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Plasmodium falciparum invasion into human erythrocytes relies on the interaction between multiple parasite
ligands and their respective erythrocyte receptors. The sialic acid-independent invasion pathway is dependent
on the expression of P. falciparum reticulocyte binding protein-like homologue 4 (PfRh4), as disruption of the
gene abolishes the ability of parasites to switch to this pathway. We show that PfRh4 is present as an invasion
ligand in culture supernatants as a 160-kDa proteolytic fragment. We confirm that PfRh4 binds to the surfaces
of erythrocytes through recognition of an erythrocyte receptor that is neuraminidase resistant but trypsin and
chymotrypsin sensitive. Serum antibodies from malaria-exposed individuals show reactivity against the bind-
ing domain of PfRh4. Purified immunoglobulin G raised in rabbits against the binding domain of PfRh4
blocked the binding of native PfRh4 to the surfaces of erythrocytes and inhibited erythrocyte invasion of
parasites using sialic acid-independent invasion pathways and grown in neuraminidase-treated erythrocytes.
Our results suggest PfRh4 is a potential vaccine candidate.

During the asexual stage of the Plasmodium falciparum life
cycle, the parasite undergoes rapid replication within the eryth-
rocytes of the human host, resulting in the clinical manifesta-
tions seen in malaria infections. The merozoite forms of P.
falciparum invade erythrocytes through a multistep process
that involves initial contact with the erythrocyte, apical reori-
entation of the merozoite, and the formation of a tight junc-
tion, which moves progressively toward the posterior end of
the parasite until host cell membrane fusion is completed (for
a review, see reference 9). These steps in invasion are depen-
dent on specific interactions between multiple parasite inva-
sion ligands and their respective host erythrocyte receptors (8,
20). Although P. falciparum has a very restricted host cell
range, it has developed the ability to invade human erythro-
cytes using multiple parasite ligand-erythrocyte receptor inter-
actions that have become known as alternative invasion path-
ways (11, 12, 14, 21, 31).

Broadly speaking, there are two major invasion pathways in
P. falciparum, one that is dependent on sialic acid (SA) resi-
dues, termed the SA-dependent pathway, and one that is in-
dependent of SA, called the SA-independent pathway (23, 30,
37, 38). SA moieties on the surfaces of erythrocytes can be
removed by treatment with the enzyme neuraminidase. Para-
site strains that invade neuraminidase-treated erythrocytes ef-
ficiently are called SA-independent strains, whereas strains
that invade inefficiently into the treated erythrocytes are called
SA-dependent strains. To date, two gene families encoding
invasion ligands have been identified as major players in these
invasion pathways: those encoding the erythrocyte binding an-
tigens (EBAs) (EBA-175; EBA-181, also known as JESEBL;
and EBA-140, also known as BAEBL) (2, 19, 26-28, 44, 48)
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and those encoding the P. falciparum reticulocyte binding
protein-like homologues (PfRhs) (PfRh1, PfRh2a, PfRh2b,
PfRh3, PfRh4, and PfRhYS) (4, 14, 22, 24, 40, 41, 43, 46, 51). All
members of these families are expressed and functional, except
the EBA-165 (also known as PAEBL) and PfRh3 genes, which
appear to be pseudogenes (47, 52). Previous studies have
shown that the EBAs and PfRhl are involved in the SA-
dependent pathway, whereas PfRh2b and PfRh4 are important
in the SA-independent pathway (14, 16, 18, 26, 27, 41, 42, 46,
50). Host receptors have been identified only for EBA-175 and
EBA-140, which bind to glycophorin A and C, respectively (26,
27,29, 44). Both EBA-181 and PfRh1 have been shown to bind
SA on the erythrocyte surface, although the identities of these
receptors are unknown (15, 19, 41). EBA181 has also been
reported to bind band 4.1 (25).

Changes in the expression and activation of some PfRhs
enable the parasite to utilize alternate invasion pathways, and
clinical P. falciparum isolates show diversity in invasion phe-
notypes and expression of EBA and PfRh proteins (5, 6, 10, 14,
16, 35, 46). For instance, W2mef parasites primarily invade via
an SA-dependent pathway, using EBA-175 as a key invasion
ligand (16, 46). In this strain, there is no detectable expression
of PfRh4. Through a targeted knockout of EBA-175 or selec-
tion of W2mef for invasion of neuraminidase-treated erythro-
cytes, this strain has the ability to switch to an SA-independent
invasion pathway (13, 42). The switch in invasion pathway is
concurrent with an increase in PfRh4 protein expression (16,
46). PfRh4 is essential in the SA-independent pathway, as
disruption of the gene in W2mef results in the inability of the
strain to switch invasion pathways to allow invasion into neura-
minidase-treated erythrocytes (46). The activation of PfRh4 in
response to the loss of EBA-175 function suggests that the
PfRh and EBA families overlap with respect to their functions
in invasion (14, 46). Recent studies demonstrated that PfRh4
binds to the surfaces of erythrocytes (17). By varying the levels
of expression of these invasion ligands, the parasite is able to
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switch receptor usage from SA-dependent to SA-independent
pathways, providing a mechanism for the parasite to evade the
host immune system (14, 39, 46). The ability to use different
receptor-ligand interactions for invasion may also enable the
parasites to adapt to different physiological conditions in dif-
ferent hosts.

EBAs and PfRhs are located at the merozoite apical tip to
allow recognition of and binding to their erythrocyte receptor
(1, 14, 46). For successful parasite entry into the erythrocyte,
the tight junction formed between these transmembrane par-
asite ligands and their receptors must be released. It is thought
that this release occurs through the cleavage of invasion li-
gands by rhomboid proteases (3, 34, 54). Subsequently, these
proteolytic fragments are shed into the bloodstream, resulting
in parasite ligands being exposed to the human immune sys-
tem. Therefore, although these ligands are crucial in the inva-
sion process, it is also highly likely that EBAs and PfRhs are
targets of inhibitory antibodies of the human immune system
(39). Inhibitory antibodies are thought to be an important
component of acquired protective immunity through their abil-
ity to block invasion by a parasite and its subsequent rapid
replication within erythrocytes. In support of the importance of
inhibitory antibodies, previous studies have shown that rabbit
antibodies against EBA-175, EBA-140, PfRh2b, and PfRhl
inhibit parasite invasion in vitro (14, 15, 27, 41, 45). Differential
inhibition by human antibodies of P. falciparum lines that vary
in their use of specific EBA and PfRh proteins pointed to these
ligand families as major targets of inhibitory antibodies (39).

Although PfRh4 has an important role in the SA-indepen-
dent pathway, antibodies generated against PfRh4 domains
have shown no inhibition of merozoite invasion (17). A recom-
binant 30-kDa protein in a conserved region of PfRh4 (rRh4,)
has been shown to bind to erythrocytes in a neuraminidase-
resistant, chymotrypsin- and trypsin-sensitive manner (17). Ad-
dition of rRh4,, itself or anti-rRh4,, antibodies into an eryth-
rocyte binding assay resulted in the inhibition of native PfRh4
erythrocyte binding; however, these anti-rRh4,, antibodies did
not inhibit parasite invasion. In immunoblots, these antibodies
detected PfRh4 as a 250-kDa protein in saponin-lysed schizont
pellets, a protein size not consistent with other published re-
ports (24, 46). Furthermore, a processed form of PfRh4 was
not detected in culture supernatants using these antibodies,
though others have suggested that PfRh4 is proteolytically
cleaved and released into the culture supernatant by rhomboid
proteases during the invasion process (3).

In light of the importance of PfRh4 in parasite invasion, we
examined the binding of PfRh4 to erythrocytes, evidence that
PfRh4 is proteolytically processed, and the role of antibodies
against PfRh4 in inhibition of erythrocyte invasion. Our work
shows that recombinant PfRh4 reacts with sera from malaria-
exposed individuals and that antibodies to it inhibit parasite
invasion. This suggests that PfRh4, a major invasion ligand for
the SA-independent pathway, is exposed to the human im-
mune system and provides a target of inhibitory antibodies and
is therefore a potential vaccine candidate.

MATERIALS AND METHODS

Parasite culture and material. P. falciparum asexual stages were maintained in
human O" erythrocytes and synchronized by standard methods (49). 3D7 is a
cloned line derived from NF54 supplied by David Walliker, Edinburgh Univer-
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sity. W2mef is a cloned line derived from the Indochina III/CDC strain.
W2mefA175 and W2mefARh4 are cloned lines containing a disrupted EBA-175
or PfRh4 gene as previously described (13, 46). HB3 is a cloned line from South
America (53).

Culture supernatants enriched in parasite invasion ligands were obtained by
treating synchronized parasite cultures at 5% parasitemia with trypsin (1.0 mg/
ml) and neuraminidase (25 mU/ml). These enzyme treatments on the erythro-
cytes effectively prevent reinvasion of the erythrocytes after schizont rupture.
The supernatants were harvested approximately 48 h after enzyme treatment or
when it was apparent there was an absence of reinvasion and were frozen for
storage at —80°C. Total proteins from schizont stage parasites were obtained by
synchronization and by saponin lysis of infected erythrocytes.

Recombinant fusion cloning and purification. A codon-optimized version of
PfRh4 containing the DNA sequence for amino acids (aa) 28 to 766 was syn-
thesized and cloned into pUC19 (Codon Devices Inc.). From this clone, the
region for Rh4.9 was digested from pUC19 using BamHI and Xhol and was
subsequently cloned in frame into compatible sites in pET-45b(+), which con-
tains an amino-terminal six-His tag. The fusion protein was expressed in
BL21(DE3) (Novagen) bacterial cells and purified over an Ni-nitrilotriacetic acid
column (Qiagen) under native conditions. The soluble protein expressed from
Rh4.9 used in all assays underwent a second step purification in which Ni
resin-purified six-His—Rh4 was concentrated and further purified on a Superdex
200 gel filtration column (10/300 GL or Hiload 16/60; Amersham Pharmacia
Biotech). The protein was eluted from the columns as a monomer.

The six-His-tagged recombinant proteins Rh4.10, Rh4.11, Rh4.12, and Rh4.13
were generated in the following way. Their respective PfRh4 fragments were
amplified from the codon-optimized version of PfRh4 mentioned above using the
following primers: for Rh4.10, 5'-CGCGGATCCCAGCAAAGAAAAGA and
5'-GCGACTCGAGTTATTAAAAATGAGAACGCAGATCCG; for Rh4.11,
5'-CGCGGATCCCATCGACAGTGAAAACGAGAAGC and 5'-GCGCTCG
AGTTATTAAATCTCGTTCAGCTTATTCAGGA; for Rh4.12, 5'-CGCGGA
TCCCAAGAACGAGTTTCTGAATAAATTCAT and 5'-GCGAGACTCGAG
TTATTAGATATTTTGCAT; and for Rh4.13, 5'-CGCGGATCCCATCAATA
ACGACGATAACTTTATTGAAT and 5'-GCGCTCGAGTTATTATTTGAA
CAGATTGATTTTCGTTTG. These oligonucleotides also contain the BamHI
and Xhol restriction sites used for subsequent cloning. The cloning and purifi-
cation of these fusion proteins were as described for Rh4.9.

Erythrocyte binding and inhibition assay. Erythrocyte binding assays were
performed in the following manner. Culture supernatant (250 wl) was mixed with
50 pl of packed erythrocytes for more than 30 min at room temperature. The
erythrocytes and parasite proteins were centrifuged at 12,000 rpm for 30 s
through 400 pl of silicone oil (dibutyl phthalate; Sigma) to remove unbound
culture supernatant material. The erythrocytes and bound proteins were washed
twice with 500 pl of phosphate-buffered saline (PBS). Proteins bound to the
erythrocytes were eluted by incubation with 10 wl of 1.5 M NaCl for 15 min at
room temperature and then centrifuged for 30 s at 12,000 rpm, and the eluate
was removed from the erythrocytes. An equal volume of 2X reducing sample
buffer was added to the eluted proteins. The eluted proteins were separated on
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and identified
by immunoblotting.

Uninfected washed erythrocytes were modified by the addition of neuramin-
idase (66.7 mU/ml), low trypsin (0.1 mg/ml), high trypsin (1.5 mg/ml), and
chymotrypsin (1.5 mg/ml) separately for 1 hour at 37°C. Soybean trypsin inhibitor
was added to the enzyme-treated erythrocytes at 1.5 mg/ml. The treated eryth-
rocytes were subsequently washed and added to the binding assay as described
above.

For the binding inhibition assay, purified anti-Rh4 immunoglobulin G (IgG) or
normal rabbit serum IgG was incubated with 250 wl of culture supernatant for 1 h
at room temperature before the addition of the packed erythrocytes. For the
antibody titration, anti-PfRh4 IgG or IgG from normal rabbit serum was added
to final concentrations of 0, 0.0008, 0.0016, 0.003, 0.006, 0.012, 0.024, 0.05, 0.1,
0.2,0.4,0.8, and 1.5 mg/ml (amount of IgG/250 pl of invasion supernatant). The
rest of the binding assay was performed as described above.

Immunoblotting and antibodies. Proteins were separated on either 3 to 8%
Tris-acetate for proteins larger than 75 kDa or 4 to 12% N,N-methylenebis-
acrylamide-Tris SDS-polyacrylamide gel electrophoresis gels for smaller proteins
(Invitrogen). Western blotting onto nitrocellulose (0.45 mM; Schleicher and
Schuell) was performed according to standard protocols, and the blots were
processed with an enhanced chemiluminescence system (Amersham).

Anti-Rh4 antibodies were raised in rabbits against purified six-His-tagged
Rh4.9 protein. The anti-PfRh4 mouse monoclonal antibody was raised against
purified Rh4.R2-glutathione S-transferase protein (46). The other antibody used
in immunodetection was rabbit anti-EBA-175, as described previously (42).



VoL. 77, 2009

ELISA. Enzyme-linked immunosorbent assays (ELISA) were performed as
described previously (39). Ninety-six-well flat-bottom plates (Maxisorp; Nunc)
were coated with recombinant fusion protein at a concentration of 1 pg/ml in
human tonicity PBS overnight at 4°C. The plates were incubated with 10% skim
milk/0.05% Tween 20 for 2 h at 37°C to block nonspecific binding. After the
plates were washed, serum samples (1:500) were applied in 5% skim milk/0.05%
Tween 20. The plates were incubated for 1 h at room temperature before the
serum was removed by washing. Secondary antibody (horseradish peroxidase-
conjugated goat anti-human; Chemicon) was used at 1:5,000 in 5% skim milk/
0.05% Tween 20. The plates were incubated for 1 h at room temperature.
Azino-bis-3-ethylbenthiazoline-6-sulfonic acid (liquid substrate; Sigma-Aldrich)
was used to detect horseradish peroxidase activity. The reaction was stopped with
1% SDS, and the optical density (OD) was measured at 405 nm. All washes were
done in 1X human tonicity PBS/0.05% Tween 20. Samples were all tested in
duplicate. The OD from wells incubated with PBS instead of serum was consid-
ered the background and was deducted from the ODs of all samples.

Human serum samples used in ELISA were collected from malaria-exposed
adult residents of the Madang area, Papua New Guinea, after informed consent.
Negative control sera were obtained from unexposed Melbourne blood donors.
Ethics approval was obtained from the Medical Research Advisory Committee,
Papua New Guinea, and the Human Research Ethics Committee of the Walter
and Eliza Hall Institute, Australia.

Invasion inhibition assay. Invasion inhibition assays were performed as de-
scribed previously (39). Neuraminidase (66.7 mU/ml)-treated or normal eryth-
rocytes at 1% hematocrit in culture medium were inoculated with late tropho-
zoite stage parasites to give a parasitemia of 0.2% and a hematocrit of 1% in a
volume of 50 pl. The parasites were cultured in 96-well round-bottom microtiter
plates (Becton Dickinson, NJ). Antibodies used for the assay were purified using
protein G affinity columns. The antibodies were added to a final concentration of
2 mg/ml during the setup of the assay, prior to reinvasion. For the antibody
titration invasion inhibition assay, anti-PfRh4 IgG or IgG from normal rabbit
serum was added to final concentrations of 0, 0.05, 0.1, 0.22, 0.45, 0.9, 1.5, and 2.0
mg/ml (amount of IgG/55-ul final culture volume). After incubation with anti-
bodies for two cycles of parasite growth, the parasitemia of each well was
determined by flow cytometry of ethidium bromide (Bio-Rad, Hercules, CA)-
stained trophozoite stage parasites using a FACSCalibur with a plate reader
(Becton Dickinson, NJ). For each well, 40,000 cells or more were counted.
Growth was expressed as a percentage of parasitemia for the mean of two or
more PBS, rabbit prebleed, or nonimmune IgG wells, as appropriate. Two
independent assays were performed, each in duplicate.

RESULTS

PfRh4 is expressed in the culture supernatant and binds the
surfaces of erythrocytes. Previous studies showed that PfRh4 is
expressed during the late stages of the parasite life cycle and is
located at the apical tips of merozoites, suggesting that it may
function as an invasion ligand (24, 46). Many molecules of
invasion ligands are present within culture supernatants, and it
is thought that the proteolytic processing of these molecules
from the parasite surface upon entry into erythrocytes may be
an integral part of successful parasite invasion (for a review,
see reference 7). To further understand the role of PfRh4 as an
invasion ligand, we analyzed its expression using an anti-PfRh4
mouse monoclonal antibody in supernatants from the 3D7,
HB3, W2mefARh4, and W2mefA175 strains. We detected the
presence of a single band at 160 kDa in supernatants from
3D7, HB3, and W2mefA175 (isolates that express PfRh4), but
not in supernatant from the W2mefARh4 isolate, which lacks
PfRh4 (Fig. 1A, right). This same antibody detected the ex-
pected doublet band at 190 kDa and 180 kDa in a saponin-
treated schizont pellet in the 3D7, HB3, and W2mefA175
strains and an absence of the doublet in the W2mefARh4
strain (Fig. 1A, left) (46). Three other anti-Rh4 antibodies
raised against distinct regions of PfRh4 showed similar results
in schizont pellets and culture supernatants, confirming the
specificity of the generated reagents (Fig. 1B).
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FIG. 1. PfRh4 is expressed as a 160-kDa fragment in the invasion
supernatant and binds to the surfaces of erythrocytes in an enzyme-
dependent manner. (A) Western blots of saponin-treated schizont pellets
(left) and invasion supernatants (right) were probed with an anti-Rh4
(«Rh4) antibody. 3D7, HB3, and W2mefA175 express PfRh4, which is
absent from W2mefARh4. The asterisk, white arrowhead, and black ar-
rowhead highlight bands running at 190 kDa, 180 kDa, and 160 kDa,
respectively. (B) (Top) Schematic representation of the various domains
of PfRh4 against which rabbit polyclonal antibodies were raised. The
black bar above each antibody name (R922, R206, and R936) highlights
the region of the fusion protein used. C denotes cysteine residues, and the
black bar within the schematic represents the transmembrane domain of
PfRh4. (Bottom) Western blots of saponin-treated schizont pellets (lanes
P) and culture supernatants (lanes S) were probed with three separate
anti-Rh4 antibodies. (C) Immunodetection of parasite proteins with anti-
RH4 and anti-EBA-175 antibodies after binding and elution from un-
treated and enzyme-treated erythrocytes. Lanes: I, input lane; P, proteins
eluted from PBS control; U, untreated erythrocytes; N, neuraminidase;
T,, low trypsin; Ty, high trypsin; and C, chymotrypsin-treated erythro-
cytes. Low trypsin and high tryspin are trypsin treatments with 0.1 and 1.5
mg/ml of enzyme, respectively. Molecular masses are indicated on the left
(in kDa) for all panels.

If PfRh4 functions as an invasion ligand, it would likely have
the capability of binding to the surfaces of erythrocytes. To
determine if PfRh4 binds to the surfaces of erythrocytes, we
performed an erythrocyte binding assay. Briefly 3D7 invasion
supernatants were incubated with human erythrocytes. The
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erythrocytes and parasite proteins were passed through oil, the
bound proteins were eluted under high-salt conditions, and the
eluate was analyzed by immunoblotting. Incubation of 3D7
invasion supernatants with untreated erythrocytes confirmed
that PfRh4 binds erythrocytes (Fig. 1C). The specificity of
binding was further determined by modifying the surfaces of
the erythrocytes with neuraminidase, low-trypsin (0.1 mg/ml),
high-trypsin (1.5 mg/ml), and chymotrypsin enzyme treat-
ments. Treatment with neuraminidase, which removes SA moi-
eties from the cell surface, did not perturb the binding of
PfRh4. However, binding of PfRh4 was abolished when eryth-
rocytes were treated with trypsin and chymotrypsin, indicating
that the receptor for PfRh4 is neuraminidase resistant, trypsin
sensitive, and chymotrypsin sensitive (Fig. 1C, top). The same
binding eluates were probed with an anti-EBA-175 antibody
(Fig. 1C, bottom). This showed that EBA-175 bound to un-
treated erythrocytes but not to neuraminidase-treated erythro-
cytes serving as controls for the specificity of the enzyme treat-
ments and any nonspecific carryover of invasion ligands into
the binding eluates. These results confirmed that PfRh4 re-
leased into the supernatant of P. falciparum cultures was able
to bind to human erythrocytes.

PfRh4 binds to the erythrocyte surface through its N-termi-
nal region. The Rh family of proteins consists of several high-
molecular-mass proteins, with PfRh4 itself being a 205-kDa
protein (46). To narrow the binding domain of PfRh4, we
expressed an 88-kDa region of PfRh4 (aa 28 to 766) tagged
with an amino-terminal six-His tag (RH4.9) (Fig. 2A). This
recombinant protein was expressed in Escherichia coli and pu-
rified from the soluble lysate using an Ni-nitrilotriacetic acid
column with a second-step purification on a gel filtration col-
umn. The identity of the purified protein was confirmed by
mass spectroscopy analysis (data not shown).

When Rh4.9 was incubated with untreated erythrocytes in
an erythrocyte binding assay, we found that it bound to the
surfaces of the erythrocytes (Fig. 2B). Furthermore, Rh4.9
bound to erythrocytes treated with neuraminidase, but not to
erythrocytes treated with trypsin and chymotrypsin (Fig. 2B).
These binding characteristics are identical to the enzyme spec-
ificity seen with native PfRh4 binding, showing that this 88-kDa
region of PfRh4 is sufficient for binding to erythrocytes and
recognition of the PfRh4 erythrocyte receptor.

To further delineate the binding region of PfRh4, we ex-
pressed three overlapping recombinant proteins spanning
Rh4.9: Rh4.10 (aa 28 to 340), Rh4.11 (aa 233 to 540), and
Rh4.12 (aa 493 to 700) (Fig. 2A). As shown in Fig. 2C, only
Rh4.10 and Rh4.11 bound to the surfaces of the erythrocytes,
suggesting that the most C-terminal region of Rh4.9 is not
required for binding. In addition, we expressed a region of
PfRh4 that contains homology to Plasmodium vivax reticulo-
cyte binding protein 1 (PvRBP1) as Rh4.13 (aa 282 to 642) and
showed that this recombinant protein also bound erythrocytes
(Fig. 2C). This result is consistent with previous results that
defined a smaller recombinant fusion within this region that
had erythrocyte binding capabilities (17). Combining all these
analyses, we propose that the minimal region required for
PfRh4 binding to its erythrocyte receptor is between aa 282
and 340.

Reactivity of recombinant rRh4 with human immune sera.
To determine whether antibodies against PfRh4 were elicited
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FIG. 2. PfRh4 binds to the erythrocyte surface through its N-
terminal region. (A) Schematic representation of the various six-
His-tagged PfRh4 recombinant proteins. The C denotes cysteine
residues, and the black bar represents the transmembrane domain
of PfRh4. The number below each fusion protein indicates the
amino acid sequence that it encompasses. (B) rRh4.9 binds eryth-
rocytes in a manner similar to that of native PfRh4. Immunodetec-
tion of the recombinant fusion protein with anti-Rh4 (aRh4)
antibodies after binding and elution from untreated and enzyme-
treated erythrocytes is shown. Lanes: P, proteins eluted from PBS
control; U, untreated erythrocytes; Nm, neuraminidase; T, low
trypsin; Ty, high trypsin; and C, chymotrypsin-treated erythrocytes.
Low trypsin and high tryspin refer to trypsin treatments with 0.1 and
1.5 mg/ml of enzyme, respectively. Molecular masses are indicated
on the left (in kDa). (C) Minimal binding domain of PfRh4. Binding
of six-His-tagged recombinant PfRh4 proteins (Rh4.10, Rh4.11,
Rh4.12, and Rh4.13) to untreated erythrocytes was detected using
mouse monoclonal anti-Hiss (aHis) antibodies. Molecular masses
are indicated on the left (in kDa).

during a natural infection with P. falciparum, the rRh4.9 pro-
tein, which contains the erythrocyte binding domain, was
tested for reactivity with sera collected from malaria-exposed
adults from the Madang area in Papua New Guinea. By
ELISA, we measured the levels of antibodies to recombinant
protein in sera from 13 Madang adults with various degrees of
past exposure to P. falciparum (Fig. 3). Substantial levels of
IgG binding were detected in most samples (9/13 samples had
ODs of >0.5), and all 13 samples were positive for IgG to
Rh4.9 (positive was defined as an OD greater than the mean of
Melbourne control samples M1 to M7 [OD = 0.156] plus 3
standard deviations).

Antibodies to the PfRh4 binding domain inhibit binding to
the surfaces of erythrocytes. We wanted to determine if anti-
bodies raised to the binding region of PfRh4 have the ability to
inhibit native PfRh4 erythrocyte binding capabilities. To this
end, rabbit polyclonal antisera were raised against recombi-
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FIG. 3. Reactivities of human antibodies to rRh4.9. The reactivity of human IgG to rRh4.9 was measured by ELISA using purified rRh4.9
protein. All samples were tested in duplicate and adjusted for background reactivity. The error bars represent the ranges of two duplicates. The
samples tested were from malaria-exposed residents of Madang, Papua New Guinea (numbered samples), and nonexposed Melbourne residents

(M1 to M7). OD 405, OD at 405 nm.

nant protein Rh4.9. Purified IgG raised against PfRh4 was
incubated with Western blots of parasite proteins isolated from
saponin-treated schizonts, as well as parasite proteins released
into the culture supernatant. As expected the anti-PfRh4 an-
tibodies detected the doublet bands in saponin-treated schi-
zont pellets and a singlet 160-kDa band within culture super-
natants (data not shown).

For the erythrocyte binding antibody inhibition assay, we
preincubated IgG-purified anti-PfRh4 antibodies in various
final concentrations (0 to 1.5 mg/ml) with 3D7 culture super-
natants before proceeding with the standard erythrocyte bind-
ing assay. In Fig. 4A (left), we show that native PfRh4 binding

A

to the surfaces of erythrocytes was blocked by the addition of
anti-PfRh4 antibodies. As increasing amounts of anti-PfRh4
antibodies were added, the inhibition of PfRh4 binding to
erythrocytes was also enhanced. Complete inhibition of bind-
ing was attained when a concentration of more than 0.05
mg/ml of antibody was used (Fig. 4A, right). The same binding
eluates were probed with anti-EBA-175 antibodies, which
showed that EBA-175 binding to erythrocytes was not per-
turbed, evidence that the inhibition is specific to PfRh4 (Fig.
4B). In addition, similar concentrations of IgG purified from
preimmunization rabbit serum did not cause any inhibition of
PfRh4 erythrocyte binding (Fig. 4C).
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FIG. 4. Antibodies raised to the Rh4.9 binding domain inhibit PfRh4 binding to the surfaces of erythrocytes. (A) Anti-Rh4 («Rh4) IgG at final
concentrations of 0.0008 to 0.024 mg/ml (left) and 0 to 1.5 mg/ml (right) was incubated with 250 pl of 3D7 invasion supernatants prior to the
erythrocyte binding assay. Immunodetection of parasite proteins with anti-Rh4 antibodies after binding and elution from untreated erythrocytes
is shown. (B) Anti-Rh4 IgG at final concentrations of 0.0008 to 0.024 mg/ml (left) and 0 to 1.5 mg/ml (right) was incubated with 250 wl of 3D7
invasion supernatants prior to the erythrocyte binding assay. Immunodetection of parasite proteins with anti-EBA-175 antibodies after binding and
elution from untreated erythrocytes is shown. (C) Nonimmune IgG from normal rabbit serum (NRS) at final concentrations of 0.0008 to 0.024
mg/ml (left) and 0 to 1.5 mg/ml (right) was incubated with 250 pl of 3D7 invasion supernatants prior to the erythrocyte binding assay.
Immunodetection of parasite proteins with anti-Rh4 antibodies after binding and elution from untreated erythrocytes is shown. The concentrations
mentioned above refer to the total IgG purified using protein G columns.
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Antibodies to the PfRh4 binding domain inhibit parasite
invasion. Since anti-PfRh4 antibodies block native PfRh4
binding to erythrocytes, we sought to determine if these same
antibodies could inhibit parasite invasion in vitro. We analyzed
the PfRh4 rabbit antibody effects on invasion by W2mef and
W2mefARh4, which have an SA-dependent invasion pheno-
type, and 3D7 and W2mefA175, which invade using SA-inde-
pendent interactions. Upon incubation of anti-PfRh4 IgG-pu-
rified antibodies with the parasite strains and untreated
erythrocytes, only 3D7 showed modest inhibition of parasite
invasion (23%) (Fig. 5A). As the parasites utilize several dif-
ferent receptor-ligand interactions, we treated the erythrocytes
with neuraminidase prior to the invasion assay to force the
parasites to use SA-independent interactions. As a result,
invasion by the SA-dependent parasites W2mef and
W2mefARh4 was abolished due to the removal of SA moieties,
and therefore, these strains were removed from further anal-
yses. However for 3D7 and W2mefA175, parasite invasion was
further inhibited by anti-PfRh4 antibodies when erythrocytes
were treated with neuraminidase (Fig. 5B). Inhibition of par-
asite invasion increased with further bleeds, with third bleeds
exhibiting up to 78% inhibition in 3D7 and 49% inhibition in
W2mefA175, showing that increased inhibition may be corre-
lated with increased immune response to PfRh4. These data
are in contrast with previous data, which showed that anti-
PfRh4 antibodies raised against aa 328 to 588 in both rats and
rabbits did not inhibit parasite invasion in vitro (17).

To determine what effect the antibody concentration has on
invasion inhibition, we titrated out the amount of purified IgG
from 2 to 0 mg/ml for each invasion assay. As seen in Fig. 5C,
addition of more anti-PfRh4 antibodies resulted in an increase
in invasion inhibition in 3D7 grown in neuraminidase-treated
erythrocytes (black circles). As a control, similar amounts of
IgG-purified rabbit prebleed sera were added to the assay, with
no effect on 3D7 parasite invasion into erythrocytes evident
(Fig. 5C).

DISCUSSION

PfRh proteins play key roles in merozoite invasion through
their interaction with specific host erythrocyte receptors. In
particular, PfRh4 appears to be essential to the SA-indepen-
dent pathway, as disruption of the gene results in the inability
of W2mef parasites to switch to this invasion pathway (46). For
this study, we sought to examine the role of anti-PfRh4 anti-
bodies in inhibition of host ligand interactions and parasite
invasion in vitro as a framework for how inhibitory antibodies
against PfRh4 may be effective in inhibiting parasite growth in
the human host. We definitively showed the protein profile of
PfRh4 in schizont pellets and invasion supernatants in multiple
strains as a means to validate the specificity of our anti-PfRh4
antibodies. We defined the minimal binding domain of PfRh4
that bound to erythrocytes through the recognition of a recep-
tor that is neuraminidase resistant but trypsin and chymotryp-
sin sensitive. Our results also showed that serum antibodies
from malaria-exposed individuals reacted with the binding do-
main of PfRh4. Rabbit antibodies raised against the binding
domain of PfRh4 blocked the interaction between PfRh4 and
the erythrocyte receptor and inhibited SA-independent para-
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FIG. 5. Strain-specific invasion inhibition of parasite growth using
PfRh4 antibodies. (A) Parasite growth for the 3D7, W2mef,
W2mefA175, and W2mefARh4 parasite lines grown in the presence of
purified IgG from rabbit prebleed serum (NRS) or anti-Rh4 purified
IgG antibodies («Rh4) in normal erythrocytes. (B) Growth of the 3D7
and W2mefA175 lines in neuraminidase-treated erythrocytes in the
presence of purified IgG from rabbit preimmune serum, purified IgG
from second-bleed serum, and purified IgG from third-bleed serum
from rabbits immunized with PfRh4. (C) Growth of the 3D7 parasite
line in the presence of a dilution series for purified nonspecific IgG
from rabbit prebleed serum (NRS) and purified anti-Rh4 IgG anti-
bodies («Rh4) in neuraminidase-treated erythrocytes shows that Rh4
antibody inhibition of parasite growth is concentration dependent. The
final concentrations of IgG antibodies ranged from 0 to 2 mg/ml in
each invasion assay. For all panels, parasite growth was measured as a
percentage of the mean parasite growth for four wells, with nonspecific
IgG from rabbit prebleed serum control added in each experiment.
The error bars represent the standard error of the mean for duplicate
wells in two independent experiments. The concentrations mentioned
above refer to the total IgG purified using protein G columns.

site invasion of neuraminidase-treated erythrocytes using 3D7
and W2mefA175.

We followed PfRh4 during schizont development and subse-
quent merozoite invasion of the host erythrocyte. In PlasmoDB,
the Plasmodium Genome Resource (www.plasmodb.org), PfRh4
is annotated as a 205-kDa protein. In saponin-lysed schizont pel-
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lets, PfRh4 is detected as a doublet of 190 and 180 kDa (Fig. 1A)
(46). Cleavage of the PfRh4 signal peptide at aa 27 yields a
peptide of approximately 3.3 kDa. Therefore, the doublet bands
must undergo further processing at the amino terminus that may
be important for the function of PfRh4. Upon invasion into eryth-
rocytes, PfRh4 is further proteolytically cleaved and shed into the
culture medium, and it migrates as a single band at 160 kDa (Fig.
1A). Proteolytic cleavage of PfRh4 occurs at the C-terminal end,
as a 3’ C-terminal six-His tag on native PfRh4 is not detectable in
culture supernatants but is present in schizont pellets (T. Triglia,
W.-H. Tham, A. N. Hodder, and A. F. Cowman, unpublished
data). This C-terminal processing is thought to be mediated by
the rhomboid protease PPROM4 and may be crucial for the suc-
cessful completion of the invasion process (3).

Previous reports on the identification of PfRh4 showed that
it migrates as a protein of >200 kDa in both saponin-lysed
schizont pellets and culture supernatants (16, 17, 24). In con-
trast, multiple lines of evidence in this study suggest that PfRh4
migrates as a 180/190-kDa doublet in saponin-lysed schizont
pellets and as a 160-kDa band in culture supernatants. We
believe that our analyses of the migration of PfRh4 are defin-
itive for the following reasons. First, we observed the same
protein profile in the schizont pellet and the culture superna-
tant in three independent strains, 3D7, HB3, and W2mefA175.
This was expected, given that the protein sequences of PfRh4
in these three strains are almost identical and yield the same
predicted molecular weight for PfRh4 (Fig. 1A). Second, we
used three separate antibodies raised to distinct regions of
PfRh4, and they all showed the same profile of PfRh4 har-
vested from saponin pellets and culture supernatants (Fig. 1B).
Third, our antibodies did not detect the presence of any spe-
cific PfRh4 bands in W2mefARh4, a strain that lacks expres-
sion of this protein (Fig. 1A). As antibodies raised against
PfRh proteins can display major cross-reactivity in immuno-
blots, we believe that these are crucial controls in interpreting
the specific reactivities of antibodies to PfRh4. All of our
different anti-PfRh4 rabbit sera recognized PfRh4 in all strains
so far tested, including 3D7, HB3, 7GS8, W2mefA175, T994R,
and FCR3, so the protein is immunologically cross-reactive
across all strains (46). Furthermore, the discrepancies ob-
served between our study and previous publications (17) are
not a result of strain differences, as in some cases, genetically
identical strains were used in the analyses.

Parasite invasion can be broadly categorized into two sepa-
rate pathways: an SA-dependent pathway and an SA-indepen-
dent pathway. Of the known invasion ligands, EBA-175, EBA-
181, EBA-140, and PfRh1 are involved in mediating invasion
via the SA-dependent pathway (13, 27, 42, 50). On the other
hand, PfRh4 and PfRh2b are important in mediating invasion
in the SA-independent pathway (14, 46). Our invasion assays
were performed using W2mef and W2mefARh4, which invade
via SA-independent interactions, and W2mefA175 and 3D7,
which can invade using SA-independent interactions. It was
not surprising that antibodies against PfRh4 did not affect the
growth of W2mef or W2mefARh4, since PfRh4 was not ex-
pressed by these parasites. Anti-PfRh4 antibodies produced
only modest inhibition of 3D7 grown in untreated erythrocytes.
This could be due to the fact that EBAs and PfRh1 are still
expressed and functional and may allow the parasite to over-
come antibodies that block the function of PfRh4. The anti-
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body inhibition assays showed that PfRh4 contributes to ap-
proximately a quarter of the invasion events when the SA
pathway is intact (Fig. 5A). To completely remove the depen-
dence on SA moieties in invasion, we treated the erythrocyte
surfaces with neuraminidase. Upon treatment, anti-PfRh4 an-
tibodies inhibited invasion by 78% in the 3D7 strain, suggesting
that PfRh4 plays a major role in the SA-independent pathway
in this strain. Anti-PfRh4 antibodies also did not affect growth
in W2mefA175 grown in untreated erythrocytes (Fig. 5A).
Upon neuraminidase treatment, anti-PfRh4 antibodies
blocked approximately half the invasion events (Fig. 5B). In
contrast, previous results showed that anti-PfRh4 antibodies
had no effect on parasite invasion (17). These antibodies were
unable to recognize the processed form of PfRh4 and showed
a different banding pattern than in our analyses of PfRh4 (17).

There are circumstances in human populations under which
receptor availability may be limited as a result of selection
against P. falciparum infection. For example, Melanesian pop-
ulations express a mutant form of glycophorin C, which is the
identified host receptor for EBA-140 (26, 27, 29). This muta-
tion effectively eliminates binding of EBA-140 to glycophorin
C, thereby inactivating the contribution of this invasion path-
way (27). Receptor availability may also be limited through the
acquisition of inhibitory antibodies to parasite ligands involved
in merozoite invasion that would block utilization of particular
invasion pathways, thus limiting the pathways (14). Previous
studies showed that inhibitory antibodies to both SA-depen-
dent and SA-independent invasion pathways are acquired by
exposed humans and that antibodies to the EBAs and PfRh
proteins are acquired (39). Antibodies from malaria-exposed
individuals that showed greater inhibition of W2mef than of
W2mefA175 or W2mef selected on neuraminidase-treated
erythrocytes may point to inhibitory antibodies acquired
against ligands in the SA-dependent pathway (EBA-175, EBA-
140, EBA-181, and PfRh1). In the cases where utilization of
the SA-dependent pathway is limited, upregulation of PfRh4
protein expression to enable a switch to the SA-independent
pathway may be crucial for parasite survival (46). Importantly,
certain field isolates have high levels of PfRh4 expression,
suggesting that they may be utilizing the SA-independent in-
vasion pathway (33).

One possible mechanism by which anti-PfRh4 antibodies
block invasion is through binding to a region of PfRh4 involved
in interaction with its host erythrocyte receptor, thus blocking
functional contact. In support of this hypothesis, we showed
that anti-PfRh4 antibodies blocked binding of native PfRh4 to
erythrocytes (Fig. 4A). This may be similar to the mechanism
by which anti-F2/EBA-175 antibodies inhibit parasite invasion.
The binding region of EBA-175 to glycophorin A involves a
cysteine-rich region consisting of two domains called F1 and
F2, and antibodies to the F2 domain of EBA-175 can partially
inhibit invasion of P. falciparum merozoites into human eryth-
rocytes (32, 36). From the binding and invasion inhibition
assays, we observed that the inhibition was dependent on the
antibody concentration, where more antibodies added to the
assays resulted in enhanced inhibition (Fig. 4A and 5C). At
concentrations of anti-PfRh4 antibody that completely abol-
ished PfRh4 erythrocyte binding (>0.05 mg/ml) (Fig. 4A,
right), we observed inhibition of invasion in 3D7 grown in
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neuraminidase-treated erythrocytes (Fig. 5C), suggesting that
these two phenomena are correlated.

We observed that sera from immune individuals in Madang
Province, Papua New Guinea, contained antibodies that react
strongly against the binding domain of PfRh4 (Fig. 3). A pre-
vious study using recombinant PfRh4 that lies outside the
binding domain showed that the level of antibodies to this
domain is associated with increasing age of infected individuals
(39). This finding suggests that the acquired antibodies to
PfRh4 may be consistent with increasing exposure and the
acquisition of immunity. Though it remains to be tested, it is
highly likely that the PfRh4 binding domain provides a target
of inhibitory antibodies and that these acquired antibodies may
be correlated with increased exposure in the human host.

It is clear that EBAs and PfRhs are important parasite
ligands in the invasion process. These ligands are located at the
merozoite apical tip, where they are able to recognize and bind
to their respective host erythrocyte receptors. For the mero-
zoite to successfully invade, these invasion ligands are proteo-
Iytically cleaved and shed into the surrounding medium. Re-
cent studies have shown that the use of alternate erythrocyte
invasion pathways by P. falciparum alters the efficacy of human
invasion-inhibitory antibodies and that antibodies to ligands of
both SA-dependent and SA-independent invasion are acquired
(39). This finding suggests that the parasite evades the human
immune response through the switching of invasion pathways
and the utilization of invasion ligands (46). Therefore, any
strategy for vaccine development must target both sets of par-
asite ligands involved in these two independent invasion path-
ways. Encouragingly, rabbit antibodies against EBA-175, EBA-
140, PfRh1, PfRh2b, and PfRh4 have been shown to inhibit
parasite invasion in vitro, suggesting that a multivalent vaccine
targeting different EBA and PfRh proteins to cover the spec-
trum of invasion phenotypes may be achievable.
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