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Abstract

Geographic overlap between malaria and the occurrence of mutant hemoglobin and erythrocyte
surface proteins has indicated that polymorphisms in human genes have been selected by severe
malarial-2. Deletion of exon 3 in the glycophorin C gene (called G YPCAex3here) has been found
in Melanesians; this alteration changes the serologic phenotype of the Gerbich (Ge) blood group
system, resulting in Ge negativity34. The GYPCAex3allele reaches a high frequency (46.5%) in
coastal areas of Papua New Guinea where malaria is hyperendemic®. The Plasmodium falciparum
erythrocyte-binding antigen 140 (EBA140, also known as BAEBL)58 binds with high affinity to
the surface of human erythrocytes. Here we show that the receptor for EBA140 is glycophorin C
(GYPC) and that this interaction mediates a principal P. falciparum invasion pathway into human
erythrocytes. EBA140 does not bind to GYPC in Ge-negative erythrocytes, nor can P. falciparum
invade such cells using this invasion pathway. This provides compelling evidence that Ge
negativity has arisen in Melanesian populations through natural selection by severe malaria.

EBA140 from A. falciparum binds directly to human erythrocytes-2. EBA140 is
homologous to EBA175, which binds to GYPA on the erythrocyte and functions in invasion.
Both proteins are members of a family that may provide a broader erythrocyte receptor
range and evasion of host immune responses. It is likely that diversification of the EBA
family has provided the parasite with an advantage by broadening its ability to invade
erythrocytes using multiple receptor ligands1. To determine the function of EBA140, we
generated parasites in which the gene for EBA140 had been disrupted (called AEBA140
here). We transfected plasmids pHH1A EBA140and pHHT-TKA EBA140into 3D7 and
W2mef parasites respectively (Fig. 14). These plasmids inserted into the gene encoding
EBA140 by homologous recombination, as shown by analysis of chromosomes (Fig. 16)
and genomic DNA (Fig. 1¢). Western blot analysis (Fig. 14) using antibodies against
EBA140 showed three protein bands in 3D7 and W2mef parasites (ref. 6). We found no
EBA140 bands for 3D7Ac1, 3D7Ac2, W2mefAcl and W2mefAc2 parasites, in which the
gene encoding EBA140 had been disrupted.
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To identify the receptor(s) for EBA140 on human erythrocytes, we used overlay
experiments in which erythrocyte proteins were incubated with culture supernatants from
3D7, W2mef and A EBA140 parasites (Fig. 24). The supernatants contained a mixture of
proteins released from merozoites, including EBA140 and EBA175 (refs. 11,12). In overlay
experiments, EBA140 from 3D7 and W2mef parasites bound mainly to a protein of
approximately 35 kDa; the specificity of this interaction was demonstrated by loss of
binding in experiments with supernatants from A EBA140 parasites. We used identical
experiments to assess EBA175 binding (Fig. 26). As expected, EBA175 bound to the GYPA
homodimer and GYPA-GYPB heterodimer!3. EBA140 bound to a protein of the same size
as GYPC, as shown by use of antibodies against GYPC (Fig. 24). These results indicate
EBA140 binds mainly to GYPC.

We further assessed the parasite ligand-host receptor interactions using purified GYPA,
GYPB, GYPC and GYPD with supernatants from 3D7 and W2mef parasites (Fig. 2¢).
EBA140 from 3D7 and W2mef parasites bound mainly to GYPC, although binding to
glycophorins of higher molecular weights was evident. The specificity of these interactions
was demonstrated by lack of binding when supernatants from A EBA140 parasites were
used. The sizes of the larger proteins to which EBA140 bound corresponded to the sizes of
the GYPB monomer, GYPA homodimer and GYPA-GYPB heterodimer (Fig. 24),
indicating EBA140 interacts with these proteins. These results are consistent with previous
data showing that EBA140 binds to trypsin-treated erythrocytes from which GYPC has been
removed’:8. Consistent with this interpretation, we did not find binding to the higher-
molecular-weight proteins for the A £EBA140 parasite supernatants (Fig. 24d). Moreover, after
neuraminidase removal of sialic acid residues from erythrocyte proteins, binding of EBA140
to GYPC and the higher-molecular-weight proteins was eliminated (Fig. 2g).

To demonstrate direct binding between EBA140 and GYPC, we used erythrocytes from five
Papua New Guineans who were homozygous for G YPCAex3and expressed a smaller
GYPC protein corresponding to the Ge-negative phenotype® (Fig. 2¢). Overlay experiments
using supernatant from 3D7 parasites and erythrocytes from normal or GYPCAex3
homozygous individuals showed binding of EBA140 mainly to GYPC; however, in Ge-
negative erythrocytes, we found no GYPC hinding. This was in contrast to overlays that
showed EBA175-GYPA binding for all samples (Fig. 2). These results confirm that
EBA140 does not interact with altered GYPC protein in Ge-negative erythrocytes and that
interaction with GYPA and GYPB is likely to be responsible for the residual binding of
EBA140 to Ge-negative erythrocytes noted beforeS.

Furthermore, we found that binding of EBA140 to GYPC was greater for 3D7 parasite
supernatant than that from W2mef parasites, despite the similar expression of these proteins
(Fig. 28). In contrast, 3D7 and W2mef EBAL175 bound equally well to GYPA (Fig. 20).
Comparison of the EBA140 sequences for 3D7 (ref. 6) and W2mef parasites’ showed the
deduced protein sequences were identical except for three amino acids in the F1 domain
(3D7 compared with W2mef: 1185V, N239S, K261T). The F2 domain of EBA175 is the
main region required for binding to GYPA, nevertheless, the F1 domain is also
important12.14, These results indicate EBA140 F1 domain polymorphisms may be involved
in determining the affinity of binding to GYPC and other binding partners.

Invasion of human erythrocytes by P. falciparum can occur through at least three different
receptors: GYPA, GYPB and *X’ (ref. 15). EBA175 mediates invasion through GYPA (refs.
12,14); this protein has similarity to EBA140 (refs. 6,7). To determine if 3D7Acl, 3D7Ac2,
W2mefAcl and W2mefAc2 parasites, which lack expression of EBA140, had altered
invasive abilities, we tested efficiencies of invasion into erythrocytes treated with
neuraminidase, trypsin or chymotrypsin. GYPC on the erythrocyte surface is removed by
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trypsin, but not chymotrypsin, and neuraminidase removes sialic acid residues2. We found
no significant difference between 3D7, W2mef and transfectant lines in their ability to
invade enzyme-treated erythrocytes or untreated cells (data not shown). This indicated that
either EBA140 does not participate in merozoite invasion of erythrocytes or loss of function
is compensated by other ligands. Disruption of the gene encoding EBA175 has shown that
parasites can compensate the loss of function of this ligand by increased use of other
invasion pathways!6. Analysis of invasion of these parasites into normal and Ge-negative
erythrocytes showed that 3D7 and W2mef parasites invaded the latter less efficiently (61
3.5% and 62 * 5.4%, respectively). This has been described before for a rare GYPC
mutation and the G YPCAex3deletion, for which invasion efficiencies of 57% and 81%,
respectively, were found’17,

To determine if P. falciparum can invade erythrocytes through GYPC using EBA140, we
compared the ability of parasites to invade normal and Ge-negative erythrocytes in the
presence of antibodies against EBA140 (Fig. 3). Compared with results in untreated
erythrocytes, antibodies against EBA140 inhibited invasion of 3D7 parasites (70.8%). The
degree of inhibition by antibody against EBA140 was increased for chymotrypsin-treated
erythrocytes (51.8%) (Fig. 34). GYPC is resistant to chymotrypsin treatment. Treatment
with this protease limits the receptor repertoire on the surface of chymotrypsin-treated
erythrocytes, increasing the dependence of invasion on GYPC. To assess the specificity of
inhibition of EBA140-GYPC interaction, we did similar experiments with 3D7Ac2
parasites lacking EBA140. Inhibition of invasion by antibodies against EBA140 was
abolished, confirming the idea that inhibition of erythrocyte invasion for EBA140-
competent 3D7 parasites results from interference with the function of this parasite ligand.
Although the overall effect of treatment with antibody against EBA140 was less profound in
experiments using W2mef and W2mefAc2, antibody still reduced invasion by the parental
strain compared with that of the A EBA140strain. Given the reduced W2mef parasite
EBA140 affinity for GPYC noted before (Fig. 2), it is likely that this strain is predisposed to
erythrocyte invasion pathways that do not involve EBA140.

We found that antibodies binding to EBA140 in merozoite invasion assays were not acting
by steric hindrance but rather were directly inhibiting ligand function. We compared
merozoite invasion of wild-type parasites expressing EBA140 in normal and Ge-negative
erythrocytes in the presence of antibodies against EBA140 (Fig. 34). Antibodies against
EBA140 inhibited wild-type merozoite invasion in untreated and chymotrypsin-treated
erythrocytes, and this effect could be ‘titrated’ to below 250 pg/ml, which is comparable to
results obtained with antibodies against MSP-119 and AMAL, two other P. falciparum
merozoite proteins involved in erythrocyte invasion819 (Fig. 34). The EBA140 antibodies
did not inhibit invasion of 3D7 or W2mef parasites into Ge-negative erythrocytes, whereas
merozoite invasion was inhibited for normal erythrocytes. Antibodies against EBA140
bound to EBA140 expressed in both 3D7 and W2mef parasites; however, this had no effect
on invasion into Ge-negative erythrocytes that express an altered GYPC receptor (Fig. 34).
This is because merozoite invasion using EBA140-GYPC interaction is not functional in
Ge-negative erythrocytes. These experiments show that antibodies against EBA140 inhibit
the ligand function of this protein in merozoite invasion.

We further evaluated the effects of antibodies against EBA140 on merozoite invasion of Ge-
negative erythrocytes. We found no inhibition of erythrocyte invasion for 3D7, W2mef or

A EBA140 parasites, indicating that the mutant GYPC does not function in invasion by the
EBA140 ligand (Fig. 3). The absence of residual inhibition of invasion into Gerbich
erythrocytes by wild-type parasites indicates that the ‘promiscuous’ binding of EBA140
ligand to glycophorins other than GYPC is not of relevance during the invasion process.
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These results indicate that G YPCAex3erythrocytes are invaded less efficiently by .
falciparum because of the inability of the parasites to use EBA140-GYPC pathway.

Unexpectedly, the allele underlying Ge negativity3# has increased to a frequency of 46.5%
in coastal populations of Papua New Guinea where malaria is endemic®. The prevalence of
infection with P. falciparum has been examined in relation to Ge status determined by DNA-
based genotyping: One study found a lower smear-positive rate for P. falciparum; however,
another study did not find a difference in Ge-negative individuals®. Other erythrocyte
polymorphisms such as hemoglobin S also occur at high frequency, and individuals with this
allele are as likely to be infected with P. falciparum as those who lack the sickle cell
genotype. They are, however, less likely to have a high parasite density and are much less
likely to develop cerebral or severe malaria?%-22, Given that glycophorin C is the receptor
used by EBA140 and wild-type parasites invade Ge-negative cells less efficiently than
normal erythrocytes, it will be useful to determine whether there has been selection for this
allele to provide protection against severe malaria.

Our findings show that the P. falcijparum ligand EBA140 binds to GYPC and this interaction
mediates a previously unknown invasion pathway into human erythrocytes. Antibodies
against EBA140 inhibit the EBA140-GYPC pathway, resulting in a reduction in merozoite
invasion. We also found a similar reduction in invasion of £, falciparum into Ge-negative
erythrocytes; our data indicate this is due to the inability of merozoites to use the EBA140-
GYPC invasion pathway. Lack of this invasion pathway may account for much of the
observed decreased invasion of Gerbich erythrocytes; other changes to the properties of the
mutant erythrocytes would be a minor component. Decreased parasite invasion rates into
erythrocytes of Ge-negative individuals would result in decreased parasitemias, which might
have a substantial effect on the severity of disease. This provides a molecular mechanism of
natural selection for the GYPCAex3allele in human populations. Overall, our results
provide evidence supporting the idea that selection of Ge-negativity in Melanesians confers
protection against the most pernicious form of malaria.

Plasmid construction

The pHH1AEBA140 plasmid was derived from pHH1 (ref. 23) and contained a 1-kb DNA
fragment from the 5" end of the gene encoding EBA140 amplified using oligonucleotide
primers aw25 and aw26. The pHH-TKA £EBA140 plasmid was derived from pHH-TK (ref.
24) by insertion of 1-kb 5" and 3" segments of the gene encoding EBA140 using the
oligonucleotide primer combinations aw9 plus aw12 and aw38 plus 39, respectively. The
pHH-TK plasmid is a derivative of the pHH1 vector containing the cassette for the
expression of Herpes simplex thymidine kinase, which converts the normally harmless
nucleoside analog ganciclovir into a toxic form24; it also contains the human dihydrofolate
reductase gene (DHFR). This vector was used to ‘encourage’ gene deletion through a double
crossover recombination event.

Oligonucleotides used include: aw9, 5’-
ATCCCGCGGCCAATAAATTATATATAATGAAAGG-3"; awl2, 5'-
AGTGTTAACGGCACATTCTTTACTTATGTT-3'; aw25, 5'-
ATCCTCGAGATCAAAGGATATTTTAATATATATTTTTTAATTCC-3'; aw26, 5'-
GATAGATCT TTACCATCAAGAAGTTTTCATTCC-3"; aw38, 5'-
ATCGAATTCTGTAGAAAAGTTAAGTGGTGATG-3'; aw39,

5’ GATCCTAGG TTAAAAACATTTATATTCTGGAC-3’ (restriction sites introduced for
cloning are underlined; italics indicate changes to the endogenous sequence).
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Plasmodium strains, culture conditions and parasite transfection

P. falciparum asexual stages were maintained in human O+ erythrocytes. 3D7 is a cloned
line derived from NF54 and was obtained from D. Walliker (Edinburgh University). W2mef
is a cloned line derived from the Indochina I11-CDC strain. Transfection with 80 g of
purified plasmid DNA (Qiagen, Hilden, Germany) and selection for stable transfectants was
done as described before25:26,

Chromosome and DNA analysis

Genomic DNA and whole chromosomes were prepared from trophozoites. To detect
genomic integration of the plasmid into chromosome 13, chromosomes were separated by
pulsed-field gel electrophoresis as described before?’.

SDS-PAGE and immunoblot analysis

Parasite pellets and supernatants were collected from double-synchronized parasites after 40
h (late schizonts). Proteins were separated by 6% SDS-PAGE. Western blotting on to
nitrocellulose (0.45 um; Schleicher and Schuell, Dassel, Germany) was done according to
standard protocols, and blots were processed for antigen detection with a
chemiluminescence system (ECL; Amersham, Arlington Heights, Illinois). Antigens were
detected with rabbit antibodies against EBA140 (against a region before the 3" cysteine
domain)®, rabbit antibodies against SERA5, mouse monoclonal antibodies against GYPA
and GYPB (E5) and against GYPC (E3; E5 and E3 from Sigma, St Louis, Missouri)28.
Secondary antibodies were horseradish peroxidase-coupled sheep antibodies against rabbit
or mouse immunoglobulin (Chemicon, Temecula, California).

Overlay assays

The overlay protein-binding assay used supernatants obtained after schizont rupture from
synchronized and neuraminidase- or trypsin-treated parasites (to prevent reinvasion) at
5-10% parasitemia. Supernatants were centrifuged at 1,000g (GS-6KR; Beckman, Fullerton,
California) and stored at —20 °C. Erythrocyte ‘ghosts’ were prepared by hypotonic lysis as
described before2®. Ghost proteins (30 pg/lane, corresponding to ~5 x 107 cells) or purified
MN-glycophorins (20 p.g/lane) (Sigma, St. Louis, Missouri) were separated by 10% SDS—
PAGE and transferred onto nitrocellulose. The membrane was stained with Ponceau stain,
cut into strips and blocked with 10% milk powder in phosphate buffered saline/0.1%
Tween-20 (PBST) (0.5%) for 1 h. After being washed with PBST three times, 5 min each
wash, the strips were incubated overnight at 4 °C with parasite culture supernatant. The
strips were washed five times, 5 min each wash, before antigen detection proceeded as
outlined above.

Erythrocyte invasion assay

Uninfected erythrocytes were treated with enzymes as described beforeS. Erythrocytes
infected with ring stages of tightly synchronized parental and knockout parasite lines were
digested with neuraminidase (66.7 mU/ml) or trypsin (1 mg/ml). Experiments were done in
triplicate in flat-bottomed microtiter plates in hypoxanthine-free medium. Enzyme-treated or
untreated (mock) erythrocytes at 4% hematocrit were inoculated with 0.5% parasitemia in a
total volume of 100 pl/well. To allow for reinvasion, parasites were incubated for 48 h
before 3H-hypoxanthine (Amersham, Buckinghamshire, United Kingdom) was added at a
final concentration of 1 pCi/well. After an additional 16 h, the cells were subjected to a
freeze—thaw cycle to facilitate collection onto glass fiber filters with the aid of a cell
collector (Packard, Mississauga, Ontario, Canada). Incorporated 3H-hypoxanthine was
measured in a scintillation counter. The percentage of invasion was calculated in comparison
to invasion of the same parasite line into untreated erythrocytes, which was set at 100%.
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Antibody inhibition assay

The antibody inhibition assay was done as the erythrocyte invasion assay except that the
hematocrit was kept at 2% and initial parasitemia was 0.25%. At 24 h before the addition

of 3H-hypoxanthine, protein A—-purified immunoglobulin G antibodies of rabbit pre-immune
antiserum or rabbit antiserum raised against a His-tagged fusion protein of the F2 domain of
3D7 EBA140 were added at final concentrations between 0.125-1 mg/mls Invasion in the
presence of specific EBA140 F2 antibodies was compared with invasion in the presence of
nonspecific antibodies from pre-immune serum (100% control).
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Fig. 1.

Disruption of the gene encoding EBA140 in P. falciparum. a, Top, transfection plasmids
pHH1A EBA140and pHHT-TKA EBA140with selection cassette containing human DHFR
and the Pb-DT3 sequence; the pHHT-TKA EBA140 plasmid contains the thymidine Kinase
cassette (Hs-7K). Middle, structure of the endogenous £BA140gene for 3D7 and W2mef
(F1 and F2 domains indicated). Bottom, integration into 3D7 EBA140 occurs by a single
homologous recombination event; into W2mef, by a double homologous recombination
event (more than one copy inserted so Hs-7K is retained). S, Scal; Sc, Sadl; B, Bgil; X,
Xhol; H, Hpal; E, EcoRl; A, AvAl; M, Mfel. b, Analysis of chromosomes from 3D7- and
W2mef-transfected parasites. Chromosomes from 3D7 and W2mef; 3D7 and W2mef after
one cycle of selection for integration (0.cycle); and cloned lines 3D7Acl, 3D7Ac2
W2mefAcl and W2mefAc2 were separated by pulsed-field gel electrophoresis and probed
with genes encoding EBA140 or human DHFR (ADHFR). The EBA140probe hybridizes to
chromosome 13 in 3D7 and W2mef as well as in the transfected lines, indicating integration
into this chromosome. This is confirmed by hybridization of the ADHFR probe, which
detects chromosome 13 in the transfected cloned lines 3D7Ac1, 3D7Ac2 and W2mefAcl
and W2mefAc2. The “0.cycle’ parasites also hybridizes to the ADHFR probe, but to
episomal plasmid that ran off the gel here. Left and right margins, chromosomal positions
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(Chr.). c, Southern blot analysis of genomic DNA confirming disruption of gene encoding
EBA140 in 3D7 and W2mef. Genomic DNA from 3D7, Wmef and the cloned transfected
lines 3D7Acl, 3D7Ac2, W2mefAcl and W2mefAc2 was digested with Mfel and Scal and
hybridized with the 5” region of the gene encoding EBA140. d, Western blot analysis of
supernatants from 3D7, W2mef and the transfected clones 3D7Acl, 3D7Ac2, W2mefAcl
and W2mefAc2, using antibodies against EBA140. No bands are seen in the transfected
clones, confirming that disruption of the gene encoding EBA140 results in loss of
expression of EBA140. SERADS, another secreted protein (loading control). Left margins (¢
and d), molecular size markers.
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EBA140 binds to GYPC on human erythrocytes. a, EBA140 binds to GYPC and other
proteins in erythrocyte ghost preparations. Normal erythrocyte ghost cells were separated by
SDS-PAGE, blotted and incubated with merozoite supernatants from 3D7, 3D7Acl, W2mef
and W2mefAcl (above blots). Far left lane, Ponceau staining of total erythrocytes proteins.
PBST (far right lanes), ghost erythrocytes probed with antibodies against EBA140 or
GYPC. b, EBA175 binds to GYPA homodimers and GYPA-GYPB heterodimers.
Erythrocyte ghost proteins were incubated with supernatants from 3D7, W2mef, 3D7Acl
and W2mefAcl. Far left lane, Ponceau staining. PBST (far right lanes), probed directly with
antibodies against EBA175 or GYPA-GYPB without prior incubation with supernatant. c,
EBA140 binds to purified glycophorin proteins. Purified glycophorins separated by SDS—
PAGE were incubated with supernatants from 3D7, W2mef, 3D7Acl and W2mefAcl. Far
left lane, Ponceau staining. PBST (far right lanes), probed with antibodies against EBA140
or GYPC. Right, GYPB and GYPC monomers. The GYPA dimer migrates at 75 kDa here.
This glycophorin preparation consists mainly of GYPA but also has some GYPB and small
amounts of GYPC. d, EBA140 binds to proteins the same size as GYPA and GYPA/B

dimers. Samples similar to those in g and b were separated by 6% acrylamide gel

electrophoresis and incubated with supernatants (above gel) to more distinctly separate the
larger-molecular-weight bands to which EBA140 binds. PBST (far right lanes), probed with
antibodies against EBA140, GYPA/GYPB or GYPC. e, EBA140 does not bind to mutant
GYPC. Proteins from ghost erythrocytes obtained from normal or Ge-negative individuals
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(G YPCAex3homozygotes®) were incubated with supernatant from 3D7 (above blot).
Binding of EBA140 was detected with antibodies against EBA140. Left, an identical
membrane probed with antibodies against GYPC. f, EBA175 binds to GYPA dimers in Ge-
negative erythrocytes. A membrane identical to that in e was incubated with supernatant
from 3D7 followed by detection of bound EBA175 with antibodies against EBA175. Right,
incubation with antibodies against GYPA-GYPB. Ge-negative erythrocytes (lane 2) also
have a mutant GYPB. g, Binding of EBA140 to erythrocytes is sialic acid-dependent.
Proteins from normal ghost erythrocytes or those treated with neuraminidase (NA) were
incubated with supernatants from 3D7 (left) and bound EBA140 identified with antibodies
against EBA140. PBST (far right lanes), GYPC detected using antibodies against GYPC.
Left margins, molecular size markers. Right margins, A/A, GYPA homodimer; A/B, GYPA/
B heterodimer; B/B, GYPB homodimer; A, GYPA monomer; B, GYPD monomer; C,
GYPC. a, antibody against; Gly, glycophorin.
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Fig. 3.

Antibodies against the EBA140 F2 domain inhibit the EBA140-GYPC invasion pathway of
P. falciparum. a, Data represent percentage of parasite invasion in the presence of EBA140
F2 antibodies relative to invasion in the presence of nonspecific antibodies from pre-
immune serum. The inhibition of 3D7 wild-type parasites is more profound when red blood
cells (RBCs) are treated with chymotrypsin. Chymotrypsin will cleave GYPB but not
GYPC; this limits the receptor repertoire on the surface of the chymotrypsin-treated
erythrocytes, enabling the dissection of invasion through GYPC versus other receptors.
Conversely, inhibition by antibody against EBA140 is abolished when invasion of

A EBAI140 parasites is tested because of the lack of expression of EBA140. No inhibition is
detectable when Ge-negative RBCs are used because they lack a GYPC receptor capable of
binding to EBA140. Data represent the average of at least three experiments done in
triplicate. *, < 0.05 and **, £< 0.01, wild-type compared with EBA140-null parasite lines
(paired #test). b, Inhibition of invasion of 3D7 wild-type parasites by the EBA140 F2
antibody is concentration dependent. Data represent percent of inhibition of 3D7 wild-type
invasion (4p) after addition of antibody against EBA140 F2 compared with that in the
presence of antibodies of pre-immune serum (antibody concentration, horizontal axis). The
inhibitory effect of the EBA140 F2 antibody on invasion is more profound for erythrocytes
pre-treated with chymotrypsin (O). Error bars indicate confidence levels (a = 0.1) of five
independent experiments done in triplicate.
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