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The serine repeat antigen (SERA) is a vaccine candidate antigen of Plasmodium falciparum. Immunization
of mice with Escherichia coli-produced recombinant protein of the SERA N-terminal domain (SE47*) induced
an antiserum that was inhibitory to parasite growth in vitro. Affinity-purified mouse antibodies specific to the
recombinant protein inhibited parasite growth between the schizont and ring stages but not between the ring
and schizont stages. When Percoll-purified schizonts were cultured with the affinity-purified SE47*-specific
antibodies, schizonts and merozoites were agglutinated. Indirect-immunofluorescence assays with unfixed
parasite cells showed that SE47*-specific immunoglobulin G (IgG) bound to SERA molecules on rupturing
schizonts and merozoites but the IgG did not react with the schizont-infected erythrocytes (RBC). Further-
more, double-fluorescence staining against SE47*-specific IgG and anti-human RBC membrane IgG showed
that the RBC membrane disappeared from SE47*-specific-IgG-bound schizonts after cultivation. These obser-
vations suggest that the SE47*-specific antibodies inhibit parasite growth by cross-linking SERA molecules
that are associated with merozoites in rupturing schizonts with partly broken RBC and parasitophorous
vacuole membranes, blocking merozoite release.

Malaria remains one of the most devastating human infec-
tious diseases. The appearance of malaria parasites with resis-
tance to antimalarial drugs and of mosquito vectors with re-
sistance to insecticides has made it more difficult to cure and
prevent malaria infection, respectively. It is therefore of in-
creasing importance to develop malaria vaccines.

The Plasmodium falciparum serine repeat antigen (SERA) is
one of the malaria vaccine candidate antigens against the asex-
ual blood stage (for reviews, see references 1 and 18). SERA,
also known as SERP (17) and pl26 (6, 7) is an asexual blood
stage antigen produced in large amounts specifically during
late trophozoite and schizont stages (2, 5). SERA was origi-
nally identified by a mouse monoclonal antibody (immuno-
globulin M [IgM]) that inhibits parasite growth in vitro (2, 13).
Immunization of Aotus and squirrel monkeys with a recombi-
nant protein comprising part or all of the N-terminal domain
(47 kDa) of SERA conferred significant protection from chal-
lenge infection (14–16, 27).

SERA protein (from the Honduras-1 strain of P. falciparum)
contains 989 amino acids, including a repetition of 35 serine
residues (5), and has limited sequence homology with the ac-
tive site of serine proteases (9, 12). However, the physiological
function of SERA is poorly characterized. Comparison of the
sequences of several allelic forms of SERA showed limited
diversity in the N-terminal region, and the majority of the
diversity is due to deletion or insertion events rather than point
mutations (22). The recent analysis of the P. falciparum chro-
mosome 2 genome sequence revealed that the SERA gene and
seven SERA gene homologues are clustered (11).

The SERA polypeptide is secreted primarily into the lumen
of the parasitophorous vacuole after removal of its 22-amino-

acid signal peptide (6). Coincident with the release of mero-
zoites, a large fraction of the total pool of the 126-kDa SERA
protein is proteolytically processed into a 47-kDa N-terminal
domain, a 50-kDa central domain, an 18-kDa C-terminal do-
main, and a poorly characterized 6-kDa domain (8). There are
conflicting reports arguing the presence or absence of SERA
on the merozoite surface (2, 25). SERA has recently been
identified as a phospholipid-binding protein that can recognize
inner-leaflet phospholipids of the host erythrocytes (RBC)
(25).

Vaccination of rodents or goats with recombinant SERA
N-terminal-domain protein elicits antibodies that inhibit the
growth of the parasite in vitro (3, 4, 10, 24, 26). It is therefore
of great interest to elucidate the mechanism of inhibition of
the parasite’s proliferation by anti-SERA antibodies. In this
report, we examine the effect of the affinity-purified SE479-
specific IgG on the parasite’s development in RBC. The results
demonstrate that the SE479-specific IgG inhibited parasite
growth by a mechanism involving agglutination of merozoites
and rupturing of schizonts.

MATERIALS AND METHODS

Protein expression and purification. The recombinant SE479 protein (amino
acids 17 to 382) was expressed in XL1-Blue cells by using a synthetic SERA gene
and was purified according to the method of Sugiyama et al. (26) and Barr et al.
(3). Briefly, 10 g of Escherichia coli cells containing induced SE479 protein was
suspended in STE buffer (50 mM Tris-HCl [pH 8.0]–5 mM EDTA–25% su-
crose–5 mM 2-mercaptoethanol) with 0.1 mg of lysozyme ml21 and sonicated.
After centrifugation, ammonium sulfate was added to the supernatant at a final
30% saturation to precipitate the SE479 protein. The precipitate was collected by
centrifugation and dissolved in TEGB buffer (10 mM Tris-HCl [pH 7.6]–1 mM
EDTA–10% glycerol–10 mM 2-mercaptoethanol) containing 8 M urea and 0.1%
sodium dodecyl sulfate (SDS). The solution was dialyzed against phosphate-
buffered saline (PBS) (10 mM NaH2PO4, 10 mM Na2HPO4, 100 mM NaCl, pH
6.8) containing 0.1% SDS and was then subjected to gel filtration on TSK gel G
4000 SW (Tosoh, Tokyo, Japan). The chromatography was carried out at a flow
rate of 1 ml/min, and 0.5-ml fractions were collected. Fractions 34 and 35, which
contained SE479 protein, were pooled and mixed with 100 mM 2-mercaptoetha-
nol. The pooled fraction was then heated at 80°C for 15 min and subjected to the
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same column chromatography. The SE479 protein that was recovered in fractions
39 and 40 was concentrated by a membrane filter unit, Centriprep 10 (Amicon).
The preparations yielded 15 mg of SE479 protein. The protein was dialyzed
against PBS (1.9 mM NaH2PO4, 8.1 mM Na2HPO4, 154 mM NaCl, pH 7.2)
containing 0.1% SDS and kept at 220°C.

Immunization of mice. Mice (6-week-old female BALB/c; Japan SLC Inc.)
were immunized with SE479 and Freund’s adjuvant (Difco) by subcutaneous
injection on days 0, 14, and 28. Each mouse received 50 mg of the protein at the
initial injection followed by 25 mg of the protein at the second and third injec-
tions. The SE479 protein was emulsified at a 1:1 ratio with Freund’s complete
adjuvant for the initial injection and with Freund’s incomplete adjuvant for the
second and third injections. For control serum, five mice were immunized with
PBS containing 0.1% SDS by the procedures described above. On day 35, blood
was collected in fresh Eppendorf tubes and incubated at 37°C for 1 h, followed
by 12 h at 4°C. The sera were then separated by centrifugation at 1,250 3 g for
10 min. All sera were heat inactivated at 56°C for 30 min and stored in aliquots
at 220°C.

ELISA and Western blot analyses. Enzyme-linked immunosorbent assay
(ELISA) was performed as described previously (24, 26). One microgram of
SE479 protein was used to coat each well of a 96-well MaxiSorp dish (Nunc).
SE479-specific IgG in a serum was detected with biotinylated horse IgG specific
to mouse IgG (Vector Laboratories) as a secondary antibody. Avidin-conjugated
peroxidase (ABC kit; Vector Laboratories) and 2,29-azino-bis-(3-ethylbenzothia-
zoline-6-sulfonic acid) were used for ELISA. The ELISA titer was determined by
a cutoff absorbance of 0.2 at 405 nm with a microtiter plate reader (Titertek
Multiskan MCC/340 MKII). The purified recombinant SE479 protein and a cell
homogenate of P. falciparum (FCR3) (24) were used for the Western blot
analyses (26). Affinity-purified SE479-specific IgG and biotinylated horse IgG
specific to mouse IgG were used as primary and secondary antibodies, respec-
tively. Avidin-conjugated peroxidase and diaminobenzidine tetrahydrochloride
were used for the Western blot analysis.

Preparation of IgG. Total IgG from mouse serum was prepared on a Hi-Trap
protein A-Sepharose column (Pharmacia). Pooled anti-SE479 serum (10 ml) or
pooled control serum (2.0 ml) was diluted 10-fold with PBS (1.4 mM KH2PO4,
4.3 mM Na2HPO4, 2.7 mM KCl, 137 mM NaCl, pH 8.0) and applied to the
column (bed volume, 5 and 1 ml, respectively). Total IgG was eluted from the
column with 0.1 M citrate buffer (pH 2.5). The concentration of IgG was deter-
mined by measuring optical density at 280 nm (an absorbance of 1.4 is equivalent
to 1.0 mg of IgG ml21). SE479-specific IgG was prepared from total IgG by
affinity chromatography with Sepharose 4B (Pharmacia) covalently linked with
SE479 protein. The bound IgG was eluted with 0.1 M glycine-HCl (pH 2.5) and
was immediately neutralized with 1/10 volume of 1 M Tris-HCl (pH 8). The
eluted fractions were extensively dialyzed against PBS (1.4 mM KH2PO4, 4.3 mM
Na2HPO4, 2.7 mM KCl, 137 mM NaCl, pH 8.0) and then dialyzed against a basal
medium (RPMI 1640) for the parasite culture. The SE479-specific IgG was
concentrated by Centriprep 10 to 3 mg ml21 and stored at 220°C. In a typical
preparation, 1.5 mg of SE479-specific IgG was obtained from 4 mg of total IgG
that was prepared from 1 ml of antiserum. Nonspecific IgG was prepared from
control mouse serum with a Hi-Trap protein A-Sepharose column (Pharmacia)
as described above. When the nonspecific IgG was applied to this SE479 affinity
column, the adsorbed IgG was undetectable.

Parasite cell preparation. P. falciparum FCR3 was maintained in culture
according to the methods of Trager and Jensen (29) and Sugiyama et al. (26).
The parasites were grown in a 5% O2 and 5% CO2 atmosphere with 2% (vol/vol)
type O RBC in a culture medium containing 10% heat-inactivated human type
O serum. Synchronization of parasite growth was done by two consecutive D-
sorbitol treatments (5%) with a 30-h interval (30). This method produced early
ring stage parasites with a 2- to 6-h window of age span after invasion. RBC
infected by late trophozoites and schizonts were isolated by 63% (vol/vol) Percoll
(Pharmacia) density centrifugation from a synchronized culture as described by
Tosta et al. (28).

Free merozoites were isolated as follows. Percoll-purified RBC infected by
trophozoites and schizonts were cultured in complete medium without fresh
RBC. After 3 h of cultivation, the culture was centrifuged at 200 3 g for 3 min.
The supernatant was filtered through 2-mm-pore-size membrane sieves (prefil-
ter) (Millipore) according to the method of Mrema et al. (23) and was immedi-
ately used for further experiments. The free merozoites were visualized by
Giemsa staining.

Growth inhibition and invasion assay. Parasite growth inhibition assays were
performed in a medium containing 2% RBC with a 0.5% initial parasitemia in
the presence of the indicated mouse IgG or serum for 24 or 72 h in a 96-well
microtiter plate. The culture medium was replaced every 24 h with fresh medium
with or without the indicated IgG. Parasite growth was examined by Giemsa
staining of thin smears, and the parasitemia was scored by counting over 5,000
RBC in a slide. The observed parasitemia was divided by the parasitemia of the
indicated control culture to give the percent growth inhibition.

Assay for parasite cell agglutination. Percoll-purified RBC infected by tro-
phozoites and schizonts were cultured in microculture plates (100 ml per well) in
the presence of the indicated IgG at a density of 105 schizonts ml21 without fresh
RBC. After cultivation for the indicated time, all of the culture was smeared on
a glass slide and Giemsa stained. Mature schizonts, agglutinated merozoites, and
single merozoites were counted over all areas of the smear.

Purified merozoites (105) were incubated in 100 ml of complete medium
containing 100 mg of the indicated mouse IgG ml21 without fresh RBC at 37°C
for 30 min. The agglutinated merozoites and free merozoites were counted in
Giemsa-stained thin smears as described above.

Immunofluorescence assay. Percoll-purified RBC infected by trophozoites and
schizonts were cultured for 0, 4, or 8 h at a density of 106 ml21 in a complete
medium containing 100 mg of the indicated IgG ml21 at 37°C. After cultiva-
tion, the parasite cells were washed three times by centrifugation at 1,000 3 g
for 3 min and were subjected to immunofluorescence assays. The cells were
resuspended in 100 ml of PBS–3% bovine serum albumin (BSA) containing
fluorescein isothiocyanate (FITC)-conjugated goat IgG against mouse IgG (ICN
Pharmaceuticals, Inc.-Cappel Products) diluted 1:1,000 and 1 mg of diamidino-
phenylindole (DAPI) (catalog no. D-1388; Sigma) ml21. After incubation for 30
min at 37°C, the parasite cells were washed five times with PBS and fixed in PBS
containing 3% paraformaldehyde. The fixed cells were mounted with Per-
maFluor aqueous mounting medium (Immunon) and inspected by fluorescence
microscopy (Axioskop; Zeiss). For the double-fluorescence assay, Percoll-puri-
fied trophozoites and schizonts were cultured in a complete medium containing
the indicated IgG and washed as described above. The cells were then incubated
in PBS–3% BSA containing rabbit IgG against human RBC membrane (ICN
Pharmaceuticals, Inc.-Cappel Products) diluted 1:5,000 at 37°C for 30 min. After
being washed three times with PBS, the cells were resuspended in PBS–3% BSA
containing FITC-conjugated goat IgG against mouse IgG, 1 mg of DAPI ml21,
and FluoroLinkCy3-labeled goat IgG against rabbit IgG (Amersham) diluted
1:1,000. The parasite cells were washed and mounted for fluorescence assay as
described above.

Merozoites were fixed immediately after purification with 2% paraformalde-
hyde in PBS on ice for 30 min and spread on a slide. After being air dried, the
slides were incubated for 30 min at 37°C in PBS–3% BSA and subsequently
reacted with the SE479-specific IgG in PBS–3% BSA. The slides were washed
three times in PBS and then incubated with secondary antibody (FITC-conju-
gated goat IgG against mouse IgG) in PBS containing 1 mg of DAPI ml21 to stain
the parasite nuclei. The slides were washed five times in PBS, mounted, and
inspected as described above.

RESULTS

SE47*-specific IgG inhibits P. falciparum growth. The anti-
serum from mice immunized with recombinant SE479 protein
was prepared as described in Materials and Methods. The
ELISA titer of anti-SE479 serum was 87,000, while that of the
control serum was ,50. The parasite growth inhibition assay
was carried out with 5% (vol/vol) anti-SE479 serum. After
incubation for 72 h, the parasitemia was 2%, while the para-
sitemias in the media with the control serum and without
serum were 7.2 and 9.1%, respectively. To verify that parasite
growth is inhibited by IgG specific to SE479 protein in the
prepared antiserum, we purified total and SE479-specific IgG
from mouse antiserum with protein A and Sepharose 4B co-
valently cross-linked with recombinant SE479 protein. The
cross-reactivity of the purified SE479-specific IgG to both the
parasite SERA protein and recombinant SE479 protein was
confirmed by Western blot analysis (Fig. 1). The total IgG and
the SE479-specific IgG were subjected to the parasite growth
inhibition assay. Parasite growth was inhibited by both total
IgG and SE479-specific IgG in a concentration-dependent
manner (Fig. 2). Maximum inhibition (80%) was obtained with
the SE479-specific IgG at 100 mg ml21 after cultivation for
72 h; however, further inhibition was not observed with in-
creasing concentrations of the IgG.

SE47*-specific IgG inhibits P. falciparum development from
schizont to ring. To determine the parasite developmental
stage where the primary inhibition by SE479-specific IgG oc-
curs, the parasite cells were synchronized. Synchronized ring or
trophozoite and schizont stage parasites were grown for 24 h in
the presence of SE479-specific IgG or nonspecific IgG or with-
out IgG. All ring stage parasites developed to trophozoites and
schizonts in the presence of SE479-specific IgG (Fig. 3A). In
contrast, initially inoculated trophozoites and schizonts (0.5%
parasitemia) developed to 0.54% rings and 0.21% schizonts in
the presence of SE479-specific IgG while trophozoites and
schizonts developed to 2.5% parasitemia of rings and 0% par-
asitemia of trophozoites and schizonts in the presence of non-
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specific IgG or no IgG (Fig. 3B). These results indicate that
SE479-specific IgG inhibits parasite development from the schiz-
ont stage to the ring stage but not the intracellular develop-
ment of the parasite from ring stage to schizont stage.

When Percoll-purified trophozoites and schizonts were cul-
tured with various concentrations of SE479-specific IgG for
24 h, development to the ring stage was inhibited as a function
of the antibody concentration up to 100 mg ml21 (Fig. 4). The
maximum inhibition observed was 60% in one cycle of parasite
cell proliferation. This observation was similar to the result
shown in Fig. 2 and further substantiated the inhibitory effect
of SE479-specific IgG on parasite development from schizonts
to rings.

SE47*-specific IgG agglutinates schizonts and merozoites.
The effect of SE479-specific IgG on parasite cell development
was further analyzed by using purified RBC infected by tro-
phozoites and schizonts. Percoll-purified parasite cells the ma-
jority of which were schizonts (90% schizonts and 10% late
trophozoites) were cultured with SE479-specific or nonspecific

IgG in the absence of fresh RBC. After 4 and 8 h of incubation
with SE479-specific IgG, agglutinated schizonts and aggluti-
nated merozoites were observed by Giemsa staining (Fig. 5B
and C). In a control culture with nonspecific IgG, predomi-
nantly single rupturing schizonts and single merozoites were
observed (Fig. 5F and G). To examine whether merozoites
were agglutinated with SE479-specific IgG, isolated merozoites
were incubated with each IgG. The merozoites were aggluti-
nated by SE479-specific IgG but not by nonspecific IgG, as
shown in Fig. 5D and H. The presence of SERA on merozoites
was confirmed by FITC assay (see Fig. 7, row 5).

For quantitative analysis, total single and agglutinated mero-
zoites and schizonts were counted. In a culture with nonspe-
cific IgG, the number of single merozoites increased and that
of schizonts decreased with cultivation time (Fig. 6A and C). In
contrast, the number of single merozoites decreased and that
of agglutinated merozoites increased in the presence of SE479-
specific IgG (Fig. 6A and B). The number of schizonts remain-
ing after 10 h of cultivation was higher in SE479-specific IgG
than in nonspecific IgG (Fig. 6C). These results indicate that
SE479-specific IgG agglutinates both merozoites and schizonts,

FIG. 1. Western blot of P. falciparum cell homogenate and recombinant
SE479 protein with affinity-purified SE479-specific IgG. The purified recombinant
SE479 protein (lanes 1 and 2) and Percoll-purified trophozoites and schizonts,
105 cells of P. falciparum FCR3 (lanes 3 and 4), were run in 6 to 12% gradient
SDS-polyacrylamide gels under nonreducing conditions. The arrow indicates the
gel top. Western blotting was performed with SE479-specific IgG (lanes 1 and 3)
or nonspecific IgG (lanes 2 and 4).

FIG. 2. P. falciparum parasite growth inhibition by mouse IgG specific to
SE479. Cells of P. falciparum FCR3 at late trophozoite and schizont stages were
cultured for 72 h with or without mouse IgG. Total IgG (solid circles) and
SE479-specific IgG (open circles) were prepared from anti-SE479 mouse antisera
as described in Materials and Methods. The initial parasitemia was 0.5%. The
parasitemia of the control culture with nonspecific IgG (200 mg ml21) or without
IgG after 72 h of cultivation was 5.42 or 5.61%, respectively. Percent growth
inhibition (shown as means 6 standard deviations; n 5 4) was calculated by using
the parasitemia of the culture grown with nonspecific IgG.

FIG. 3. Stage specificity of the inhibitory effect of the SE479-specific IgG on
P. falciparum growth. Synchronized P. falciparum FCR3 cells were cultured for
24 h in the presence of 100 mg of SE479-specific IgG (bars 1) or nonspecific IgG
(bars 2) ml21 or without IgG (bars 3). (A) Initial parasitemia was 0.5% at ring
stage. (B) Initial parasitemia was 0.5% at late trophozoite and schizont stages.
Both the results for intraerythrocyte growth and those for invasion are given as
the mean percentage of parasitemia with a standard error (mean 6 standard
deviation; n 5 3).

FIG. 4. P. falciparum parasite invasion inhibition by mouse IgG specific to
SE479. The growth inhibition assay was carried out with Percoll-purified tropho-
zoite and schizont parasite cells in medium containing the indicated concentra-
tions of SE479-specific IgG (circles) or nonspecific IgG (squares). The initial
parasitemia was 0.5%. The parasitemias were counted after 24 h on each culture
(shown as means 6 standard deviations; n 5 3).
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causing depletion of single merozoites. The decrease of single
merozoites was quantitatively correlated with parasite growth
inhibition (Fig. 3).

Localization of SE47*-specific IgG in agglutinated parasite
cells. To examine whether SE479-specific IgG was present in
the agglutinated parasite cells, Percoll-purified RBC infected
by trophozoites and schizonts were cultivated with SE479-spe-
cific IgG for 4 and 8 h and then reacted with FITC-conjugated
goat IgG against mouse IgG. The FITC assay was carried out
without fixation of the parasite cells to observe the distribution
of SE479-specific IgG under physiological conditions. Both ag-
glutinated schizonts and merozoites were strongly fluorescent
in a FITC assay (Fig. 7). The results showed that SE479-specific
IgG was present in the agglutinated parasite cells. When
freshly prepared schizonts were subjected to FITC assay with-
out fixation, fluorescence was not observed. Schizonts perme-
ated by paraformaldehyde fixation, however, were fluorescent

(Fig. 7). These results were consistent with previous observa-
tions that SERA molecules are not on the infected RBC mem-
brane but are predominantly in the parasitophorous vacuole
(7, 17).

Under microscopic examination of the Giemsa-stained par-
asite cells, freshly prepared schizonts appeared to be sur-
rounded by the RBC membrane; however, schizonts cultured
for 4 to 8 h appeared to have no RBC membrane (data not
shown). If the rupturing schizonts break RBC membranes be-
fore the release of merozoites, anti-SERA IgG can bind SERA
in the parasitophorous vacuole. Double-immunofluorescence
assays were performed to investigate the presence of RBC
membranes surrounding the agglutinated schizonts in the pres-
ence of SE479-specific IgG without fixation. When Percoll-
purified schizonts were immediately subjected to double-im-
munofluorescence assay, Cy3 fluorescence from rabbit IgG
against human RBC membrane was apparent. However, FITC
fluorescence from SE479-specific IgG against SERA was not
observed (Fig. 8, column T 5 0 h). After cultivation with
SE479-specific IgG for 4 h, a majority of schizonts were agglu-
tinated and both Cy3 and FITC fluorescences were observed
(Fig. 8, column T 5 4 h). An additional 4 h of cultivation
caused a disappearance of Cy3 fluorescence but did not effect
FITC fluorescence (Fig. 8, column T 5 8 h).

DISCUSSION

In previous work, we found that affinity-purified SE479-spe-
cific mouse IgG inhibits P. falciparum growth in in vitro culture
and that the growth inhibition was enhanced by active comple-
ment through the classical pathway (24). However, it was not
clear how antibodies against SERA inhibit parasite growth. In
this study, we demonstrate that SE479-specific IgG inhibits
parasite growth at a stage between schizont and ring. We also
showed that SE479-specific IgG binds to the rupturing schiz-
ont, causing agglutination of the parasite cells and thus pre-

FIG. 5. SE479-specific-IgG-mediated parasite cell agglutination. Percoll-purified trophozoites and schizonts were cultured at 37°C in a medium containing 100 mg
of SE479-specific IgG (A, B, and C) or nonspecific IgG (E, F, and G) ml21. After incubation for 0 (A and E), 4 (B and F), and 8 (C and G) h, the parasite cells were
Giemsa stained. Merozoites were isolated as described in Materials and Methods. Soon after isolation, the merozoites were incubated with 100 mg of SE479-specific
IgG (D) or nonspecific IgG (H) ml21 at 37°C for 30 min and Giemsa-stained.

FIG. 6. Number of agglutinated parasite cells with SE479-specific IgG. Per-
coll-purified trophozoites and schizonts (104) were cultured with nonspecific IgG
(squares) or SE479-specific IgG (circles) for 0 to 10 h in 100 ml of medium. The
total numbers of single merozoites (A), agglutinated merozoites (B), and schiz-
onts (C) in the cultures are shown (means 6 standard deviations; n 5 3).

1824 PANG ET AL. INFECT. IMMUN.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/i

ai
 o

n 
29

 F
eb

ru
ar

y 
20

24
 b

y 
13

3.
1.

91
.1

51
.



venting the release of free merozoites. It is highly probable that
the inhibition of free-merozoite release by SE479-specific IgG
causes the parasite growth inhibition, although the antibodies
may also block the binding of merozoites to RBC.

SERA molecules are not exposed to the outside of the RBC
membranes of schizont stage parasites immediately after iso-
lation with Percoll. This observation is consistent with previous
reports that SERA primarily localizes in the parasitophorous

vacuole (7, 17). When probed with anti-human RBC antibod-
ies, the RBC membrane around schizonts was dissociated dur-
ing cultivation (Fig. 8). Although the process of schizont rup-
ture is not yet clear, single merozoites would be released after
breaking of both RBC and parasitophorous vacuole mem-
branes. SE479-specific IgG could invade the parasitophorous
vacuole when both the RBC and parasitophorous membranes
begin to rupture. Since SERA molecules were observed by

FIG. 7. Agglutinated parasite cells are surrounded by SE479-specific IgG. Percoll-purified trophozoites and schizonts were cultured with 100 mg of SE479-specific
IgG ml21 for 4 and 8 h, and the parasite cells were washed and stained with FITC-conjugated goat anti-mouse IgG. Rows: 1, agglutinated schizonts after 4 h of
cultivation; 2, agglutinated merozoites after 8 h of cultivation; 3, freshly purified single schizonts; 4, freshly purified single schizonts after paraformaldehyde fixation;
5, isolated merozoites. Nomarski, differential interference microscope image.
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immunoelectronmicroscope around each merozoite in a schiz-
ont-infected RBC (23a), SE479-specific IgG would cross-link
merozoites, preventing merozoite dispersal. Further examina-
tion of rupturing schizonts is necessary to understand the sta-
tus of the host RBC membrane and the parasite vacuole mem-
brane(s). Our proposed model for parasite growth inhibition is
shown in Fig. 9.

Agglutinated schizonts were observed only when Percoll-
purified schizonts were cultivated with SE479-specific IgG. In
contrast, agglutinated schizonts were rarely found in the par-
asite cultures with a 2 to 5% hematocrit. Under standard
culture conditions, where parasitemia is usually less than 5%,
it is less probable for schizonts to contact and agglutinate with
each other. The parasite growth inhibition by SE479-specific
IgG would therefore predominantly result from cross-linking
of merozoites in rupturing schizonts. We have no substantial
evidence to explain why excess antibody does not lead to com-
plete growth inhibition. It is possible that if a single merozoite
fully bound with SE479-specific IgG still retains invasion ca-
pacity, then complete growth inhibition may not be achieved
with excess antibodies. Although our data showed that SE479-
specific IgG efficiently inhibited the production of free mero-
zoites, further mechanism studies are required to determine
whether additional mechanisms are responsible for the ob-
served growth inhibition, for example, whether antibody to
SERA blocks merozoite invasion.

In this study, we present evidence that SE479-specific IgG

FIG. 8. Double-immunofluorescence staining of SE479-specific IgG and RBC membranes in schizonts. Percoll-purified trophozoites and schizonts were cultured
with 100 mg of SE479-specific IgG ml21 for 0, 4, and 8 h, and the parasite cells were washed and reacted with rabbit IgG against RBC membrane. Cy3- or
FITC-conjugated secondary antibodies were used to identify RBC membranes (red fluorescence) and SE479-specific IgG (green fluorescence). Columns: T50h, fresh
schizonts before cultivation; T54h, agglutinated schizonts after 4 h of cultivation; T58h, agglutinated schizonts after 8 h of cultivation. Normarski, differential
interference microscope image.

FIG. 9. Model for parasite growth inhibition by SE479-specific IgG. PVM,
parasitophorus vacuole membrane.

1826 PANG ET AL. INFECT. IMMUN.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/i

ai
 o

n 
29

 F
eb

ru
ar

y 
20

24
 b

y 
13

3.
1.

91
.1

51
.



agglutinated merozoites. In addition, SERA protein was also
identified on the surface of single merozoites (Fig. 7). How-
ever, we could not detect SERA on the merozoite surface
when filter-purified merozoites were subsequently washed by
low-speed centrifugation (data not shown). It is, therefore,
likely that SERA weakly associates with the merozoite, unlike
MSP-1, which is covalently bound to the merozoite membrane
by GPI anchor. SERA has no predicted membrane-spanning
domain or GPI anchor (5).

Miller et al. showed that the merozoites of Plasmodium
knowlesi agglutinate as they are released or agglutinate within
the RBC ghost in the presence of rhesus monkey immune
serum (21). Lyon et al. reported that when P. falciparum eryth-
rocytic schizonts are incubated with growth-inhibitory immune
human serum, antibodies prevent dispersal of merozoites and
result in inhibition of parasite growth by formation of immune
complexes of merozoites (ICM) (19). The agglutinated mero-
zoites observed in this study are morphologically similar to the
structure of reported ICM. Since SERA protein was identified
as one of the antigens present in ICM (20), anti-SERA anti-
bodies may contribute to formation of ICM. Investigation of
human anti-SERA IgG in areas of endemicity would provide
further insights into SERA vaccine development.

Understanding the effector mechanisms that prevent para-
site proliferation is highly important for the development of an
effective malaria vaccine. The present study provides a molec-
ular basis for a mechanism of parasite growth inhibition by
mouse anti-SERA N-terminal domain IgG that primarily pre-
vents merozoite dispersal. In addition, anti-SERA N-terminal-
domain IgG-bound parasite cells are killed by complement as
previously reported (24). It is therefore of great importance for
SERA-based malaria vaccine development to design methods
to induce anti-SERA antibodies that effectively cross-link mero-
zoites.
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genomic structure and localization in a blood stage antigen of Plasmodium
falciparum characterized by a serine stretch. Mol. Biochem. Parasitol. 32:73–84.

18. Kwiatkowski, D., and K. Marsh. 1997. Development of a malaria vaccine.
Lancet 350:1696–1701.

19. Lyon, J. A., J. D. Haynes, C. L. Diggs, J. D. Chulay, and J. M. Pratt-Rossiter.
1986. Plasmodium falciparum antigens synthesized by schizonts and stabi-
lized at the merozoite surface by antibodies when schizonts mature in the
presence of growth inhibitory immune serum. J. Immunol. 136:2252–2258.

20. Lyon, J. A., A. W. Thomas, T. Hall, and J. D. Chulay. 1989. Specificities of
antibodies that inhibit merozoite dispersal from malaria-infected erythro-
cytes. Mol. Biochem. Parasitol. 36:77–86.

21. Miller, L. H., M. Aikawa, and J. A. Dvorak. 1975. Malaria (Plasmodium
knowlesi) merozoites: immunity and the surface coat. J. Immunol. 114:1237–
1242.

22. Morimatsu, K., T. Morikawa, K. Tanabe, D. J. Bzik, and T. Horii. 1997.
Sequence diversity in the amino-terminal 47 kDa fragment of the Plasmo-
dium falciparum serine repeat antigen. Mol. Biochem. Parasitol. 86:249–254.

23. Mrema, J. K. E., S. G. Langreth, R. C. Jost, K. H. Rieckmann, and H.-G.
Heidrich. 1982. Plasmodium falciparum: isolation and purification of spon-
taneously released merozoites by nylon membrane sieves. Exp. Parasitol.
54:285–295.

23a.Pang, X.-L., M. Torii, and T. Horii. Unpublished data.
24. Pang, X.-L., and T. Horii. 1998. Complement-mediated killing of Plasmo-

dium falciparum erythrocytic schizont with antibodies to the recombinant
serine repeat antigen (SERA). Vaccine 16:1299–1305.

25. Perkins, M. E., and A. Ziefer. 1994. Preferential binding of Plasmodium
falciparum SERA and rhoptry protein to erythrocyte membrane inner leaflet
phospholipids. Infect. Immun. 62:1207–1212.

26. Sugiyama, T., K. Suzue, M. Okamoto, J. Inselburg, K. Tai, and T. Horii.
1996. Production of recombinant SERA protein of Plasmodium falciparum
in Escherichia coli by using synthetic genes. Vaccine 14:1069–1076.

27. Suzue, K., M. Ito, Y. Matsumoto, Y. Tanioka, and T. Horii. 1997. Protective
immunity induced in squirrel monkeys with recombinant serine repeat anti-
gen (SERA) of Plasmodium falciparum. Parasitol. Int. 46:17–25.

28. Tosta, C. E., M. Sedegah, D. C. Henderson, and N. Wedderburn. 1980. Plas-
modium yoelii and Plasmodium berghei: isolation of infected erythrocytes from
blood by colloidal silica gradient centrifugation. Exp. Parasitol. 50:7–15.

29. Trager, W., and J. B. Jensen. 1976. Human malaria parasites in continuous
culture. Science 193:673–675.

30. Trager, W., and H. N. Lanners. 1984. Initial extracellular development in
vitro of merozoites of Plasmodium falciparum. J. Protozool. 31:562–567.

Editor: J. M. Mansfield

VOL. 67, 1999 P. FALCIPARUM CELL AGGLUTINATION BY ANTI-SERA IgG 1827

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/i

ai
 o

n 
29

 F
eb

ru
ar

y 
20

24
 b

y 
13

3.
1.

91
.1

51
.


