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ABSTRACT

Oligomannose-coated liposome (OML)-based vaccines have been reported to induce Thl-based immunity
against entrapped antigens in immunized animals and to show protective effects against several protozoal
diseases. In the present study, we produced a recombinant Babesia rodhaini ribosomal phosphoprotein PO
(rBrP0) that showed immunological cross reactivity with another rodent Babesia parasite, B. microti. We
evaluated the efficacy of vaccination with OML-entrapped rBrP0 on B. rodhaini and B. microti infections in
mice. Prior immunization with the OML-based rBrP0O vaccine, or with a Freund’s adjuvant-based rBrP0
vaccine, failed to demonstrate any protective effect against lethal infection with B. rodhaini, but the
OML-based vaccine did induce protective immunity against B. microti infection, based on a reduction in
peak parasitemia levels and prompt clearance of the parasite, compared with control mice. OML might be an
effective adjuvant for future vaccines aimed at the control of severe domestic babesioses.
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INTRODUCTION

Babesiosis is a tick-transmitted protozoal infection caused by intraerythrocytic parasites of the genus
Babesia. Babesia parasites infect a wide variety of wild and domestic animals and cause enormous
worldwide losses to the livestock industry (Homer et al., 2000). Babesiosis is initiated by tick-borne
transmission of the sporozoites, which subsequently invade host red blood cells (RBC) in the infected
animals (Yokoyama et al., 2006). Merozoites then emerge and reinvade other intact RBC. The asexual
reproductive cycle of merozoites induces lysis of the infected RBC, resulting in severe clinical symptoms,
such as anemia, fever, and hematuria (Homer et al., 2000). There is currently no safe and effective vaccine
for domestic babesioses (Shkap et al., 2007). The widespread recognition and severe pathogenesis of bovine
and equine Babesia parasites have encouraged research into the development of new vaccines to combat
babesioses.

There are two species of rodent Babesia parasites, B. rodhaini and B. microti. B. rodhaini causes a lethal
disease in infected mice (Iseki et al., 2008; Kamiya et al., 2005), while B. microti is characterized by
transiently high levels of parasitemia, but subsequent recovery from acute infection in mice (Nishisaka et al.,
2001; Yokoyama et al., 2003). These Babesia parasites have been successfully used as experimental models
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of infection for other types of babesioses in domestic animals in order to investigate new candidate vaccines
and drugs against Babesia parasites (Bork et al., 2004, Iseki et al., 2008; Kamiya et al., 2005; Yokoyama et
al., 2003).

In the present study, we focused on the ribosomal phosphoprotein, PO, which is widely conserved in all
eukaryotes (Goswami et al., 1996). PO is related to the family of acidic ribosomal phosphoproteins (Rich and
Steitz, 1987) that, together with other ribosomal proteins, P1 and P2, constitute a complex of ribosomal
phosphoproteins (Rich and Steitz, 1987). Among these three proteins, only PO has been reported to be vital
for eukaryotic replication, as demonstrated by knockout studies in Saccharomyces cerevisiae (Santos and
Ballesta, 1994). In Plasmodium falciparum, however, the protozoan PO appears on the surface of parasites in
both the sexual and asexual stages (Chatterjee et al., 2000a). Anti-P. falciparum PO antibodies inhibited the
growth of parasites in vitro, and PO protected immunized mice from P. yoelii infection in vivo (Chatterjee et
al., 2000b; Goswami et al., 1997). B. gibsoni PO (BgP0) has also been reported to serve as an effective
vaccine (Terkawi et al., 2007, 2008). Anti-BgP0 antibodies reduced the in vitro growth of B. bovis, while
mice immunized with BgPO, together with Freund’s adjuvant, developed protective immunity against B.
microti. These studies indicate that the protozoan PO antigens are highly conserved among this related family
of protozoa, and can serve as efficient candidate vaccines.

Oligomannose-coated liposomes (OML) provide a safe immune adjuvant, and no skin damage at the
injection site has been reported (Fukasawa et al., 1998). A previous study showed that OML, coated with a
neoglycolipid consisting of mannotriose and dipalmitoylphosphatidylethanolamine (Man3-DPPE), were
specifically and rapidly incorporated into intraperitoneal macrophages (Shimizu et al., 2007) and
accumulated in nearby lymphoid tissues (lkehara and Kojima, 2007; Kojima et al., 2008). Peritoneal
macrophages activated by OML expressed MHC class a and co-stimulatory molecules on their surfaces and
produced interleukin (IL)-12 (Takagi et al., 2007). These results indicate that OML can induce Thl-based
immunity against the entrapped antigen in immunized animals. The efficacy of OML as a vaccine adjuvant
has already been confirmed in Leishmania major (Shimizu et al., 2003, 2007) and Toxoplasma gondii
infections (Kuboki et al., 2007), and in tumors (Kojima et al., 2008).

In the present study, we isolated the B. rodhaini PO (BrP0) gene and determined that the antigen showed
immunological cross-reactivity with B. microti PO. We also prepared the purified recombinant protein,
designated as rBrPO, and evaluated the effects of vaccination with OML-entrapped rBrP0 on B. rodhaini and
B. microti infections in mice.

MATERIALS AND METHODS
Parasites and mice

The Munich and Australian strains of B. microti and B. rodhaini, respectively, were maintained by blood
passage in mice (Nishisaka et al., 2001; Kamiya et al., 2005; Iseki et al., 2008). Female BALB/c mice were
purchased from Clea Japan (Tokyo, Japan). All mice used in the present study were cared for in accordance
with the Guiding Principles for the Care and Use of Research Animals promulgated by Obihiro University of
Agriculture and Veterinary Medicine (Obihiro, Japan).
Cloning of the BrPO gene

A DNA fragment encoding the BrPO gene was amplified from cDNA extracts derived from B.
rodhaini-infected RBC (Fujii et al., 2002) by polymerase chain reaction (PCR). The primers used were:
forward primer (5’-GCCGGAGCTCATGCCAAATCCTGTTAAG-3’) and reverse primer
(5’-GCCGTCTAGATTAGTCAAATAGAGAGAAGCC-3’), which contain Sacl and Xbal cleavage sites,
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respectively (underlined), near their 5’ ends. PCR was performed in 50 pul of reaction mixture containing 15
pmol of each primer, 100 ng of template DNA, 200 uM of a mixture of deoxynucleoside triphosphates, 10 pl
of a 5 x PrimeSTAR buffer (Mg* plus), and 1.25 U of PrimeSTAR HS DNA Polymerase (TaKaRa Bio,
Shiga, Japan). The PCR amplification was carried out for 30 cycles under the following conditions: 10 s at
98°C for denaturation, 10 s at 45°C for annealing, and 1 min at 72°C for extension. The PCR product was
digested with Sacl and Xbal, purified using a MinElute gel extraction kit (Qiagen, Valencia, CA, USA), and
then inserted into the Sacl and Xbal sites of a pCold-TF expression vector (TaKaRa Bio). The nucleotide
sequence of the inserted fragment was determined using a Big Dye Terminator kit (Applied Biosystems
Japan, Ltd., Tokyo, Japan) with an automated DNA sequencer (ABI PRISM 3100 genetic analyzer, Applied
Biosystems Japan, Ltd.) (GenBank accession number AB469168). A CLUSTAL W program (European
Bioinformatics Institute, Cambridge, UK) was used to align the putative amino acid sequence of BrPO with
those of other apicomplexan parasite PO protein sequences. A neighbor-joining method using an NJplot
program (Perriere and Gouy, 1996) was used to construct a phylogenetic tree for the PO proteins.
Preparation of a recombinant BrP0 protein

The cloned BrP0 gene was expressed in Escherichia coli (DH-a strain) as a fusion protein with trigger
factor (TF) and a His-Tag sequence (Qing et al., 2004). The recombinant protein was then purified from the
culture extract using Ni-NTA agarose beads (Qiagen) according to the manufacturer’s instructions. The
clarified product was dialyzed against phosphate-buffered saline (PBS) at 4°C overnight, and designated as
rBrP0. The concentration of rBrP0O was measured using a Lowry protein assay kit (Pierce, Rockford, IL,
USA)
Production of mouse anti-rBrP0 antibodies

Five female BALB/c mice were immunized three times at 2-week intervals with the purified rBrPO
antigen to produce anti-rBrP0 antibodies. First, the mice were inoculated subcutaneously (s.c.) with 50 ug
rBrPO emulsified with complete Freund’s adjuvant (Difco Lab., Detroit, MI, USA). The second and third
immunizations were performed using 25 pg rBrPO with incomplete Freund’s adjuvant (Difco Lab.). Sera
were collected from the immunized mice on day 10 after the last immunization.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis

The rBrPO (BrP0O-TF) and control TF were mixed at 1:1 (v/v) with 2 x SDS sample buffer (62.5 mM
Tris-HCI [pH 6.8], 2% SDS, 5% pB-mercaptoethanol, 10% glycerol, and 0.02% bromophenol blue), and
boiled for 3 min. The samples were then either electrophoresed by SDS-PAGE (e-PAGEL® E-R1020L,
ATTO, Tokyo, Japan), and the gel was stained with Coomassie brilliant blue (CBB), or were subjected to
Western blot analysis. For Western blotting, the proteins were transferred to a polyvinylidene fluoride
membrane (Millipore, Bedford, MA, USA). The membrane was washed twice with 0.1% Tween-20 in PBS
(PBST), and blocked in 5% skimmed milk in PBST at 4°C, overnight. The membrane was incubated with B.
microti-infected mouse serum diluted at 1:250 (v/v) with PBST for 1 h at room temperature (RT), and then
washed with PBST. The membrane was incubated with horseradish peroxidase-conjugated goat anti-mouse
immunoglobin G (1gG) (DAKO, Produktionsvej, Denmark) diluted at 1:1,500 with PBST for 1 h at RT.
Visualization of the antigen-antibody complexes was performed by subsequent application of
diaminobenzidine (Wako Pure Chemical Industries, Osaka, Japan) with H,O,.
Indirect fluorescent antibody test (IFAT)

When the level of parasitemia exceeded 30%, B. rodhaini- or B. microti-infected RBC were prepared
from the tail veins of infected mice, and washed three times with PBS. The infected RBC were coated onto
IFAT slides (Matsunami, Osaka, Japan), dried completely, and then fixed in an acetone-methanol mixture at
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1:1 (v/v) at -20°C for 3 min. Mouse anti-rBrP0 antibody was applied to the fixed smears as the first antibody
(1:300), and they were then incubated for 1 h at RT. After washing three times with PBS, Alexa-Fluor®
488-conjugated goat anti-mouse 1gG (DAKO) was applied as the secondary antibody (1:2,000), and the
slides were then incubated for 1 h at RT. After washing three times with PBS, the slides were incubated with
250 pl/ml propidium iodide (Wako Pure Chemical Industries) and Cytomarion Fluoresent Mounting Medium
(DAKO) mixed at 1:1 (v/v), for 1 h at RT. The slides were finally viewed under a confocal laser-scanning
microscope (TCS NT, Leica, Wetziar, Germany) to detect the fluorescent signals of the antigen-antibody
complexes, as well as the parasite nuclei (Kamiya et al., 2005).

Preparation of liposomes

OML were prepared as described previously (Shimizu et al., 2007; Kuboki et al., 2007; Kojima et al.,
2008). Briefly, a chloroform-methanol solution at 2:1 (v/v) containing 1.5 pmol of
dipalmitoylphosphatidylethanolamine (NOF Corporation, Tokyo, Japan) and 1.5 umol of cholesterol (Sigma,
Tokyo, Japan) was placed in a conical flask, and then dried by rotary evaporation. Subsequently, 2 ml of
chloroform containing 0.15 pmol of Man3-DPPE (Mizuochi et al., 1989) was added to the flask, and then
evaporated to prepare a lipid film containing the neoglycolipid. Two hundred microliters of PBS containing
the indicated recombinant protein at 500 pg/ml were added to the dried lipid film, and multilamellar vesicles
were prepared by intense vortex dispersion. The multilamellar vesicles were extruded 10 times through a
1-um pore polycarbonate membrane (Nucleopore, Pleasanton, CA, USA). Liposomes entrapping the
recombinant protein were separated from free recombinant protein by three successive rounds of washing
with PBS and centrifugation at 20,000 x g for 30 min at 4°C. The amount of entrapped antigen was measured
using a modified Lowry protein assay reagent (Pierce) in the presence of 0.3% (w/v) SDS.

Mouse experiments

Experiment 1: A total of 24 female BALB/c mice were divided into four groups. All mice were 7 weeks
old at the first immunization. The four groups of mice (n=6 each) were inoculated intraperitoneally (i.p.)
with 100 pug of rBrPO or TF emulsified with complete Freund’s adjuvant, complete Freund’s adjuvant alone,
or PBS alone. Booster immunizations using incomplete Freund’s adjuvant were performed on days 14 and 24
after the first immunization. At 7 days after the third immunization, all mice were challenged i.p. with 1x10°
B. rodhaini-infected RBC. After infection, thin blood smears were periodically prepared for subsequent
Giemsa-staining. Parasitemia dynamics and survival rates were monitored in all groups, as described
previously (Kamiya et al., 2005; Iseki et al., 2008).

Experiment 2: Atotal of 35 female BALB/c mice were divided into five groups. Mice were 8 weeks old
at the first immunization. Mice in the five groups (n=7 each) were inoculated s.c. with 3 ug rBrP0 entrapped
in OML (rBrP0-OML), 3 ug TF entrapped in OML (TF-OML), 3 ug rBrP0 or TF in PBS, or PBS alone (200
ul each). Booster immunizations were administered via the same route on day 7 after the first immunization.
At 7 days after the second immunization, all mice were challenged i.p. with 1x10" B. rodhaini-infected RBC.
After the challenge infection, parasitemia dynamics and survival rates were monitored in all groups until the
death of the mice.

Experiment 3: A total of 42 female BALB/c mice were divided into six groups. Mice were 8 weeks old
at the first immunization. Mice in the six groups (n=7 each) were inoculated s.c. with 3 pg rBrPO entrapped
in OML (rBrP0-OML), 3 pg TF entrapped in OML (TF-OML), no antigen-entrapped OML (PBS-OML), 3
ug rBrPO, TF in PBS, or PBS alone (200 ul each), respectively. The amount of “PBS-OML” inoculated in
the indicated group was adjusted to be the same as that in “rBrPO-OML” group, based on the cholesterol
concentration. Booster immunizations were administered via the same route on day 7 after the first
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immunization. At 7 days after the second immunization, all mice were challenged i.p. with 1x10" B.
microti-infected RBC. After the challenge infection, Giemsa-stained thin blood smears were prepared from
the tail veins of mice every 2 (days 2-18) or 3 days (days 21-36), and the parasitemia dynamics were
monitored in all groups for a total of 36 days. Serum fractions were prepared from all mice immediately
before immunization and infection, and on day 4 after infection, for cytokine analyses.
Cytokine analyses

IL-2, IL-4, 1L-10, IL-12p70, and gamma-interferon (IFN-y) levels in the collected sera were measured
using mice Th1/Th2 cytokine and inflammatory cytometric bead array kits (BD Biosciences Pharmingen,
San Diego, CA, USA) with an FACSCalibur flow cytometer (BD Biosciences Pharmingen), as described
previously (Iseki et al., 2008).
Statistical analyses

The survival rates of B. rodhaini-infected mice were plotted according to the Kaplan-Meier method and
differences in the survival rates among the groups were analyzed using the generated Wilcoxon test.
Differences in parasitemia and cytokine concentrations among all groups were analyzed using independent
Student’s t-tests. Differences were accepted as significant at a level of P < 0.05.

RESULTS
Structural and immunogenic analyses of BrP0

A cDNA clone containing the BrPO gene had been previously obtained from a B. rodhaini cDNA
expression phage library in an immunoscreening experiment with B. microti-infected mouse serum
(Takabatake et al., in prep.). Therefore, the protein, designated as BrPO in the present study was expected to
be a common immunogenic antigen that could be recognized by both B. rodhaini- and B. microti-infected
mouse sera. CLUSTAL W analysis also showed that the amino acid sequence of BrPO (GenBank accession
number AB469168) had high sequence homology with ribosomal phosphoproteins from other Babesia
parasites: B. microti (74%), B. caballi (60%), B. bigemina (59%), Theileria equi (59%), B. bovis (59%), and
B. gibsoni (58%), as shown in Figure 1A. In the phylogenetic tree of PO proteins, BrPO is located relatively
near to B. microti PO, compared with the locations of other Babesia PO proteins (Fig. 1B). PO proteins are
therefore highly conserved in their sequences among the family of Babesia (and Theileria) parasites.

The recombinant protein, rBrP0, and the tag-control, TF protein, were successfully produced as highly
soluble forms in E. coli (data not shown), and purified using Ni-NTA agarose beads. These proteins were
detected with molecular masses of 87 and 48 kDa, respectively, using SDS-PAGE and CBB staining (Fig.
2A). In order to confirm the cross-reactivity of BrP0O against B. microti-infected mouse serum, Western blot
analyses of the rBrPO and TF antigens were carried out; the B. microti-infected serum reacted with the
87-kDa rBrPO, but not with the 48-kDa TF (Fig. 2B, left panel). No signal was detectable when non-infected
control mouse serum was used as the first antibody (Fig. 2B, right panel). Additionally, mouse anti-rBrP0
antibodies recognized both B. rodhaini and B. microti antibodies, although the reactivity to B. microti was
weaker than that to B. rodhaini (Fig. 3). In contrast, control mouse serum showed no reaction with either
parasite (data not shown).
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Pabers rodhaial MFPX FYEKALAKKJAYVDEKLY XLYES
Faberla sl MPFSFTAKACKEKRAVMEKLY XLYVET
Fabrrs mhual MAGMTE] EKKKAYFORLTHLYVKT
Fobars cabally - - cMTE] EKEKKAYFERLTHLYKET
Pobedafprmias  SIAGMSI K] EKEKKAYFERLTHLVYVET
Fabeda b MARMI K] EKKKAYFERLTHLYKET
Thriewis ot MAKLS K EEKKLY FOEKELTHLYKT
Ao asploa MFREDRATWKS XY FLKIIQLLDD
Babrparodhzdl MRRALSFVXNLE T- EAXVLIMPFHVE
Fabega miood MEKALKS IFFPGS-CTENLIFHYE
Fabrrs mhun IRMYLXTSFFESEDVKRLLSCVR
Babrpa cabalit IRMVYLXTSFFGSEEIGRLLECVEK
Fawpapreial  IRMVLXTSFFOSEDMAKLLSCI K
Babrga bocts IRMVLXTSFFXSELAISKLLECVEK
TArirda rot IRTALHKXFEDSFEIEK] AJCMK
A A MEKA IRGHLEXX FALEKLLFHIR
Fawparodhzwl  VFVFSGF TGMOFSQTS FFQALGIH
Fabrra micwo VFVYFAGFTCMOFSQTS FFOALG I
Fabira mhon VFISAGATGMOFSQTS SFQALGI
Fahifa cabalis VFISAGATGMDFSOTS FFOALGI
FabgaWprmial  VF 1 SAGS TGMODFSQTS FFQALGI
Fabrga et VFISAGATGMOFSQTS FFOALGI
TARia VFIQAGS TGLOFSQTS FFOALGI
A s VIVFAQXTGLGFENTS FFOALG I
FaiZaredas®  RF FSYGLYX VO KV FORGHLYDS S W
Fabiga mives KFFSYGLY¥VEKVYDRGOLYS L5V
Fabads Flues RFFSYGLEIEKLYGXGHLYELS &
Fahifa cabalis KFFSYGLEI EKFYDSGHLVYEL S &
Faigamprmiag KMF FSYGLK] EKFYDXGHLVEAK &
Faber'a borila KFFAYVGLEKIEIKFYDSSGHLYEL S &
Tharlaria ag! KFFSYSGLEVEKIYDSGALSDASY
Aoems asplem SFFSFGLYIQQVFOXGST ¥YXFEY
Pabers rodhaial 11 EAFEYXIYVAYVGLEYDFTFFQME
Fabeia miood IVELFKNLYAIGLETDFIFFOQME
Fobara Flues! FLALAFENCYSLALGTDTTFHKEN]
Fobars cabally LLAALAFEKNCYSLALATODTTFKEN]
Bobrfaprsias LLGAFKNCVYVSLALETDICFHKEM]
Babrga by LIGAFKXCVALALEXDYC FKEM]
Thallada oq=’ L1 EAFKXNCALLALDSDYYFFEIK
A ampa 11X GYKRYVLALSYVETDOY TFFLAE
Favdamdhsal  pp pEEEEDDDMGFSLFD
Fabega miood MOELEDEDDDMGFSLFD
Fabrrs mhun AEEEEEEEDDMGFSLFD
Babrpa cabalit AEEEEEEEDDMGFSLFD
Fowpawpreial LA CEEEEEDDMGFSLFD
Babrga by AEEFEEEEDDMGFSLFD
TArirda rot EFEEEEEDEDLGFSLFD
A A KEESEESDEDMGFGLFD
.05
—A
Homo sapiens
Theileria equi
956 Bubesia bigeming
668
Babeasia cabalii
651
1000 Bubesia gibsoni
Babesit bovis
Babesia microri
1000
Babesia rodhaini

LR
o R e i R W e

Ed oo g«
T

QILIVX ADNVISREJLATIEHI LEGCEKAY I IMGKXTM
QLLIVY ADHY S S REJLAGCIEYS LEGCKAHYLMGKEKX TM
QISIVISVIXEVSGIRJIMAS IEHS LECKATILMGKN TM
VYV LIVSEVIDIXVOGIREIMANVEHRHS LEGCKALAZILMGKNTM
QILIVEVYVIHVGIRJMAN VEHI LECEKATILMGKEKX TM
QILIVIEYIYYVESS TREHILESCKATIILIGCKXTM
KILIVSESVIODHYGS YTEHILEGLATILMGEX TM
KCFIVGADXVYVGS ITEMI LECEKAYVYLMGEX THM
Ve FVVCIADFVEIRSIILQgXYXRYVFAFARQGSCVIAFCD
IGFYICIADFMEVREGIILYN XRYFAFARDQGVIAFCD
Yo FVFCMTIOFFEIRKIILEXNXRY PFAFPARQSCVIAFCD
Vo FVFCIDODFLEIRR IILEXNRYFPAFPARQSCVIAFCD
Vo FVFCMTIDODFLEIRKIILEXRYFAFARQCVIAFCD
Vo FVFCMOCODFPFLEVRER 11 LD XKYVIFAFPAKQCSCVIAFCD
TCFVFCEADFLEVED VI LXKV FAFPARQSCVIAFESD
Vo FVFTEEDLTEIRDML LAXKVYVFAALALARAGCATAFCE
KIFEKECQIEIQgSDVHLIKAX IKY S ASS ATLLgKLX]
KIFEKECQIEIQgSDVHLIKVYX IKVXASS AVLLPKLX]
KIVEGCQIEIgX DVHLIKVYX DKV TASS ATLLOKLX]
KIVEGIEI QXY DVHLIKVY DKV TASS ATLLOKLDM
KIVECQIEIgQX DVHLIKEX DRV  TAS S ATLLQKLXM
KIVEGCIEIgX DVHLIKVYX DRV TASS ATLLOQKLXM
KIVEGCQIEIgX EVHLIKKDDKY TASGCATLLOKLX]
KISRGTIEILSDVJLIKTGDEVYVGASELATLLNMLYI]
ITOEQIYEKMRTG] S YTHNALARAYVAFFTFFISVIHNEHS
ITOEQIMEK]I SEGIXNFTSAITARYVTOGFFTEFSISHS
ITEEDI IXNIVEVGVANVYVIGMS LALGFFTFLIIXHEHS
ITEDDI LY VVESGVITNVIALS LAVGFFTSFIIXHES
ITEEDILEVVEAGY S NVXNAMS LALGF FTAMIIXHS
I TEDDI LD SVETAVTNVIAFALAIGF FTSLISITHS
YTDEDI FECMELGY S Y VNALISRQIGFFTSLIVIENHT
I TEETLHS RFLEGVE N VASVCLQIGY FTYVASYVIHS
KFAYDX FDAFY A 44 FALL-TALAF- ---AECKKEL ALK
KHAYDXN FODAFIALAVEVAFIS AF- - --444iD0X4ACK
KDRLDX FE- LFAS JA4A L44TFTAL4AC- -CXALALAEETFAL
KERLDXYX FE- LFALLL LA4ATALAACA - CALALLAELAATFAs
KDRELDXYFE - LFALAVALATFYViLidd- --A4TOELLLALTF
KDRLDX FE - LFAAALAALATFTACAVE- - - -AVJEAATFEA
KEFLDXYX FEAALALALLL AS AT ALA4- ---444AFALAAKKE
KAFLADFS AFY AL A4 FVALAATTALATFALALALLAFAKYE A
Fig. 1. Sequence analyses of B. rodhaini
ribosomal  phosphoprotein ~ (P0).  Panel  A.
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Multiple-sequence alignments of the deduced amino
acid sequence of B. rodhaini PO with those of other
Babesia (Theileria) parasites. Amino acid gaps and
identities are indicated by dashes and asterisks,
respectively, while similarities are shown by colons or
dots. Panel B. Phylogenetic tree of PO proteins. The
numbers shown at the branch nodes indicate the
bootstrap values. GenBank accession numbers are:
Homo sapiens (NP444505), B. rodhaini (AB469168),
B. gibsoni (ACA14449), B. caballi (BAF91359), T.
equi (BAF91358), B. bigemina (BAF91357), B. bovis
(AAM18123), and B. microti (BAF45856).
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Fig. 2. Production of recombinant B. rodhaini PO (rBrP0) and cross-reactivity of B. microti-infected mouse
serum with rBrP0. Panel A: The purified recombinant proteins (rBrPO and TF) were confirmed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by Coomassie brilliant blue
staining. Molecular mass standards are indicated in kDa on the left. Arrows indicate the bands of
rBrP0 and TF. Panel B: Immunoreactivity of rBrP0 and TF were observed by Western blot analysis
with B. microti-infected (a-B. microti) or non-infected mouse serum (control). Molecular mass
standards are indicated in kDa on the left. An arrow indicates the band of rBrPO detected with B.
microti-infected mouse serum.

Fig. 3. Indirect fluorescent antibody test using mouse anti-rBrP0 antibody on smears of B. rodhaini- (Panel
A) and B. microti-infected RBC (Panel B). Bar =5 um. Note: the anti-rBrP0 antibody reacted to both
B. rodhaini and B. microti antibodies, although the reactivity of B. microti was weaker than that of B.

rodhaini.
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Effect of Freund’s adjuvant-based rBrP0 vaccine on B. rodhaini infection

One group of mice (n=6) received three immunizations with rBrPO in Freund’s adjuvant before
challenge with 1x10°B. rodhaini-infected RBC. The parasitemia dynamics and the survival rate of this group
were compared with those of the other control groups, as shown in Figures 4A and 4B, respectively. All mice,
except for one mouse immunized with TF alone, showed the development of typical parasitemia, and had
died by day 11 after infection. There were no differences in the levels of parasitemia and survival rates
between the rBrPO-immunized group and all of the other control groups. Freund’s adjuvant-based rBrPO
vaccine was therefore ineffective against B. rodhaini infection in mice.
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Fig. 4. Effect of Freund’s adjuvant-based rBrP0 vaccine on B. rodhaini infection. Mean parasitemia (Panel
A) and survival rates (Panel B) of B. rodhaini-infected mice are indicated in each group. Mice were
immunized once with complete Freund’s adjuvant, and then boosted twice with incomplete Freund’s
adjuvant. Groups were immunized with rBrPO (filled diamonds), TF (open boxes), adjuvant alone (filled
triangles), or PBS alone (filled boxes). Bars indicate the mean + standard deviation (SD). Note no
significant difference among all groups.

Effects of OML-based rBrP0 vaccine on B. rodhaini and B. microti infections

The effects of an OML-based vaccine entrapping rBrPO were evaluated against B. rodhaini and B.
microti infections in experiments 2 and 3, respectively. In experiment 2 (B. rodhaini infection), each group
consisted of six mice, but one mouse in the rBrP0 alone-immunized group accidentally died before infection;
the data for this mouse were therefore excluded. The results of experiment 2 showed that the level of
parasitemia increased rapidly in all groups, and all mice were dead by day 6 after infection with B. rodhaini,
as shown in Figures 4A and 4B. However, in experiment 3 (B. microti infection, which is not lethal in mice),
there was a significant difference in the dynamics of parasitemia between the “rBrP0-OML” and “TF-OML”
groups, as shown in Figure 5. The “rBrP0-OML” immunized group showed a low peak of parasitemia on day
8 (P = 0.022) and a prompt reduction in the number of circulating parasites from day 10 (P = 0.022) after
infection, compared with the parasitemia in the “TF-OML” immunized group. Additionally, when the level
of parasitemia in the PBS control group was compared with those in other groups, only the “rBrP0-OML”
group showed a significantly lower level of parasitemia on day 10 (P = 0.009) and days 12-21 (P < 0.05)
after infection (Fig. 6). The OML-based rBrPO vaccine therefore induced protective immunity against B.
microti infection, but not B. rodhaini infection, in mice.
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In order to evaluate the host immune response to B. microti infection in the rBrPO-OML group, five
cytokines (IL-2, IL-4, IL-10, IL-12p70, and IFN-y) were measured in the serum fractions collected from the
mice immediately before inoculation (no treatment and no infection), and on days 0 and 4 after infection in
experiment 3 (Table 1). The average concentrations of serum cytokines before treatment were set as
baselines (value 1.0) in each group, and the subsequent changes in cytokine levels on day 0, immediately
before infection, and on day 4 after infection are shown in Figure 7. On day 0, all groups had serum cytokine
levels within the normal range (Fig. 7A). In the OML-immunized groups (rBrP0O-OML, TF-OML, and
PBS-OML), however, Thl cytokines, including IL-2, IFN-y, and IL-12p70, tended to be up-regulated on day
4, although the differences between the baseline and day-4 levels were not significant. On the other hand,
levels of Th2 cytokines, including IL-4 and IL-10, on day 4 were lower in the “rBrPO-OML” immunized
group, compared with other groups.
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Fig. 5. Effect of OML-based rBrPO vaccine on B. rodhaini infection. Mean parasitemia (Panel A) and
survival rates (Panel B) of B. rodhaini-infected mice are indicated in each group. Groups were
immunized with rBrPO-OML (filled boxes), TF-OML (triangles), rBrPO (filled circles), TF (open
circles), or PBS alone (open boxes). Bar indicate the mean £ SD. Note no significant difference among
all groups.
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Fig. 6. Effect of OML-based rBrP0 vaccine on B. microti infection. Dynamics of mean parasitemia of B.
microti-infected mice are indicated in each group. Groups were immunized with rBrPO-OML (filled
boxes), TF-OML (filled triangles), PBS-OML (crosses), rBrPO (filled circles), TF (open circles), or PBS
alone (open boxes). Bars indicate the mean + standard error (SE). The asterisks indicate significant
differences between “rBrP0-OML” and “TF-OML” immunized groups (*P>0.05, **P>0.01).

Table 1. Average concentration (pg/ml) of serum cytokines in the B. microti-infected mice.

EBrP-OMLL TF-OML PES-OMIL Brl) TF PES
(IFN-7)
no treatment 9.02 293 10.88 +0.53 1566 +0.34 1734 049 1925 .69 2251 082
day0 12.00 1224 12.46 H).68 17.02 H0.75 17.08 +H0.90 17.67 H).68 2078 H0.08
dayd 4004 502 4756 +6.52 3633 £3.35 4923 576 41.65 +4.25 3659 380
aL2)
no treatment 12.49 +3.43 14.70 +1.45 18.80 H0.78 2505 H098 2763 H.71 3361 +1.14
day0 14.90 +2.69 10.91 305 2280 £1.25 2496 £1.73 2361 £3.05 31.68 £1.55
dayd 16.42 +1.35 17.61 +1.58 2246 +1.09 2312 +1.12 2623 H).78 2421 +£1.95
(L-12p70)
no treatment 39.29 592 3255 £1.41 48 48 +1.10 8843 H090 104.57 £1.61 14851 +1.10
day0 3631 542 31.44 H6.15 8252 +7.68 8941 +11.52 8190 812 12823 1903
day4 5771 £12.10 5558 839 8035 £10.12 91.78 £7.64 119.75 517 9859 +16.78
B
no treatment 27.83 +3085 11.57 £7.46 18.90 +6.00 2723 582 2898 0901 3438 £8.00
day0 23.16 +4.25 12.03 337 18.78 +1.40 2642 £2.11 2498 H6.15 3276 £1.33
day4 17.63 +3.42 16.53 +4.48 2880 £2.40 3253 £2.70 3663 +1.16 3020 6.4
(IL-10)
no treatment 16455 +11.30 2553 492 9124 H490 10246 £3.25 11493 +722 18716 693
day0 186.62 £33.18 36.07 812 102.04 2953 118.52 +15.79 100.51 £3.37 17045 £17.09
day4 164.52 24 27 18223 6544 348.08 +44.56 360.17 £50.16 514.19 £23.72 42418 £77.03

Serum fraction was prepared from blood collected fi om tail vein of all mice.
Eachvalueindicates themeant SE.

19



OML vaccine against babesiosis

rBrP0-OML TF-OML  PBS- rBrP TF PB

rBrP0-OML TF-OML PBS- rBrP TF PB
OML 0 S

0.1

Fig. 7. Relative dynamics of serum cytokine levels on days 0 (Panel A) and 4 (Panel B) after B.
microti infection (Experiment 3). All average concentrations of serum cytokines (IL-2, IL-4,
IL-10, IL-12p70, and IFN-y) before treatment were set as baselines to 1.0 in each group, and
subsequent dynamics of the cytokines were expressed as relative values. Bars indicate the
mean + SE.

DISCUSSION

In the present study, we demonstrated that BrPO was structurally similar to B. microti PO and that the
recombinant antigen (rBrP0) was immunologically recognized by both B. rodhaini- and B. microti-infected
mouse sera. These results suggested that rBrPO could be used as a common vaccine antigen against both the
rodent Babesia infections.

We found no protective effect of vaccination with rBrPO emulsified with Freund’s adjuvant on lethal
infection by B. rodhaini. An OML-based vaccine has been shown to induce a Th1l immune response specific
for the entrapped antigen in immunized mice (lkehara et al., 2007), and we therefore tested the effect of
immunization with rBrP0-OML. However, contrary to our expectations, the lethal growth of B. rodhaini was
not controlled by rBrPO-OML immunization. rBrPO-OML-immunized mice did, however, show significantly
lower levels of parasitemia after B. microti infection, compared with TF-OML and PBS-OML control mice,
indicating that OML-entrapped rBrP0O was able to induce protective immunity against B. microti infection.

Igarashi et al. (1999) previously reported that IFN-y-producing CD4" T cells played an important role
in the prevention of acute infection by B. microti, and acted mainly before the peak level of parasitemia was
reached. We therefore expected that the development of B. microti parasitemia would be regulated in the
rBrPO-OML immunized group before the peak level of parasitemia occurred in control mice (day 8).
However, the reduction in parasitemia was mainly observed between days 8 and 18 after infection. The high
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injected dose (1x10) of infected RBC might have masked the inhibitory effect of rBrPO-OML immunization
on parasite growth in the acute phase, and further studies are needed to clarify the rBrPO-OML-generated
immune response against B. microti infection. In contrast, Shimada et al. (1996) reported that the host
immune response against B. rodhaini infection was entirely different from that against B. microti, and that
protective immunity against B. rodhaini infection may not involve IFN-y-producing CD4" T cells. Based on
these previous results, the immunity induced by an OML-based vaccine might not be effective against B.
rodhaini infection.

In order to evaluate the immune response against B. microti infection generated by rBrPO-OML, we
measured serum cytokine levels. On day 4 after infection, all OML-immunized groups exhibited higher
concentrations of Thl cytokines (IL-2, IFN-y, and IL-12), compared with those in the non-OML immunized
groups. These results suggest that OML alone could up-regulate Thl-related immunity after B. microti
infection. However, only the rBrPO-OML immunized group failed to show an increase in Th2 cytokine levels
(IL-4 and IL-10) after infection, compared with the other groups that showed relatively high concentrations
of Th2 cytokines on day 4. Because IL-4 and IL-10 play important roles in switching from Thl to Th2
immune responses in the host (Reiner, 1994; Sher and Coffman, 1992; Mosmann and Moore, 1991),
increases in IL-4 and 1L-10 levels in all groups, except for the rBrPO-OML group, might lead to a switch to a
Th2-mediated immune response against B. microti infection, resulting in a failure of vaccine efficacy. The
cytokine levels suggest that only OML-entrapped rBrPO was able to induce a dominant Thl-mediated
immune response against parasite infection in the immunized mice.

Because the phosphoprotein PO is widely conserved among the Babesia family, this parasite’s PO could
act as a novel vaccine against many other babesioses. Bovine babesiosis in particular, which is an
economically important tick-borne disease of cattle in tropical and subtropical regions of the world (Homer
et al., 2000), urgently requires an effective vaccine and use of an OML-based vaccine should be considered
in this situation. An OML-based vaccine system might also be applicable to many other serious pathogens
that require a Th1-mediated immune response for their eradication.

In conclusion, the OML-based rBrPO vaccine constructed in the present study induced protective
immunity against B. microti infection in mice. OML-based vaccines could become powerful tools against
several pathogenic infections, including severe domestic babesiosis.
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