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We demonstrated that antibodies in the serum of BALB/c mice convalescent from Plasmodium yoelii infection
inhibit the in vitro growth of Plasmodium falciparum. Blood stage P. falciparum antigens that cross-react with the
convalescent-phase mouse serum antibodies were identified and partially characterized. Convalescent-phase mouse
serum immunoglobulin G (IgG) reacted with P. falciparum lysates at up to a 1:15,000 dilution of the immune sera
and bound to P. falciparum-parasitized erythrocytes at up to a 1:5,000 dilution of the sera. The cross-reactive
moieties of antigens in parasite lysates were resistant to oxidation by periodate but sensitive to trypsinization. About
15 polypeptides (M_s of 15,000 to 110,000) of P. falciparum blood stages were recognized by the convalescent-phase
mouse anti-P. yoelii sera; many of these antigens were metabolically **S labeled and specifically immunoprecipi-
tated. Also, virtually all of the cross-reactive antigens were recognized by human malaria-immune sera. The anti-P.
yoelii serum antibodies bound, with high affinity, to at least five of the cross-reactive antigens (M,s of 107,000, 84,000,
53,000, 36,000, and 30,000). By phase separation in Triton X-114, eight interspecies cross-reactive antigens (M,s of
84,000, 76,000, 51,000, 31,000, 29,000, 28,000, 23,000, and 22,000) were found to be integral membrane proteins.
Convalescent-phase mouse serum IgG strongly inhibited the differentiation of F. falciparum from schizonts to rings;
75 pg of IgG per ml caused 80% inhibition of release of merozoites and their invasion into erythrocytes. On the other
hand, the anti-P. yoelii serum antibodies also inhibited intracellular development of P. falciparum from rings to
schizonts; 25 pg of IgG per ml caused 50% inhibition. Inhibition of P. falciparum growth by anti-P. yoelii serum IgG
suggests that some of the interspecies cross-reactive antigens contain important conserved epitopes and induce

protective antibodies against P. falciparum.

Malaria parasites are so capable of extensive antigenic
variation that it is imperative to investigate the immunogenic
potential of antigens which are shared between different
Plasmodium species and are likely to contain epitopes that
have been conserved for common structure and function. Such
interspecies conserved epitopes have great promise for the
development of widely effective vaccines (5, 6, 31). The exis-
tence of conserved antigen analogs throughout Plasmodium
species is well demonstrated by cross-hybridization experi-
ments (9) and comparison of the amino acid sequences of
cloned proteins from different Plasmodium species (8, 11, 14,
21, 30, 38). However, only a few genes encoding proteins of
diverse Plasmodium species have been cloned and sequenced.
Thus, at present, comparative analysis of the primary structure
of analogous antigens from various plasmodial species is
restricted to only few proteins, notably the circumsporozoite
protein, the merozoite surface antigen 1 (MSA1), the apical
merozoite antigen 1, and the sporozoite surface protein 2 (3, 5,
11, 14, 28, 38). On the other hand, analysis of interspecies
immune response or cross-reactivity constitutes a simple and
less limited approach toward identification of important con-
served antigens, because, even though antigens of malaria

* Corresponding author. Mailing address: Malaria Group, Interna-
tional Centre for Genetic Engineering and Biotechnology, Aruna Asaf
Ali Marg, NII Campus, New Dclhi 110 067, India. Phone: 91 11
6865007. Fax: 91 11 6862316.

2354

parasites are generally species specific, antibodies raised
against one Plasmodium species recognize several antigens
from other species (17, 20, 35), confirming the presence of
homologous molecules with interspecies conserved epitopes.
To identify protective interspecies conserved antigens of Plas-
modium falciparum, we have investigated the binding of pro-
teins in P. falciparum lysate and on whole parasite cells by
antibodies produced during repeated P. yoelii infection of
BALB/c mice. We have also examined and demonstrated the
inhibition of in vitro growth of P. falciparum by mouse
anti-Plasmodium yoelii serum antibody immunoglobulin G

(IgG).

MATERIALS AND METHODS

Buffers and reagents. Protein A, insolubilized on Sepharose
CL-4B, alkaline phosphatase-conjugated anti-mouse IgG, and
anti-human IgG antibodies were obtained from Sigma Chem-
ical Co., St. Louis, Mo. Other reagents and chemicals were of
the highest quality available from international suppliers.
Extraction buffer consisted of 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.5% Triton X-100, 0.1% sodium
dodecyl sulfate (SDS), 50 mM Tris (pH 7.5), 5 mM EDTA, 5
mM ethylene glycol bis-(B-aminoethyl ether)-N,N,N',N'-tet-
raacetic acid, 1 mM phenylmethylsulfonyl fluoride, 5 mM
iodoacetamide, and 0.1 mM N-a-p-tosyl-L-lysine chloromethyl
ketone. Color substrate for immunoblots consisted of 0.17 mg
of 5-bromo-4-chloro-3-indolylphosphate toluidinium (salt) per
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ml, 0.33 mg of Nitro Blue Tetrazolium per ml, 100 mM NaCl,
5 mM MgCl,, and 100 mM Tris-HCl (pH 9.5). Color substrate
for enzyme-linked immunosorbent assays (ELISAs) consisted
of 1 mg of nitrophenyl phosphate, 0.5 mM MgCl,, and 10 mM
diethanolamine (pH 9.5).

Parasites. A lethal strain of P. yoelii nigeriensis was obtained
from G. P. Dutta of Central Drug Research Institute, Luc-
know, India. The strain is resistant to chloroquine but sensitive
to the combined regime of sulfadoxine and pyrimethamine
(23). An Indian isolate (FCD3) of P. falciparum was obtained
from V. K. Bhasin of University of Delhi, New Delhi, India,
and maintained in human O RhD™ erythrocytes in RPMI
culture medium (RPMI 1640, 20 mM N-2-hydroxyethylpipera-
zine-N’-2-ethanesulfonic acid [HEPES], 40 mg of gentamicin
per ml, 10% normal human serum, 23 mM NaHCO; [pH 7.5])
according to the method of Trager and Jensen (37). Cultures
of P. falciparum were synchronized by lysis with 5% sorbitol
(25). Two successive rounds of sorbitol treatment gave more
than 97% synchronized cultures.

Sera and purified serum IgG. Convalescent-phase mouse
anti-P. yoelii serum was produced as follows. Each of a group
of 15 inbred BALB/c mice was infected with P. yoelii nigeriensis
and cured with drugs (0.5 mg of sulfadoxine and 25 pg of
pyrimethamine per mouse daily for 5 days). After three
infection-cure cycles, BALB/c mice become resistant to chal-
lenge doses of up to 10® parasitized erythrocytes per mouse
(23), whereas mice given equivalent drug treatment without
parasite infection (control mice) are fully susceptible. The 15
convalescent mice were bled, and the serum of each mouse was
collected separately. As required, the sera were pooled (by
mixing equal volumes of serum from each mouse), inactivated
by heating at 56°C for 30 min, and stored in aliquots at —20°C.
Mouse serum IgG was prepared by ammonium sulfate precip-
itation and chromatography over a column of staphylococcal
protein A beads (13). The IgG was then dialyzed against RPMI
culture medium and sterilized by ultrafiltration. Control mouse
sera and IgG were similarly prepared from BALB/c mice that
received the same drug treatment as convalescent mice but
without parasite infection. Pooled human malaria-immune
serum was obtained from blood samples collected from 10
residents of the Koraput district of Orissa, India. The pooled
serum tested positive on smears of P. falciparum-infected
erythrocytes, with an immunofluorescent antibody test (IFAT)
titer of 1:3,000. Control (negative) human sera were obtained
from six individuals reporting no previous malarial illness and,
at a 1:100 dilution, were negative by IFAT.

Metabolic labeling, parasite isolation, radioimmunoprecipi-
tation, and SDS-PAGE. Asynchronous blood stages of P.
falciparum were metabolically labeled by incubation with
[>*S]methionine (100 wCi/ml) in normal RPMI culture me-
dium (containing 30 mg of methionine per liter) for 24 h.
Parasites were isolated by incubation of parasitized erythro-
cytes with 0.02% saponin in RPMI at 37°C for 20 min, and
antigens were extracted from pelleted parasites by incubation
at 4°C for 1 h in extraction buffer. Insoluble material was
sedimented by centrifugation (1,000 X g for 1 min), and the
supernatant parasite lysate was stored at —70°C. P. falciparum
lysates were incubated with anti-P. yoelii serum, and the
immune complexes were isolated on Sepharose CL-4B—protein
A beads, with stringent washing of the beads, as described
previously (12, 22). Control mouse and normal human sera
were included as negative controls. Antigens were eluted from
the beads by heating in sample buffer (24) and were subjected
to polyacrylamide gel electrophoresis (PAGE) through either
gradient (5 to 15%) or 10% acrylamide gels. The gels were
then processed for fluorography (16).
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Selection of cross-reactive anti-P. yoelii 1gG on P. falciparum
antigens. Nitrocellulose membrane was blotted with P. falci-
parum antigens resolved by SDS-PAGE (0.5 mg of P. falcipa-
rum lysate proteins electrophoresed through slab gels [0.15 by
16 by 12 cm?]) and incubated in blocking solution consisting of
phosphate-buffered saline (PBS [145 mM NaCl, 20 mM so-
dium phosphate, pH 7.4]) supplemented with 3% bovine
serum albumin (BSA) and 0.02% NaN,. Antibodies were
selected by probing each membrane with 50 ml of PBSAT
(PBS supplemented with 1% BSA and 0.1% Tween 20)
containing 1 ml of convalescent-phase mouse anti-P. yoelii
serum for 6 h at room temperature on an orbital shaker. The
nitrocellulose was washed five times, for 20 min each, with
PBSAT and once with PBS. Anti-P. yoelii antibodies adsorbed
on nitrocellulose-blotted P. falciparum antigens were then
eluted with 0.2 M glycine buffer (pH 2.8) containing 145 mM
NaCl, and the eluate was neutralized with aliquots of 4 M
Na,CO,.

Immunoblots and ELISAs. Antibody binding of parasite
lysate proteins blotted onto nitrocellulose (immunoblot assay)
or applied in coats to microtiter plate wells (ELISA) was
evaluated generally as described previously (23, 36). The
blotted nitrocellulose or coated microtiter wells were incu-
bated in blocking solution and probed, respectively, with
primary antibody serum, alkaline phosphatase-conjugated sec-
ondary antibody, and color substrate. Convalescent-phase
mouse, control mouse, normal human, and malaria-immune
human sera were tested at dilutions of 1:300 (immunoblots)
and 1:400 (ELISA).

Relative affinity of cross-reactive antibodies. The relative
affinity of antibody was measured by using ammonium thiocy-
anate elution (26) of the antibody bound either to parasite
polypeptides blotted on nitrocellulose or to total parasite lysate
antigens applied to microtiter wells.

Inhibition of P. falciparum invasion of erythrocytes and
intraerythrocytic development. The inhibitory effect of anti-P.
yoelii antibody on invasion of erythrocytes by P. falciparum and
on development of the parasites inside the erythrocytes was
evaluated essentially as described in reference 39.

(i) Cross-inhibition of invasion. Thirty-four hours after the
second of two sequential treatments of the culture with sorbitol
(25), different amounts of IgG from pooled convalescent-phase
mouse sera were added to schizont-stage parasites at 0.5%
parasitemia. Twenty-four hours after the addition of purified
IgG to the schizont stages, blood smears were prepared. The
ring-stage parasites in the culture were then counted per
10,000 erythrocytes, and the percent parasitemia was calcu-
lated. Purified control mouse serum IgG was similarly tested at
the same time.

(ii) Cross-inhibition of intraerythrocytic development. Im-
mediately after the second of two successive synchronizations
of P. falciparum with sorbitol, we added various amounts of
purified convalescent-phase mouse serum IgG to microtiter
wells containing synchronized ring-stage parasites at 3% par-
asitemia. After 24 h of culture in the presence of purified IgG,
smears of the culture were prepared and the numbers of
schizonts per 10,000 erythrocytes were determined. Negative
control experiments with control mouse serum IgG were
conducted at the same time. For both the invasion assay and
intraerythrocytic inhibition experiments, inhibition was calcu-
lated as % inhibition = [%p (control) — %p (test)]/[%p
(control)], where %p is percent parasitemia.

IFAT and Triton X-114 phase separation. Binding of con-
valescent-phase mouse serum IgG to P. falciparum proteins in
smears of cultured parasitized erythrocytes was evaluated by
IFAT as described previously (35). Parasites were solubilized,
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and the antigens were analyzed by temperature-dependent
phase separation in Triton X-114 solution as described previ-
ously (1, 33).

RESULTS

Binding of anti-P. yoelii convalescent-phase mouse serum
IgG to P. falciparum antigens (titer). Serum samples from 15
mice repeatedly infected with P. yoelii and drug cured (conva-
lescent-phase mouse sera) were pooled and serially diluted.
Different dilutions of the sera were incubated with coats of P.
falciparum lysates applied to microtiter wells (at 0.5 ug of
lysate protein per well). The amount of mouse serum IgG
specifically bound to lysate antigen was estimated by ELISA.
We found that convalescent-phase mouse serum IgG could
bind to coated P. falciparum antigens at high dilutions of the
serum (titer of 1:15,000), indicating that some of the cross-
reactive P. yoelii antigens are highly immunogenic and induce
potent anti-P. falciparum antibodies during repeated P. yoelii
infection. When tested individually, serum samples from all of
the 15 convalescent mice showed virtually equivalent titers. For
comparison, we similarly tested the convalescent-phase mouse
anti-P. yoelii sera against coated P. yoelii-lysate antigens.
Binding of convalescent-phase mouse serum IgG to the P.
yoelii antigens was observed at serum dilutions of up to
1:100,000. In IFAT assays, convalescent-phase mouse serum
IgG specifically bound to ring-form, trophozoite, schizont, and
merozoite stages in acetone-fixed smears of P. falciparum-
infected blood (results not shown); fluorescence was seen at
serum dilutions of up to 1:5,000. These results show that P.
falciparum antigens in parasite lysates or on smears of whole
parasite cells contain interspecies cross-reactive epitopes
which are recognized by potent antibodies in convalescent-
phase mouse anti-P. yoelii sera.

Nature of the cross-reactive determinants. Several impor-
tant molecules of Plasmodium species are glycosylated, and, in
some cases, the carbohydrate moiety is believed to have a
significant role in the host-parasite interaction (15, 29, 33). It
has been shown that antigenic carbohydrate components of
several parasite molecules are sensitive to periodate oxidation
(40). In order to find out whether some of the interspecies
cross-reactive epitopes of P. falciparum antigen are carbohy-
drates, we incubated 20 mM sodium periodate in microtiter
wells coated with different amounts of P. falciparum lysate
antigen. Formed carbohydrate dialdehydes were reduced with
sodium borohydride, and the amount of convalescent-phase
mouse serum IgG which binds to the antigen after the treat-
ment with periodate and borohydride was estimated by ELISA.
The results (Fig. 1A) show that periodate oxidation of coated
P. falciparum lysate antigen does not alter the binding of
anti-P. yoelii antibody. However, in control experiments with
lysates of uninfected RhD™ erythrocytes (similar to the eryth-
rocytes used in our P. falciparum culture), 20 mM periodate
effectively removed carbohydrate moieties from the RhD
glycoprotein. On the other hand, when coats of the P. falcipa-
rum lysate antigens were applied to microtiter wells and
incubated with various concentrations of trypsin, a dose-
dependent loss of binding sites for the anti-P. yoelii antibody
occurred, with all of the cross-reactive determinants apparently
being digested in 30 min by 12.5 mg of trypsin per ml (Fig. 1B).
Thus, the results from periodate oxidation and trypsinization
experiments with coated parasite lysate show that the interspe-
cies cross-reactive moieties of P. falciparum which are recog-
nized by anti-P. yoelii serum antibody are mostly polypeptides.

Sizes and stage-specific expression of P. falciparum proteins
recognized by anti-P. yoelii antibodies. During P. falciparum
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FIG. 1. Nature of the cross-reactive epitopes. (A) Microtiter wells
coated with various amounts of P. falciparum lysate antigens (0 to 0.5
ng per well) were incubated with 20 mM sodium periodate in 50 mM
sodium acetate at pH 4.5 (1 h), 50 mM sodium borohydride in PBS (30
min), and diluted (1:400) convalescent-phase mouse serum (2 h),
respectively. The amount of specifically bound mouse IgG was then
estimated by ELISA. [J, treatment with periodate; O, treatment with
the same solutions except periodate. The ELISA readings for control
wells probed with the same immune reagents without incubation with
sodium acetate buffer, periodate, and borohydride (no-treatment
control) showed that treatment with acetate buffer and borohydride
solution alone did not affect the results. (B) Microtiter wells coated
with P. falciparum lysate antigens (0.7 pg per well) were incubated for
30 min with the concentrations of trypsin shown and for 2 h with
diluted (1:400) convalescent-phase mouse serum. The amount of
bound mouse IgG was estimated by ELISA.

growth in erythrocytes (erythrocytic schizogony), the parasite
undergoes several morphologically different stages about every
48 h. After erythrocyte invasion, the ring form appears first,
feeds on the erythrocyte cytoplasm, and passes through the
trophozoite stage before undergoing nuclear divisions which
produce the schizont. Invasive merozoites are released when
the schizont matures and the host erythrocyte membrane
ruptures. These morphological changes are associated with a
well-controlled pattern of polypeptide synthesis (2, 10) such
that, whereas some proteins are synthesized throughout eryth-
rocytic schizogony and are common to all blood stages, many
are mainly present at a particular stage (stage specific).
During in vitro culture, P. falciparum normally grows asyn-
chronously (all of the blood stage forms are present in the
culture medium) but can be synchronized by lysing the mero-
zoite, trophozoite, and schizont forms with 5% sorbitol (25);
rings are largely unaffected. To determine the sizes of the
interspecies cross-reactive antigens and the time of their
expression during erythrocytic schizogony, we prepared para-
site lysates from asynchronous and synchronized cultures.
Antigens in parasite lysates were resolved by SDS-PAGE,
blotted onto nitrocellulose, and probed to visualize the inter-
species cross-reactive polypeptides. Figure 2 (lane A) shows
that, in assays using asynchronous parasite cultures, at least 15
polypeptide bands of P. falciparum cross-react with mouse
anti-P. yoelii antibody. The relative molecular masses (in
kilodaltons) of the cross-reactive bands (Fig. 2, lane A) are as
follows: a, 107; b, 84; ¢, 77; d, 53; e, 36; f, 33; g, 31; h, 30; i, 29;
j» 23; k, 21; 1, 19; m, 17; n, 16; and o, 15. Figure 2 (lane A) also
shows that, of the cross-reactive polypeptides, at least five
bands (a, b, d, e, and h) are major while the rest are minor.
Some of the cross-reactive bands (Fig. 2, lane A, bands b, d,
and e) are obviously double or triple bands. We found that
most of the cross-reactive polypeptides are recognized by
malaria-immune human sera as well (Fig. 2, lane B) and are
metabolically labeled by [**S]methionine and immunoprecipi-
tated with anti-P. yoelii sera (results not shown). Comparison
of lanes A and B (Fig. 2) shows that many P. falciparum
antigens are not cross-reactive with anti-P. yoelii IgG; some of
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FIG. 2. Cross-reactivity of anti-P. yoelii sera with P. falciparum
antigens. P. falciparum lysate antigens were resolved by SDS-PAGE,
blotted onto nitrocellulose, and probed with convalescent-phase
mouse (lane A), human malaria-immune (lane B), control mouse (lane
(). and normal human (lane D) sera. Numbers to the right are sizes (in
kilodaltons) of molecular mass markers. Polypeptide bands are labeled
alphabetically a to o.

these species-specific antigens probably are associated with the
unique features of each malarial parasite species, for example,
host-cell specificity. Control mouse serum antibody did not
bind to the P. falciparum proteins (Fig. 2, lane C). In Fig. 3, the
expression of the interspecies cross-reactive antigens at the
ring (lane R), trophozoite (lane T), and schizont (lane S)
stages is shown. While most of the interspecies cross-reactive
polypeptides are expressed throughout blood stage develop-
ment, some are only detectable in one or two of the three
major blood stages (Fig. 3, arrows numbered 1 to 10). It is also
notable that few stage-specific bands appear to be poorly
synthesized in asynchronous culture. For example, with anti-P.
yoelii sera, three polypeptide bands of approximately 130, 160,
and 200 kDa were consistently seen in the blots for ring stages
(in lane R of Fig. 3, see the bands with molecular mass higher
than that of band a) but were undetectable in the asynchronous
culture (see lane A of Fig. 2). On the other hand, perhaps
because of differences in the quantities of stage-specific pro-
teins blotted to nitrocellulose, several minor polypeptides in
the lower-molecular-mass ranges (see bands j to o) were
consistently more detectable in asynchronous culture (lane A
of Fig. 2) than in the synchronized parasites (Fig. 3).
Binding of P. yoelii antigens by antibodies affinity purified
on P. falciparum lysate proteins. In order to define analogous
cross-reactive antigens in P. yoelii blood stages, we performed
two experiments. In one experiment with immunoblots and
ELISA, incubation of each microliter of anti-P. yoelii serum
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FIG. 3. Stage-specific expression of cross-reactive antigens of P.
falciparum. Total cell lysate antigens of P. falciparum culture synchro-
nized at ring-form (lane R), trophozoite (lane T), and schizont (lane S)
stages were subjected to SDS-PAGE, blotted onto nitrocellulose, and
probed with convalescent-phase mouse serum. Lane N was blotted
with antigens from a mixture of the three synchronized cultures and
probed with control mouse serum. Cross-reactive polypeptide bands
are marked alphabetically on the left side of the figure. Numbers on
the right side indicate polypeptides that are not expressed throughout
all three of the major blood stages.

with different amounts (0.1 to 50 pg) of P. yoelii lysate proteins
showed that cross-reactive antibodies were effectively adsorbed
from convalescent-phase mouse serum when each microliter of
serum was incubated with 1.2 wg of P. yoelii lysate proteins
(results not shown). In another experiment, nitrocellulose
blotted with P. yoelii lysate proteins was probed with anti-P.
yoelii 1gG selected on membrane-bound P. falciparum proteins
as described in Materials and Methods. Figure 4 shows that at
least 10 bands (molecular weight range of 10,000 to 120,000) of
P. yoelii lysate proteins cross-react with antibodies selected on
P. falciparum lysate antigens.

Interspecies cross-reactive integral membrane proteins of P.
Salciparum. Integral membrane proteins of sporozoites and
merozoites are major candidates for anti-malarial vaccines
(33). Of these, the blood stage antigens include merozoite
surface antigens MSA1 and MSA2, both of which show
interspecies conserved epitopes (11, 31). Here, in order to
determine which other interspecies cross-reactive antigens of
P. falciparum blood stages are integral, we analyzed the
parasite antigens by temperature-dependent phase separation
in Triton X-114 solution (1, 33). We then separated the
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FIG. 4. Antibodies affinity purified on P. falciparum lysate proteins
bind to P. yoelii antigens. P. yoelii antigens separated by SDS-PAGE
and blotted onto nitrocellulose were probed with either convalescent-
phase mouse serum diluted 1:400 (lane A) or convalescent-phase
mouse serum antibodies affinity purified on P. falciparum antigens
(lane B). Nitrocellulose blotted with P. yoelii antigens and probed with
either normal mouse serum diluted 1:100 or convalescent-phase mouse
antibodies affinity purified on nitrocellulose lacking blotted parasite
antigens showed no detected polypeptide bands.

antigens by SDS-PAGE, blotted them onto nitrocellulose, and
probed them with anti-P. yoelii sera. We found that at least
eight integral membrane polypeptides (M,s of 84,000, 76,000,
51,000, 31,000, 29,000, 28,000, 23,000, and 22,000) of P.
falciparum cross-react with anti-P. yoelii sera (Fig. 5). When
nitrocellulose blotted with Triton X-114 phase-separated P.
falciparum antigens was probed with mouse anti-P. yoelii serum
on the one hand and human anti-P. falciparum serum on the
other, it was found that all of the eight cross-reactive integral
proteins of P. falciparum were recognized by human anti-P.
falciparum antibodies (results not shown). Thus, the cross-
reactive integral molecules are targets of the immune response
during natural infection. In control experiments, where albu-
min and lysozyme were mixed with Triton X-114 and extracted
with aqueous buffer, each of these two proteins was effectively
partitioned into the aqueous phase as expected.

The binding of anti-P. yoelii convalescent-phase mouse
serum IgG to P. falciparum antigens (affinity). To evaluate the
relative affinity of anti-P. yoelii 1gG binding to P. falciparum
proteins, we used the method of eluting bound antibody by
different concentrations of thiocyanate (26). We found that
half of the anti-P. yoelii antibody which binds to coats of P.
falciparum proteins applied to microtiter wells was eluted at
approximately 3.5 M NH,SCN (Fig. 6A). This result suggested
that anti-P. yoelii antibody binds at least some of the interspe-
cies cross-reactive P. falciparum proteins with high affinity. We
then conducted the following experiments to evaluate the
affinity of binding of anti-P. yoelii antibody to individual
polypeptides. Different strips of nitrocellulose blotted with
separated P. falciparum antigens were incubated with mouse
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FIG. 5. Integral membrane protein antigens of P. falciparum that
cross-react with anti-P. yoelii serum. Parasitized erythrocytes were
solubilized and fractionated by phase separation in Triton X-114
solution. Antigens in the aqueous phase (lane B), Triton X-114 (lane
A), total Triton X-114-soluble parasite proteins (lane C), and Triton
X-114-insoluble proteins (lane D) were blotted onto nitrocellulose and
probed with convalescent-phase mouse serum. Normal mouse or
negative control mouse serum did not bind to total parasite lysate
antigens (lane E). The sizes (in kilodaltons) of antigens in the Triton
X-114 fraction are indicated to the left.

anti-P. yoelii serum, and each strip was then incubated individ-
ually in NH,SCN solution. To visualize the antigen bands that
retain bound anti-P. yoelii antibody, the strips were probed
with alkaline phosphatase-conjugated anti-mouse IgG and
color substrate. The results of these experiments are shown in
Fig. 6B. It is clear that antibody binds to some protein bands
with high affinity; in some cases, bound IgG remained uneluted
by up to 8 M NH,SCN (see bands b, d, e, and h). In contrast,
other protein bands are bound by anti-P. yoelii antibody at such
low affinity that they are well removed by 1 to 2 M NH,SCN
(see bands c, g, i, j, m, and n).

Inhibition of P. falciparum growth by anti-P. yoelii mouse
serum IgG. If the interspecies cross-reactive antigens are
highly conserved analogs critically associated with structure or
function, we would expect antibody against such cross-reactive
antigens of one Plasmodium species (P. yoelii) to inhibit the
growth of another (P. falciparum). Figure 7 shows that mouse
anti-P. yoelii antibody strongly inhibited the differentiation of
P. falciparum from schizonts to rings; 75 pg of IgG per ml
inhibited merozoite invasion by more than 80% (Fig. 7A). The
convalescent-phase mouse IgG also inhibited intracellular
development of P. falciparum from rings to schizonts; 25 g of
IgG per ml caused 50% inhibition (Fig. 7B).
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FIG. 6. Relative affinity of binding of anti-P. yoelii convalescent-phase mouse serum IgG to P. falciparum antigens. (A) Microtiter plate wells
coated with P. falciparum lysate antigens (0.7 pg per well) were incubated for 2 h at room temperature with diluted convalescent-phase mouse
serum and with the given concentrations (0 to 8 M) of NH,SCN in 100 mM sodium phosphate (pH 6.0) for 15 min. Mouse IgG remaining bound
to the wells was evaluated by ELISA. (B) Nitrocellulose blotted with P. falciparum antigens was probed with diluted convalescent-phase mouse
serum. The membrane strips were individually incubated with the given concentration (0 to 8 M) of NH,SCN. The strip labeled () was treated with
buffers without thiocyanate. Polypeptides retaining bound mouse IgG were then visualized with color substrate. Cross-reactive bands are numbered

alphabetically on the left-hand side.

DISCUSSION

We have demonstrated the inhibition of P. falciparum
growth by anti-P. yoelii serum IgG and partially analyzed the
antigenic polypeptides of P. falciparum recognized by the
anti-P. yoelii antibodies. Only one or two previous reports have
shown inhibition of in vitro growth of P. falciparum by sera
from mice infected with or recovered from murine malaria.
Butcher and Clark (4) recently reported inhibition of P.
falciparum by sera from Plasmodium chabaudi-infected mice.
However, this study implicated cytokines as the inhibitory
factors in the sera. Cheng et al. (7) reported an anti-P. yoelii
monoclonal antibody that inhibits P. falciparum growth and
merozoite invasion. This monoclonal antibody recognizes the
tetrapeptides NKND, IKND, and KKND and immunoprecipi-
tates P. falciparum polypeptides of 145, 135, 102, and 76 kDa.
However, human malaria-immune sera do not recognize the
tetrapeptides, implying that these epitopes are poor immuno-
gens during natural infection.

The results we have presented here show that P. falciparum
growth (including schizont rupture, merozoite invasion, and
intraerythrocytic development) is inhibited by purified anti-P.
yoelii convalescent-phase mouse serum IgG and that this
antibody binds specifically to at least 15 polypeptides (M,s of
15,000 to 110,000) of P. falciparum blood stages. With asyn-
chronous cultures, most of these polypeptides are recognized
by human malaria-immune sera (Fig. 2) and can be [**S]me-
thionine labeled and immunoprecipitated by anti-P. yoelii

antibodies. Elution of antibody by thiocyanate (Fig. 6) showed
that some of the interspecies cross-reactive polypeptides are
bound with high affinity by anti-P. yoelii antibody. The tight
binding observed in the interspecies cross-reactions implies
that the respective P. yoelii and P. falciparum antigen homologs
have not diverged enough to render the immune complexes in
the cross-reaction unstable to thiocyanate elution. Further-
more, IFAT studies showed that anti-P. yoelii convalescent-
phase mouse serum antibodies bind to all of the blood stages
of P. falciparum, a result in agreement with previous studies of
anti-P. yoelii monoclonal antibodies (35). Control mouse se-
rum IgG neither inhibited P. falciparum growth (Fig. 7) nor
bound to whole-parasite or parasite lysate antigens (Fig. 2).
Thus, we conclude that the observed inhibition of P. falciparum
by convalescent-phase mouse serum IgG is due to interaction
of anti-P. yoelii antibody with some of the interspecies cross-
reactive antigens of P. falciparum. It is especially interesting
(31, 33) that at least eight cross-reactive proteins in the P.
falciparum blood stages are integral membrane molecules.
Interspecies cross-reactive antigens of Plasmodium species,
as such, have not been much studied before, and we believe
that many of the antigens of P. falciparum recognized by anti-P.
yoelii serum antibodies (Fig. 2) have not been characterized.
However, we recognize that on the basis of the molecular sizes
of the antigens, a few of the cross-reactive molecules may be
the same ones previously described by others. For example, the
interspecies cross-reactive polypeptides of 107, 84, 53, 36, and
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FIG. 7. Inhibition of P. falciparum invasion of and growth in erythrocytes. (A) Schizont stages of P. falciparum were incubated for 24 h in RPMI
medium (total volume, 150 1) in microtiter wells containing different amounts of convalescent-phase mouse IgG (O) or control mouse IgG (O), and
the percent parasitemia (ring stages) was determined. The percent inhibition was then calculated on the basis of the percent parasitemia in control wells
containing RPMI medium without added mouse serum. (B) Ring-stage parasites were incubated for 24 h with different amounts of convalescent-phase
mouse IgG (OJ) or control mouse IgG (O) in RPMI culture medium. The percent parasitemia (schizont stages) and percent inhibition were determined.
Both the results for invasion and those for intraerythrocyte inhibition are given as the mean percent inhibition + standard error (SE) (n = 12).

19 kDa (Fig. 2, bands a, c, d, e, and 1, respectively) could
represent processing products of MSAI. A major vaccine
candidate, the MSA1 protein of P. falciparum is metabolically
processed into several fragments (M,s of 150,000, 110,000,
80,000 to 83,000, 45,000, 30,000 to 36,000, and 19,000) and has
previously been shown to cross-react with the analogous
230-kDa molecule of P. yoelii (15-17). Also, the 51-kDa
cross-reactive integral membrane antigen (Fig. 5) could be the
MSA2 molecule (45 to 51 kDa), since recent reports (31)
suggest that MSA2 (19, 34) also shows interspecies cross-
reactivity. On the other hand, we believe that the interspecies
cross-reactivity of most of the P. falciparum polypeptides
recognized by convalescent-phase mouse serum IgG (Fig. 2) is
not due to a common or pan-specific Plasmodium epitope such
as the one described by Cheng et al. (7). This is because
antibodies that we affinity purified on each of several cross-
reactive polypeptide bands specifically bind to the same bands
on nitrocellulose blotted with total parasite lysate (results not
shown). In other words, many of the interspecies cross-reactive
polypeptides do not appear to share a common epitope.

The convalescent-phase mouse serum IgG used in our
growth inhibition assays (Fig. 7) was not affinity purified on P.
falciparum antigen and is therefore expected to react with
many immunogens in addition to P. yoelii antigens. Thus, the
small amounts of convalescent-phase mouse serum IgG (75
wg/ml) required to inhibit parasite invasion by more than 80%
(Fig. 7A) suggest high-affinity binding of potent anti-P. yoelii
antibodies to vital antigens of P. falciparum. To our best
knowledge, the interspecies conserved homologs associated
with the cross-inhibition of P. falciparum blood stages (Fig. 7)
remain unknown. The 230-kDa MSA molecule of P. yoelii (the
most studied blood stage antigen of this species) has not been
reported to induce antibodies that inhibit P. falciparum growth.
It would be interesting to determine whether any of the P.
falciparum polypeptides (bands a, b, d, e, and h, corresponding
to 107, 84, 53, 36, and 30 kDa, respectively) which are bound
with moderate or high affinity by anti-P. yoelii IgG (Fig. 6B) are
involved in the cross-inhibition of invasion. To the extent that
nearly all findings from human malaria vaccine experiments

with preerythrocytic stages (28, 32) and from investigations of
MSAL1 (3, 15) were accurately predicted by the P. yoelii rodent
malaria model, antigens of P. falciparum that either serologi-
cally cross-react with anti-P. yoelii antibodies or share sequence
similarities with P. yoelii antigens (8, 30) are worthy of detailed
investigation. We are conducting experiments designed to
select a few of the interspecies cross-reactive antigens for
detailed analysis.

While it is possible that a few of the interspecies cross-reactive
determinants might be nonprotective conserved repeats (27), the
inhibition of P. falciparum growth by convalescent-phase mouse
serum anti-P. yoelii IgG (Fig. 7) suggests that some of the
cross-reactive antigens of P. falciparum must contain protective
epitopes. Such antigens are potential vaccine candidates, similar
to several other cloned and sequenced molecules of Plasmodium
species which also contain interspecies conserved sequences: for
example, MSA1 (11, 15), MSA2 (31, 34), apical merozoite
antigen 1 (38), sporozoite surface antigen 2 (14, 30), and the
25-kDa ookinete surface antigen (21). Whereas our results (Fig.
2) suggest that intact P. falciparum MSA1 (195 kDa) is not
recognized by our anti-P. yoelii serum, Holder et al. (17) have
previously reported detection of the molecule by a similar anti-
serum. The disparity in the results is probably due to the fact that
Holder et al. used antisera raised by immunization with the
purified P. yoelii 230-kDa merozoite surface molecule (Py230)
while we probed with antisera obtained by repeated infection and
cure. We feel that convalescent-phase mouse serum probably
lacks adequate antibodies specific to the conserved cross-reactive
epitopes in the intact molecule (3).

Finally, we have investigated a model of interspecies protec-
tive immune response by using two Plasmodium species: the
human malarial agent P. falciparum and the rodent parasite P.
yoelii. Since only a few antigens of different Plasmodium
species have been cloned and sequenced, analysis of interspe-
cies cross-protection constitutes a simple screening approach
for the identification of important conserved antigens of
Plasmodium species. In a recent experiment with interspecies
cross-reactive immunity, mice immunized with P. falciparum
sporozoites were protected against challenge infection with
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Plasmodium berghei sporozoites and a protective noncircum-
sporozoite 45- to 54-kDa antigen common to P. falciparum and
P. berghei was identified (18).
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