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The polymorphic immunodominant molecule (PIM) of Theileria parva is expressed by the schizont and
sporozoite stages of the parasite. We have recently cloned the cDNA encoding the PIM antigen from two stocks
of the parasite: the cattle-derived T. parva (Muguga) stock and a buffalo-derived stock. The cDNAs were used
in transient-transfection assays to assess the reactivity of the antigen with monoclonal antibodies (MAb)
previously raised against schizont-infected cells and used for parasite strain identification. We demonstrate
that 19 of the 25 MAb are specific for PIM. Antibody reactivities with deletion mutants of a fusion protein
containing PIM and Pepscan analysis of the Muguga version of the molecule with 13 of the MAb indicate that
there are at least 10 different epitopes throughout the molecule. None of the MAb react with a tetrapeptide
repeat present in the central region of the molecule, probably because of an inability of BALB/c mice to produce
antibodies to this repeat. In contrast, sera from infected cattle react strongly with the repeat region, suggesting
that this region alone may be useful as a diagnostic reagent. Previous studies showed that MAb to PIM inhibit
sporozoite infectivity of bovine lymphocytes in vitro, which suggests that the antigen may be useful in immu-
nizing cattle against T. parva infection. Pepscan analysis revealed that sera from infected cattle reacted with
peptides recognized by the neutralizing MAb, as did sera from cattle inoculated with a PIM-containing recom-
binant protein. The latter sera did not, however, neutralize sporozoite infectivity in vitro. These results will be
useful in exploiting the strain identification, diagnostic, and immunizing potentials of this family of antigens.

East Coast fever is a usually lethal infection of cattle in
eastern, central, and southern Africa and is caused by the
protozoan parasite Theileria parva. The parasite is transmitted
by the tick Rhipicephalus appendiculatus, which introduces the
infective stage, the sporozoite, when feeding on the mamma-
lian host (7). The disease in cattle is characterized by transfor-
mation of infected host lymphocytes by the schizont stage of
the parasite (7). African buffalo are also infected by T. parva
but usually do not show clinical signs of disease (2). In 1989, losses
due to the disease were estimated at about $169 million (11).
A protective immune response develops in cattle which re-

cover from infection with T. parva. This immunity is believed to
be due to destruction of schizont-infected cells by cytotoxic T
lymphocytes (4). A feature of this protective immune response
is the considerable variation in the abilities of parasite stocks to
induce protection against challenge with heterologous stocks
(6). The basis for this variation in immunity is unclear, but it
indicates that a method for distinguishing parasite types is
essential for a detailed understanding of the immunology and
epidemiology of the disease. A panel of monoclonal antibodies
(MAb) has been developed to aid identification of parasite
stocks. The MAb are used in immunofluorescence assays to
detect variations in the reactivities of schizonts from different
stocks (9, 17). It is unknown whether the variation in MAb
reactivity is due to differences among the parasites in expres-
sion of several antigens, to epitope variation within a single
antigen, or to both.
Immunoblot analyses of seven of the typing MAb indicated

that they all recognize the same antigen—the polymorphic

immunodominant molecule (PIM) (20, 23). This antigen shows
considerable variation in size among the stocks of T. parva. The
ability of the anti-PIM MAb to discriminate between stocks of
the parasite is presumably due to variation in expression of
epitopes on the PIM antigen in the different stocks, although
this has not been formally demonstrated. However, sequence
analysis has shown that the PIM genes consist of highly con-
served termini flanking a central variable region (22, 24), sug-
gesting that the discriminatory ability of the anti-PIMMAb is due
to their recognizing epitopes restricted to the central region.
Sequence analysis of PIM antigens has also indicated that

they contain different numbers of a tandemly repeated tet-
rapeptide, Gln-Pro-Glu-Pro (22, 24). The presence of this re-
peat places the PIM antigen with the antigens of other proto-
zoan parasites, particularly the malaria parasites, which are
characterized by having tandemly repeated sequences (8a).
These sequences are immunodominant for antibody responses
in their respective hosts (1, 19). In line with this, PIM has been
shown to be the predominant schizont antigen recognized on
immunoblots by sera from infected cattle (23). Studies aimed
at determining the value of PIM as a diagnostic antigen have
shown that infected cattle produce a strong and sustained
antibody response to PIM (8). The PIM antigen expressed as a
fusion protein is therefore under investigation and develop-
ment as a diagnostic antigen for East Coast fever.
PIM is also expressed by the sporozoite stage of the parasite,

and we have observed that the anti-PIM MAb inhibit sporo-
zoite infectivity in vitro (24). PIM is therefore similar to an-
other sporozoite antigen, p67, which also induces sporozoite-
neutralizing antibodies (13, 14) and which can induce a
protective immune response in vivo (12). However, initial at-
tempts to induce sporozoite-neutralizing antisera in cattle in-
oculated with PIM were unsuccessful (25). A possible reason
for this is that the epitopes recognized by the nonneutralizing
antisera differ from those recognized by the inhibitory MAb.
The aim of the current work was to define the epitopes
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recognized by anti-PIM MAb and bovine antisera. This was
achieved by making deleted versions of a recombinant PIM
fusion protein and obtaining overlapping peptides for the mol-
ecule. With regard to the immunogenicity of PIM, we deter-
mined the ability of the anti-schizont MAb whose reactivities
were unknown to react with the antigen. The results are im-
portant for understanding the molecular basis of the immuno-
genicity of PIM and the strain variation detected by the MAb and
for improving the diagnostic and immunizing ability of PIM.

MATERIALS AND METHODS

Antibodies. MAb 1 to 7 were derived from mice inoculated with T. parva
(Muguga)-infected bovine lymphocytes (17). MAb 8 to 13 and 14 to 16 were
raised against T. parva (Kiambu 5) and T. parva (Marikebuni), respectively (9),
while MAb 17 to 20 were from mice inoculated with lymphocytes infected with
a buffalo-derived parasite (15). MAb IL-S32.3, IL-S33.2, IL-S34.3, IL-S36.5, and
IL-S40.2 were raised against T. parva (Marikebuni)-infected lymphocytes by
previously described procedures (16).
Bovine antiserum 213 was obtained from an animal which had recovered from

an infection with T. parva (Muguga) and which had been challenged on three
occasions (13). Animal BJ5 was immunized by infection with sporozoites of the
T. parva (Boleni) stabilate 3039 and treatment with oxytetracycline (18). Animal
BH395 was immunized with sporozoites obtained from ticks infected by feeding
on an animal inoculated with a cell line generated by infection of bovine lym-
phocytes in vitro with parasites from the buffalo-derived stock 3081. The cell line
had been cloned twice by limiting dilution (10). Antiserum MM14 was obtained
from an animal from the Maasai Mara region of Kenya, where East Coast fever
is endemic.
Cattle BL173 and BL181 were used to raise antisera against a recombinant

protein consisting of glutathione S-transferase (GST) and the Muguga PIM
antigen (see below). The protein, GST-PIM, was purified by binding to gluta-
thione-agarose and elution with free glutathione as specified by the manufacturer
(Amrad Corp. Ltd., Melbourne, Australia). Each animal received two inocula-
tions of 600 mg of fusion protein in 3% saponin 4 weeks apart. Sera were
obtained 10 days after the second inoculation and used in Pepscan analysis.
The mouse polyclonal anti-schizont antisera were obtained by inoculating mice

with about 107 bovine lymphocytes infected with schizonts of the T. parva (Mu-
guga) stock. Each of three BALB/c or three C3H/He mice was given three
intraperitoneal inoculations at 2-week intervals, and sera were obtained 10 days
after the last inoculation. The sera from each mouse strain were pooled for
analysis.
For production of mouse antisera to recombinant PIM, the GST-PIM fusion

protein was purified by binding to glutathione-agarose. After centrifugation, the
washed beads were resuspended as a 50% slurry in sterile phosphate-buffered
saline and 200 ml of the slurry was administered with 200 ml of Freund’s complete
adjuvant intraperitoneally to each of three mice. After 14 days, a second inoc-
ulation of 200 ml of slurry without adjuvant was administered to each mouse.
Serum was obtained 14 days after the second inoculation, and the individual sera
were pooled for analysis.
COS cell transfection and staining. Transient transfection of COS cells was

performed by a modification of the DEAE-dextran method (5). The COS cells,
grown in culture flasks to 60 to 80% confluence, were removed by incubation in
phosphate-buffered saline–0.6 mM EDTA for 5 min and resuspended in RPMI
1640 medium containing 50 mM Tris-HCl (pH 7.2). For transfection, 3 3 106

cells were incubated in 3 ml of RPMI 1640 medium containing 50 mM Tris-HCl
(pH 7.2), 80 mM chloroquine, 250 mg of DEAE-dextran per ml, and 1 to 3 mg of
plasmid DNA per ml. After incubation for 2 h at 378C, the cells were washed and
cultured in Dulbecco’s modified Eagle’s medium–10% fetal bovine serum–an-
tibiotics in 24-well tissue culture dishes for 48 to 60 h.
To assess the reactivity of antibodies with antigens expressed in COS cells, the

transfected cells were fixed in situ by adding 50% acetone–ethanol for 2 min. The
cells were washed three times by adding Dulbecco’s phosphate-buffered saline,
and antibodies at an appropriate dilution (usually at 1/20 to 1/100) in Dulbecco’s
phosphate-buffered saline–5% fetal bovine serum were added for 2 h at room
temperature. Positive cells were located by addition of horseradish peroxidase-
linked anti-mouse immunoglobulin G (Amersham, Little Chalfont, United King-
dom) for 1 h followed by the chromogenic substrate o-dianisidine (100 mg/ml in
Dulbecco’s phosphate-buffered saline) and 0.1% H2O2. In most positive reac-
tions, about 1 to 5% of the transfected-cell population was stained.
Plasmids used in transfection experiments. The plasmid containing cDNA

encoding the Muguga PIM antigen was isolated from an infected lymphocyte
cDNA library by transfection of the library into COS cells and immunoscreening
with MAb 4 and 5 (24). The plasmid encoding the buffalo-derived 7014 PIM was
isolated from a cDNA library constructed from a cell line infected with parasites
derived from buffalo 7014 (24). The plasmid was isolated by colony hybridization
with the Muguga PIM cDNA as a probe.
An internal deletion mutant lacking the tetrapeptide repeat region was pro-

duced by digesting the original plasmid containing the Muguga PIM cDNA with
the restriction enzymes Bsu36I and XmnI, which are predicted to digest the

cDNA at bp 900 and 1047, respectively, and religating the plasmid. Sequence
analysis revealed that the plasmid had religated in frame and without the Bsu36I-
XmnI fragment containing the DNA encoding the tetrapeptide repeat.
Recombinant GST-PIM fusion protein. (i) Full-length protein. A bacterial

recombinant protein containing the Muguga PIM protein was produced with the
pGEX3X expression plasmid (24). The recombinant plasmid contains the PIM
cDNA from the fourth nucleotide of the coding region, thus allowing the incor-
poration of all but the initial two amino acids of the PIM protein into the fusion
protein.
(ii) GST-PIM (amino-terminal end). To obtain a fusion protein consisting of

GST plus only the amino-terminal conserved region of PIM, plasmid pUC19
containing the Muguga PIM cDNA was digested with BclI and BamHI and
religated to create a plasmid containing the initial 475 nucleotides of the cDNA.
This plasmid was digested with BglII and EcoRI, and the released insert was
subcloned into pGEX3X digested with BamHI and EcoRI. The insert and
flanking vector regions were sequenced and found to be as expected. The fusion
protein contains amino acids 3 to 75 of the PIM protein, which corresponds
approximately to the amino-terminal conserved region (residues 1 to 71 inclu-
sive).
(iii) GST-PIM (amino-terminal end and central variable region). A plasmid

encoding the amino-terminal conserved and central variable regions of PIM
fused to GST was obtained fortuitously. The original aim was to digest the
full-length GST-PIM plasmid with NdeI, which digests the PIM cDNA at bp
1137, and EcoRI, fill in the ends with the large (Klenow) fragment of DNA
polymerase I, and religate. When a plasmid resulting from this procedure was
sequenced, it was observed that the cDNA had been digested at bp 1013. A
fusion protein expressed by this plasmid would be predicted to contain amino
acids 3 to 256 inclusive and thus to terminate with the fourth proline of the
tetrapeptide repeat, Gln-Pro-Glu-Pro, which lies at the carboxyl end of the
central variable region. In other words, the fusion protein contains most of the
amino-terminal conserved and central variable regions of the antigen, which
include amino acids 1 to 272.
(iv) GST-PIM (carboxyl-terminal end). The pUC plasmid containing full-

length Muguga PIM cDNA was digested with XmnI, which digests the cDNA at
bp 1047, and EcoRI to release a fragment containing the carboxyl-terminal
conserved region. The fragment was subcloned into pGEX2T (Amrad Corp.,
Ltd.) digested with SmaI and EcoRI. Sequence analysis of the resultant plasmid
indicated that the SmaI digestion had been inaccurate and two guanidine resi-
dues had not been removed as expected. To overcome the frame dislocation thus
produced, the pGEX2T-PIM plasmid was digested with BamHI and the PIM-
containing fragment was inserted into pGEX3X digested with BamHI. Sequence
analysis confirmed that the PIM cDNA was in frame with the GST DNA. The
predicted fusion protein consists of GST plus the carboxyl-terminal 212 amino
acids of the PIM protein, which corresponds approximately to the carboxyl-
terminal conserved region (the last 208 amino acids) of the protein.
All fusion proteins, and GST alone, were purified as specified by the manu-

facturer with glutathione-agarose beads and free reduced glutathione (Sigma).
DNA sequence analysis. The deleted versions of the pGEX.PIM plasmid were

sequenced with synthetic oligonucleotides corresponding to the vector sequences
flanking the DNA encoding the fusion protein and synthesized on an Applied
Biosystems 381A DNA synthesizer. A Sequenase kit (U.S. Biochemicals, Cleve-
land, Ohio) was used to prime the sequencing reactions.
Immunoblotting. Immunoblotting was performed essentially as described pre-

viously (23). The purified GST and GST-PIM antigens were prepared as de-
scribed above and resuspended in sample buffer. The protein preparations were
separated by electrophoresis through 10% polyacrylamide gels and transferred
onto nitrocellulose membranes. The blots were incubated in Dulbecco’s phos-
phate-buffered saline containing 7.5% fat-free milk, and the MAb preparations
were added as indicated at a dilution of 1:100 in Dulbecco’s phosphate-buffered
saline containing 1% fat-free milk. The antigen bands were identified by incu-
bation in horseradish peroxidase-labelled anti-mouse immunoglobulin G fol-
lowed by addition of the chromogenic substrate 3,3-diaminobenzidine (0.5 mg/
ml) and H2O2 (0.06%).
Pepscan analysis. A series of peptides representative of the predicted se-

quence of the Muguga PIM without the initial 5 amino acids was synthesized by
the Pepscan method (Chiron Mimotopes, Melbourne, Australia). The peptides
were 12 residues long and overlapped the preceding and subsequent peptides by
7 residues. By this arrangement, peptides 1 to 12 represented the amino-terminal
constant region, peptides 55 to 94 were from the carboxyl-terminal region, and
peptides 15 to 52 were wholly within the variable region. Peptides 13 and 14 and
peptides 53 and 54 spanned the amino- and carboxyl-terminal borders, respec-
tively, of the central variable region. All reactions were performed as specified by
the manufacturer. The MAb were assayed as culture supernatants diluted 1:5
(MAb 2, 7, 8, and 12) or 1:20 (MAb 4, 5, and 6) or as ascites diluted 1:5,000
(MAb 3, 13, IL-S32.3, IL-S34.3, IL-S36.5, and IL-S40.2). The bovine antisera
were used at a dilution of 1:400. The optical densities obtained with all antibodies
were expressed as the optical densities obtained on the PIM-derived peptides
minus the mean optical density obtained in the same assay on two irrelevant
peptides.
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RESULTS

PIM is recognized by most anti-schizont MAb. Twenty-five
MAb raised against schizont-infected cells have been produced
by four different groups of workers since 1980 (see Materials
and Methods). We have previously observed that of these
MAb, MAb 2, 4, 5, and IL-S36.5 reacted with COS cells trans-
fected with cDNA encoding the PIM antigen of T. parva (Mu-
guga) (24). As shown in Table 1, we have now assessed the
reactivities of the remaining 21 MAb on COS cells transfected
with the Muguga PIM cDNA. (The previous results with MAb
2, 4, 5, and IL-S36.5 have been included to produce a complete
table of MAb reactivities.) Of the 25 MAb, 2, MAb 8 and 14,
produced high background staining of COS cells, precluding
assessment of their reactivities with the PIM antigen in trans-
fected cells. Of the remaining 23 MAb, 18 reacted with COS
cells transfected with DNA encoding the Muguga PIM antigen.
We wished to examine whether the MAb which did not react

with the Muguga PIM (MAb 15, 16, 17, 19, and 20) were
indeed specific for PIM but for epitopes expressed by another
version of PIM. When analyzed on COS cells transfected with
cDNA encoding PIM from a buffalo-derived parasite, 7014,
none of these MAb recognized the 7014 antigen. Analysis of
the MAb which reacted with the Muguga PIM showed that all
but four of them also recognized the 7014 PIM expressed in
transfected COS cells, the exceptions being MAb 2, 3, 7, and
18.
None of the MAb react with the tetrapeptide repeat region.

We wished to determine whether the presence of the tetrapep-
tide repeat in PIM was responsible for its immunodominance

for inducing MAb. Four MAb (MAb 2, 4, 5, and IL-S36.5) have
already been shown not to recognize this region (24). We
assayed another 13 of the anti-PIM MAb by probing COS cells
transfected with a version of the cDNA from which the repeat
region had been deleted (Table 1). All of the MAb reacted
strongly with the transfected cells, indicating that none of the
MAb are specific for the tetrapeptide repeat.
Mapping of MAb epitopes on the PIM antigen. The PIM

antigens consist of conserved amino and carboxyl termini
flanking a central variable region (22, 24). As the anti-PIM
MAb are used to distinguish parasite types and thus recognize
different epitopes, it was thought that most if not all of the
epitopes would lie in the central variable region. To assess this
theory, deleted versions of a plasmid encoding the PIM antigen
of T. parva (Muguga) fused to GST were constructed. The
deleted plasmids expressed GST fused to the amino-terminal
conserved region only, the carboxyl-terminal conserved region
only, or the amino-terminal conserved region plus the central
variable region. The region of the molecule containing the
respective epitopes was determined by observing the reactivity
of the MAb with each deleted product on immunoblots.
A typical immunoblot pattern obtained is shown in Fig. 1.

There is extensive degradation of the fusion protein in all
preparations, although the size of the largest protein band in
each sample correlated with the expected size of the respective
fusion proteins. MAb IL-S40.2 (Fig. 1A) reacted with the fu-
sion protein containing only the amino-terminal conserved re-
gion of PIM, suggesting that the corresponding epitope was in
this region. On the other hand, MAb IL-S32.3 (Fig. 1B) re-
acted with the fusion protein containing only the carboxyl-
terminal region of PIM. A MAb which reacted only with the
fusion protein containing the amino-terminal and variable re-
gions of PIM was considered to recognize an epitope in the
central variable region.
A summary of the reactivities of 17 MAb with these deleted

fusion proteins is shown in Table 2. The results suggest that
only the epitopes for MAb 2, 3, 7, 12, IL-S34.3, and IL-S36.5
are present in the central variable region. The epitopes for
MAb 1, 4, 5, 6, 9, 10, 11, 13, and IL-S40.2 appear to be located
in the amino-terminal conserved portion of the antigen, and

FIG. 1. Immunoblot of fusion proteins comprising GST fused to segments of
the PIM antigen of T. parva (Muguga). (A) GST alone (lane 1) or GST fused to
full-length PIM (lane 2), the amino-terminal and variable regions of PIM (lane
3), or the amino-terminal region alone (lane 4) probed with MAb IL-S40.2. (B)
GST alone (lane 1) or GST fused to the carboxyl-terminal region only (lane 2)
probed with MAb IL-S32.3. The numbers on the left indicate the positions and
molecular weights of marker proteins (in thousands).

TABLE 1. Reactivities of MAb with COS cells transfected
with cDNA encoding the PIM antigen

MAb T. parva
immunogen

Reactivity on cells transfected witha:

Muguga 7014 Rpt2 Control

1 Muguga 1 1 1 2
2b Muguga 1 2 1 2
3 Muguga 1 2 1 2
4b Muguga 1 1 1 2
5b Muguga 1 1 1 2
6 Muguga 1 1 1 2
7 Muguga 1 2 1 2
8 Kiambu Bc B NDd B
9 Kiambu 1 1 1 2
10 Kiambu 1 1 1 2
11 Kiambu 1 1 1 2
12 Kiambu 1 1 1 2
13 Kiambu 1 1 1 2
14 Marikebuni B B ND B
15 Marikebuni 2 2 ND 2
16 Marikebuni 2 2 ND 2
17 Buffalo derived 2 2 ND 2
18 Buffalo derived 1 2 1 2
19 Buffalo derived 2 2 ND 2
20 Buffalo derived 2 2 ND 2
IL-S32.3 Marikebuni 1 1 1 2
IL-S33.2 Marikebuni 1 1 ND ND
IL-S34.3 Marikebuni 1 1 1 2
IL-S36.5b Marikebuni 1 1 1 ND
IL-S40.2 Marikebuni 1 1 1 2

a Reactivity on COS cells transfected with plasmids containing the cDNA
encoding the PIM gene of T. parva (Muguga), the buffalo-derived parasite stock
7014, or the T. parva (Muguga) PIM without the repeat sequence (Rpt2) or with
control plasmid.
b Data taken from reference 24 and added for completeness.
c B, background staining.
d ND, not done.
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one MAb, IL-S32.3, reacted with the carboxyl-terminal con-
served region. MAb 8 recognized an epitope present in both
the central variable and carboxyl-terminal conserved regions of
the molecule.
Peptide analysis with MAb. To determine the number and

location of the MAb epitopes more precisely, a set of peptides
spanning the entire length minus the initial 5 amino acids of
the PIM antigen of T. parva (Muguga) was synthesized by the
Pepscan method and analyzed with 13 of the anti-PIM MAb.
The patterns obtained with three of the MAb are shown in Fig.
2, and the overall results are summarized in Table 3.
Two distinct patterns of reactivity were observed. Eight of

the MAb reacted with either a single peptide or two adjacent
and therefore overlapping peptides, as expected for monospe-
cific antibodies. This pattern is exemplified by MAb 4 and IL-
S32.3 (Fig. 2). (For MAb which reacted with two adjacent pep-
tides, the minimum epitope as identified by the overlapping
peptide sequence is shown in Table 3.) The remaining five
MAb (MAb 7, 8, 12, IL-S34.3, and IL-S36.5) each reacted with
several noncontiguous peptides, as shown for MAb 8 (Fig. 2).
Table 3 indicates the predominant peptides recognized by these
five MAb, all of which are specific for the central variable region.
The data also allow an estimation of the number of different

epitopes recognized by the MAb. Among the MAb specific for
the amino-terminal conserved region, only MAb 4 and 13 had
the same pattern of reactivity, suggesting that there are at least
four different MAb epitopes in the amino-terminal conserved
region of the Muguga PIM antigen. Among the seven MAb
specific for the variable region, MAb 2 and 3 had the same
pattern of reactivity, as did MAb 7 and IL-S36.5, indicating
that the MAb which recognize the central variable region have
at least five different specificities. MAb IL-S32.3 reacted with
peptide 57, which is located in the carboxyl-terminal conserved
region of PIM. Thus, among the 13 MAb tested, 10 different
specificities are represented.
Peptide reactivity with antisera from infected cattle. PIM is

the predominant schizont antigen recognized on immunoblots

by sera from infected cattle. Several sera were analyzed by
Pepscan analysis to determine the linear epitopes recognized
by cattle.
Antiserum 213 was obtained from an animal which had been

inoculated on four occasions with sporozoites of T. parva (Mu-
guga). Pepscan analysis showed that the major peptides recog-
nized by this antiserum were those containing the tetrapeptide
repeat, peptides 49 to 52 (Fig. 3), indicating that the repeat was
immunogenic in cattle, in contrast to mice.
We also analyzed the peptide reactivity of sera from animals

infected with T. parva parasites other than those of the Mu-
guga stock to determine the cross-reactivity between PIM an-
tigens from different stocks. Animal BJ5 was infected with
parasites from the T. parva (Boleni) stock. The serum from this
animal reacted strongly with the tetrapeptide repeat and with
peptides representative of all three regions of the molecule
(Fig. 3). Animal BH395 was infected with sporozoites cloned
from the buffalo-derived stabilate 3081. Serum from this ani-
mal also reacted strongly with the tetrapeptide repeat and with
other peptides from the central variable region. There was no
reactivity with peptides derived from either the amino- or
carboxyl-terminal conserved regions.
The results of the Pepscan analyses of the antisera were

further examined for reactivities with the peptides recognized

FIG. 2. Pepscan analysis of MAb 4, 8, and IL-S32.3 on peptides of T. parva
(Muguga) PIM. The peptides have 12 residues and overlap the preceding and
following peptides by 7 residues.

TABLE 2. Reactivity of anti-PIM MAb on immunoblots of
GST fused to full-length and deleted versions of the

PIM antigen of T. parva (Muguga)

MAb

Reactivity witha: Region of antigen
reactive with
MAb

Full
length Amino Amino 1

variable Carboxy GST

1 1 1 1 2 2 Amino
2 1 2 1 NDb 2 Variable
3 1 2 1 2 2 Variable
4 1 1 1 2 2 Amino
5 1 1 1 2 2 Amino
6 1 1 1 2 2 Amino
7 1 2 1 2 2 Variable
8 1 2 1 1 2 Variable/carboxy
9 1 1 1 2 2 Amino
10 1 1 1 2 2 Amino
11 1 1 1 2 2 Amino
12 1 2 1 2 2 Variable
13 1 1 1 2 2 Amino
IL-S32.3 1 2 2 1 2 Carboxy
IL-S34.3 1 2 1 2 2 Variable
IL-S36.5 1 2 1 2 2 Variable
IL-S40.2 1 1 1 2 2 Amino

a The antigens consist of GST alone or GST fused to the full-length PIM or the
amino-terminal region only, the carboxyl-terminal region only, or the amino-
terminal and central variable regions of PIM.
b ND, not done.
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by the MAb which have been shown to neutralize sporozoite
infectivity in vitro. Antiserum 213 reacted with peptide 4,
which contains the epitope recognized by MAb 4. Antiserum
BJ5 also reacted with peptide 4 and with peptide 8, which
contains the MAb 5 specificity. Antiserum BH395 reacted with
peptides 15, 35, and 45, which are recognized by MAb IL-
S34.3.
Because of the potential value of PIM as a diagnostic anti-

gen, we were interested in examining the antibody reactivity in
serum obtained from an animal exposed under field condi-
tions. Antiserum MM14 is a serum obtained from an animal
from a region of Kenya where East Coast fever is endemic. The
major peptides recognized by this serum were those represent-
ing the tetrapeptide repeat (Fig. 3). There was some reactivity
with peptides 7 and 8 from the amino-terminal conserved re-
gion.
Peptide reactivity with bovine anti-GST-PIM antisera. Two

cattle were inoculated with the GST-PIM recombinant protein
to try to induce sporozoite-neutralizing antibodies. Neither of
the two antisera showed sporozoite inhibitory activity (25).
One explanation for the failure of the recombinant protein to
induce neutralizing antisera is that the antisera do not react
with neutralizing epitopes as defined by the MAb reactivity.
We therefore analyzed the reactivity of the bovine anti-GST-
PIM antisera with the PIM peptides.
The results (Fig. 3) indicated that the sera reacted most

strongly with peptides 25 and 26 and with the peptides repre-
senting the tetrapeptide repeat, none of which were recognized
by the MAb. Both antisera recognized peptides 15, 16, 35, and
36, and BL173 reacted with peptides 45 and 46. These peptides
were also recognized by the neutralizing MAb IL-S34.3 and
IL-S36.5.
Peptide reactivity with mouse antisera. The striking differ-

ence in Pepscan analyses of bovine antisera and mouse MAb
was the lack of reactivity of the MAb with the repeat region,

which was consistently recognized by sera from infected cattle.
Although none of the anti-PIM MAb reacted with the tet-
rapeptide repeat, this does not necessarily imply that there is
no antibody response to this region in immunized mice. To
determine this, we obtained a polyclonal antiserum from mice
inoculated with a T. parva (Muguga)-infected cell line and
analyzed its reactivity by Pepscan analysis. The analysis showed
that there was very little reactivity between the antiserum and
the peptides (peptides 49 and 50) which contain only repeat
region epitopes (Fig. 4).
We also inoculated mice with the full-length GST-PIM fu-

sion protein. This antiserum reacted with several peptides,
predominantly in the amino-terminal conserved and central
variable regions. There was no reactivity with peptides con-
taining the tetrapeptide repeat (Fig. 4), in contrast to the case
with cattle BL173 and BL181, which were also inoculated with
the fusion protein (Fig. 3).
These results suggested that there was a specific defect in the

antibody repertoire of BALB/c mice to a naturally occurring
protozoan repeat region. To determine if this is a species- or
strain-specific defect, we inoculated C3H/He mice with in-
fected bovine lymphocytes and assessed the antibody reactivity
on the PIM peptides. The results showed that the C3H/He
antibodies reacted with the repeat-containing peptides (Fig. 4).
Thus, there appears to be a defect in the ability of BALB/c
mice to react with the tetrapeptide repeat of PIM, which may
explain why none of the anti-PIM MAb are specific for this
region.

DISCUSSION

The initial results presented here underscore the immu-
nodominance of PIM for MAb responses. Of 25 MAb raised
against schizont-infected cells, 19 have now been shown to
recognize PIM. (Eighteen MAb recognized COS cells trans-
fected with cDNA encoding PIM; MAb 8, whose reactivity with
transfected COS cells could not be assessed because of high
background staining, has been shown to react with PIM on
immunoblots.) It follows that the ability of these MAb to
distinguish among parasite strains is due to the differential
expression of several epitopes on the PIM antigens. We have
shown that there are at least 10 different epitopes on the
Muguga PIM antigen and that they are located primarily in the
amino-terminal conserved and variable regions of the mole-
cule. This observation is more striking when one considers that
the MAb were not selected for recognition of different
epitopes but were included in the panel as they became avail-
able (21). Thus, the immunological heterogeneity of the PIM
antigens appears to be considerable, underlying their useful-
ness in parasite strain identification.
Four of the MAb specific for the central variable region

recognized noncontiguous epitopes, suggesting that there are
epitopes repeated through this region. This is consistent with
the sequence analysis of the PIM antigen, which revealed many
small amino acid repeats throughout the central variable re-
gion (24). The observation suggests that there is extensive
sequence diversity between the central variable regions of PIM
of T. parva (Muguga) and of parasites which do not react with
these MAb. These heterologous regions may serve as useful
immunogens to extend the current range of typing MAb.
Five MAb did not react with either the Muguga- or buffalo-

derived PIM molecules expressed in COS cells. These MAb
(MAb 15, 16, 17, 19, and 20), as well as MAb 14 (which
produced high background staining of PIM), did not react with
PIM of T. parva (Muguga) or a buffalo-derived T. parva isolate
in immunoblot analysis (results not shown). In immunofluo-

TABLE 3. Reactivity of peptides of the PIM antigen of
T. parva (Muguga) with anti-PIM MAb

MAb Peptide no. Residues Sequence

2, 3 46 and 47 236–242 HQPTPAA

4, 13 4 21–32 DLNPLDPLAQQS

5 8 41–52 GNNNDSTGSSDV

6 8 and 9 46–52 STGSSDV

7, IL-S36.5 15 and 16 81–87 DQPDQHQ
36 181–192 PVYQQQPVQQPS

8 17 86–97 HQQPTQGDTSGQ
25 126–137 VDQQQQPTQGDT
36 181–192 PVYQQQPVQQPS
37 186–197 QPVQQPSGQQQQ

12 15 and 16 81–87 DQPDQHQ
36 181–192 PVYQQQPVQQPS
52 and 53 266–272 PEPVQEP

IL-S32.3 57 286–297 ASGEVPVKPSEG

IL-S34.3 15 and 16 81–87 DQPDQHQ
35 and 36 181–187 PVYQQQP
45 and 46 231–237 QPDQHHQ

IL-S40.2 4 and 5 26–32 DPLAQQS
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rescence assays, MAb 14, 15, and 16 reacted with less than 20%
of the schizonts, even in cloned cell lines, suggesting that these
antibodies recognize a differentiation antigen (3). MAb 17, 19,
and 20 were raised against an unspecified buffalo-derived T.
parva isolate (15), and it cannot be excluded that they are
specific for epitopes on another version of PIM. Indeed, given
the extensive polymorphism and immunogenicity of the PIM
antigens, it would be surprising if the Muguga and 7014 ver-
sions encompassed the entire range of PIM MAb epitopes.
The repeat sequences in other protozoa contain epitopes

immunodominant for MAb and polyclonal antibody responses
to the particular protein (1, 8a, 19). In contrast, none of the
anti-PIM MAb which we have examined react with the repeat
region. Further, we have shown that polyclonal antisera from
BALB/c mice do not react with the repeat-containing peptides
in Pepscan analysis, in contrast to antisera from C3H/He mice.
The results suggest that there is a ‘‘hole’’ in the antibody
repertoire of BALB/c mice which precludes their recognizing
the Gln-Pro-Glu-Pro repeat structure of the naturally occur-
ring protein. Alternatively, the repeat region of the PIM pro-
tein may resemble a self protein of BALB/c mice.
A recombinant version of the Muguga PIM is currently

being assessed as a diagnostic antigen. Its value will depend on
its being recognized by sera from cattle infected with parasites
expressing other forms of the molecule, which is of concern
with such a polymorphic molecule. The results obtained with

antisera BJ5 and BH395 suggest that this will not be a problem.
Animal BJ5 was infected with T. parva (Boleni), whose PIM
antigen is not recognized on immunoblots by MAb 7, 12, or
IL-S36.5 (23). Because these MAb recognize the central vari-
able region, the immunoblot data suggest that this region of
the Boleni PIM is quite different from that of the Muguga
PIM. Animal BJ395 was inoculated with parasites from the
buffalo-derived stabilate 3081, which show considerable se-
quence heterogeneity in the PIM genes (22). The ability of
both antisera to produce antibodies specific for the Muguga
PIM central variable region suggests that the polymorphism of
PIM will not preclude its use as a diagnostic antigen. Further,
the ability of all cattle antisera tested to react strongly with the
tetrapeptide repeat suggests that this region alone will be use-
ful in a serum-based diagnostic assay.
All of the anti-PIM MAb which were raised against infected

lymphocytes and which we have assayed (MAb 2, 4, 5, IL-
S32.3, IL-S34.3, IL-S36.5, and IL-S40.2) neutralized sporozoite
infectivity in vitro (24, 25). It is difficult to ascertain the ability
of anti-PIM antibodies in the sera from infected cattle to neu-
tralize sporozoite infectivity in vitro, because of the possible
presence of anti-p67 sporozoite-neutralizing antibodies. Nev-
ertheless, the Pepscan analyses of sera from infected cattle
indicated that the antisera reacted with peptides recognized by
MAb which have been shown to neutralize sporozoite infec-

FIG. 3. Pepscan analysis of bovine antisera on peptides of T. parva (Muguga) PIM. The peptides are as described in the legend to Fig. 2.
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tivity in vitro. This result gave us confidence that cattle would
produce neutralizing antisera if inoculated with PIM.
However, we have shown that cattle exposed to a recombi-

nant PIM fusion protein did not produce neutralizing antisera,
even though the sera reacted with peptides recognized by neu-
tralizing MAb. The difference in the abilities of the antisera
and the MAb to inhibit sporozoite infectivity in vitro may be
due to the presence in the MAb preparations of neutralizing
antibodies of greater affinity or in higher concentrations than
in the antisera. To approach this situation in vivo, further
experimentation will focus on inoculating cattle with peptides
identified in the Pepscan experiments as being recognized by
the neutralizing MAb.
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FIG. 4. Pepscan analysis of mouse antisera on peptides of T. parva (Muguga)
PIM. The peptides are as described in the legend to Fig. 2.
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