
100 110 120 130 140 150 160 170 180 190 200 210
1 | | | 1 | 1 ] 1 1 1 1
* *
[+ LE VL K LL G I HI LL E TTIDK L H C o PP
(1) --THDDFLQTLLMKDLLLEIIQDTYGD------- ANE IKRIEALL--EQAG----V--GGIDFAALAGLYTKGFVAEKDTTIDKLLQHEQKEADKCLKTHTDDTC----PPQEDRSVAR
(2) -FTHDDVLEGVLQSGELFKNIEKDYGN------- AEEIKHIKE ITMDNKNRQETT----GGGT-~-~=--~-~---~---~ QNKTTIDKLLNHEEGIAKECQQKQN-D-CNKQSPP-TDEVSPA
(8) --T----LEGVLEKGVLLTSIKEGYGN------- ERDIEHIKQLLDEEEAAGAL----GGGG-AALGGLYTHGPVAGQDTTIDKILQHEDKDATKC---KN---C-K--PP-EDSVAR
(4) --T----LEILLDIDELLKNIKDTHAN------- ADDID
(6) -FTT---LEGVLEKGVLLTSLQEAYGN------- ANE IKHIKELLEKEEAD------~- GGDGAAAFGDPCT-KVGDKDNTTIDKMLKH
(6) -FTHDYVLEGVLEKGVLLTSIKDVHGD------- TDDIKHIKDLLNEEEAA----V-AG----ASGG--------~ ENNTTIDKMLKH
(7) ----DFALNYLLKKEELLENLREAYGN------~ ANEIKRIEELLEDEEN----VV------~ ADN---------- ONKTTIDKLLN============--=——--—mmmmmmm SR
(8) -FSPYGVLDLVLKGGNMLQONIKDVHGD------- TDDIKHIKKLL-DEEDAVA-VV-LGG--=-============-~ KDNTTIDKLLQH
(9) LMKHEIVLEQVLDKDLLLKSIKDTHAD------- AKDIEHIRKMLNVEETSGASSV-SGIGG-AN-G--------- Q-NTTIDKILKH
(10) -WTHDDVLDGVLEKGVLLESLQEAYGK------- PEDIKHIEALL-KETGVIGGVV--GG-------==-=----~ KDNTTIDK ILKH
(11) MESPDFVLEHVLDKEVLLTSIKEAYGN------- AKELEGIKNML--E-KENEKN-QQ-E---ADDG-----~ NDSQKKTT IDKMLKH
(12) -FSPYYVLEEHLKLQFLKKDSEDSAEDSQSRDDYAEEMKHLKKILKLENENTLAVVNAG----~-=-~--~-~- T----- EENTTIDKLLQH
(13) LSSHDDVLEGVLEKDVLLTSLREAYGK------- PEDIKHIKQLLDEEETAAS---~-~- GE---------- T---DNKNNTTIDKLLKH
(14) --THDISLEFLLKKEALLKNIKDTHAD------- AKDIDRINKMLEKENEINQAEEA-GGSS----G-~-------~ KDNTTIDKLLKH
(15) -FTT---LEYLLEKKELLKSIKDVNVN--=----~- AKDIEHIEELLNDEAVAG---VI-GGGG-AALGG-CTEVGVAQQNTT IDKMLKH
(18) --THYKLLELLLGKNLLLTSLREAYGN------- EKDIKHIKE! L EKEEN----- Vommmommmmm oo L--E--DNENKTTIDKLLKH

Fig 5. Alignment of the predicted amino acid sequences of the corresponding CD36 binding domain of different var genes. The rC1-2 [1-
179] and the rC1-2 [10-151] sequences were amplified by RT-PCR from the expressed var genes of different P falciparum strains and clones
(except for the gDNA clone Dd2 var-6). These sequences were detected in gDNA of many strains. Several sequences appeared as expressed
var genes (by RT-PCR) in more than one strain. The MC type (first sequence) includes sequences (cDNA, gDNA and RT-PCR) originated from
MC parasites (R*, R™, and K™). The tG/FVO type (second sequence) represents sequences from cDNA of clone FVO, RT-PCR product of ItG-
ICAM and gDNA sequences from ItG-ICAM, ItG2-F6, ItG2-G1, FCR3-C5, FCR3-C6, and Palo Alto parasites. The HB3 type (third sequence) includes
the RT-PCR products of 1tG2-F6 and FCR3-C5 and the gDNA and RT-PCR products of HB3. Other depicted sequences represents expressed var
genes (with the exception of Dd2 var-6) amplified with the Uni179 primers from the indicated strains. The emerging consensus sequence of
conserved amino acids is depicted on top of the alignment. Highly conserved amino acids are indicated in red, conserved substitutions are
indicated by orange, and nonconserved substitutions by green. The conserved cysteine residues are marked by asterisks and additional
cysteine residues are shown in blue. These sequence data are available from GenBank under accession numbers AF008978-AF009001.

also blocked and reversed PE adherence to CD36 with sev-
eral parasite strains. The specific binding of this region with
CD36 and failure of other fragments from PFEMP1 to exhibit
CD36 binding is consistent with the concept of independent
binding sites for each of the host receptors.?* Supplemental
evidence supports the role of this fragment in adherence to
CD36. First, treatment of intact PE with mild trypsinization
releases a fragment derived from PFEMP1 that is affinity
purified by immobilized CD36 and is immunoprecipitated
by anti rC1-2 antibodies® Second, antibodies against the
sequence diverse rC1-2 regions from strain MC or ItG/FVO
specifically blocked adherence of PE to CD36.

The CD36 binding properties of the rC1-2 fragment ap-
pear to be dependent on its conformation. rC1-2 molecules
unfolded by reduction and alkylation or mutated by substitu-
tion of cysteine residues lose their ability to bind CD36
(Table 1). Of the seven cysteines in the rC1-2 region, only

substitution of cysteine 49 rendered a functional protein,
indicating that this cysteine may be unpaired.
Antibodies to CD36, such as OKM5 and 8A6, block adhe-
sion of different P falciparum strains,®?® suggesting that all
parasite strains bind to the same adhesion pocket on CD36.
Blockade of PE adhesion of different strains by rC1-2 sup-
port this observation. Thus, the CD36 binding domain on
the variant molecule PFEMPL1 is predicted to have highly
conserved sequence or three-dimensional structure. In Try-
panosomes, the variant surface glycoproteins of Trypano-
some brucei are known to have similar three dimensional
shape although they display high sequence diversity.> Much
of thisstructural conservation is attributed to the high conser-
vation of the cysteine residues.*” Examination of the se-
guences corresponding to rC1-2 in diverse parasites (Fig 5
and ref 27) shows that these sequences are not identical but
display relatively high homology, particularly the cysteine
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Table 2. Properties of Sera Reactivity With the CD36-Binding Domain of Different PFEMP1s
ELISA & WB rC1-2 [1-179] PE Agglutination Blockade of PE Adherence

Sera MC ItG HB3 MC ItG FVO HB3 MC ItG FVO HB3
a MC rC1-2 [1-179] + + + + - - - + - - -
a ItG rC1-2 [1-179] + + + - + + - - - + -
aHB3 rC1-2 [1-179] + + + - - - - - - - -
Pool HIS - - - + + + + ND ND ND
Aotus o MC (9025) - - - + - - + ND ND ND
Aotus a MC (9050) - - - + - - - + ND ND ND
Aotus o FVO (9062) - - - - - + - - - + ND

Results summarize the reactivity of several sera from each group prepared against GST or MBP fusion proteins and are shown in qualitative
terms only. Activity was tested at dilutions equal or higher than 1:25 for ELISA and Western blotting (WB) and 1:5 for PE agglutination and
blockade of adherence. Human sera from 5 individual adults resident in P falciparum-endemic area of Ghana? were tested individually (not

shown) or pooled (pool HIS).
Abbreviation: ND, not determined.

residues at both ends of rC1-2. This conservation is predicted
to result in highly conserved three-dimensional structure.
Several other amino acids depicted on the consensus se-
guence line also show substantial sequence conservation. We
submit that these conserved residues are involved in correct
folding of the CD36-binding domain of diverse sequences
to generate a conserved shape that binds CD36. This shape,
represented by the MC rC1-2 [1-179] recombinant protein,
binds to CD36 and can block adherence of PE expressing
antigenically distinct PFEMPL proteins. Thus, the specific
conformation of the fragment is likely essential for function.

Antibodies to the CD36 binding domain of different var
genes and anti-PFEMP1 antibodies show strain-specific ag-
glutination and blockade of adherence.? Strain-specific ag-
glutination and blockade of adherence was evident in several
experiments with monkey or human sera®®®%* and anti-
PFEMP1 sera.?®>* When tested by ELISA and Western blot-
ting, substantial cross-reactivity was found with the different
recombinant proteins (Table 2) and anong PFEMP1 of differ-
ent strains.? Thus, the linear cross-reactive epitopes recog-
nized by these sera are not readily available on the PE sur-
face. Furthermore, highly agglutinating monkey sera do not
react with any recombinant protein of PFEMP1 on Western
blots although positive for the PFEMP3 12.1.3 recombinant
protein.?®* These sera recognize some recombinant proteins
of PFEMP1 by ELISA and are reactive with PFEMP1 by PE
agglutination and immunoprecipitation (Table 2,22 and
D. Baruch, unpublished data). We assume that antibodies
that react with the surface of PE recognize predominantly
conformation-dependent epitopes instead of linear ones.
Thus, sera elicited by immunization with a recombinant pro-
tein that are cross-reactive by severa immunochemical
methods are not necessarily cross-reactive with the surface
of the PE. This apparent lack of surface cross-reactivity may
also affect antibody reactivity with the surface of merozoites
and sporozoites of malaria parasites™ and have general im-
plications on the assessment of antibody reaction with vac-
cine antigens. We aso found that several potent PE aggluti-
nating human and monkey sera do not have detectable high

titer antibodies against the CD36 binding domain (ref 23
and unpublished data). It appears that variability within the
PFEMP1 sequence has evolved such that the parasite can
maintain adherence to CD36 yet evade host immunity at the
same time. In contrast, immunization of rats, rabbits, goats,
and mice with the CD36 binding domain €elicited high titer
antibodies. These antibodies were reactive with the surface
of the PE in a strain-specific manner (ref 22 and D.1.B.,
unpublished observations, 1995-1997).

With the identification of this PE CD36-binding domain,
vaccine elicitation of anti-adherence immunity and novel
therapeutics can be envisioned. The importance of PE adher-
ence to CD36 in the survival and pathogenesis of P falcipa-
rum can be directly addressed with new and specific anti-
adherence agents, such as antibodies and recombinant pro-
teins that disrupt the CD36-PE interaction. Strain-specific
antibodies, specific for the PE surface variant antigens, de-
veloped in P falciparum or P knowlesi-infected monkeys
protect the animal from challenge with the homologous
strain,’>1%4344 |n Aotus and Saimiri monkeys infected with
P falciparum, passive transfer of such strain-specific sera
disrupted sequestration and led to rapid clearance of the
infection.*®*® Thus, anti-PfEM P1 antibodies have the ability,
in vivo, to interfere with PE sequestration, conferring rapid
clearance and protection from P falciparum infection. It is
conceivable that immunization with the CD36 binding do-
main will produce comparable results. However, sera from
infected animals, as well as antibodies elicited by immuniza-
tion with particular rC1-2 molecules (MC or ItG/FV O group)
do not react with the surface of PE of diverse PFEMP1
phenotypes. This strain-specific immunity resulting from the
sequence diversity of var genesis amajor obstacle for devel -
opment of an antimalarial vaccine based on PFEMP1. How-
ever, several stretches of highly conserved amino acids are
depicted among the various sequences of the CD36 binding
domain (Fig 5). We also note the apparent lack of high titer
antibodies reactive with the CD36 binding domain in human
sera from endemic areas (ref 23 and D.1.B., unpublished
observations, 1996-1997). Immunization with peptides rep-
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resenting the more conserved regions of this domain may
elicit cross-reactive immunity.

In conclusion, a recombinant fragment from PFEMP1 has
been shown for the first time to bind a specific host receptor
and to block adherence of PE from different P falciparum
strains to this protein, CD36. Hence, PFEMPL is not only a
variant antigen on the PE surface but also a receptor respon-
sible for adherence of PE to CD36. Additional studies are
required to identify whether an immunogen derived from
this functional region of PFEMP1 can €licit antibodies reac-
tive with al CD36-adherent PE. If the shape of PFEMP1
required for binding to CD36 is universally conserved, novel
anti-adherence therapeutics can be envisioned in the form
of antibodies, recombinant protein, peptides or peptidomi-
metics that disrupt the CD36-PE interaction.
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