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To define Babesia bigemina-specific antigens on the surface of infected erythrocytes, monoclonal antibodies
(MAbs) were identified by live-cell immunofluorescence. As determined by live-cell immunofluorescence, two
MAbs made to the Mexico strain reacted with the Mexico strain and three Kenya strains, while three MAbs
made to the Kenya-Ngong strain reacted with the Kenya strains but not the Mexico strain. Binding of MAb
44.18 (made to the Mexico strain) to a strain-common epitope was confirmed by immunoelectron microscopy
and by surface-specific immunoprecipitation of [35S]methionine-labeled proteins (200, 28, and 16 kDa in size),
which also demonstrated that the MAb recognized an epitope on proteins encoded by B. bigemina. In immu-
noblots, the MAb bound to predominant antigens with sizes of 200 and 220 kDa in erythrocyte lysates infected
with strains from Puerto Rico, St. Croix, Texcoco (Mexico), Kenya, and Mexico. Major antigens with sizes of
200 and 220 kDa were isolated from a MAb 44.18 affinity matrix. Calf serum antibodies to these isolated
antigens bound to erythrocytes infected with either the Mexico or Kenya strains as determined by live-cell
immunofluorescence, allowing the conclusion that at least one conserved surface epitope was recognized. Calf
serum antibodies identified major labeled proteins with sizes of 200 and 72 kDa by surface-specific immuno-
precipitation, and infected erythrocytes sensitized with these antibodies were phagocytized by cultured bovine
peripheral blood monocytes. These results provide a rationale for evaluating antigens identified by MAb 44.18
individually and as components of subunit vaccines.

Four major species of the genus Babesia, which are in-
traerythrocytic protozoal parasites, cause disease in cattle.
Babesia bigemina and Babesia bovis are the most important
species in tropical and subtropical regions of the world, and
both are transmitted by Boophilus spp. ticks (16). The relative
importances of B. bigemina and B. bovis vary, depending on the
distribution of tick vector species and other factors; however,
in East Africa, disease caused by B. bigemina is most prevalent.
The development of effective immunological control proce-
dures including vaccines is constrained by a lack of knowledge
of both the required target antigens and the required immu-
nologic effector mechanisms (5). The induction of complete
immunity to infection with B. bigemina, and other similar in-
fections, may require several parasite antigens (7), including
those on the surface of sporozoites (12), the surface and apical
complex of extracellular merozoites (8, 17, 18, 29), and the
surface of merozoite-infected erythrocytes (27).
B. bigemina-encoded proteins exposed on the surface of

infected erythrocytes could be targets for protective immune
responses because of their accessibility to antibody. Antibody
binding to the surface antigens might lead to antibody-depen-

dent complement lysis, antibody-dependent cellular cytotoxic-
ity, and phagocytosis. In addition to the possible role of anti-
body as an effector mechanism, evidence for the role of
T-lymphocyte responses in protective immune responses to
similar infections is accumulating (25, 26). Since mature eryth-
rocytes do not express major histocompatibility complex anti-
gens on the surface, the mechanism of T-lymphocyte immunity
to Babesia infections is not clear. Initial studies suggested that
infection-specific antigens were present on the surface of fixed
B. bigemina-infected erythrocytes (24). Our recent studies con-
firmed this suggestion by agglutination and live-cell immuno-
fluorescence procedures by demonstrating that new antigens
are exposed on the surface of intact B. bigemina-infected eryth-
rocytes, (27). These new antigens are proteins encoded by B.
bigemina, since a surface-specific immunoprecipitation assay
detects [35S]methionine-labeled proteins on infected erythro-
cytes (27). In addition, strain-common epitopes occur on an-
tigens exposed on infected erythrocytes, since serum antibod-
ies from calves infected with one B. bigemina strain bind to
erythrocytes infected with other strains from distinct geo-
graphic regions (27). The occurrence of these antigens on the
surface of infected erythrocytes may be accomplished by mech-
anisms suggested for other intraerythrocytic protozoa, includ-
ing the deposition of antigens during invasion (6) or translo-
cation of antigens to the surface of infected erythrocytes by the
developing intracellular merozoites (20).
This paper presents the results of experiments to confirm the

presence of conserved epitopes on the surface of intact B.
bigemina-infected erythrocytes, to identify the B. bigemina-en-
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coded proteins exposed on the surface of infected erythrocytes,
and to determine if calf serum antibodies to these proteins
mediate phagocytosis by cultured monocytes. Monoclonal an-
tibodies (MAbs) to surface-exposed epitopes on B. bigemina-
infected erythrocytes were made, and they bound to the sur-
face of erythrocytes infected with strains isolated from distinct
geographic regions. MAb 44.18 was used to identify proteins
containing the epitope and to isolate antigens from infected
erythrocyte lysate. Calf serum antibodies to these isolated an-
tigens mediated phagocytosis of infected erythrocytes by cul-
tured bovine monocytes; this is a mechanism which may be
important in the control of B. bigemina infections.

MATERIALS AND METHODS
B. bigemina strains. The B. bigemina strains used for this work were main-

tained as cryopreserved stabilates (21), and these stabilates were used to infect
calves and in vitro cultures (31). The Kenya strains (Kikuyu, Mariakani, and
Ngong) were obtained from naturally infected cattle from farms in three different
regions of Kenya with endemic B. bigemina. These strains were expanded in
splenectomized calves and maintained at the National Veterinary Research
Laboratory, Kabete, Kenya (27). The sources of the Mexico, Texcoco (Mexico),
St. Croix, and Puerto Rico strains and the growth of the Mexico strain in
microaerophilous stationary-phase cultures have been described previously (8).
Indirect immunofluorescence assay using intact B. bigemina-infected erythro-

cytes (live-cell immunofluorescence). Blood from calves infected with various
strains or from cultures infected with the Mexico strain was collected with
anticoagulant (1 mg of EDTA per ml of blood) and centrifuged to remove the
plasma and buffy coat. Erythrocytes were washed three times with sterile phos-
phate-buffered saline (PBS) containing 0.01 M sodium phosphate and 0.14 M
NaCl (pH 7.4). One hundred microliters of washed erythrocytes (1% solution in
PBS) was reacted with 100 ml of PBS containing 20 mg of MAb per ml and 10 mg
of ethidium bromide per ml for 30 min at room temperature. The erythrocytes
were washed three times with PBS and reacted with 100 ml of fluorescein-
conjugated rabbit antibody to mouse immunoglobulins (Organon Teknika,
Durham, N.C.) diluted 1:100 in PBS. The mixture was incubated for 30 min at
room temperature, washed three times with PBS, and examined by fluorescence
microscopy. The specificity of the immunofluorescence was controlled by react-
ing MAbs with erythrocytes from an uninfected calf and by reacting isotype
control MAbs with infected erythrocytes. To prove that the described reaction
was restricted to epitopes exposed on the outer surface of infected erythrocytes,
MAb 14.16 specific for p58 B. bigemina merozoite surface antigen (17) was used,
and this MAb did not stain the merozoites in the infected erythrocytes prepared
for live-cell immunofluorescence. However, in other reactions, MAb 14.16 bound
merozoites in erythrocyte ghosts prepared by a procedure that disrupts the
erythrocyte but results in live merozoites within the erythrocyte ghosts (17).
Production and purification of MAbs. Erythrocytes infected with B. bigemina

strains from Kenya andMexico were used to immunize mice for MAb production
as described previously (17). Mice with serum antibodies which reacted with B.
bigemina-infected erythrocytes as determined by live-cell immunofluorescence
described in the preceding paragraph were used as spleen donors for hybridoma
production. Supernatants from individual hybridomas were also screened on
infected erythrocytes by live-cell immunofluorescence. In this way, hybridomas
producing MAbs 44.18.34.12 (designated 44.18) and 44.52.6.12 (designated
44.56) to the Mexico strain and E6B5.5:3, E6B8.8:3, and E6C8.8:3 to the Kenya-
Ngong strain were identified and cloned twice by limiting dilution. Ascitic fluid
was made in pristane-primed BALB/c mice given hybridoma cells making MAb
44.18, and the MAb was purified by 50% ammonium sulfate precipitation fol-
lowed by fractionation on DEAE-cellulose (18).
Immunoelectron microscopy. Packed Kenya-Ngong strain-infected erythro-

cytes from a calf with a 4.4% parasitemia were collected in 50 U of heparin per
ml, diluted to about 5 3 106 erythrocytes per ml in Alsever’s solution, and
aliquoted into 1-ml fractions. The aliquots were washed three times in Alsever’s
solution and incubated with 0.9 mg or 0.09 mg of either MAb 44.18 or an isotype
control MAb per ml. Another control containing no antibody was included. The
erythrocyte suspensions were incubated for 30 min and then washed three times
in Alsever’s solution containing 1% bovine serum albumin. Washed erythrocytes
were incubated with a 1:10 dilution of gold-conjugated goat anti-mouse immu-
noglobulin polyclonal serum (Biocell, Cardiff, United Kingdom) for 30 min,
washed twice in Alsever’s solution, and then fixed by adding equal volumes of 4%
glutaraldehyde and 0.4% picric acid in 0.2 M sodium cacodylate buffer (pH 7.3).
Fixation for 3 min at room temperature was followed by washing and incubation
in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h. Fixed erythrocytes
were then washed and block stained with aqueous 2% uranyl acetate for 4 h and
processed by graded acetone into epon-araldite resin mix. Ultrathin sections
(thickness, 50 to 70 nm) were cut and mounted on copper grids. The sections
were counterstained with Reynold’s lead citrate and examined with an electron
microscope (Zeiss EMICA, Oberkochenn, Germany).
Immunoaffinity chromatography. To isolate erythrocyte surface antigens iden-

tified by MAb 44.18, this MAb was coupled to cyanogen bromide-activated
Sepharose 4B according to the manufacturer’s recommendations (Pharmacia
Fine Chemicals, Uppsala, Sweden). Two hundred milliliters of packed erythro-
cytes from a calf infected with the Kenya-Ngong strain of B. bigemina (10%
infected erythrocytes) was solubilized in lysis buffer (50 mM Tris, pH 8.0, con-
taining 5 mM EDTA, 5 mM iodoacetamide, 1 mM phenylmethylsulfonyl fluo-
ride, 0.1 mM Na-p-tosyl-L-lysine chloromethyl ketone, and 1% [vol/vol] Nonidet
P-40). Lysate was passed through a column packed with the affinity matrix and
washed, and the bound antigens were eluted with 0.1 M diethylamine and 0.5%
(wt/vol) deoxycholate (pH 11.5) as previously described (18). Eluted proteins
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and evaluated by being stained with Coomassie blue and trans-
ferred to nitrocellulose membranes for immunoblotting with MAb 44.18.
Production of monospecific serum. A calf (B2052) was immunized by intra-

muscular injection with 50 mg of affinity-purified antigen emulsified in Freund’s
complete adjuvant. Five booster immunizations consisting of 50 mg of antigen in
Freund’s incomplete adjuvant were done at 2-week intervals. Serum was ob-
tained from the calf 10 days after the last immunization, and antibodies were
evaluated by live-cell immunofluorescence and by immunoblotting of infected
erythrocyte lysates.
PAGE and immunoblots. Blood stabilates from calves infected with B. big-

emina strains fromMexico, Texcoco (Mexico), St. Croix, Puerto Rico, and Kenya
were frozen and thawed three times and washed with cold PBS at 48C until the
supernatant was clear. The final pellet was disrupted in lysis buffer, and proteins
from approximately 7 3 106 infected erythrocytes from each strain were sepa-
rated by electrophoresis on 7.5 to 17.5% polyacrylamide gels with SDS (11).
Separated antigens were electrophoretically transferred to a 0.45-nm-pore-size
nitrocellulose membrane (Schleicher and Schuell, Keene, N.H.) (30). After the
transfer, the nitrocellulose strips were incubated overnight at room temperature
with MAb 44.18 (20 mg/ml) or calf B2052 serum antibodies to erythrocyte surface
antigens diluted 1:160. Following the reaction, peroxidase-conjugated goat anti-
mouse immunoglobulin antibodies diluted 1:4,000 (Cappel, Durham, N.C.) or
GamMabind G-HRP (Genex Corp., Gaithersburg, Md.) (0.25 mg/ml) diluted
1:40,000 was used for the detection of mouse and bovine antibodies, respectively.
Labeled conjugate binding was detected by an enhanced chemiluminescence
method (Amersham Life Science Inc., Arlington Heights, Ill.). High-molecular-
weight rainbow protein standards (Amersham) were also electrophoresed and
transferred to nitrocellulose.
Surface-specific immunoprecipitation of metabolically labeled B. bigemina-

infected erythrocyte proteins. Erythrocytes infected with the Mexico strain of B.
bigemina were obtained from in vitro cultures (31), and those infected with the
Kenya-Ngong strain were obtained from an infected splenectomized calf. These
erythrocytes were labeled with [35S]methionine (18), and since mature bovine
erythrocytes are incapable of incorporating [35S]methionine into nascent eryth-
rocyte proteins (4), it was assumed that only B. bigemina-encoded proteins were
labeled. To identify labeled B. bigemina antigens bound by MAb 44.18 and serum
antibodies to erythrocyte surface antigens on the surface of live infected eryth-
rocytes, 4 3 106 intact, infected erythrocytes were reacted with 10 mg of MAb
44.18 or 10 ml of serum antibodies to isolated surface antigens at 378C for 1 h.
Infected erythrocytes were washed three times with 10 ml of PBS to remove
unbound antibodies, and then lysis buffer was added to the intact, infected
erythrocyte pellet (27). After lysis, 100 ml of a 10% solution of protein G-
Sepharose was added to remove labeled antigen-antibody complexes for analysis.
The beads were washed, and the proteins were eluted and evaluated by SDS-
PAGE as described previously (22). Standard immunoprecipitations were done
by disrupting infected erythrocytes in lysis buffer before the immunoprecipitation
reactions by using the same primary antibodies and procedures described above
for the surface-specific immunoprecipitations. Approximately 5 3 106 cpm of
labeled proteins was added to each immunoprecipitation reaction, and immu-
noprecipitates were separated by SDS-PAGE. Labeled proteins were visualized
by fluorography (22).
Bovine peripheral blood monocyte cultures and antibody-dependent eryth-

rophagocytosis assay. For each assay, 100 ml of peripheral blood (50 U of
heparin per ml) was collected from a Babesia-free calf, and leukocytes were
isolated by an erythrocyte lysis method (19). Monocytes were allowed to adhere
to 13-mm2 coverslips (Labtek, Naperville, Dl.) placed in 24-well plates (15), and
24 h later, the nonadherent cells were washed away. The monocyte cultures were
maintained for 7 to 10 days before they were used in phagocytosis assays. B.
bigemina-infected erythrocytes were reacted with calf B2052 serum taken before
or after immunization, incubated for 1 h at 378C, and added to the monocyte
cultures. Phagocytosis of infected erythrocytes was evaluated microscopically;
monocytes on 13-mm2 coverslips were stained with Giemsa stain, and entire
coverslips were examined for phagocytosed erythrocytes infected with B. big-
emina. Four different coverslips were done for each experiment. The total num-
ber of monocytes on each coverslip was counted, and the number of monocytes
with phagocytosed erythrocytes was also determined. The total number of mono-
cytes with phagocytosed erythrocytes for each experiment (all four coverslips)
was expressed as a percentage of the total number of monocytes. Five separate
phagocytosis experiments were done, and the coverslips were evaluated by one
person. Control experiments were done as described above, but preimmuniza-
tion serum was used.
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RESULTS

Production of MAbs binding to the surface of intact B.
bigemina-infected erythrocytes. Spleens from immunized mice
with serum antibodies binding intact B. bigemina-infected
erythrocytes as determined by live-cell immunofluorescence
were used to make hybridomas. Hybridoma supernatants were
also screened by live-cell immunofluorescence. Five hybrido-
mas making antibodies which bound intact and infected, but
not uninfected, erythrocytes were cloned twice and examined
further. Two immunoglobulin (Ig) G1 MAbs, 44.18 and 44.52,
were derived from a spleen donor immunized with the Mexico
strain, and three IgG2b MAbs, E6B5.5:3, E6B8.8:3, and
E6C8.8:3, were derived from a spleen donor immunized with
the Kenya-Ngong strain.
As determined by live-cell immunofluorescence, MAbs 44.18

and 44.52 reacted with the surface of intact erythrocytes in-
fected with the Mexico strain and three strains of B. bigemina
from Kenya (Table 1). Figure 1A is a photograph of one of
these reactions. MAbs E6B5.5:3, E6B8.8:3, and E6C8.8:3 re-
acted with a homologous strain (Kenya-Ngong) and with two
other strains from Kenya as determined by live-cell immuno-
fluorescence, but did not react with erythrocytes infected with
the Mexico strain (Table 1). The appearance of the surface
fluorescence on infected erythrocytes was uniform on some
cells (Fig. 1A) and had a punctate pattern on other cells (data
not shown). All erythrocytes with surface fluorescence also
contained B. bigeminamerozoites, as was determined by simul-
taneous staining with ethidium bromide (Fig. 1B). No immu-
nofluorescence was observed when isotype control MAbs were
reacted with infected (Fig. 1C) and uninfected erythrocytes
(data not shown). MAb E6B5.5:3 made to the Kenya-Ngong
strain and MAb 44.18 made to the Mexico strain reacted with

different percentages of erythrocytes infected with the Kenya-
Ngong strain of B. bigemina upon testing against various para-
sitemias (Table 2). However, the difference in the percentages
of binding for the two antibodies with various parasitemias was
similar to the difference of the same antibody with various
parasitemias (Table 2). The mean percent binding in the four
assays in Table 2 was 45% for MAb E6B5.5:3 and 48% for
MAb 44.18.
Immunoelectron microscopy of B. bigemina-infected eryth-

rocyte lysates. Figure 2 is an electron micrograph of a mero-
zoite-containing erythrocyte with MAb 44.18 bound to the
external surface. The MAb binding is visualized by the pres-
ence of gold-labeled goat anti-mouse immunoglobulin serum.
Uninfected erythrocytes in the preparation did not have elec-
tron-dense gold particles bound to them (Fig. 2), and infected
erythrocytes incubated first with an isotype control MAb did
not have gold particles bound to them (data not shown). This
result confirmed the surface location of the MAb 44.18 bind-
ing, because the erythrocytes were incubated with the MAb
and gold-labeled goat anti-mouse immunoglobulin serum be-
fore fixation and embedding.
Immunoblots of B. bigemina-infected erythrocyte lysates.

Immunoblots of infected erythrocyte lysates were done to iden-
tify antigens recognized by the five MAbs. All five MAbs bound
to two major antigens (with sizes of approximately 200 and 220
kDa) from the Mexico and Kenya-Ngong strains (data not
shown). MAb 44.18 was selected for further study because it
bound antigens similar to those bound by the other MAbs in
immunoblots and because it reacted with the Mexico strain and
three Kenya strains as determined by live-cell immunofluores-
cence (Table 1). MAb 44.18 bound predominant antigens with
sizes of approximately 200 and 220 kDa in immunoblots of

FIG. 1. MAb 44.18 binding to the surface of erythrocytes infected with B. bigemina as determined by live-cell immunofluorescence assays. (A) Fluorescence caused
by MAb 44.18 binding to intact erythrocytes infected with the Kenya-Ngong strain. (B) A reaction similar to that in panel A, except that the intraerythrocytic merozoite
nuclei were also stained with ethidium bromide. (C) Infected erythrocytes that reacted with IgG1 isotype control MAb and that were also stained with ethidium bromide.
The merozoites in panel C were stained with ethidium bromide, but there was no staining of the infected erythrocyte surface. Magnification, 3600.

TABLE 1. Live-cell immunofluorescence assays to demonstrate MAb binding to the surface of B. bigemina-infected erythrocytes from
different geographic regions

MAb MAb isotype Immunizing strain
Reaction by B. bigemina straina

Kenya-Ngong Kenya-Kikuyu Kenya-Mariakani Mexico

44.18 IgG1 Mexico 1 1 1 1
44.52 IgG1 Mexico 1 1 1 1
E6B5.5:3 IgG2b Kenya-Ngong 1 1 1 2
E6B8.8:3 IgG2b Kenya-Ngong 1 1 1 2
E6C8.8:3 IgG2b Kenya-Ngong 1 1 1 2

a 1, visible reaction (green) on the surface of infected erythrocytes in live-cell immunofluorescence assays. Infected cells were identified by simultaneous staining with
ethidium bromide (red merizoite staining). 2, no visible reaction on the surface of infected erythrocytes.
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lysates of erythrocytes infected with strains from Puerto Rico,
Mexico, St. Croix, Texcoco (Mexico), and Kenya-Ngong (Fig.
3, lanes 1 to 5) but did not bind to uninfected erythrocyte
antigens (Fig. 3, lane 6). The IgG1 isotype control MAb did not
bind to infected (Fig. 3, lanes 7 to 11) or uninfected (Fig. 3,
lane 12) erythrocyte antigens.
Surface-specific immunoprecipitation of metabolically la-

beled B. bigemina proteins. To further confirm the live-cell
immunofluorescence results and to identify the parasite-en-
coded proteins recognized by MAb 44.18, a surface-specific
immunoprecipitation method which involved first reacting the
MAb with live infected erythrocytes was used. The cells were
then washed and disrupted, and the MAb [35S]methionine-
labeled antigen complexes were isolated and analyzed by SDS-
PAGE. MAb 44.18 immunoprecipitated [35S]methionine-la-
beled antigens with sizes of approximately 200, 28, and 16 kDa
from the Kenya-Ngong strain (Fig. 4, lane 5). Similar immu-
noprecipitation results were obtained with MAb 44.18 and

[35S]methionine-labeled antigens from the Mexico strain (data
not shown). Major protein bands with sizes of approximately
200, 46, 31, 28, and 16 kDa were immunoprecipitated (Fig. 4,
lane 1) when a standard immunoprecipitation procedure was
performed. The procedure involved the lysis of the [35S]me-
thionine-labeled, Kenya-Ngong strain-infected erythrocytes
before the reaction with MAb 44.18. Isotype control MAb did
not immunoprecipitate similar proteins in either the standard
or the surface-specific immunoprecipitation reactions (Fig. 4,
lanes 2 and 6).

FIG. 2. Electron micrograph of MAb 44.18 binding to a B. bigemina-infected erythrocyte. The micrograph shows an infected erythrocyte. MAb 44.18 is visualized
on the external surface by the binding of gold-labeled goat anti-mouse immunoglobulin serum to the external membrane. The uninfected erythrocytes do not have gold
particles on their surfaces. The diameters of the gold particles are 10 nm. Magnification, 341,000.

FIG. 3. Immunoblot of lysates from erythrocytes infected with five different
strains of B. bigemina and probed with MAb 44.18. Strains were from Puerto
Rico (lane 1), Mexico (lane 2), St. Croix (lane 3), Texcoco (Mexico) (lane 4), and
Kenya-Ngong (lane 5). Uninfected erythrocyte lysate was used for lane 6. IgG1
isotype control MAb was reacted with the same strains in lanes 7 to 11, respec-
tively, and uninfected erythrocyte lysate was used for lane 12. Molecular mass
standards (in kilodaltons) are shown on the left.

TABLE 2. Percent erythrocytes infected with the Kenya-Ngong
strain at different levels of parasitemia

% Parasitemiaa
% Infected erythrocytesb

MAb E6B5.5:3 MAb 44.18

0.5 64 40
0.8 30 47
1.5 40 44
4.4 44 59

a Blood was taken on postinfection days 7 (0.5% parasitemia), 8 (0.8%), 9
(1.5%), and 10 (4.4%).
b As determined by live-cell immunofluorescence with the indicated MAbs.
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Isolation of B. bigemina antigens recognized by MAb 44.18.
MAb 44.18 was used in immunoaffinity chromatography to
isolate antigens from lysates of erythrocytes infected with the
Kenya-Ngong strain of B. bigemina. After they were washed,
bound antigens were eluted with 0.1 M diethylamine and 0.5%
(wt/vol) deoxycholate (pH 11.5) and dialyzed in PBS before
separation by SDS-PAGE. Coomassie blue staining detected
major bands with sizes of approximately 220 and 200 kDa and
minor bands with sizes of 160, 86, 46, and 12 kDa (Fig. 5).
Antibody response to immunoaffinity-purified antigens. Calf

B2052 serum antibodies to B. bigemina antigens eluted from a
MAb 44.18 affinity matrix were evaluated. As determined by
live-cell immunofluorescence, the serum antibodies (optimum
dilution, 1:1,000) reacted with the surface of intact erythrocytes
infected with three strains of B. bigemina from Kenya and one
from Mexico. The appearance of the live-cell immunofluores-
cence was similar to that described for MAb 44.18 (Fig. 1C).

Preimmunization serum (1:1,000) did not react with the sur-
face of infected erythrocytes, and the postimmunization serum
(1:1,000) did not react with uninfected erythrocytes.
Immune calf serum antibodies immunoprecipitated major

[35S]methionine-labeled proteins with sizes of approximately
200 and 72 kDa and three other minor proteins in surface-
specific reactions (Fig. 4, lane 7). Similar immunoprecipitation
results were obtained for the Mexico strain (data not shown).
Further, immunized calf serum antibodies bound a [35S]methi-
onine-labeled protein with a size of approximately 200 kDa in
addition to other proteins, including those with sizes of 46, 28
and 16 kDa, as determined by a standard immunoprecipitation
procedure (Fig. 4, lane 3).
Antibody-dependent erythrophagocytosis assay. Erythro-

phagocytosis assays were used to determine whether B2052
immune serum was capable of mediating effector mechanisms
that may be involved in the resolution of Babesia infections.
Cultured bovine monocytes readily phagocytosed B. bigemina-
infected erythrocytes sensitized with B2052 immune serum an-
tibodies to isolated erythrocyte surface antigens (Fig. 6A). The
mean number of monocytes with erythrophagocytosis in five
experiments was 23.9% (the standard deviation was 7.3%).
Only a small percentage of monocytes (mean, 1.5%; standard
deviation, 1.1%) phagocytized infected erythrocytes sensitized
with a 1:2 dilution of preimmunization serum (Table 3). The
mean percentage of erythrophagocytosis caused by immune
serum was significantly different (P , 0.0001 by Student’s t
test) from that caused by preimmunization serum. Sensitized,
uninfected erythrocytes were not phagocytized.

DISCUSSION

These results with MAbs documented that at least one
strain-common epitope was exposed on the surface of B. bigem-
ina-infected erythrocytes. As shown by live-cell immunofluo-
rescence, two MAbs made to the Mexico strain bound to the
surface of erythrocytes infected with the Mexico strain and
three strains from Kenya. In contrast, three MAbs to the Ke-
nya-Ngong strain bound to erythrocytes infected with three
Kenya strains but not to erythrocytes infected with the Mexico
strain. Not all infected erythrocytes were bound by MAbs. This
observation was similar to the finding that not all live B. bigem-
ina-infected erythrocytes were recognized by serum antibodies
from infected calves (27) and was also similar to the reported
failure of postinfection serum to bind to the exposed surface of
all B. bovis-infected erythrocytes (2). Whether this was due to
differential protein expression during merozoite development
or, as in B. bovis, to an accumulation of antigen with time (2)
is not known.
Evidence that MAb 44.18 bound to a surface-exposed

epitope on intact B. bigemina-infected erythrocytes was derived
from live-cell immunofluorescence and immunoelectron mi-
croscopy and from surface-specific immunoprecipitation as-
says. Erythrocytes that bound MAb 44.18 as shown by live-cell
immunofluorescence and that were examined by phase micros-
copy were morphologically intact and contained hemoglobin.
MAb 14.16, which reacts with a surface-exposed protein on
viable merozoites (17), was unable to penetrate and bind
merozoites inside erythrocytes during live-cell immunofluores-
cence, demonstrating that the erythrocyte membrane was im-
permeable to antibody. Live-cell immunofluorescence was con-
firmed by immunoelectron microscopy and surface-specific
immunoprecipitation in which MAb 44.18 bound to intact,
infected erythrocytes resulted in the immunoprecipitation of
[35S]methionine-labeled proteins. These proteins were consid-
ered to be encoded by B. bigemina, since mature bovine eryth-

FIG. 4. Results of standard and surface-specific immunoprecipitations of
[35S]methionine-labeled, Kenya-Ngong strain-infected erythrocyte proteins.
Lanes 1 to 4 are immunoprecipitates obtained by standard immunoprecipitation
of labeled proteins that were reacted with antibodies after the lysis of labeled,
infected erythrocytes. Lanes 5 to 8 are surface-specific immunoprecipitates ob-
tained by the reaction of antibodies with labeled, infected erythrocytes before
lysis. The primary antibodies were MAb 44.18 (lanes 1 and 5), IgG1 isotype
control MAb (lanes 2 and 6), calf B2052 serum antibodies to antigen isolated by
MAb 44.18 affinity chromatography (lanes 3 and 7), and preimmunization calf
serum (lanes 4 and 8). Molecular mass standards (in kilodaltons) are shown on
the left.

FIG. 5. Coomassie blue stain of antigen isolated from a MAb 44.18 affinity
matrix and separated by SDS-PAGE. Lane 1 contains 56 mg of isolated antigen.
Molecular mass standards (in kilodaltons) are shown on the left.
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rocytes do not incorporate [35S]methionine into nascent eryth-
rocyte proteins (4); however, definitive proof of parasite origin
requires additional experiments. Similar surface-specific im-
munoprecipitation procedures have been used to identify par-
asite-synthesized antigens on the surface of B. bovis (3). It was
concluded from results of these procedures that MAb 44.18
bound a conserved epitope on B. bigemina-encoded proteins
exposed on the surface of intact, infected erythrocytes.
The conclusion that the epitope recognized by MAb 44.18

was conserved on strains from different geographic regions was
derived primarily from live-cell immunofluorescence assays.
This MAb bound intact erythrocytes infected with the Mexico
strain (homologous) and erythrocytes infected with three Ke-
nya strains (heterologous). Furthermore, MAb 44.18 reacted
in immunoblots of infected erythrocyte lysates with two major
B. bigemina-specific antigens with similar sizes from strains
from Puerto Rico, Mexico, St. Croix, Texcoco (Mexico), and
Kenya-Ngong. This latter observation argues that the epitope
was conserved in these strains but does not demonstrate that it
was exposed on the surface of infected erythrocytes, as was
concluded for the Mexico and three Kenya strains.
MAb 44.18 bound predominant antigens with sizes of 220

and 200 kDa in immunoblots of erythrocyte lysates infected
with five different strains of B. bigemina. Similarly, major pro-
teins with sizes of 220 and 200 kDa were isolated from a MAb

44.18 affinity matrix. MAb 44.18 bound labeled proteins with
sizes of 200, 28, and 16 kDa in surface-specific immunopre-
cipitation reactions and labeled proteins with sizes of 200, 46,
31, 28, and 16 kDa in standard immunoprecipitation reactions.
A 200-kDa antigen was identified by all three procedures,
although the 200-kDa protein identified by the immunoblots
was not proven to be the same one identified by the immuno-
precipitation reactions. The explanation for the absence of a
220-kDa protein in the immunoprecipitation reactions is un-
known, as is that for the presence of smaller labeled proteins.
These results could be explained by the identified proteins
being derived from a 220-kDa precursor protein and that pro-
cessing of all the labeled 220-kDa protein occurred before the
immunoprecipitation reactions were done. There are a number
of other possible explanations for these results, but the present
data cannot differentiate among them. Cloning and expressing
the B. bigemina genes encoding the proteins recognized by
MAb 44.18 will be required to further characterize the rela-
tionships among these proteins. Two other recently described
MAbs also bind isolate-common epitopes on B. bigemina-in-
fected erythrocytes (32); however, a comparison of the recog-
nized proteins has not been done.
Changes occur in B. bovis-infected erythrocyte surface pro-

teins (14), and surface-specific immunoprecipitation identifies
parasite-synthesized antigens on infected erythrocytes (3). In a
Mexico strain, 120- and 107-kDa proteins are immunoprecipi-
tated, while 135-, 120-, and 107-kDa proteins are found on a
United States strain (3). Similar proteins in a biologically
cloned B. bovis strain are part of the antigenic variation of
exposed erythrocyte surface antigens of this parasite (2). Most
B. bovis-infected erythrocyte surface antigens are strain spe-
cific, although antibodies from calves infected with cloned lines
cross-react with other cloned lines, suggesting that some
epitopes may be conserved (2). In contrast, this and a previous
study (27) demonstrate that epitopes on the surface of eryth-
rocytes infected with B. bigemina are conserved. The role of
these parasite-encoded proteins is unknown, but they likely
contribute to endothelial cytoadherence of B. bovis-infected
erythrocytes (1). The hemolysis resulting from the immune
responses to these erythrocyte proteins could activate several
systems involved in inflammation, including the kallikrein-ki-
nin, coagulation, and complement systems, potentiating the
disease caused by Babesia spp. (33).
Calf serum antibodies to B. bigemina antigens isolated with

MAb 44.18 bound to two major labeled proteins (200 and 72

FIG. 6. Erythrophagocytosis of calf B2052 serum antibody-coated, Kenya-Ngong strain-infected erythrocytes by cultured bovine monocytes. (A) Phagocytized whole
infected erythrocytes sensitized with calf B2052 serum antibody. Examples of phagocytized erythrocytes are indicated by arrowheads. Bar, 15 mm. (B) Cultured
monocytes which failed to phagocytize infected erythrocytes sensitized with calf B2052 serum that was taken before immunization. Magnification, 3300.

TABLE 3. Monocyte phagocytosis of B. bigemina-infected
erythrocytes sensitized with antibodies to antigens isolated from the

MAb 44.18 affinity matrix

Expt no.

% Cultured monocytes
phagocytizing erythrocytesa

Postimmunization Preimmunization

1 13.5 1.3
2 20.0 3.3
3 27.4 0.9
4 32.5 0.6
5 26.2 1.6

Mean 23.9 1.5
Standard deviation 7.3 1.1

a At least 100 monocytes were examined microscopically in each experiment,
the number with erythrophagocytosis were counted, and the percentage with
erythrophagocytosis was calculated. Calf B2052 serum was used to sensitize the
erythrocytes.
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kDa) in surface-specific immunoprecipitations and recognized
at least one conserved epitope on erythrocytes infected with
the Mexico strain and three Kenya strains as determined by
live-cell immunofluorescence. These antibodies also caused
phagocytosis of infected erythrocytes by cultured bovine mono-
cytes. A positive correlation between the opsonin titer and
protective activity against Babesia rodhaini in rats occurs (23).
Studies of B. bovis (9, 10, 15), Babesia equi (13), and Babesia
canis (28) infections indicate that phagocytosis of infected
erythrocytes by peripheral blood leukocytes is involved in the
resolution of infections. These observations and the demonstra-
tion that MAb 44.18 recognized an epitope conserved among B.
bigemina strains isolated from distant geographic regions provide
a rationale for further characterization of the identified anti-
gens and their evaluation as subunit vaccine components.
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