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KEY PO INT S

l The CD147-RAP2
interaction is essential
for erythrocyte
invasion by P
falciparum and is
independent from the
known interactions
involved.

l HP6H8, which
specifically interrupts
the CD147-RAP2 pair,
is capable of complete
elimination and
prevention of P
falciparum infection in
humanized mice.

Effective vaccines against malaria caused by Plasmodium falciparum are still lacking, and
the molecular mechanism of the host-parasite interaction is not fully understood. Here
we demonstrate that the interaction of RAP2, a parasite-secreted rhoptry protein that
functions in the parasitophorous vacuole formation stage of the invasion, and CD147 on the
host erythrocyte is essential for erythrocyte invasion by P falciparum and is independent
from all previously identified interactions involved. Importantly, the blockade of the
CD147-RAP2 interaction by HP6H8, a humanized CD147 antibody, completely abolished
the parasite invasion with both cure and preventative functions in a humanized mouse
model. Together with its long half-life on human red blood cells and its safety profile in
cynomolgus monkeys, HP6H8 is the first antibody that offers an advantageous approach
by targeting a more conserved late-stage parasite ligand for preventing as well as treating
severe malaria. (Blood. 2018;131(10):1111-1121)

Introduction
Malaria is a deadly epidemic infectious disease.1-3 The emer-
gence of parasites that are resistant to chemical drugs such as
chloroquine4 and the core artemisinin component5 and the lack
of effective vaccines are the main barriers to eliminating malaria,
largely because of polymorphism and resistancemutations in the
rapidly evolving Plasmodium genome and the absence of ad-
equately developed immunologic memory.6,7 In addition, many
chemical drugs are not suitable for use in pregnant women and
children because of severe adverse effects, and vaccines, in
order to be effective, require proper immune responses, which
are lacking in children and immunocompromised patients.8-10

Therefore, there is an urgent need to develop better and safer
drugs such as antibodies.

Erythrocyte invasion by Plasmodium falciparum is essential
to the life cycle of the parasite and is central to malaria
pathogenesis.11,12 Parasite invasion involves 4 major steps: initial
contact, reorientation, tight junction (TJ) motility, and para-
sitophorous vacuole (PV) formation and is controlled by inter-
actions between multiple secreted parasite ligands with cognate
receptors on the host cells in an orderly manner.13-15 The primary
contact, when merozoites attach to an erythrocyte, is reported

to be mediated via merozoite surface proteins.16 The reor-
ientation stage is thought to be mediated by merozoite ligands
released from apical organelles to erythrocytes, including
2 ligand families, P falciparum reticulocyte-binding protein homo-
logs (PfRhs) and erythrocyte-binding–like proteins.17-20 Among
those, 4 receptor-ligand pairs, glycophorin A-EBA175,21 glyco-
phorin C-EBA140,22-24 complement receptor 1 (CR1)-PfRh4,25 and
CD147-PfRh511,26,27 are involved at this stage, of which the
CD147-PfRh5 interaction is the only one that is essential for the
parasite invasion. The TJ formation andmotility involve 2 parasite-
secreted proteins, P. falciparum apical membrane antigen
(PfAMA1) and rhoptry neck protein 2 (RON2), to form an AMA1-
RON2 complex.15 The PV is formed as the merozoite is pulled into
the erythrocyte by the actomyosinmotor during which the rhoptry
bulb proteins that play important roles during internalization are
released13. However, the molecular mechanism and the interac-
tions in the PV formation are not fully understood.

Of the rhoptry bulb proteins, rhoptry-associated proteins (RAPs)
are a group of proteins released to form the PV and are com-
posed of RAP1, RAP2, and RAP3.28,29 Among them, RAP2 has
been a favorable candidate for malaria vaccine because of its
low degree of genetic polymorphism,30 its recognition by sera

© 2018 by The American Society of Hematology blood® 8 MARCH 2018 | VOLUME 131, NUMBER 10 1111

For personal use only.on March 24, 2018. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


from patients living in endemic areas,31 its link with red blood
cell (RBC) destruction and bone marrow suppression associated
with malarial anemia,32 and its essential function for parasite
survival as demonstrated by unsuccessful attempts at genetic
deletion.33 Studies have shown that peptides derived from
RAP2 with erythrocyte-binding ability can block merozoite
invasion in vitro, and recombinant RAP2 is capable of induc-
ing protective antibody responses in vivo.34,35 However, the
exact roles that RAP2 and its receptors play on RBCs remain
unknown.28,34

In this study, we identified RAP2 as a ligand of CD147 expressed
on RBCs; their interaction is essential for parasite invasion, and
they function at a later stage in the parasite invasion, inde-
pendent of the previously identified CD147-PfRh5 pair.11,26,27

More importantly, we demonstrated that HP6H8, a humanized
monoclonal antibody against CD147 that specifically interrupts
the CD147-RAP2 interaction, potently blocked the parasite in-
vasion in vitro and in vivo, which may provide both curative and
preventative functions in an immune-response independent way
for malaria control. HP6H8 may be adapted for travelers and
inhabitants of epidemic areas and may also meet the special
needs of pregnant women, children, and immunocompromised
patients.

Methods
P falciparum culture and invasion assays
P falciparum parasite strains were cultured in human O-positive
erythrocytes in complete medium. Invasion assays were carried
out in 96-well plates at a hematocrit level of 2%. Ring-form
parasites were mixed with antibodies or peptides and incubated
for 72 hours. Two methods were used for achieving parasitemia.
For the growth inhibition assay (GIA) of HP6H8, Giemsa-stained
thin blood films were viewed under a microscope. For the GIA of
the CD147 peptide, parasitemia was measured by SYBR Green I
staining (Invitrogen; S7563), and the newly added RBCs were
labeled by using CellTrace Far Red,36,37 with a BD LSRFortessa
flow cytometer for data acquisition.

Therapeutic efficacy of HP6H8 in humanized mice
NOG (NOD/Shi-scid/IL-2Rgnull) mice were purchased from
Beijing Vitalstar Biotechnology. All experiments were performed
under specific-pathogen-free conditions. The mice were treated
according to the experimental animal protocols that were ap-
proved by the Institutional Animal Care and Use Committee.

Eleven-week-old NOG mice were intravenously injected with
human RBCs (huRBCs) suspended in human serum. Parasitemia
was measured by viewing Giemsa-stained thin blood films once
per day. Parasites were considered to be eliminated when
parasitemia was below 1/10 000.38-40 The huRBCs were labeled
by anti-human CD235a (Glycophorin A) phycoerythrin and
mouse IgG2b k Isotype Control phycoerythrin (12-9987, 12-4732;
BD Biosciences), and the engrafting rates were measured by flow
cytometry.

Mice engrafted with huRBCs were randomly divided into vari-
ous groups according to weights and engrafting rates. HP6H8
was administrated to treatment groups. Saline and a human

immunoglobulin G (IgG) protein were administered to placebo
and control groups, respectively.

Immunoaffinity chromatography and
mass spectrometry
Immunoaffinity chromatography was performed with Affi-Gel Hz
Immunoaffinity Kit (Bio-Rad Laboratories, Hercules, CA). Silver
staining with sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis gels was performed by using Pierce Silver Stain for
Mass Spectrometry Kits. Trypsin-digested protein samples were
analyzed with LTQ-Orbitrap XL (Thermo Fisher Scientific) mass
spectrometry.

Surface plasmon resonance
(SPR) measurements were performed by using a ProteOn XPR36
protein interaction array system (Bio-Rad Laboratories) with a
general layer compact sensor chip. Immobilized samples were
coupled onto the activated channels, and the reaction was termi-
nated with ethanolamine HCl. After a brief wash, protein samples
were simultaneously injected into the chip. Bovine serum albumin
(BSA) protein was used as the control protein, and the BSA signal
was deducted during analysis of the kinetic parameters by ProteOn
Manager Version 2.0 software (BioRad Laboratories).

For the interruption experiments by SPR, CD147 protein was
incubated with the Fab fragment of 6H8 to form a CD147-
6H8Fab complex. Then the complex was isolated by size exclu-
sion chromatography. The CD147-6H8Fab complex was injected
onto the chip immobilized with BSA, RAP2, and PfRh5 proteins
separately. The interaction between peptides and proteins was
conducted by using the Biacore T200 system (GE Healthcare Life
Sciences) with a CM5 chip.

Co-immunoprecipitation
A coimmunoprecipitation (Co-IP) experiment was performed
using a Pierce Co-IP Kit (Thermo Fisher Scientific). The following
antibodies were used: rabbit anti-FLAG (F7425; Sigma-Aldrich),
mouse anti-6X His tag (Sigma-Aldrich, SAB2702218), anti-CD147
(produced in our laboratory), and anti-RAP2 (produced from a
3A9/48 hybridoma; BEI Resources).

Adhesion tests
huRBCs were incubated with or without 6H8Fab. RAP2-HIS
protein was then added. Adhesion was detected by using
anti-HIS rabbit antibody and visualized with fluorescein iso-
thiocyanate fluorescent secondary antibody with a BD LSRFortessa
flow cytometer (BD Biosciences).

Crystallization, data collection, and
structure determination
Purified CD147D1-6H8Fab complex was crystallized in 0.2 M
lithium sulfate monohydrate and 20% (w/v) PEG3350 at 16°C via
the hanging drop vapor diffusion method. X-ray diffraction data
for the complex crystals were collected at 100 K at the beamline
19-ID (Advanced Photon Source, Argonne National Laboratory).
A 2.3-Å resolution data set was integrated and scaled by using
the HKL2000 Program.41 The complex structure was determined
by molecular replacement with the CD147 ectodomain (Protein
Data Bank [PDB] entry: 3B5H) and mouse antibody Fab (PDB
entry: 5H90) searching model using Phenix Phaser. The initial
model containing 2 CD147D1-6H8Fab protein complexes was
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refined by making manual adjustments with the crystallographic
object-oriented toolkit (Coot)42 and a general purpose crystallo-
graphic structure refinement program (PHENIX.Refine).43

Electron microscopy
huRBCs were incubated with or without 6H8 antibody before the
Pf3d7 parasites were added. The infected cells were fixed with
glutaric dialdehyde/polyoxymethylene buffer polymerized
with 1% agar. The embedded cell masses were cut into thin
slices and placed on nickel grids. The grids were then stained with
uranyl acetate and lead citrate. Microscopic observations were
made by using a JEM-1400 microscope (JEOL, Tokyo, Japan).

Results
RAP2 is a ligand of CD147
Previous studies by Crosnier et al showed that CD147 is a receptor
of the parasite ligand PfRh5, and the CD147-PfRh5 interaction is
essential for the initial contact and reorientation during erythrocyte
invasion.26,27 Interestingly, the same group reported that some of
the anti-CD147 antibodies showed potent growth inhibition ac-
tivities but did not inhibit theCD147-PfRh5 interaction,44 consistent
with similar findings observed for some of the antibodies from our
laboratory. It is conceivable that there may be a separate ligand(s)
thatmight interactwithCD147 for theparasite invasion.Thismotivated
us to search for such ligands.

Lysate of RBCs infected by 2 P falciparum strains, Nf54 and FCC1,
was incubated with an anti-CD147 antibody immobilized on an
affinity gel. Purified proteins were separated and visualized by silver-
stained sodium dodecyl sulfate polyacrylamide gel electrophoresis.
The detected protein bands were gel excised and digested with
trypsin, followed by analysis using mass spectrometry. Several
peptides were identified whose sequences matched the RAP2
sequences (Figure 1A), indicating that RAP2 may be associated
with CD147. To confirm this finding, RAP2 was co-expressed
with CD147 in HEK-293 cells, and the lysate was used to perform
Co-IP. Data clearly demonstrated that the CD147-RAP2 complex
formed when CD147 and RAP2 were co-expressed (Figure 1B).
To provide additional evidence for the CD147-RAP2 interaction,
RAP2 was expressed and purified from Escherichia coli, and
the purified RAP2 was tested for its direct interaction with CD147.
The results again showed formation of the CD147-RAP2 complex
(Figure 1C).

To further verify this direct interaction, an SPR test was performed.
The RAP2 protein was immobilized on the chip, and CD147 was
injected. Both kinetic and equilibrium binding parameters for the
interaction were derived by using a 1:1 binding model, and they
were in excellent agreement. The calculated binding constant
(KD) value was 2.36 0.53 1026 M, typical of extracellular protein
interactions measured by using this technique,45 and the x2 value
of every experiment was below 10 (Figure 1D).
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Figure 1. CD147 and RAP2 interaction. (A) The full
length of the RAP2 protein sequence with mass
spectrometry–identified peptide sequences highlighted
in red. (B) Western blots showing Co-IP of CD147 and
RAP2 overexpressed in HEK-293 cells. CD147 is HIS-
tagged and RAP2 is FLAG-tagged. Reciprocal pull-
down and detection results are shown. (C) Western
blots showing Co-IP of CD147 and RAP2 protein purified
from Escherichia coli. Reciprocal Co-IP and detection
results are shown. (D) The binding affinity of RAP2 to
CD147 by SPR. The calculated KD value is shown as
mean 6 standard deviation (SD). RU, response units.

ABROGATING ERYTHROCYTE INVASION BY PLASMODIUM blood® 8 MARCH 2018 | VOLUME 131, NUMBER 10 1113

For personal use only.on March 24, 2018. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


i ii

HC LC

Fluorescence intensity

Ad
he

re
nt

 R
AP

2 
pr

ot
ei

n 
(%

 o
f c

on
tro

l) Blank (0.925%)
RAP2 (3.87%)
RAP2 + 6H8Fab (1.40%)

0

20

40

60

*** ***

Blan
k

CD14
7 

pep
tid

e

Cont
ro

l p
ep

tid
e

Pa
ra

sit
em

ia
 (%

)

-5

-3

-1

1

3

5

7

9

11

13

15

-50 0 50 100 150

Time (s)
200 250 300 350

Re
sp

on
se

 (R
U)

CD147 epitope peptide (50M)
CD147 epitope peptide (25M)
CD147 epitope peptide (12.5M)
CD147 epitope peptide (6.25M)
CD147 epitope peptide (3.125M)

KD = 1.64 ± 0.16 × 10-5 M

A

C

D E

B

0
0 102 103 104 105

20

40

60

80

100

Fab

90°

CD147 C2 domain

0
0 102 103 104 105

20

40

60

80

100

Fab

90°

CD147 C2 domain

Figure 2. Disruption of the CD147-RAP2 interaction by 6H8. (A) The overlaid flow cytometry assays of the protein-cell adhesion tests. The blank control (black), RAP2 binding
to red blood cells (blue), and the reversal of the binding by 6H8Fab (red). The adhesion was detected by anti-HIS rabbit antibody and visualized with fluorescein isothiocyanate
fluorescent secondary antibody by flow cytometer. (B) The crystal structure of the CD147D1-6H8Fab complex. (C) Detailed CD147D1-6H8Fab interface. (Ci) For the heavy chain of
6H8, the CD147 binding interface is located at a groove formed by CDR-H1, -H2, and -H3, where D1-bC9 (61VLKEDA66) is half buried in the groove, resulting in 3 hydrogen bonds
between D1-bC9 and the heavy chain. (Cii) Binding of CD147D1 to the light chain of 6H8 is weaker than that to its heavy chain, where 2 hydrogen bonds exist between the D1-bE
and the light chain of 6H8; no hydrophobic interaction was observed. (D) The invasion assay of the CD147 peptide derived from the CD147-6H8 interface epitope against
P falciparum 3D7 strain in vitro (n5 3). The control peptide represents the randomized sequence of the CD147 peptide. For data acquisition, parasitemia was measured by SYBR
Green I staining with a flow cytometer. Values are mean 6 standard error of the mean (SEM). (E) The binding kinetics of the CD147-derived peptide to RAP2 by SPR. The
calculated KD value is shown as mean 6 SD. P values were calculated by using the analysis of variance test. ***P , .0001.
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6H8 specifically disrupts CD147-RAP2 interaction
To further understand the CD147-RAP2 interaction at the mo-
lecular level and to develop a way to probe the biological
functions of this interaction, an anti-CD147 antibody, 6H8, with
a KD value of 10210 M (supplemental Figure 1 available at the
BloodWeb site) was tested for its ability to disrupt this interaction.
Given the close association of RAP2 with RBC-surface-expressed
CD147, it follows that RAP2 would bind to RBCs. The adhesion of
RAP2 to huRBCs was demonstrated by fluorescence-labeled cells,
and this adhesion was completely reversed by pre-incubating
RBCs with 6H8Fab, the Fab fragment of 6H8 (Figure 2A). An SPR

test also demonstrated the specific disruption of the CD147-RAP2
complex. In this experiment, CD147 and 6H8Fab were pre-
incubated, and the CD147-6H8Fab complex that was formed
was purified by size exclusion chromatography. The purified
complex was then injected onto chips on which the RAP2 protein
and the PfRh5 protein were immobilized. Although binding to
CD147 by RAP2 was completely blocked by the complex for-
mation, binding to CD147 by PfRh5 was totally unaffected (the
KD value of the interaction between CD147-6H8Fab and PfRh5
remained at 1026 M; supplemental Figure 2), indicating that 6H8
blocked only the CD147-RAP2 interaction.

The disruption of the CD147-RAP2 interaction by 6H8 may be
achieved either by 6H8-induced conformational changes of
CD147 or by competitive binding to the same or overlapping
epitopes of RAP2. The extracellular domain of CD147 is com-
posed of 2 Ig-like domains. Preliminary experiments indicated
that 6H8 interacted only with the N-terminal Ig-like domain
(CD147D1). We co-crystallized CD147D1 with 6H8Fab and
determined the crystal structure of the CD147D1-6H8Fab
complex at a resolution of 2.3Å (PDB entry: 5X0T; Figure 2B;
supplemental Table 1). The epitope for 6H8 is mainly composed
of 2 b strands and a connecting loop, encompassing amino acids
61-75 (61VLKEDALPGQKTEFK75) in CD147D1 (Figure 2C). This
peptide was then chemically synthesized and used to perform
invasion inhibition tests and RAP2 binding tests. A peptide with
the same amino acid composition but a scrambled sequence
(LKQVKPELETDAFKG) was used as a negative control. Peptide
61-75 exhibited significant invasion inhibition (Figure 2D), and its
affinity with RAP2 was determined by SPR with a KD of 1025 M
(Figure 2E). Taken together, these data demonstrated that 6H8
specifically inhibited RAP2 binding to CD147 by competitive
binding to the same or similar epitopes.

HP6H8 inhibits erythrocyte invasion in vitro and
cures P falciparum infection in humanized mice
Several experiments were designed to determine the biological
significance of the CD147-RAP2 interaction. First, HP6H8, a hu-
manized version of 6H8, was used in an in vitro GIA, and the results
showed that HP6H8 has potent activity against multiple strains of
P falciparum, including 3D7, Dd2, Nf54, FCC1, and a parasite iso-
lated from the blood of a patient from Yunnan, China (Figure 3A).
The 50% effective inhibitory concentration (EC50) values ranged
from1.81 to;31.64 ng/mL for the laboratory isolates and the EC50

was;0.17mg/mL for the unsynchronized patient-derived parasite.

Todemonstrate the pharmacodynamic activity of HP6H8, we used
NOG mice engrafted with huRBCs as an in vivo model system.
In this model, mice were infused with huRBCs with an engrafting
rate of;100%which lasted formore than 30 days. The parasitemia
rates could reach as high as 40%, and all stages of parasites
existed in murine peripheral blood after infection. The para-
sitemia rates of the animals dosed at different levels of HP6H8
were determined, and the data showed clear dose-dependent
responses with the complete inhibition of the parasite growth at
dosing levels as low as 2 mg/kg (Figure 3B). The inhibition effi-
ciency at different dosing levels was also plotted formultiple days.
The results from day 6 exhibited a best fitting curve (Figure 3C),
with the 50% reduction in parasitemia (ED50) of 79.4 mg/kg (95%
confidence interval [CI], 77.1-81.7 mg/kg) and 90% reduction in
parasitemia (ED90 of 198.1 mg/kg (95% CI, 186.2-209.3 mg/kg).
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Figure 3. The inhibition efficacy of HP6H8 against P falciparum. (A) In vitro in-
vasion assay of HP6H8 against P falciparum strains (Dd2, 3D7, FCC1, and Nf54) and
parasites isolated from the field (n5 3). (B) Parasitemia after administration of HP6H8
in huRBC-engrafted NOGmice. Lines show doses of HP6H8 at 0.016, 0.08, 0.4, 2, and
10 mg/kg, placebo group, and IgG 10 mg/kg group (n 5 5, 3, 6, 6, 5, 4, and 4,
respectively). Data shown are mean 6 SD. (C) Inhibition efficacy of HP6H8 in hu-
manized mice. Red line represents the best fitting curve.
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Figure 4. Merozoites invasion with or without HP6H8 treatment. (A) Timeline of the merozoite invasion process in this study. (B) The development of merozoites during
invasion in normal conditions observed with a TEM. Scale bar, 500 nm. (C) Merozoite invasion after HP6H8 treatment observed with a TEM. Scale bar, 500 nm. (D) Model of key
receptors and ligands participating in the invasion process. (Black arrow) HP6H8 stopped PV formation by blocking the interaction between CD147 and RAP2.
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Giemsa-stained thin blood films were examined once per day for
28 days, and no reappearance was observed.

HP6H8 stops merozoite invasion after initial
contact and reorientation stages
Next, we determined the stage of the parasite invasion at which
the CD147-RAP2 interaction is involved. Viable merozoites of
P falciparum were added to RBCs that had been pre-incubated
with or without HP6H8, and the ultrastructure was then examined
by using a transmission electron microscope (TEM) (Figure 4A).
We observed that in the absence of HP6H8, merozoites were able
to invade RBCs and completed their asexual life cycle: merozoites
showed normal apical rest within 10 seconds and formed PVs
within 30 seconds. After that, the ring-form parasites were ob-
served at 30 minutes, and the trophozoites were seen at 26
hours, and schizonts were detected at 40 hours46 (Figure 4B).
However, in the presence of HP6H8, most merozoites stopped
invasion at 10 seconds, corresponding to the end of the initial
contact and reorientation before internalization as previously
reported,47 with 83% of parasites (25 of 30) displaying normal
apical resting but abnormal morphologies. As time passed, the
parasites showed loosened structures and eventually died
(Figure 4C). These results are consistent with the in vitro and in
vivo inhibition assays in which the antibody eliminated the
parasites completely after 2 life cycles in the blood stage (72 to
96 hours). Our research demonstrated that merozoite invasion
was stopped after the initial contact and reorientation stages.
An ideograph was used to depict the critical interaction pairs
during the erythrocyte invasion process and the mode of action
by HP6H8 (Figure 4D).

HP6H8 shows preventive functions in a humanized
mouse model
As an alternative approach to using vaccines, we tested HP6H8
for its preventative effects. As shown in Figure 5A, a single in-
jection of HP6H8 at different doses was conducted on day 21
in the huRBC-engrafted NOG mice, followed by the first
P falciparum infection on day 0 and the second infection on
day 10. The data are presented in Figure 5B-C. For the first in-
fection, the data from day 4 exhibited the best fitting curve with
an ED50 of 0.19 mg/kg (95% CI, 0.13-0.28 mg/kg); the ED90 was
0.62 mg/kg (95% CI, 0.47-0.86 mg/kg), with the complete
elimination of the parasites achieved at 2 and 10 mg/kg within
3 and 2 days, respectively (Figure 5B). For the second chal-
lenge, the data from day 15 (day 5 after the second infection)
exhibited the best fitting curve with an ED50 of 0.50 mg/kg
(95% CI, 0.27-0.75 mg/kg) and an ED90 of 0.86 mg/kg (95% CI,
0.69-0.98 mg/kg), with complete elimination of the parasites
achieved at 2 and 10 mg/kg within 9 and 3 days after the
second infection, respectively (Figure 5C). The differences in
ED50 and time to complete elimination between the 2 chal-
lenges are mainly the reflection of the RBC-binding antibody
levels resulting from the antibody’s clearance over time. Pro-
tection was maintained for 1 month, and the thin blood films
showed no recrudescence of parasites.

Pharmacokinetics of HP6H8 in a humanized
mouse model
To better understand the protection efficacy and pharmacoki-
netics of HP6H8, a single intravenous injection study of HP6H8
at 1 mg/kg and 10 mg/kg was performed in huRBC-engrafted

mice or nonengrafted mice. At 1 mg/kg, the maximum serum
concentrations (Cmax) of HP6H8 in engrafted mice and non-
engraftedmicewere 17.53mg/mL and 24.92mg/mL, respectively,
and the apparent volumes of distribution (Vd) were 61.68 mL/kg
and 61.96 mL/kg, respectively, suggesting a main distribution of
HP6H8 in the vascular system. The serum elimination half-lives (t1/2)
of HP6H8 in engrafted and nonengrafted mice were 40.35 hours
and 209.46 hours, respectively, suggesting a sink effect of the
engrafted mice as a result of the antibody binding to huRBCs.
When the dose was raised to 10 mg/kg, the t1/2 of HP6H8 was
75.12 hours in the engrafted mice (Figure 5D). Conversely, the
data showed that the huRBC-bound HP6H8 could persist for
more than 600 hours if it was maintained in a stable condition in
the first 400 hours (Figure 5E), which is likely the basis for the
long-term effect observed for this antibody.

Acute toxicity study of HP6H8 in
cynomolgus monkeys
Anti-CD147 antibodies have been demonstrated to be generally
safe in preclinical studies and in some cases for human use.48,49

To further evaluate the safety of HP6H8, an acute toxicity study
was performed. HP6H8 was intravenously administered to cyn-
omolgus monkeys at doses of 30 mg/kg and 100 mg/kg. The
results from that study showed that HP6H8 was well tolerated
(supplemental Figure 3). No animals died or developed abnormal
clinical symptoms, nor were any adverse effects on body tem-
perature, body weight, food consumption, electrocardiogram,
clinical chemistry indicators, or immune function observed during
the study. The hematology and coagulation tests showed that the
percent of reticulocytes increased, although the change was not
significant. On day 14, the hematology and coagulation indicators
of several monkeys had returned to normal levels. Therefore, the
mild abnormal results were transient and recoverable.

Discussion
Patients become resistant to drugs for malaria treatment over
time, and some drugs are unsuitable for pregnant women and
infants. Great efforts have been made to develop vaccines, but
success has been limited. In this report, we identified RAP2 as a
ligand of CD147 and determined that the interaction between
them is essential for parasite invasion. We further demonstrated
that the CD147-RAP2 interaction pair, being completely in-
dependent of the previously identified CD147-PfRh5 pair es-
sential for initial contact and reorientation, exerts its pivotal
function in the formation of PVs. More importantly, the data
presented here demonstrate that HP6H8, a humanized mono-
clonal antibody against CD147, not only potently and completely
eliminated the parasites in the infected animals, but also effec-
tively prevented the animals from being infected when admin-
istered before infection in an huRBC-engrafted animal model.

That the CD147-RAP2 interaction is essential was demonstrated
by the complete blockage of erythrocyte invasion by HP6H8
specifically disrupting the CD147-RAP2 interaction and is con-
sistent with and supported by previous failed attempts to gen-
erate RAP2 mutations.33 It is also demonstrated by the TEM
results. By ultrastructure analysis of the parasite invasion process,
we found that although the parasite invasion proceeded nor-
mally in the early steps (initial contact and reorientation), the
merozoites died in the later stages of the invasion process in the
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Figure 5. Prevention efficacy and pharmacokinetics
of HP6H8. (A) Schedule of the prevention challenge
tests in huRBC-engrafted NOG mice. (Bi) Parasitemia,
(Bii) inhibition efficacy, and (Biii) the proportion of mice
remaining parasitemic after the first P falciparum in-
fection. (Bi-Bii) Lines show doses of HP6H8 at 0.016,
0.08, 0.4, 2, and 10 mg/kg, placebo group, and IgG
10-mg/kg group (n5 3, 4, 6, 6, 6, 6, and 4, respectively).
(Biii) Proportion still parasitemic was analyzed by survival
analysis, which showed the clean time of the complete
elimination of parasites in mice with doses of HP6H8 at
0.016, 0.08, 0.4, 2, and 10 mg/kg, placebo group, and
IgG group (n 5 5, 5, 6, 6, 6, 8, and 6, respectively). (Ci)
Parasitemia and (Cii) inhibition efficacy after the second
infection with doses of HP6H8 at 0.016, 0.08, 0.4, 2, and
10 mg/kg, placebo group, and IgG group (n5 5, 5, 6, 6,
5, 5, and 3, respectively). (Ciii) Survival analysis of the
proportion of mice remaining parasitemic; n 5 6 for
HP6H8 at 0.016 mg/kg and placebo groups; n 5 5
for other groups. (D) Concentrations of HP6H8 in serum
of engrafted and nonengrafted mice. (E) Positive rates
of HP6H8-binding RBCs in engrafted mice.
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presence, but not in the absence, of HP6H8 (Figure 4D). Further-
more, the synthesized epitope mimic based on the crystal structure
(peptide 61-75 of CD147) exhibited interaction with RAP2 and
showed significant inhibition of the parasite invasion in vitro.

The independence of the CD147-RAP2 interaction from the
CD147-PfRh5 interaction is supported by or consistent with
the fact that the crystal structures of the CD147-PfRh511 and
CD147-6H8 have been determined and the CD147 epitopes of
the 2 interactions are protruding in opposite directions (extended
Figure 1). The temporal and sequential secretion of PfRh5 and
RAP2 reported in the literature shows that the CD147-PfRh5
complex participated in the initial contact and reorientation
stage during erythrocyte invasion,50 which occurs upstream of TJ
formation,11,26,27 whereas RAP2 is secreted after TJ formation.28

This is consistent with and supported by our TEM results. The
possible existence of an alternative mechanism was suggested by
an earlier report in which 2 anti-CD147 antibodies that did not
block CD147-PfRh5 showed potent inhibition activities.44 The
observed efficacy seen with blockade of CD147-RAP2 was
3 orders ofmagnitude higher than that of CD147-PfRh5 in a similar
in vitro growth inhibition assay.48 Interestingly, even though both
CD147-PfRh5 andCD147-RAP2 interactions are essential for parasite
invasion, the inhibition efficacies are significantly different, with
blocking CD147-RAP2 being approximately 3 orders of magni-
tude more potent than blocking CD147-PfRh5.

The unprecedented efficacy seen with HP6H8 is likely attrib-
uted to the criticality of its targeted CD147-RAP2 interaction in
the parasite life cycle identified in this study and to the different
time windows and/or stages involved in the invasion process.44,48

Targeting an essential CD147-RAP2 interaction in the later
stages of erythrocyte invasion may also offer other advantages.
One advantage is that RAP2 is under less selection pressure
during parasite evolution and is therefore more conserved, which
was demonstrated by the lack of polymorphism of RAP2 and of
beingwell conserved in different Plasmodium specieswhereas PfRh5
is relatively more polymorphic and is even absent in some Plasmo-
dium species. In addition, our finding that the ligand-receptor in-
teraction is essential for the later invasion process indicates that the
continuous specific and active engagement between the parasite
and host beyond initial contact and reorientation is necessary for
the completion of the life cycle of the parasite, which provides a
wider window for attacking the parasite for disease control.

Because the studies were performed by repeated infusions of
fresh huRBCs while diluting the HP6H8-bound huRBCs at the
same time, the actual protection time could be longer than what
was shown in this study. The observed differences in time to
complete elimination after the 2 separate infections after a single
HP6H8 injection were explained partly by normal clearance and
partly by the artificial removal of the antibody. An experiment is
now under way to assess the RBC-binding half-life of HP6H8 using
monkeys with RBC-binding properties similar to those of huRBCs.

An antibody-based approach for treating and preventingmalaria
is complementary to and may even have an advantage over
traditional vaccines in that it is independent of the patient’s
immune responses and does not involve any chemical drugs that
may not be suitable for special populations such as pregnant
women and children. In one scenario, a dose of HP6H8 can be
given to travelers or individuals at high risk of being exposed to

parasite infection. The combination of high efficacy and the long
RBC-binding life of HP6H8 could provide full protection for at
least 1 month or maybe even longer while allowing time for the
patients’ own immune system to rebuild after a P falciparum
infection. This may require fine-tuning the dosing levels for
protecting and priming the immune system at the same time.

A potential risk of using an antibody directed at huRBCs is that it
may lead to hemolytic anemia or immune-mediated elimination
of red blood cells during infection or inflammation. This question
was addressed by several experiments listed in supplemental
Table 1 and shown in supplemental Figures 4 and 5. The results
indicated that the antibody treatment would not lead to he-
molytic anemia nor would it induce immune-mediated elimi-
nation of red blood cells during infection or inflammation.

More work needs to be done before the HP6H8 antibody and
the derived small peptide are ready for testing in humans. The
pharmacokinetic studies, safety evaluation, and toxicokinetic
studies in monkeys are under way and will be described in future
articles. The main challenge associated with this mode of treat-
ment is that intravenous injection may not be convenient in regions
where the public medical facilities and faculties are insufficient.
Therefore, a subcutaneous injection preparation may be needed
and is under evaluation.
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