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INFECTIOUS DISEASE

Antibodies to PfSEA-1 block parasite
egress from RBCs and protect
against malaria infection
Dipak K. Raj,1 Christian P. Nixon,1 Christina E. Nixon,1 Jeffrey D. Dvorin,2

Christen G. DiPetrillo,2 Sunthorn Pond-Tor,1 Hai-Wei Wu,1,3 Grant Jolly,4

Lauren Pischel,1 Ailin Lu,1 Ian C. Michelow,1,3 Ling Cheng,1 Solomon Conteh,5

Emily A. McDonald,1 Sabrina Absalon,2 Sarah E. Holte,6 Jennifer F. Friedman,1,3

Michal Fried,5* Patrick E. Duffy,5* Jonathan D. Kurtis1,4*†

Novel vaccines are urgently needed to reduce the burden of severe malaria. Using a
differential whole-proteome screening method, we identified Plasmodium falciparum
schizont egress antigen-1 (PfSEA-1), a 244-kilodalton parasite antigen expressed in
schizont-infected red blood cells (RBCs). Antibodies to PfSEA-1 decreased parasite
replication by arresting schizont rupture, and conditional disruption of PfSEA-1 resulted
in a profound parasite replication defect. Vaccination of mice with recombinant
Plasmodium berghei PbSEA-1 significantly reduced parasitemia and delayed mortality
after lethal challenge with the Plasmodium berghei strain ANKA. Tanzanian children
with antibodies to recombinant PfSEA-1A (rPfSEA-1A) did not experience severe malaria,
and Kenyan adolescents and adults with antibodies to rPfSEA-1A had significantly lower
parasite densities than individuals without these antibodies. By blocking schizont egress,
PfSEA-1 may synergize with other vaccines targeting hepatocyte and RBC invasion.

P
lasmodium falciparum malaria is a lead-
ing cause of morbidity and mortality in de-
veloping countries, infecting hundreds of
millions of individuals and killing up to
1 million children in sub-Saharan Africa

each year (1, 2). Children suffer the most from ma-
laria, yet vaccine discovery efforts have not targeted
this age group. Of the ~100 vaccine candidates cur-
rently under investigation, more than 60% are
based on only four parasite antigens (3, 4). New
antigen candidates are urgently needed, but strat-
egies to identify novel antigens are limited.
Human residents of endemic areas develop

protective immunity that limits parasitemia and
disease; thus, naturally acquired human immunity
provides an attractive model for vaccine antigen
identification. Plasma from some chronically

exposed individuals contains antibodies that
restrict parasite growth ex vivo (5) and after adop-
tive transfer (6). One approach to identifying vac-
cine antigens is to identify malarial proteins that
are only recognized by antibodies in the plasma
of chronically exposed individuals who remain
resistant to infection but are not recognized by
antibodies in theplasmaof susceptible individuals.

Identification and in Silico Evaluation
of Vaccine Candidates

Using our cDNA library–based differential screen-
ing method (7) and plasma and epidemiologic
data from a Tanzanian birth cohort (8), we probed
the P. falciparum blood-stage proteome with plas-
ma from resistant and susceptible 2-year-old
children to identify parasite proteins that are
the targets of protective antibody responses. We
selected 2-year-olds because, in our cohort, re-
sistance to P. falciparum parasitemia is first
detected at this age (fig. S1).
We selected 12 resistant and 11 susceptible

2-year-old children with partial matching for
gender and village of residence, which may be
related to resistance (table S1). Resistance was
determined based on the mean parasite den-
sity in all blood films collected from children
between ages 2 and 3.5 years. We pooled plasma
collected at age 2 years (T2 weeks) from the re-
sistant individuals and the susceptible individuals
and performed differential screening experi-
ments on a P. falciparum 3D7 strain blood-stage
cDNA library. We screened 1.25 × 106 clones and

identified three clones that were recognized
by antibodies in plasma from resistant, but not
susceptible, individuals. The sequences of these
clones were compared with the published P.
falciparum genome (www.PlasmoDB.org) and
found to encode nucleotides (nt) 2431 to 3249
of PF3D7_1021800, a hypothetical gene on chro-
mosome 10; nt 3490 to 5412 of PF3D7_1134300, a
hypothetical geneon chromosome 11; andnt 201 to
1052 ofPF3D7_1335100, which encodesmerozoite
surface protein-7 (MSP-7), a protein involved in red
blood cell (RBC) invasion, which is currently un-
der study as a potential vaccine candidate (9–12).
In silico analysis (www.PlasmoDB.org andwww.

OrthoMCL.org) predicted that PF3D7_1021800
contains a 6744–base pair (bp) gene that en-
codes a 244-kD acidic phosphoprotein (13), with
three introns near its 3′ end, and syntenic ortho-
logs in all rodent and primate malarias eval-
uated to date, but not in other genera. Based
on in vitro experiments, we designated the pro-
tein product of PF3D7_1021800 as Plasmodium
falciparum schizont egress antigen-1 (PfSEA-1)
and its corresponding gene as PfSEA1. PfSEA-1
contains multiple complex repeat regions and
extensive regions of low amino acid complexity,
with 50% of the protein being composed of
four amino acids (Asn, Lys, Glu, and Asp).
PfSEA1 expression increases throughout blood-

stage schizogeny, and the gene displays minimal
sequence variation in the immunorelevant region
recognized in our differential screens (nt 2431 to
3249). A recently reported deep sequencing effort
on 227 field samples identified only three non-
synonymousandone synonymous single-nucleotide
polymorphisms in the cloned region (14).

Conditional Destabilization of PfSEA-1

PfSEA-1 has no significant homology to proteins
of known function. Multiple attempts to disrupt
PfSEA1 by homologous recombination were un-
successful, which suggests that PfSEA-1 is essential
forblood-stage replication. Using the conditional
destabilization (knockdown) system, we generated
a parasite strainwith a destabilization domain and
hemagglutinin (HA) tag fused to the C terminus of
endogenous PfSEA-1 (15) and verified the strain by
Southern blot and sequencing across the insertion
boundary (fig. S2, A and B). After removal of the
stabilizing agent, Shield-1, expression of PfSEA-1
decreased by 75% (Fig. 1A), and parasites with
destabilized expression of PfSEA-1 had a marked,
80% inhibition of parasite replication as com-
pared with parasites expressing normal levels
of PfSEA-1 (Fig. 1B). In addition, parasites grown
for a single cycle in the absence of Shield-1 had
delayed schizont egress (fig. S2C) accompanied
by a 40% decrease in the number of ring-stage
parasites 12 hours after schizont rupture (fig.
S2D). The addition of Shield-1 did not alter the
replication of wild-type parasites (fig. S3), and
conditional destabilization of nonessential genes
did not produce a replication defect (15, 16).

Expression and Validation of rPfSEA-1

We expressed and purified the polypeptide encoded
by the differentially recognized immunorelevant
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region (nt 2431 to 3249, amino acids 810 to 1083)
in Escherichia coli and designated this recom-
binant protein rPfSEA-1A (fig. S4A). Before eval-
uation in the entire birth cohort, we performed an
initial validation enzyme-linked immunosorbent
assay (ELISA) using an independent selection of
resistant and susceptible individuals from our
Tanzanian birth cohort (table S2). Immunoglo-
bulin G (IgG) antibody recognition of rSEA-1A
was 4.4-fold higher in plasma pooled from re-
sistant individuals (n = 11) than in susceptible
individuals (n = 14, fig. S4B). This pattern of
recognition was not observed for other mala-
ria proteins and controls (fig. S4C), which sup-
ported our library screening results.
We have cloned the immunorelevant region into

a eukaryotic expression plasmid (VR2001) and
immunized mice with either the recombinant
protein (rPfSEA-1A) or DNA constructs to gener-
ate antisera to PfSEA-1A (anti–PfSEA-1A). To con-
firm that PfSEA1 encodes a parasite protein, we
probed P. falciparum infected and uninfected
RBCs with antisera prepared by DNA vaccina-
tion. Anti–PfSEA-1A recognized a 244-kD pro-
tein in infected but not uninfected RBCs (fig.
S5A), and recognized rPfSEA-1A (fig. S5B).

Anti-PfSEA-1 Mediates Growth
Inhibition of Parasites in Vitro

We performed growth inhibition assays using anti–
rPfSEA-1A prepared by either DNA or recombi-
nant protein immunization (Fig. 2). Parasites were
synchronized to the ring stage, cultured to obtain

mature trophozoites, and then incubated with
anti–rPfSEA-1A or controls for 24 hours, followed
by enumeration of newly invaded ring-stage para-
sites. Anti–rPfSEA-1A generated by DNA plasmid
or recombinant protein–based immunization inhib-
ited parasite growth by 58 to 74% across three par-
asite strains compared with controls (all P < 0.009).
We developed monoclonal antibodies (mAbs)

in rPfSEA-1A–immunized mice that recognized
rPfSEA-1A by ELISA. Some (mAb CF6), but not all
(mAb CF3), mAbs mediated up to 75% growth in-
hibition at a concentration of 250 mg/ml (Fig. 2F),

which is substantially lower than the inhibitory
concentration of mAb to MSP-1 (17). In addition,
we purified human polyclonal antibodies to
PfSEA-1 from pooled plasma using rPfSEA-1A cou-
pled to Sepharose beads and demonstrated that
these human antibodies to PfSEA-1 significantly
inhibited parasite growth (fig. S6, A and B).

Stage-Specific Immunolocalization
of PfSEA-1

We immunolocalized PfSEA-1 by immunofluores-
cence confocal microscopy and immunogold
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Fig. 2. Antibodies to PfSEA-1 inhibit malaria parasite growth. Polyclonal anti-
bodies to PfSEA-1 generated by DNA (A to C) and recombinant protein (D and E)
immunization, and mAbs to PfSEA-1 (F) inhibit parasite growth and invasion by 58
to 74% for three parasite strains in vitro. Mature trophozoite-stage 3D7 [(A), (D),
and (F)],W2 [(B) and (E)], and D10 (C) parasites were were cultured in the pres-
ence of mouse antisera to PfSEA-1 [1:10 dilution, (A) to (E)]. Negative controls
included nomouse sera and preimmunemouse sera (1:10 dilution). In (F), parasites

were incubated in the presence of mAbs to PfSEA-1 CF3 or CF6 (250 mg/ml) or
buffer. Parasites were cultured for 24 hours, and ring-stage parasites were enu-
merated by microscopy. Bars represent the mean of five independent replicates,
with each replicate performed in triplicate. Error bars represent SEMs.Comparisons
between pre- and postimmune mouse sera by a nonparametric Mann-Whitney U
test are indicated. (A) to (C) and (F) are representative of three independent
experiments. (D) and (E) are representative of five independent experiments.
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Fig. 1. PfSEA-1 is essential for
parasite growth. (A) Immunoblot
analysis of D10-PfSEA1-DD. Parasites were
sorbitol-synchronized at the ring stage
and incubated until the schizont stage
(44 to 48 hours) with or without 0.25 mM
Shield-1 and probed with mouse anti–PfSEA-1
produced by DNA immunization (top
panel) or rabbit anti-MSP2 (loading control, bottom panel). Lane 1, Shield-1–treated cultures; lane 2,
untreated cultures; lane 3, uninfected RBCs. The top arrow indicates PfSEA-1 fused with a DD tag;
the bottom arrow indicates MSP-2. (B) Replication curves for D10-PfSEA1-DD parasites. Ring-
stage parasites were cultured with or without 0.25 mM Shield-1. Parasitemia was measured by flow
cytometry. Each data point represents the mean of three replicates; error bars indicate SEM.
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transmission electron microscopy (Fig. 3). Anti–
PfSEA-1 did not bind to free merozoites, rings, or
late trophozoite–stage parasites, but did specif-
ically recognize an antigen expressed by late
schizont–infected RBCs (Fig. 3, A and 3). To de-
termine whether antibodies to PfSEA-1 could
access PfSEA-1 in vivo, we used a live cell–labeling
technique. PfSEA-1 colocalized with glycophorin
A in nonpermeabilized, unfixed schizont–infected
RBCs (Fig. 3C). We confirmed the stage-specific ex-
pression and localization of PfSEA-1 using anti-
bodies to theHAtag inD10-PfSEA1-DDparasites, in
which PfSEA-1 is fused with an HA tag (fig. S7).
The accessibility of antibodies to PfSEA-1 in

living parasites was further evaluated by immuno–
electron microscopy (Fig. 3D and fig. S8). When
the same live cell–labeling technique was used,
PfSEA-1 localized to the schizont/parasitophorous
vacuole membrane, Maurer's clefts, and the inner
leaflet of the RBC membrane, whereas glycophorin
A was confined to the outer leaflet of the RBC
membrane. This pattern of staining was observed
in the majority of late schizont–infected RBCs ex-
amined. The close juxtaposition of these struc-
tures in late schizont–infected RBCs with the RBC
outer membrane explains the apparent colocaliza-
tion of PfSEA-1 with glycophorin A observed by
confocal microscopy. The accessibility of antibodies
to PfSEA-1 in nonpermeabilized, unfixed schizont–
infected RBCs is consistent with the known

permeability of parasitized RBCs to macromole-
cules, including antibodies, at the later stages of
schizogony (18–20).

Anti–PfSEA-1 Mediates Schizont
Arrest of Parasites in Vitro

The localization of PfSEA-1 was not consistent
with a role in RBC invasion; rather, it suggested
a role in parasite egress from RBCs. To deter-
mine the mechanism of growth inhibition, we
performed schizont arrest assays using anti–
rPfSEA-1A prepared by either DNA or recom-
binant protein immunization, as well as mAb
directed against rPfSEA-1A (Fig. 4). Parasites were
synchronized to the ring stage at high (3.5%)
parasite density, cultured to obtain early schizonts,
and then incubated with anti–rPfSEA-1A or con-
trols for 12 hours, followed by enumeration of the
remaining schizont-stage parasites. Under these
conditions, the majority of schizont-infected RBCs
should rupture, releasing merozoites to invade
new RBCs and develop into ring-stage parasites.
Anti–rPfSEA-1A generated by DNA plasmid– (Fig.
4, A to C) or recombinant protein– (Fig. 4, D and E,
and fig. S9) based immunization, as well as mAb
anti–rPfSEA-1A (Fig. 4F) inhibited schizont egress
in a dose-dependent manner (Fig. 4G), resulting in
4.3- to 6.8-fold higher proportions of schizonts
across three parasite strains as compared with
controls (all P < 0.009). In addition, purified

human polyclonal antibodies to PfSEA-1 signifi-
cantly inhibited schizont egress (fig. S6C).

Vaccination with PbSEA-1
Protects Mice from P. berghei
ANKA Challenge

To evaluate the protective efficacy of vaccination
with SEA-1 in vivo, we selected the Plasmodium
berghei ANKA strain model, because of its aggres-
sive parasite growth rate, extreme lethality in mice,
and the failure of known vaccine candidates
[such as PbAMA-1 and PbMSP-1 (21)] to afford
protection. We cloned the P. berghei ANKA
strain ortholog of rPfSEA-1A (nt 2173 to 3000,
47% similar and 34% identical amino acid se-
quence as compared with rPfSEA-1A) into the
expression plasmid pET30 and expressed and
purified rPbSEA-1A (amino acids 725 to 1000)
from E. coli (Fig. 5A). We conducted five (four
active vaccination with rPbSEA-1A and one pas-
sive transfer of antibodies to PbSEA-1A) trials
in mice with P. berghei ANKA challenge. After
vaccination, mice generated robust anti–rPbSEA-
1A immunoglobulin G (IgG) responses in each
trial (Fig. 5B and fig. S10). In trial 1, BALB/c mice
vaccinated intraperitoneally (ip) with TiterMax
and challenged ip with 106 P. berghei ANKA–
infected RBCs (iRBCs) had 2.25-fold higher para-
sitemia on day 7 after challenge, as compared
with mice vaccinated with rPbSEA-1A in TiterMax

Late Schizont 

DIC DAPI Pre-Immune Anti-MSP-1 Overlay 

Free Merozoite

Ring 

Trophozoite

Late Schizont 

DIC DAPI Anti-PfSEA-1 Anti-MSP-1 Overlay 

DIC DAPI Anti-PfSEA-1 

Anti-Glycophorin A Overlay 

Fig. 3. Immunolocalization of PfSEA-1. (A) Infected RBCs were probed with mouse
anti–PfSEA-1 (green) and rabbit anti–MSP-1 (red) and counterstained with 4',6'-diamidino-2-
phenylindole (DAPI) to label parasite nuclei. PfSEA-1 is detected only in schizont-infected
RBCs. Scale bar for free merozoite images, 2 mm. Scale bar for remaining images, 10 mm.
(B) Schizont-infected RBCs do not label when probed with preimmune mouse sera. Scale
bar, 10 mm. (C) Nonpermeabilized, unfixed schizont-infected RBCs were probed with mouse
anti–PfSEA-1 (red) and rabbit anti–glycophorin A (green) and counterstained with DAPI to
label parasite nuclei. PfSEA-1 colocalized with glycophorin A to the surface of schizont-infected RBCs. Scale bar, 5 mm. (D to F) Nonpermeabilized, unfixed schizont-
infected RBCs were probed with mouse anti–PfSEA-1 (5-nm gold particles) and rabbit anti–glycophorin A (10-nm gold particles). PfSEA-1 localized to the schizont/
parasitophorous vacuole membrane (black arrow), Maurer's clefts (yellow arrow), and the inner leaflet of the RBC membrane (gray arrow), whereas glycophorin A
was confined to the outer leaflet of the RBC membrane (white arrow). Scale bar in (D), 0.5 mm. Scale bars in (E) and (F), 0.1 mm.
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(Mann-Whitney U test, P = 0.0002, Fig. 5C). All
control mice were killed on day 7 because of high
parasitemia and associated illness, in accordance
with our animal protocol Center for International
Health Research, Rhode Island Hospital (CIHR).
In trial 2, C57BL/6 mice vaccinated subcutaneously
(sc) with TiterMax and challenged with 200 P. berghei
ANKA sporozoites intravenously (iv) had 1.52-fold
higher parasitemia on day 7 after challenge, as com-
pared with mice vaccinated with rPbSEA-1A in
TiterMax (Mann-Whitney U test, P = 0.002, Fig.
5D). All mice were killed on day 8 in accordance
with our animal protocol (National Institutes of
Health). In trial 3, BALB/c mice vaccinated ip with
TiterMax and challenged ip with 104 P. berghei
ANKA iRBC had 3.05-fold higher parasitemia on
day 7 after challenge, as compared with mice
vaccinated with rPbSEA-1A in TiterMax (Mann-
WhitneyU test,P=0.001, Fig. 5E). All controlmice
were killed on day 8 because of high parasitemia
and associated illness, in accordance with our ani-
mal protocol (CIHR). Trials 4 (active vaccina-
tion with rPbSEA-1A) and 5 (passive transfer of
antibodies to PbSEA-1A) were conducted under

a modified animal protocol (CIHR) that allowed
the collection of survival outcomes. In trial 4,
BALB/c mice vaccinated ip with TiterMax and
challenged ip with 104 P. berghei ANKA iRBC
had 3.9-fold as high parasitemia on day 7 after
challenge, as compared with mice vaccinated with
rPbSEA-1A in TiterMax (Mann-Whitney U test, P =
0.0009, Fig. 5F). Themedian survival of rPbSEA-1A–
vaccinated mice was 1.8-fold longer than that of
mice vaccinated with TiterMax alone (log-rank
test, P < 0.0001, Fig. 5G).
To evaluate the role of humoral anti–SEA-1 re-

sponses in mediating protection, we conducted
passive transfer experiments, followed by P. berghei
ANKA challenge. In trial 5, BALB/c mice passive-
ly transferred with control mouse sera and chal-
lenged ip with 104 P. berghei ANKA iRBC had
2.7-fold higher parasitemia on day 7 after chal-
lenge, as compared to mice passively transferred
with anti–PbSEA-1A (Mann-Whitney test, P =
0.009, Fig. 5H). The median survival of mice
treated with anti–rPbSEA-1A was 2.0-fold longer
than that of mice treated with control sera (log-
rank test, P < 0.0001, Fig. 5I).

Our active vaccine studies included two routes
of administration (sc and ip), two stages of chal-
lenge (sporozoite and iRBC), two doses of iRBC
challenge (104 and 106 iRBC per mouse), two vac-
cination schedules, two mouse strains (BALB/c
and C57BL/6), two methods of enumeration (mi-
croscopy and flow cytometry), and two perform-
ance sites (CIHR and NIH). In all experiments,
rPbSEA-1A generated significant protection. These
results represent the first example of significant-
ly reduced parasitemia and delayed mortality
after vaccination with a blood-stage antigen in
P. berghei ANKA (21).

Human Antibody Responses to PfSEA-1
Tanzanian Birth Cohort

To evaluate the impact of naturally acquired
antibodies to PfSEA-1 on clinical malaria, we
measured antibody to PfSEA-1 IgG levels using
a fluorescent bead–based assay in our birth co-
hort and related these levels to subsequent ma-
laria outcomes. We measured levels of antibody
to PfSEA-1 IgG in available plasma obtained
at scheduled, nonsick visits between 1.5 and
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Fig. 4. Antibodies to PfSEA-1 inhibit schizont egress. Antibodies to PfSEA-1 generated
by DNA (A to C) and recombinant protein (D and E) immunization, as well as mAb to
rPfSEA-1A (F and G), inhibit schizont egress for three parasite strains in vitro. Early
schizont stage 3D7 [(A) and (D)],W2 [(B) and (E)], and D10 (C) parasites were incubated
in the presence of mouse anti–PfSEA-1 (1:10 dilution). Negative controls included no
mouse sera and preimmune mouse sera (1:10 dilution). In (F), 3D7 parasites were
incubated in the presence of mAbs to PfSEA-1 CF3 or CF6 (at 250 mg/ml) or buffer. In (G),
3D7 parasites were incubated in the presence of increasing concentrations of mAb to
PfSEA-1 CF6 or buffer. Schizonts were counted 12 hours after treatment, and the percent
of initial schizonts arrested was calculated. Bars represent the mean of five independent
replicates, with each replicate performed in triplicate. Error bars represent SEMs.
Comparisons between pre- and postimmune mouse sera and between buffer and mAb-
treated cultures by a nonparametric Mann-Whitney U test are indicated. All panels are
representative of three independent experiments.
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3.5 years of life, encompassing 687 antibody
measures on 453 children. The average time
interval between each antibody measurement
and either a subsequent antibody determina-
tion or completion of the study was 39 weeks.

For each antibody measurement, the analysis
interval for malaria outcomes extended from
the time of the antibody measurement until
the child had a subsequent antibody determi-
nation or completed the study.

Antibodies to PfSEA-1 were detectable in
6.0% of these samples, and children were fol-
lowed for a total of 25,494 child-weeks of ob-
servation. We used Cox proportional hazards
models to evaluate the relationship between
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Fig. 5. Vaccination with rPbSEA-1A protects mice from challenge with
P. berghei ANKA. (A) Expression and purification of rPbSEA-1A from E. coli
soluble lysates. Lane 1, nickel chelate chromatographyof soluble E. coli lysate; lane
2, hydrophobic interaction chromatography of lane 1; lane 3, anion exchange
chromatographyof lane2. (B)Antibody responseofmicevaccinatedwith rPbSEA-
1A in three vaccine trials. After vaccination,mice generated robust anti–rPbSEA-1A
IgG responses in each trial. Bars representmean fluorescence; error bars represent
SEMs. White bars represent anti–rPbSEA-1A IgG responses in mice immunized
with rPbSEA-1A, gray bars represent anti-BSA IgG responses in mice immunized
with rPbSEA-1A, black bars represent anti–rPbSEA-1A IgG responses in mice
immunized with adjuvant alone, and bricked bars represent anti-BSA IgG
responses in mice immunized with adjuvant alone. (C) Vaccine trial 1: BALB/c
mice vaccinated ip with TiterMax (n = 11) and challenged ip with 106 P. berghei
ANKA–infected RBCs had 2.25-fold higher parasitemia on day 7 after
challenge (P = 0.0002) as compared to mice vaccinated with rPbSEA-1A (n =
10). (D) Vaccine trial 2: C57BL/6mice vaccinated scwith TiterMax (n= 10) and
challenged with 200 P. berghei ANKA sporozoites iv had 1.52-fold higher

parasitemia on day 7 after challenge (P = 0.002) as compared to mice vacci-
natedwith rPbSEA-1A (n = 10). (E) Vaccine trial 3: BALB/cmice vaccinated ipwith
TiterMax (n = 10) and challenged ip with 104 P. berghei ANKA–infected RBCs
had 3.05-fold higher parasitemia on day 7 after challenge (P = 0.001) as com-
pared to mice vaccinated with rPbSEA-1A (n = 10). (F and G) Vaccine trial 4:
BALB/c mice vaccinated ip with TiterMax (n = 9) and challenged ip with 104

P. berghei ANKA–infected RBCs had 3.9-fold higher parasitemia on day 7
after challenge (P = 0.0009) as compared to mice vaccinated with rPbSEA-1A
in TiterMax. The median survival of rPbSEA-1A vaccinated mice was 1.8-fold
longer (P < 0.0001) as compared to that of adjuvant-only control mice (n = 9).
(H and I) Vaccine trial 5: Antisera (rPbSEA-1A or adjuvant alone) or normal
mouse sera were passively transferred (0.5 ml, ip) into naïve BALB/c mice
(n = 5 mice per group) on day –1 and day +1. On day 0, mice were chal-
lenged ip with 104 P. berghei ANKA–infected RBCs. Control mice had 2.7-fold
higher parasitemia on day 7 after challenge (P = 0.009), compared to anti-
rPbSEA-1A treated mice.The median survival of rPbSEA-1A vaccinated mice
was 2.0-fold longer than that of controls (P < 0.0001).
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time-varying levels of antibody to PfSEA-1 (log-
transformed) and malaria outcomes. Increas-
ing levels of antibody to PfSEA-1 were associated
with significantly decreased risk of severe ma-
laria [HR = 0.669, 95% confidence interval (CI)
[0.495, 0.905], P = 0.0092], and these results
were essentially identical after adjusting for he-
moglobin phenotype (HR = 0.663, 95% CI [0.489,
0.897], P = 0.0078). It was surprising that severe
malaria did not occur during periods after chil-
dren had detectable levels of antibody to PfSEA-1 (0
cases per 1688 child-weeks with detectable anti-
body to PfSEA-1 versus 45 cases per 23,806 child-
weeks with undetectable antibody to PfSEA-1)
(Fig. 6A).
To place the PfSEA-1 antibody results in con-

text with other known malarial vaccine candi-
dates, we performed multiplexed bead-based
antibody analyses using plasma collected at
2 years of age from n = 225 available samples
in our birth cohort. Using this multiplexed plat-
form, we measured IgG antibody levels to MSP-
1-19 (3D7 variant), MSP-3 (amino acids 99 to
265), LSA-N (amino acids 28 to 150), LSA-C (amino
acids 1630 to 1909), and RAMA-E (amino acids
759 to 840). IgG antibody responses to these
well-accepted vaccine candidates were not re-
lated to the risk of severe malaria when the
same statistical analyses employed for PfSEA-1
were used in these available samples (all P =
NS, see supplementary text).
Together, these results demonstrate that anti-

bodies that specifically block schizont egress can
predict resistance to severe malaria in humans
and provide compelling evidence that PfSEA-1
represents a critical addition to the limited pool

of candidate antigens currently being explored
for their vaccine potential.

Kenyan Cohort

To further extend the generalizability of our hu-
man immunoepidemiologic results, we measured
anti–PfSEA-1 IgG responses in an entirely dis-
tinct cohort of Kenyan adolescents and young
adults. We performed a secondary analysis with
data and serum samples that were collected from
a cohort of Kenyan males as part of a treatment-
reinfection study (7, 12, 22).
Volunteers were residents of subsistence farm-

ing, P. falciparum–endemic villages in western
Kenya, north of Lake Victoria. The entomolog-
ical inoculation rate in this area exceeded 300
infectious bites per person per year (23), and
bed nets had not been introduced into the com-
munity. Males (n = 138) aged 12 to 35 years
were entered into the study at the beginning
of the high transmission season in April 1997.
Detectable parasitemia was eradicated by the
use of quinine sulfate (10 mg per kilogram of body
weight twice daily for 3 days) and doxycycline
(100 mg twice daily for 7 days), and individuals
were followed with weekly blood smears for
18 weeks. Serum was collected 2 weeks after treat-
ment and stored at –80°C. In this age group,
clinical or severe malaria is very uncommon.
In generalized estimating equation (GEE)

repeated-measures models, individuals with de-
tectable IgG antibodies to rPfSEA-1A (n = 77
individuals who contributed 1154 weeks of follow-
up blood smears) had 50% lower parasite den-
sities over 18 weeks of follow-up than did
individuals with no detectable IgG antibodies to

rPfSEA-1A (n = 61 individuals who contributed
940 weeks of follow-up blood smears), after ad-
justing for age, week of follow-up, exposure to
Anopheles mosquitoes, and hemoglobin pheno-
type (95% CI [3, 97], P < 0.04, Fig. 6B). We mea-
sured IgG antibody levels to MSP-3 (amino acids
99 to 265), MSP-7 (amino acids 117 to 248), LSA-N
(amino acids 28 to 150), LSA-C (amino acids
1630 to 1909), and RAMA-E (amino acids 759 to
840) in these same samples. IgG antibody re-
sponses to these well-accepted vaccine candi-
dates did not predict resistance to parasitemia
in these samples when the same statistical anal-
yses employed for PfSEA-1 were used (fig. S11, all
P = NS).
Although residual confounding by unmea-

sured factors cannot be completely excluded,
together with the data from the Tanzanian birth
cohort, these data generalize and underscore the
relation between anti–PfSEA-1 IgG responses and
resistance to parasitemia and severe falciparum
malaria in humans.

Summary and Conclusions

Falciparum malaria remains a leading cause of
childhood mortality, and vaccines are urgently
needed to attenuate this public health threat.
We report the rational identification of novel
vaccine candidates by identifying parasite pro-
teins recognized by antibodies expressed by
resistant, but not susceptible, children. We iden-
tified two previously unknown hypothetical genes
as well as MSP-7, a known vaccine candidate
(9–12). We have extensively characterized PfSEA-1,
which localizes to the schizont/parasitophorous
vacuole membrane, Maurer’s clefts, and the inner
leaflet of the RBCmembrane in schizont-infected
RBCs. PfSEA-1 is accessible to antibodies dur-
ing late schizogeny and displays minimal se-
quence variation in the immunorelevant region
identified by our differential screening exper-
iments (amino acids 810 to 1083). Antibodies to
PfSEA-1 significantly attenuate parasite growth
by arresting schizont egress from infected RBCs.
Concordant with these results, genetically de-
stabilizing PfSEA-1 results in a dramatic 80%
inhibition of parasite growth.
In five challenge experiments, rPbSEA-1A or

antibodies to PbSEA-1A conferred marked pro-
tection against a lethal P. berghei ANKA chal-
lenge as evidenced by up to a 75% reduction in
parasitemia 7 days after challenge. In all five
experiments, by day 7 to 8 after challenge, con-
trol mice had high parasitemia with associated
morbidity, whereas none of the vaccinated mice
had high parasitemia or overt morbidity. In ex-
periments with long-term follow-up, both active
immunization with rPbSEA-1 and passive trans-
fer of antisera to PbSEA-1 significantly reduced
parasitemia and delayed mortality. We report
protection from P. berghei ANKA by vaccination
with a blood-stage antigen, and these data sup-
port our ongoing efforts to evaluate PfSEA-1 in
the Aotus model of P. falciparum.
In our Tanzanian birth cohort, antibodies to

PfSEA-1 were associated with significant protec-
tion from severe malaria, with no cases occurring
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while children had detectable antibodies to PfSEA-1.
These data suggest that anti–PfSEA-1 responses
could augment responses to other targets, such
as PfEMP-1, that may protect against severe ma-
laria (24). Under conditions of natural exposure,
only 6% of 1.5- to 3.5-year-old children in our
cohort had detectable antibodies to PfSEA-1. This
low natural prevalence suggests that adjuvanted
vaccination with PfSEA-1 could have a marked
impact on reducing severe malaria in young
children.
In a second longitudinal Kenyan cohort, anti–

PfSEA-1 antibodies were associated with signif-
icant protection against parasitemia in adolescents
and young adults. Individuals with detectable
IgG anti–rPfSEA-1A antibodies had 50% lower
parasite densities over 18 weeks of follow-up
compared with individuals with no detectable
IgG anti-rPfSEA-1A antibodies. It was noteworthy
that the prevalence of detectable anti–rPfSEA-1A
antibodies in this age group (56%) was substan-
tially higher than in our birth cohort, which sug-
gests that natural exposure boosts anti–
PfSEA-1 antibody levels.
Together, our data validate our field-to-lab-to-

field-based strategy for the rational identifica-
tion of vaccine candidates and support PfSEA-1
as a candidate for pediatric falciparum malaria.
By blocking schizont egress, PfSEA-1 may syn-
ergize with other vaccines targeting hepatocyte
(25) and RBC invasion (26).
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DEEP EARTH

Disproportionation of (Mg,Fe)SiO3
perovskite in Earth’s deep
lower mantle
Li Zhang,1,2* Yue Meng,3 Wenge Yang,1,4 Lin Wang,1,4 Wendy L. Mao,5,6 Qiao-Shi Zeng,5

Jong Seok Jeong,7 Andrew J. Wagner,7 K. Andre Mkhoyan,7 Wenjun Liu,8

Ruqing Xu,8 Ho-kwang Mao1,2

The mineralogical constitution of the Earth’s mantle dictates the geophysical and
geochemical properties of this region. Previous models of a perovskite-dominant lower
mantle have been built on the assumption that the entire lower mantle down to the
top of the D″ layer contains ferromagnesian silicate [(Mg,Fe)SiO3] with nominally
10 mole percent Fe. On the basis of experiments in laser-heated diamond anvil cells, at
pressures of 95 to 101 gigapascals and temperatures of 2200 to 2400 kelvin, we found
that such perovskite is unstable; it loses its Fe and disproportionates to a nearly
Fe-free MgSiO3 perovskite phase and an Fe-rich phase with a hexagonal structure. This
observation has implications for enigmatic seismic features beyond ~2000 kilometers
depth and suggests that the lower mantle may contain previously unidentified
major phases.

T
he conventional view of materials in Earth’s
lower mantle, which comprises the largest
fraction of our planet (>55% by volume), has
evolved greatly in the past 10 years. High-
pressure-temperature (P-T) experiments of

the past century suggested that the predominant
phase was ferromagnesian silicate [(Mg,Fe)SiO3]
with the orthorhombic perovskite (pv) structure,
unchanging over the enormous P-T range from the
bottom of the transition zone at 670 km depth
(24 GPa) to the core-mantle boundary (CMB) at
2900km (136GPa).However, laser-heated diamond
anvil cell (DAC) technology coupled with x-ray
spectroscopy (XRS) and x-ray diffraction (XRD)
probes have led to two key discoveries: namely,
the phase transition of (Mg,Fe)SiO3 pv to the

post-perovskite (ppv) structure (1–3) near the D″
layer of the lower mantle, and the pressure-
induced spin-pairing of the 3d electrons in Fe (4–6)
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