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Abstract

East Coast fever, an acute lymphoproliferative disease of cattle, is caused by the apicomplexan parasite Theileria parva.

Protective immunity is mediated by CD8+ cytotoxic T lymphocytes directed against schizont-infected cells. The polymorphic

immunodominant molecule, although an antibody-inducing surface molecule of the schizont, has been hypothesized to play a role

in protective immunity. In order to evaluate the immunogenicity of PIM for inducing CTL, cattle were immunized with PIM in

isolation from other T. parva antigens, forcing the presentation of PIM-derived epitopes on the MHC class I molecules. Although

parasite-specific cytotoxicity was induced in both vaccinated animals, their immune response was clearly different. One animal

generated MHC-restricted parasite-specific CTL against PIM while the other calf exhibited a strong PIM-specific proliferative

response but non-MHC-restricted parasite-specific cytotoxicity. Only calf 1 survived a lethal sporozoite challenge. This DNA

immunization technique with an antigen in isolation of CTL-immunodominant antigens might open possibilities for directing CTL

responses against predefined antigens, such as strain cross-reacting CTL antigens.
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1. Introduction

Theileria parva is a tick-borne apicomplexan

parasite causing East Coast fever (ECF), a fatal

lymphoproliferative disease of cattle. Upon tick

feeding, sporozoites rapidly invade lymphocytes were

they develop into multinuclear schizonts and cause
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the infected host cells to transform into immortalized

lymphoblasts (Hulliger et al., 1964). Susceptible

cattle almost invariably die within 2–4 weeks post-

infection due to a metastatic invasion of vital organs

and/or the widespread destruction of lymphoid

tissues (Emery, 1981). Cattle can be vaccinated by

infection with live T. parva sporozoites and treat-

ment with theilericidal drugs (Neitz, 1953). This

infection and treatment regimen provides protection

against the immunizing parasite strain but not always

against heterologous strains (Irvin, 1987; Young

et al., 1973).

mailto:Bruno.Goddeeris@biw.kuleuven.be
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By in vitro re-stimulation of immune PBMC with

autologous infected cells, it is possible to generate CTL

lines and clones that are parasite strain-specific and

MHC class I-(MHC-I) restricted (Goddeeris et al.,

1986b,c). Specific CTL responses were also shown in

vivo in animals undergoing immunization and their

appearance coincided with clearance of the infection

(Morrison et al., 1987). Moreover, the parasite strain-

specificity of the CTL correlated with cross-protection

in cattle (Taracha et al., 1995a) and their protective

effect could be adoptively transferred with the CD8+

population (McKeever et al., 1994). Quite importantly,

strain cross-specificity of CTL (and consequently cross-

protection) was not only determined by the immunizing

strain, but also by the restricting MHC-I haplotype,

indicating that the latter presents different epitopes

depending on the immunizing strain (Goddeeris et al.,

1990; Taracha et al., 1995b). From all this data it is clear

that CTL play an important role in the protection against

ECF and that subunit vaccines should target proteins

containing CTL epitopes.

Recently, Graham et al. (2006) identified six

candidate CTL antigens by both targeted and random

immunoscreens of schizont cDNA-transfected skin

fibroblasts with CTL from immune animals. Vaccina-

tion of naive cattle with 5 of these antigens, either as

DNA prime/virus boost or a heterologous virus prime/

boost, readily induced an antigen-specific CD8+ T cell

IFN-g response, but CTL could only be detected in 17%

of the vaccinated animals and an additional 12.5% after

challenge. Interestingly, the presence of a parasite-

specific CTL response correlated with protection

against a lethal challenge. Marginal T helper responses

were detected in 39% of the vaccinated animals and

these did not correlate with the presence of CTL.

Conversely, the polymorphic immunodominant

molecule (PIM), a schizont surface protein and not

present among the 6 CTL candidate antigens, is one of

the most immunogenic antigens of T. parva, at least for

the induction of antibody responses (Toye et al., 1991,

1995b, 1996). The antigen is highly expressed, both by

schizonts and sporozoites (Bishop et al., 2005), and has

been hypothesized to play a role in protective immune

responses against T. parva, mostly based on its genetic

diversity and the unusual organization of the PIM gene

(Geysen et al., 2004). The gene consists of a variable

central region flanked by two conserved termini, with

two conserved introns in the 30 conserved region (Toye

et al., 1995a). Recently, it was shown that the

polymorphism of the coding sequence shows a mosaic

pattern (Geysen et al., 2004). Since PIM is encoded by

only one gene per haploid genome, the polymorphism
is due to a rapid evolution of the coding sequence,

possibly under pressure from the host’s immune

system.

The objective of this study was to test whether PIM

can induce CTL responses in cattle. Therefore, a

vaccination approach using plasmids expressing PIM in

isolation of other Theileria antigens was chosen, thus

avoiding competition with CTL-immunodominant

epitopes from other Theileria antigens. This approach

contrasts with the strategy to identify CTL antigens in

animals immunized by infection and treatment (Graham

et al., 2006), where only the most immunodominant

epitopes for a given MHC are targeted.

2. Materials and methods

2.1. Animals and MHC-I-typing

Three Belgian red-white milk type calves, 10–14

months old, were used for this study. The calves were

MHC-typed by amplification and sequencing of the

polymorphic exon 2–exon 3 region of MHC-I cDNA.

Total RNA was extracted from PBMC (see below) with

TRIzol according to the manufacturer’s instructions.

First strand cDNA synthesis was done with Omniscript

(Qiagen, Germany) with a reverse primer binding at the

end of exon 3 (50-TCC AGG TAT CTG CGG AGC-30),
after which the polymorphic region was amplified with

the same reverse primer and a forward primer at the start

of exon 2 (50-GCT CCC ACT CBM TGA GGT ATT-30;
with B = C/G/T and M = A/C) (Sawhney et al., 2001).

Amplification of the cDNAwas carried out by PCR with

Pfu polymerase (Stratagene, USA). Amplification was

accomplished by denaturation at 95 8C for 1 min,

annealing at 63 8C for 30 s, and extension at 72 8C for

1 min and 30 s for 35 cycles.

The amplified fragments were purified from a 2%

agarose gel and cloned in the pPCRScript Amp SK+

cloning vector (Stratagene), after which clones

containing a single expressed class I MHC region

were sequenced with the ABI PRISM BigdyeTM

Terminator Cycle Sequencing Ready Reaction Kit

(Applied Biosystems, USA), using the above primers

and the vector-specific primer T3 (50-AAT TAA CCC

TCA CTA AAG GG-30). The sequences were aligned

using DNAman software (Lynnon, Canada) and

compared to the known cattle MHC-I alleles in the

IPD-MHC sequence database (Robinson et al., 2005).

One new allele was identified and submitted to the

National Center for Biotechnology Information (Gen-

Bank), http://www.ncbi.nlm.nih.gov (accession num-

ber DQ786580).

http://www.ncbi.nlm.nih.gov/
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Fig. 1. PIM expression constructs. (A) Schematic representation of native PIM and pcDNA4-egfp-pim. The amino acid numbers of PIM are

indicated. BGH: polyadenylation signal from bovine growth hormone; H6: hexahistidine coding sequence; pCMV: immediate-early promoter from

human cytomegalovirus; SS: signal sequence; TM: 3 predicted transmembrane domains in PIM. (B) Schematic representation of pBAD-egfp-tpim

and pBAD-egfp. pBAD: araBAD promoter; Term: rrnB transcription termination region; tpim: sequence coding for truncated PIM (amino acids 20–

363 of native PIM).
2.2. Parasites and cell lines

The T. parva Katete isolate (TpK) (Geysen et al.,

1999) was used for construction of the PIM DNA

constructs, for in vitro infection of bovine lymphocytes

and for the challenge experiment.

PBMC were purified from blood collected in

Alsever’s solution by flotation on Ficoll-paque (GE

Healthcare, Sweden, formerly Amersham) as described

(Goddeeris and Morrison, 1988). TpK-infected lym-

phocytes used for targets in the cytotoxicity assays were

prepared by in vitro infection of PBMC with TpK

sporozoites as described (Goddeeris and Morrison,

1988). The infected cell lines were maintained in

complete medium, namely RPMI1640 supplemented

with 10% foetal calf serum (FCS), 5 mM gentamicin,

2 mM L-glutamine and 50 mM 2-mercapto-ethanol.

Concanavalin A-stimulated lymphoblasts (ConA blasts)

that were used as uninfected control cell lines were

maintained in the same medium supplemented with

10% T cell growth factors (Goddeeris and Morrison,

1988) in the form of supernatant from ConA-stimulated

lymphocytes. All cultures were incubated at 38.5 8C in a

humidified atmosphere of 5% CO2 in air.

2.3. PIM expression plasmids

The sequence encoding mature PIM ( pim) was

genetically fused to egfp and ligated into the multiple

cloning site of pcDNA4/V5-His (Invitrogen, USA)

(Ververken et al., in preparation). This vector uses the
immediate-early promoter from human cytomegalo-

virus (CMV) for high-level expression in mammalian

cells. Endotoxin-free plasmid DNA for immunization

was prepared with the Endofree Plasmid Mega Kit

(Qiagen) following the instructions. The quality of the

plasmid was verified by restriction analysis with EcoRI

(2 h, 37 8C) and 1% agarose gel electrophoresis. The

final eukaryotic expression construct is depicted in

Fig. 1A.

2.4. Immunization of cattle

After T. parva-infected cell lines and ConA blasts

were established from three animals, calves 1 and 2

were immunized with pcDNA4-egfp-pim and calf 3

with pcDNA4 (negative control). The animals were

injected with a needle-less injector, the PigJet

(Endoscoptic, France) (Schrijver et al., 1998). One

immunization consisted of 5 shots of 200 ml plasmid

DNA (1 mg/ml in saline), applied in the shaved skin (15

by 15 cm) of the neck. Successful injection resulted in

the formation of small papulae on the skin. No adverse

reactions or discomfort could be observed. The animals

received two similar booster immunizations with a 3-

week interval. Serum was collected weekly for analysis

of the humoral immune response and PBMC were

collected for studying the cell-mediated immune

response on different occasions within 2–15 months

after the final booster. This animal experiment was

approved by the local Ethical Committee for Animal

Experimentation (Project P04057).
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2.5. Analysis of EGFP- and PIM-specific humoral

immune response

The humoral immune response to the DNA vaccine

was monitored with an indirect antibody capture ELISA

for EGFP and for PIM. The EGFP-specific ELISA was

performed according to Carter and Kerr (2003) with

minor modifications. Briefly, 96-well Maxisorp plates

(Nunc, Denmark) were coated overnight at 4 8C with

100 ml of 2 mg/ml recombinant EGFP (BD Biosciences,

USA) in 0.05 M bicarbonate buffer (pH 9.6). The plates

were blocked for 1 h at RT with PBS-T containing 0.1%

gelatin (PBS-T-G). The serum samples were diluted

1:400 in PBS-T-G and plated in duplicate. After 1 h at

37 8C, the plates were washed with PBS-T and

incubated with an HRP-linked anti-bovine Ig (Dako-

cytomation, Denmark) (1:10 000) for 1 h at 37 8C. After

washing, bound HRP was quantified using the 2,20-
azino-di(3-ethylbenzythiazolin-6-sulfonic acid)

(ABTS) substrate (KPL, USA) and absorbances were

measured at 405 nm using a Titertek microplate reader

(MCC/340 Multiskan, Titertek, USA). The PIM-

specific ELISA was performed as described, using

commercially available PIM-coated plates (Sanova,

Austria) (Katende et al., 1998). Also, PIM-specific

antibodies were analyzed using the indirect fluorescent

antibody test (IFAT) (Goddeeris et al., 1982) using TpK-

infected cells from one of the three calves. Sera were

tested at two-fold serial dilutions in blocking buffer (1%

horse serum in PBS) from 1:20 to 1:160 considering the

1:40 dilution as the cut-off for positivity. An anti-bovine

Ig-FITC conjugate (1:1000 in blocking buffer) (Sigma–

Aldrich, Germany) was used to detect the bound

antibodies. A positive (strong ECF serum) and a

negative control (blocking buffer) were included on

each slide. The slides were analyzed on a Leitz Diaplan

fluorescence microscope.

2.6. Production and purification of recombinant

EGFP and EGFP-tPIM

Recombinant EGFP and EGFP-tPIM were expressed

in E. coli MC1061 and purified by Ni-NTA chromato-

graphy.

Egfp-his6 was amplified from pEGFP (Invitrogen)

using a forward primer containing an EcoRI restriction

site (50-CCG GAA TTC ATG GTG AGC AAG GGC

GAG GAG C-30) and a reverse primer containing a

hexahistidine coding sequence, a stop codon and a

HindIII site (50-ATA AAG CTT AGT GAT GGT GAT

GGT GAT GCT TTA CTT GTA CAG CTC GTC CAT

GCC-30). PCR amplification was performed using Pfu
polymerase (Stratagene) by denaturation at 95 8C for

1 min, annealing at 65 8C for 2 min, and extension at

72 8C for 2 min for 25 cycles. The PCR product was

purified from a 2% agarose gel (Qiagen) and cloned in

pGEM-T-easy (Promega, USA). Egfp-his6 was excised

from the cloning vector using EcoRI and HindIII and

ligated into pBAD/HisB (Invitrogen) with T4 DNA

ligase (Stratagene) according to the manufacturer’s

instructions. The sequence of the resulting pBAD-egfp

was checked by dideoxy sequencing.

In order to express soluble EGFP-PIM in E. coli, the

transmembrane region of PIM was omitted, resulting in

a truncated PIM (tPIM) containing only the first 344

amino acids of the mature PIM protein from T. parva

Katete (Fig. 1B). The transmembrane helices were

predicted using HMMTOP 2.0 (Tusnady and Simon,

2001). Egfp-tpim was amplified from egfp-pim in

pGEM-T-easy using a forward primer containing an

NcoI restriction site (50-AGC TCC TGC CCA TGG

TGA GTA AG-30) and a reverse primer binding

upstream of the transmembrane region and containing

a hexahistidine coding sequence, a stop codon and an

XhoI site (50-CCC CCT CGA GCT AAT GAT GAT

GAT GAT GAT GGG ATC CTT GCC ATG GCT TTT

CAC-30). PCR amplification was performed using

Expand High Fidelity polymerase (Roche Diagnostics,

Switzerland) by denaturation at 95 8C for 2 min,

annealing at 52 8C for 1 min, and extension at 72 8C
for 4 min for 30 cycles. The PCR product was purified

from a 1.6% agarose gel and cloned in pGEM-T-easy

(Promega). The egfp-tpim insert was excised from the

cloning vector using NcoI and XhoI and ligated into

pBAD/His B with T4 DNA ligase (New England Biolabs,

USA) according to the manufacturer’s instructions. The

sequence of the resulting pBAD-egfp-tpim was checked

by dideoxy sequencing. The final constructs for

prokaryotic expression are depicted in Fig. 1B.

For expression of EGFP and EGFP-tPIM in E. coli,

pBAD-egfp-tpim and pBAD-egfp were electroporated

into MC1061. Starter cultures of MC1061 in LB broth

containing ampicillin were grown overnight at 37 8C
with shaking at 250 rpm. The following day, 300 ml LB

containing ampicillin (100 mg/ml) was inoculated with

the starter cultures (1/20) and incubated at 37 8C with

shaking at 250 rpm to an OD600 of 0.6. Expression was

induced by adding arabinose to a final concentration of

0.02% (w/v) for EGFP-tPIM and 0.2% for EGFP. After

6 and 4 h, respectively, cells were harvested by

centrifugation at 6500 � g for 15 min and the bacterial

pellet was stored at �20 8C until purification.

Both EGFP and EGFP-tPIM were in the soluble

fraction and were purified by Ni-NTA affinity
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chromatography under native conditions. The bacterial

pellet was resuspended in 2 volumes of Ni-NTA binding

buffer (50 mM NaH2PO4, pH 8.0, 300 mM NaCl,

10 mM imidazole) containing a protease inhibitor

cocktail (1/20; Calbiochem, EMD Biosciences,

USA). Lysozyme was added to a final concentration

of 1 mg/ml and the mixture was incubated for 30 min on

ice. The lysates were sonicated on ice and centrifuged at

10 000 � g for 30 min. The cleared supernatant was

mixed with 0.33 volumes of Ni-NTA slurry (50%,

Novagen, EMD Biosciences, USA) and incubated at

4 8C with shaking for 90 min. The mixture was then

applied to a chromatography column and washed twice

with 4 ml binding buffer containing 20 mM imidazole

and the bound proteins were eluted with 200 mM

imidazole. The elution fractions containing the highest

concentrations of EGFP or EGFP-tPIM, as observed by

their green colour, were dialysed extensively against

PBS (pH 7.2) using a 10 kDa dialysis membrane

(Spectropore, Fisher Scientific, USA) to remove the

imidazole. The presence and purity of EGFP and EGFP-

tPIM were checked by SDS-PAGE (12.5% and 7.5%)

and Coomassie blue staining. Protein concentrations

were determined using the BCA method.

2.7. Antigen-specific lymphocyte proliferation

PBMC from the three calves were resuspended

in complete culture medium containing 10 ng/ml

dexamethasone. Dexamethasone was included to inhibit

spontaneous proliferation of lymphocytes without

interfering with antigen-induced proliferation (Raggo

et al., 2000). The PBMC (5 � 105 cells per well) were

stimulated in duplicate with 5 mg of EGFP or EGFP-

tPIM in culture medium and incubated for 5 days

(38.5 8C, 5% CO2). Proliferation was measured by the

incorporation of 3H-thymidine (MP Biomedicals, USA)

during the last 18 h of culture (1 mCi per well). Separate

wells for background proliferation (plain culture

medium) were included. Stimulation indices were

calculated as the counts per minute (cpm) after antigen

stimulation divided by the cpm of the background. The

results are presented as the mean stimulation

index � the standard deviation.

2.8. Parasite-specific lymphocyte proliferation

Monocyte-depleted PBMC from immune, but not

from naive animals, proliferate in response to fixed

autologous parasitized cells (Goddeeris and Morrison,

1987). Therefore, autologous TpK-infected lympho-

cytes in logarithmic growth phase were fixed in
glutaraldehyde as described by Goddeeris and Morrison

(1987). Briefly, cells were washed twice in Hank’s

balanced salt solution (HBSS), resuspended at

5 � 106 cells/ml in HBSS and mixed with an equal

volume of 0.1% glutaraldehyde in HBSS. After fixing

for 2 min at 4 8C, an equal volume of 0.2% L-lysine

monohydrochloride in HBSS was added to block the

free aldehyde groups. After 5 min at 4 8C, fixed cells

were washed three times with HBSS and resuspended in

culture medium (=stimulator cells).

PBMC were depleted of monocytes by incubation on

polystyrene as described (Goddeeris et al., 1986a). The

monocyte-depleted PBMC (=responder cells) were

resuspended in culture medium at 5 � 106 cells/ml.

Autologous Theileria-mixed lymphocyte cultures were

established in flat bottomed 96-well plates with 5 � 105

responder cells and two-fold serial dilutions of

stimulator cells, starting at 2 � 105 stimulators/well.

Proliferation was measured after 5 days of culture by

incorporation of 3H-thymidine as described above.

2.9. Assay of cell-mediated cytotoxicity

Memory CTL from the three animals were activated

by co-culture with irradiated autologous TpK-infected

cells as described previously (Goddeeris and Morrison,

1988). After 2 or 3 weekly stimulations, a standard 4 h

chromium-release assay was performed to analyze the

cytotoxicity against autologous infected cells (God-

deeris and Morrison, 1988). Parasite-specificity and

MHC-restriction were analyzed by using autologous

uninfected ConA blasts and MHC-mismatched infected

cells as targets, respectively. The percentage of specific

lysis was calculated as (experimental release � sponta-

spontaneous release)/(maximal release � spontaneous

release) � 100. Maximum release was evaluated by

incubation of the targets for 2 h in 5% SDS, while

spontaneous release consisted of incubation for 4 h in

medium alone. Results are presented as the mean

percentage of specific lysis � S.D.

2.10. Magnetic activated cell sorting (MACS) and

flow cytometry

For depletion of CD8+ or CD4+ cells, effector cells

were suspended at 2 � 107 cells/ml in PBS containing

0.5% bovine serum albumin and 2 mM EDTA (MACS

buffer) and incubated with anti-CD8 MAb IL-A51

(ATCC CRL-1871) at 1:1000, anti-CD4 MAb IL-A11

(ATCC CRL-1879; Howard and Naessens, 1993) at

1:5000 or buffer (0.5 h at 4 8C). The cells were washed

thrice in MACS buffer and resuspended in a total
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volume of 240 ml. CD4 or CD8 positive cells were

magnetically labelled with anti-mouse IgG microbeads

(Miltenyi Biotec, Bergisch Gladbach, Germany) (0.5 h

at 4 8C), 300 ml of anti-mouse Ig-FITC (1:250) was

added and the cells were incubated at 4 8C for an

additional 0.5 h. After washing thrice, the labelled cells

were resuspended in 500 ml of MACS buffer, passed to

a pre-separation filter and sorted using an LD column on

the VarioMACS system (Milteniy Biotec) according to

the manufacturer’s instructions. The sorted populations

were analyzed on a FACS Scan flow cytometer (BD

Biosciences). Live cells were selected by gating around

cells without propidium iodide staining on a FL-2/FSC

plot. The percentage of FITC-positive cells within the

gated population, representing either CD8+ or CD4+

cells, was calculated using the Cell Quest Pro Software

(BD Biosciences). Analysis of variance (ANOVA) was

used for the analysis of the effect of CD4-or CD8-

depletion on cytotoxicity against autologous TpK-

infected cells using Ms Excel.

2.11. Sporozoite challenge

Sixteen months after the final booster immunization,

the three calves were challenged with T. parva Katete

by subcutaneous injection of a 100% lethal dose of

infectious sporozoites over the left parotid lymph node.

The lethal dose of the used sporozoite stabilate was

based on previous infection experiments and corre-

sponds to approximately 510 infected acini. ECF-

related parasitological, clinical and hematological

parameters were observed as described (Rowlands

et al., 2000). Finally, necropsy was performed to

confirm ECF.
Fig. 2. Antibody response in cattle vaccinated with pcDNA4-egfp-pim (~,*

in saline on three occasions with a 3-week interval (down arrows). Antibo

measured by ELISA. Calf 2 (*) tested positive in IFAT (1:80) from day 28 (§

(1:40).
3. Results

3.1. Antibody responses after immunization with

pcDNA4-egfp-pim

Three calves were used to evaluate the PIM-based

DNA vaccine. Calves 1 and 2 were immunized with

pcDNA4-egfp-pim and calf 3 with the negative control

pcDNA4. Antibodies against EGFP were obvious in

calves 1 and 2 and were first detected 1 week after the

second immunization (Fig. 2). After a decline the

following 2 weeks, the antibody response was boosted

by the third immunization. PIM-specific antibodies

were clearly detected in calf 2, but were only marginally

present in calf 1 (Fig. 2). Calf 2 tested positive in IFAT

from day 28 until day 70, whereas calf 1 only tested

positive on day 56.

3.2. Antigen- and parasite-specific proliferative

response in PBMC

As shown in Fig. 3A, PBMC from calf 1 proliferated

in response to EGFP and to EGFP-tPIM, with

stimulation indices (SI) of 86.2 � 11.6 and

84.0 � 16.7, respectively. In calf 2 however, the

proliferative response to EGFP-tPIM (302.0 � 36.5)

was six times higher then to EGFP alone (46.9 � 19.6),

clearly indicating a PIM-specific T cell memory

response. The control calf showed only minor

proliferation in response to EGFP or EGFP-tPIM (SI

of 3.5 � 1.6 and 3.8 � 0.9).

The parasite-specific proliferative response was also

evaluated. Autologous TpK-infected cells were fixed

with glutaraldehyde and co-cultured with monocyte-
) and pcDNA4 (*). The animals were vaccinated with 1 mg of plasmid

dies to EGFP (left) and PIM (right) are presented as optical density

) until day 70 (*), whereas calf 1 (~) only tested positive on day 56 (#)



C. Ververken et al. / Veterinary Immunology and Immunopathology 124 (2008) 253–263 259

Fig. 3. Antigen- and parasite-induced proliferation in PBMC from vaccinated cattle. Calves 1 and 2 were immunized with pcDNA4-egfp-pim and

calf 3 with pcDNA4. (A) PBMC (isolated 14 months after the final immunization) were incubated with 5 mg of EGFP (E) or EGFP-tPIM (EtP).

Proliferation was assessed after 5 days and expressed as the mean stimulation index � the standard deviation. (B) Monocyte-depleted PBMC (15

months post-immunization) were stimulated with the indicated number of glutaraldehyde-fixed autologous T. parva-infected cells (amount of cells/

well � 10�4). Proliferation was assessed after 5 days and expressed as the mean stimulation index � the standard deviation.
depleted PBMC (Fig. 3B). PBMC from calf 2 clearly

proliferated in response to parasitized cells, with an SI of

24.59 � 5.03 for the highest concentration of stimulator

cells. In contrast, calf 1 only weakly proliferated in

response to infected cells (8.63 � 2.36). The control calf

showed minor proliferation after stimulation with

autologous infected cells (2.04� 0.21).
Fig. 4. T. parva-specific cytotoxicity induced in PBMC from calves 1 and 2 v

activated by 3 stimulations of PBMC (isolated 10 months after the final i

chromium-release assay was performed. The effectors were assayed on autolo

mismatched infected cells (*).
3.3. Cytotoxic responses to T. parva-infected cells

MHC-typing of the calves revealed the expression of

the following class I alleles: N*03801, DQ786580 and

AAZ73488.1 in calf 1 (serotype unknown); N*01402,

N*01601 and NC2*50102 in calf 2 (A19/A10) and

N*01601 and N*00201 in calf 3 (A19/A19).
accinated with pcDNA4-egfp-pim and calf 3 with pcDNA4. CTL were

mmunization) with autologous TpK-infected cells, after which a 4 h

gous infected cells (*), autologous ConA blasts (!) and class I MHC-
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Fig. 5. T. parva-specific cytotoxicity in effectors from calves 1 and 2 after selective removal of CD4+ or CD8+ cells. CTL were activated by 3

stimulations of PBMC (isolated 11 months after the final immunization) with autologous TpK-infected cells, partially depleted of CD4+ or CD8+

cells and tested in a 4 h chromium-release assay on autologous TpK-infected cells. The cytotoxicity induced by undepleted (*), CD8-depleted (*)

and CD4-depleted effectors (!) is depicted.
In order to reactivate parasite-specific memory

CTL, PBMC were stimulated with irradiated auto-

logous parasitized cells. After 3 stimulations of 1

week, a chromium-release assay was performed to

analyze the induced cytotoxicity. As shown in Fig. 4,

both calves 1 and 2 showed up to 60% lysis of

autologous T. parva-infected cells at a 20:1 effector-

to-target ratio, whereas the control animal showed

lower killing activity (28%). The cytotoxicity in the

effectors from the immunized calves was parasite-

specific, since autologous ConA blasts were not lysed.

Furthermore, the cytotoxicity in calf 1 appeared

mainly class I MHC-specific as only minor cytotoxi-

city was observed on MHC-I-mismatched parasitized

cells (22%). The effectors of calf 2 however, killed

allogeneic TpK-infected cells to the same extent as the

autologous infected cells (61% at a ratio of 20:1).

Further testing with 2 other allogeneic targets revealed

the same killing activity (data not shown), suggesting

that the cytotoxicity generated in that animal was not

restricted to CTL.

After a new stimulation of PBMC from the

vaccinated calves for 3 weeks, the effector cells were
subjected to either CD8- or CD4-depletion by MACS,

analyzed by flow cytometry and tested in a 51Cr-release

assay. The effectors of calf 1 were nicely depleted of

CD8+ (31.8% versus 0.1%) or CD4+ cells (10.8%

versus 0.2%). In contrast, depletion of CD8+ cells from

the effectors of calf 2 only resulted in a two-fold

reduction (9.22% versus 4.8%). Interestingly, two

populations of CD4+ cells could be observed in calf 2,

namely a CD4low and a CD4high population. CD4-

depletion led to an almost complete removal of the

CD4high cells, whereas the CD4low cells were only

reduced by half (20% versus 11.7%). As demonstrated

in Fig. 5, the intact effectors of calf 1 lysed 45% of the

target cells at an E:T ratio of 15:1. An almost complete

depletion of CD8+ T cells resulted in only 10% of

cytotoxicity ( p < 0.001), whereas depletion of CD4+ T

cells had no effect. This demonstrated that most of the

cytotoxicity in the effector population of calf 1 was

associated with the CD8+ cells. In calf 2, the

cytotoxicity of the intact effectors was very high

(72%) and was decreased by CD8-depletion (54.7% at a

15:1 ratio; p < 0.05). As for the effectors of calf 1, the

CD4-depletion had no effect.
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3.4. Homologous sporozoite challenge

In order to evaluate the protective capacity of

pcDNA4-egfp-pim, the three calves were challenged

with T. parva Katete sporozoites. All three animals

developed fever from day 6 (calf 3) or day 7 (calves 1

and 2) onward, with an average pyrexia intensity of

0.929 for calf 1, 1.282 for calf 2 and 0.555 for calf 3.

Schizonts were detected in the draining parotid lymph

node of the three calves starting at day 7. Also,

piroplasms were detected from day 11 (calf 2) or day 12

(calves 1 and 3) onward. Calf 1 cleared the schizonts at

day 15 and at day 21 post-challenge its body

temperature was back to normal. Calf 2 developed

acute ECF and succumbed at day 18 post-infection. The

control calf showed acute ECF at first, but then

developed a chronic state of infection with apparent

moderate ECF symptoms. It suffered from sustained

fever, became cachectic and died at day 49 post-

infection. Necropsy revealed severe ECF lesions in the

lungs, spleen, liver, kidneys, and the heart.

4. Discussion

In animals that are vaccinated with the whole parasite,

the specificity of the CTL response is determined by both

the genotype of the immunizing parasite strain and the

haplotype of the restricting MHC class I (Goddeeris et al.,

1990), and is biased towards a limited number of

immunodominant peptide-MHC combinations (Taracha

et al., 1995b). Indeed, by analyzing the specificity of the

CTL response in animals that were vaccinated by

infection and treatment, not PIM but six other schizont

antigens were shown to contain epitopes that are

recognized by T. parva-specific CTL (Graham et al.,

2006). In our study, the immunogenicity of PIM was

evaluated by administering PIM free from other schizont

antigens, thereby restricting the selection by MHC-I

molecules to PIM-derived epitopes. The results show for

the first time that PIM can deliver epitopes recognized by

CD8+ CTL in cattle.

DNA vaccination is an elegant technique for the

generation of antigen-specific CTL. Because the

antigen is produced endogenously, it can easily access

the MHC-I processing pathway for presenting its

epitopes to naive CTL. The immunogenicity of DNA

vaccines largely depends on the expression level of the

coding antigen (Andre et al., 1998; zur Megede et al.,

2000). Therefore, in order to enhance the expression of

PIM in mammalian cells, we fused a codon-optimized

reporter gene encoding enhanced green fluorescent

protein (EGFP) upstream of the PIM cDNA. Indeed,
transfection of mammalian cells with pcDNA4-egfp-

pim leads to a stronger expression than transfection with

pcDN4-pim (Ververken et al., in preparation).

Anti-EGFP and/or anti-PIM antibodies were readily

detected after immunization, indicating that enough

protein had been produced to induce an immune

response. Although passive transfer of PIM-reactive

immune serum or purified Ig (Muhammed et al., 1975)

or immunization with recombinant PIM protein (Toye

et al., 1996) did not protect cattle against a lethal

challenge with T. parva, anti-PIM monoclonal anti-

bodies have been shown to reduce sporozoite infectivity

in vitro (Toye et al., 1995b). Consequently, although our

major intention was to generate the CTL against

Theileria-infected cells, the anti-PIM antibodies

induced by DNA immunization could still contribute

to protection against ECF.

Analysis of antigen- and parasite-specific prolifera-

tive responses in PBMC revealed EGFP-specific

memory cells in both vaccinated calves and, more

importantly, a strong PIM-specific memory response in

calf 2. Although it cannot be excluded that some degree

of proliferation was induced by co-purified E. coli-

derived mitogens, the control animal did not show any

proliferation in response to the same antigen prepara-

tion. Furthermore, EGFP-tPIM induced six times more

proliferation in calf 2 than EGFP alone, clearly

indicating a PIM-specific memory response in that

animal. The proliferative response to autologous TpK-

infected cells in calf 2 confirms the presence of PIM-

specific T helper cells in that calf.

We were able to generate high levels of cytotoxicity

against Theileria-infected cells in Theileria-mixed

lymphocyte cultures with PBMC from the PIM-

immunized animals and not from the control animal.

The cytotoxicity in calf 1 was mediated by CD8+ CTL

as the effectors were MHC-restricted and parasite-

specific with only minor killing of autologous non-

infected blasts. Furthermore, depletion of CD8+cells

from the effector population clearly showed that the

parasite-specific cytotoxicity was associated with the

CD8+ population. Since CTL can only be generated in

PBMC from immune cattle (Goddeeris et al., 1986b)

and the animals had only been in contact with PIM and

not with other T. parva antigens, the induced CTL

response can only be directed against PIM.

In contrast to calf 1, the cytotoxicity from calf 2 did

not seem to be restricted to a certain MHC-I haplotype,

since MHC-I mismatched TpK-infected cells were

lysed as efficiently as the autologous targets. Therefore,

although partial CD8-depletion had a significant effect

on the cytotoxicity of the effectors, it is not clear
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whether a PIM-specific CD8+ CTL response was

induced in that calf. Interestingly, based on the

expression level of CD4 two different CD4+ populations

could be distinguished in the effector population of calf

2. The CD4high population probably corresponds to the

classical CD4+ ab T cells. Because the depletion of

CD4high cells from the effector population of calf 2 did

not affect the cytotoxicity, these cells are probably not

responsible for the cytotoxic activity. The CD4low

population, which was not easily depleted by MACS,

could consist of NK cells, activated helper T cells or gd

T cells and could be partly responsible for the cytotoxic

response in calf 2. These could have been induced in

vitro, possibly in response to cytokines produced by the

T helper cells. Indeed, after long-term re-stimulation of

PBMC from T. parva-immune cattle in the presence of

cytokines, non-specific cytotoxic clones have been

generated (Goddeeris et al., 1991).

Recently it was shown that PIM-specific CD4+

cytotoxic T cells could be generated in cattle by

immunization with recombinant PIM protein in

combination with CpG oligodeoxynucleotides (Graham

et al., 2007). As in our calf 2, T. parva-specific

cytotoxicity could be demonstrated in PBMC after 3

weeks of stimulation with autologous infected cells, but

this cytotoxicity appeared not to be mediated by CD4+

or CD8+ T cells.

After challenge with a lethal dose of infectious

sporozoites, all three animals developed clinical ECF

symptoms. The incubation period was short in

comparison to previous challenge experiments with T.

parva Katete, indicating that the infectious dose was

very high. Only calf 1, the CTL responder, showed

evidence of protection, whereas the other two calves

succumbed to ECF.

In conclusion, genetic immunization of cattle with

pcDNA4-egfp-pim has enabled us to demonstrate that

apart from inducing antibodies and CD4+ T cell

responses, PIM can also induce CD8+ cytotoxic T cells

specific for T. parva-infected cells if it is presented in

the absence of other, CTL-dominant Theileria antigens.
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