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Part I1.

Babesiosis in domestic and wild animals in Asia

Chapter 1. Bovine babesiosis in Asia
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1. Introduction

Bovine babesiosis, a tick-borne disease caused by the intra-erythrocytic
protozoan parasites from the genus Babesia, is characterized by fever, anemia, and
hemoglobinuria (1). Various species of Babesia are known to infect cattle; however, the
most important are those caused by Babesia bovis and Babesia bigemina (1, 2). This
disease is foﬁnd in tropical and subtropical regions of the world, including Asia, which
corresponds to the distribution of the tick vectots (3). It has been estimated that half a
billion cattle throughout fhe world may bé endangered by bovine babesiosis (4). Since
the disease has a major impact on the development of the live‘stock industries due to the
losses of milk or meat production and sometimes the death of the infected animals, it 1s
considered to be one of the most important infectious diseases of cattle from an

economic viewpoint.

2. Pathogen and transmission

The Babesia parasites are members of the phylum Ap'icomplexa,v suborder
Piroplasmidea, and family Babesiidae (5). B. bovis and B. bigemina are the major
causative agents of bovine babesiosis in Asia. Other species, suchi as B. major and B.
ovata, have also been found in some countries; however, they are not highly pathogeniLC ’
in cattle and are not conéidered to be such én important pathogen as B. bovvis and B.
bigemina (3, 6, 7). The disease caused by B. bovis is more severe and more difficult to
control than that cauSéd by B. bigemina (1). B. bovis is a small Babesia measuring
approximatély 24 mlong and 1.5 m wide, whereas ‘B. bigemina is a large Babesia
measuring approximately 4 to 5 m long and 2 to 3 _m wide (1). Single B. bovis
organisms are round, oval, or irregular in shape, while paired forms are piriform or

club-shaped. The angle between the paired organisms is often obtuse. Single forms of B.



bigemina are elongated or amoeboid in shape. Paired forms are typically ptirifoml with
- an acute angle between the pair. |

B. bovis and B. bz’gem?na are transmitted by a variety of tick species, of which
_ the most important species is Boophilus microplus (8). Both parasites follow similar life
cycle patterns in adult Boophilus spp. Initial development takes place in basophilic
epithelial cells of the gut wall, where multiple fission occurs with the formation of
sporokinetes, and then the sporokinetes enter various C)rgané of the tick and initiate
cycles of multiple fission in the cells of tick organs, including fhe oocytes; thus, both
Babesia pathoggns are transmitted transovarially (8, 9). B. bovis is transmitted to.cattle
during the larval stage sincé the sporozoites that are infective for cattle occur in the
salivary glan!ds of the larval stage (16). On the chér hand, the sporozoites of B
bigemina occur-in the salivary glands in the nymphal and adult stages; thus, B. bigeminav"
is transmitted during these stages (11). For transovarial transmission, in contrast to B.
bigemina, ticks must be reinfected with B. bovis during the nymphal and adult stages

since the larvae lose their infection after transmission occurs (12).

3. Clinical signs and pathogenesis

In general, the clinical signs that develop as a resﬁlt of B. bovis and B. bigemina

. are similar. The first clinical signs of the disease occur at about the time the parasités

reach parasitemia levels detectable in blood snrl‘ears, usually between 8 and 16 ‘days after

they commence feeding (13). The mosf common signs of acﬁte infection include fever,

hemoglbbinurié, and anemia (1). The rectal femperaturg of infected cattle rises as

| parasitemia increases and reaches 41-41.5 °C in 2-3 days (13). iﬁfeczted animals lose

their appetite, become dehydrated, and lose weight; and pregnant cattle may abort (14). |

The details of the clinical signs of acute infection have been observed and described by



Yonglin et al. (15). In ani:méls infected with B. bovis, the central éjystem may be
“involved, leading to hyperexicitability and often terminating with signs of cerebral
damage, such as paddi.ng of the limbs, ataxia, mania, and coma (1, 13). The course of B.
bow‘s infection is usually sh()>rt, and the outcome is almost invariably fatal (14). Acutely
affected cattle with B. bigemina infections exhibit less severe clinical signs than those -
with B. bovis infections (16). Non-fatal cases from B. bovis infections may take several
weeks to recover completely, whereas recovery in non-fatal cases from B. bigemina
infections is us;ually rapid (14, 16). In subacute infections, clinical signs are less
: pronouncéd and may be difficult to detect (14).

A major‘ factor in fhe pathogenesis of bovine babesiosis is anemial(13). The
parasites cause anemia by rupture of erythrocytéé as they exit (17). As the parasites exit
the infected bovine erythrocytes, parasite-associated protedlytic substances are released;
these substances are believed td interact with blood components and to be responsible
for several of the pathologic signs and symptoms associated with bovine babesiosis,
including vasodilation, hypotensive shock, increased capillary peirmeability, edema, and
vascular collapse (1, 18, 19). B. bovis :infection leads to increased concentrations of
fibrin (20). The fibrin coating of erythrocytes, which increases the adhesiveness of the
red blood cells, causes adherence of erythrocytes to the inside of capillaries in the brain,
which might block fhe blood supply and result in clinical signs with cerebral
involvement (21). Parasitemias in brain capillaries could exceed 90%, although
per'ipheral blood parasitemia is below 1% (1). In B. bigemina infection, the pathogenesis

is almost entirely related to rapid, sometimes massive, intravascular hemolysis (14).

4. Epidemiology

Bovine babesiosis is present throughout Asia, although its distribution is not




completely known since no extensive epidemiological surveys have been condllcted.
However, it has been surveyed and reported in some Asian countries.

In Japan, bovine babesiosis, caused by B. bigemina and B. ovata, has been
reported (7, 22).  B. bigemina is found only iﬁ Okinawa prefecturé, whereas B. ovata is
widespread in Japan (3, 7, 22). B. bigemina has been now under control due to tick
eradication by acaricides (23).

In China, the disease occurred sporadically and occasionally broke out in local
areas (24, 25). Outbreaks usually occur when éxotic animals are introduced into.
endemic areas or carrier animals are imported into Babesia-free areas (6). B bovis and
- B. bigemina have been reported in 16 and 22 provinces, respelctiivel‘y (6). Statistical data
in 19 provinces in ][979 indicates 33,3’»87 cases of clinical bovine babesiosis and 4,946
cattle deaths as a result of this disease (6). In some endemic areas, the avérage infection
rate and mortality rate of B. bigemina were 35.26% and 57.10%, while those of B. Z;ovis
were 39.35% and 49.61%, respectively (6). In most cases, the disease is caused by
mixed infections of both Babesia parasites. As the active season of B. ;microj:rlus is from
| March to October, caseé of bovine babesiosis haVe been reported from April to
November, with peak periods in May, June, and July (7, 25).

In India, only B. bigemina has been reported. In a five-year eﬁidezmidlogical
study in and adjacent Ranthambhor National Park, India, a total of 307 serum samples
and blood smk‘sars were collected from 60 wild ruminants, 100 cattle, and 147 buffaloeé*
for serological and parasitological diagnoses (26). The serum samples subjected to
enzyme-linked immunosorbent assay (ELISA) revealed anti-B. b;gemina antibodies in ‘
7.03% of wild and 11.97% of domestic ruminants. Stained blood smears 'showed B.
bigemina infection in 5.7% in wild and 10.03% in domestic animals (26). A serological

study of 214 serum samples c‘olle:ctedr from B. microplus-infested cattle from the state of -



Orissa_was conducted to detect anti-B. bigemina antibodies by ELISA (27). The test
revealed 33.6% overall seroreactivity (27). |

In Bangladesh, bovine babesiosis caused by B. bigemina is di’stributed all over
the couﬁtry and occurs throughout the year; howéver, high prévatlence is noticed from
March to June (28). B. bigemina is fairly common among indigenous and cross-bred
animals in this country. The infections are mainly sub-clinical; however, clinical disease

s sporadic (28). A seroprevalence study of bovine babesiosis indicated 14.5% of cases
among native cattle and their exotic crosses (28).

In Sri Lanka_, sera were c:oilecfed from a minimum of 20 cattle at each of‘i 14
loc:alities in five climatic zones and tested for antibodies to B. bovis by the indirect
fluorescent antibody test (IFAT) (29). Antibodies to B. bovis were detected in cattle
from all the localities tested. Prevalence was consistently: high among localities below
1,200 m and lower and more variable in the hill country (29). |

][n>Ma1aysia, B. bovis and B. bigemina are a threat, pérticularly to susceptible
importéd cattle and their progeny (30). A serological survey conducted in cattle from 9
states showed that 72.6% were positive for both Babesia species ‘(31). In an agé-relkated
study, high rveac:ti\\/ityvantibody to B. bovis and B. bigemina was detected in calves less
than 1 month of age, and the reactivity\ decreased in calves between 1 to 3 months of
age; theh, the reactivity increased for both Babesia species in 6-month-<51d calves (31).
These results indicated that B. bovis and B. bigemina are enzootic throughout peninsular
Malaysia.

In Indonesia, a seroepidemiogical survey was’ c;)nducted to détermine the
prevalence of antibodies to B. bovis in cattle by ELISA (32). A total of 1,448 sreru.m
samples were collected frorﬁ Sumatra, Kalimantan, Sulawesi, Sumba, and Timor. The

prevalence of positive samples to B. bovis was found in 96% (32). The results indicated



that the surveyed areas are endemic for B. boﬁ's.

In Thailand, serum samples of 428 native cattle from 12 provinces and 532
buffaloes from 16 provinces were ltested for antibodies olf bovine babesiosis by IFAT
(33). The prevalence of antibodies to B. bovis and B. bigemina was found to be 74.5%
each in cattle aﬁd 28.2% and 41.1% in buffaloes, respectively (33). Cl/inical cases of
babesiosis were mainly found from June to Ndvember (34).

In Moﬂgb]ia, sera were collected from 283 cattle and tested ﬁbr antibodies to B.
bovis by ELISA (35). The mean prevalence of positive samples was found in 35.7%.

In Cambodia, bovine babesiosis caused by B. bovis and B bigemina has been
identified in several provinces by blood smear (36). Serological tests have been
conducted in.‘ buffaloes in Kampong Cham and Ratanakiri provinces by ELISA. The
pfevalence of bovine babesiosis was 24% and 21.5%, respectively (36).

In the Philippines, bovine babesiosis caused by B. bovis and B. bigemina
occurs occasionally in the field (37). In 1990, outbreaks in an ifnported herd of cattle
from A,ustralia were reported in Mdlay]balay and Bukidnon (37).

In Uzbekistan, Central Asia, B. bovis and B. bzge’mma have been reported with |

mfectlon rates of 7.4% and 19.4%, respectively (38).

5. Resistance and immunity

The resistance of animals is i:nﬂuencéd by several factors, such as age, b‘reed,
and inherent inﬁmunity (1). Bos indicus cattle, which are the majority in Asian coun‘trigs,
are less susceptible than Bos Taurus cattle, which are the European breeds (39, 40).
Thus, the effect of the dise:ase on Asian indigenous cattle is relatively small. In contrast,
European breeds that are introduced into endemic areas are particularly susceptible to

bovine babesiosis. Calves can receive Babesia-specific maternal antibodies via the



colostrum immediately after birth from immune mothers, which is considered to be a
crucial factor in regulating the effect of Babesia challenge during the first month of life
(41). Most cattle develop a durable immunity after recovering, and this immunity is not

absolute but may last for life, even in the absence of reinfection (14).

6. Diagnosis

Definitive diagnosis of bovine babesiosis is the direct identification of the
parasites in stained blood smears by microscopic examination (42). In animals éhowing
clinical signs ‘of' acute infection, Babesia 'para'sites are usually not difﬁ(:ult to identify.
However, the diaéhosis of subacute infections is often difficult, since pa,rasitae:mi’a’ts are
usually too low for thté examination of stained blood smears (42).‘Nuclweic acid prob»es
and PCR techniques have been developed to detect small numbers Qf parasites in blood,
but they are restricted to laboratoriés with facilities fof moleculér biology (43-46). An
alternative for the detection of Babesia infections is the indirect identification of the
parasites through the demonstration of antibodies by serological methods. Many
serodiagnostic tests have been developed for the detection‘ of antibodies to bovine
Babesia species, such as‘ indirect hemaglutination (IHA), the complement fixation te,:ét
(CFT), the latex agglutination test kLAT), IFAT, and ELISA (47-56). Howe\}er, only
IFAT and ELISA are used routinely (57).

IFAT has been extensively applied to the diagnosis of bovine babesiosis. It is
WeH suited to the low-technblogy environment (42). The cost per test is low, and most
reagents required are readily available or ban be produced on site (42); However, IFAT
is unsuitable for use on large nﬁmbers of sera due to operator fatigue. Furthermore, the
results of IFAT may be influenced by the subjective judgement of the operator (42, 58).

In addition, some cross-reactions between the two parasites do occur when B. bigemina




antigen is used (59). ELISA has been described as a very sens“i‘tive and économic assay
for the detection of specific antibodies (60). In contrast to IFAT, an objective reading is
“obtained, the data are amenable to computer evaluation, and a large number of samples
cén be handled (42). However, thg quality of the antigens available is crucial to the
development of a sensitive and specific test (42). Most antigens made from infected
érythrocjrtes: are contaminated with host erythrocytes and may lead to false-positive
results due to anti-erythrocytic antibodies (42). Recéntly, ELISAs using recombinant -
antigens have been devéloped for the detectioﬁ of bovine babesiosis (61-63). ELISAs
using recombinant antigens produced from rhoptry-associated protein 1 (RAP-1) of B.
bovis and a merozoite antigen of approximately 200- kDa (p2()0) of B. bigemina were
shown to be hlghly specific for the detection of anti-B. bovis and B. bigemina antibodies,

respectively (61-63).

7. Tre:atmeht

Treatment of bovine babesiosis usually involves the reduction of parasiwtemia
and thekmoderation‘ of the clinical signs of thé infected animal (1). If specific and
supportive treatment is given early on in the course of infection, before the onset of
severe anemia or nervous systermn disorders, the infected animals always recover (11). A
variety of chemical compounds have been successfully‘ used for treatment, such as
diamidine, quinoline, and acridine derivatives and imidocarb (64-71). Drug resistance to
bovine Babesia spp. has not been confirmed (14). The available babesiacides in each
country are different, depending on importation. Among available drugs in Asian
countries, Berenil® (dimilna\zene: aceturate) is more commonly used (6, 26, 28, 34). For
searching alternative and effective chemotherapeutic drugs, the anti-microbial drug

triclosan [5-chloro-2-(2.4 dichlorophenoxy)-phenol] was evaluated ,fdr its growth-



inhibitory effects against B. bovis and B. bigemina in an in vitro culture (72). Although
triclosan has an inhibitory effect on the in vitro growth of both parasites, further studies

are necessary to examine the mode of drug action and the in vivo effect (72).

8. Control

In most Asian éountries, the active control of bovine babesiosis is aychie\}e:d
mainly by ‘chnemotherapy, chemoprophylaxis; and vector control and less by
immunization (6, 26, 28, 34, 73, 74). The latter is restricted to some cou:ntriesQ but it is
‘not widely used. Chemotherapy is the most prominent method for cbntrollihg the
disease. Chemoprophylaxis is also used for disease control, particularly in large
ooutbreaks with high morbidity rates or when susceptible cattle are béing transporte:d
through an endemic area (14). The eradication of tick vectors is the rﬁost effective way
to control bovine babesiosis. It may be possible to achieve this aim under exceptibnal
circumstances of geographical isolétion, but, in most areas, tick eradication s
impractical. The best way that can be achieved to preVent ticks feeding on cattle is by
constantly treating cattle with acaricides (75). The method of application varies
aécording to the facilities available and the resources of the farmer. The system most
applicable to smallholder farmers‘ is the use of a ﬁand-pump spray to treat animals
individually. Where larger numbers of cattle are involved, the use of a spray race or
dipping tank is essential. Vaccines of differeﬁt types have been developed énd used to
immunize cﬁttle against bovine babesiosis. Live vaccines and inactivated vaccines have
shown partial protection against challenge infection (76-80). However, vaccine failure
sometimes occurs (81). For thé control of babesioéis in endemic areas, either 1iv¢ or
inactivated vaccines could be uséd. Inactivated vaccines are preferred in marginal areas,

where bovine babesiosis is a seasonal event, and for the immunization of animals that
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are to be moved from tick-free zones into endemic areas (82). In these situations,
vaccination would prevent deaths during occasional unexpected exposure to Babesia
and would not dissémin:ate organisms that could be picked up and transmitted by tick
vectors (82). Several recombinant vaccihes have been developed to replace the current

method of Vaccinéwtion, but they are currently not available (83-86).

9. Conclusion

~ Bovine babesiosis is one of the greatest obstacles to the development of the
livestock industry in Asia. The disease results in direct losses as a result of poor growth,
poor milk production, and mortality in infected animals or indirect losses due to the
high costs involved in controlling the disease. Eradication §vould at first appear to be the
ideal approach to control bovine babesiosis; however, there have only been relatively
few attempts with limited success over the years. Monitoring and surve:ill‘anlce can
provide an epidemiological picture of the disease in terms of 'incidence/prevalence
directed to the control of the disease. Research on bovine babesiosis, éuézh as
- epidemiological studies and the development of diagnlosis, §'accme:s, and integrated
control methods, should be cérried out. The information that will be'gathered could help

_in designing more effective control strategies for bovine babesiosis in the future.
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1. Introduction
Babesiosis is an economically important disease of equids, and sporadic o»utbreaks
are not uncommon. A significant segment of the equine populatioh has carrier status, due
to which the draugtability of these ani:rhals gets lowered, ‘and poor farmers suffer
economically (1). Equine babesiosis, also called piroplasmosis, is an acute, srub-;acute, or
chronic tick-borne disease of equidae caused by an infra-erythrocytic protozoa, Babesia
equi or Babesia caballi. The disease is characterized by fever, sometimes of an
~ intermittent nature, anemia, icterus and he:patomegaly; and ’splenomegaly. Billirubinur,ia |
and hemég;lobinuria may be present, usually during the last phase of the diseaée condition.

The disease caused by B. equi is more widespread and pathogenic than that by B. caballi.

2. Epidemiology

The Babe.§ia genus falls in the phylum Apicomplexa, class Sporozoasida, subclass
Coccidiasina, order Eucoccidiorida, sUborder Piroplasmorina, and fémily‘ Babesiidae.
Babesia equi is a small piroplasm, measuring 2.0x1.0 wm, whereas Babesia caballi is a
larger form that measures approxirﬁately 3.0x2.0 ptm Among erythrocytes, Babesia equi
can be from sphe:ricai to ovoid to the characteristic ‘Maltese-cross’ form. Babesia caballi
is mostly seen as two pear-shaped merozoités joined at their tips. The disease condition
caused by ‘these parasites is distributed throughout Asia, Europe, Africa, and South
America, and its prévalence is synchronized with the existence of the tick vector.

Japan is apparently free of the disease. Recently, Ikadai et al. (2002) applied
ELISA on 2,019 horse serumn samples that had been .collected between 197][-73 for

detecting antibodies against B. equi and B. caballi (2). By ELISA, 5.4% and 2.2% of the



samples were observed to be positive for antibodies. These ﬁndimgs suggested the
possibility of the ex;istence‘ of equine babesiosis in Japan, asthe occurrence of the vector
ticks, Dermacentor reticulates and Rhipiceephalds sanguineus, had already been
determined in 1974 (3).‘ However, recent study suggésts that Dermacento sp. seemed to
have been exterminated in Japan. Alternatively, Haemaphysalis longicornis, which is
widely distributed in Japahese pastures, has raised questio‘ned as 7real vector of equine
Babesia (3). Therefore, in the light of these findings, it is important to investigate the
actual status of equine babesiosis for future curtailment and control of infection.

Indian-bred horses and mules are considered to be preimmuﬁe carriers of the
disease. Lingard (1904) recorded piroplasmosis in lower animals and man in India and
assumed that mosquitoes were carriers"of the disease (4). Stevenson (1944) recorded
‘babesiosis in donkeys that had been imported to India from South Africa (5). These
donkeys were carriers of the infection, and, due to voyage stress, the clinical form of the
disease became apparent. Since then, sporadic cases of the disease have been recorded
from time to time, but the disease rarely occurs in an enzootic form. In 1976, Gautam and
Dwivedi observed a cliﬁical form of B. equi infection in mares that had beén imported
from Po.land.r Seven mares succumbed to the disease, and the remainder were treated with
Berenil® (6). Malhotra et ;ell. (1978) recorded 50.1 percent prevalence of the disease
among the horse poi:»ulation (7). Later Kumar et al. (1997, 2003) observed a 47.6 percent
incidence by performing ELISA on horse and donkey samples (8, 9).

Iﬁ Central Mongolia, a high prevalence of equine piroplasmosis has been reported
(10); 88.2% and 84.5% of the horses tested were found to be sero-positive for B. equi and

B. caballi antibodies by IFAT. Despite this high prevalence, very few clinical cases were



seen. Probably, the foals were infected at an carly age and remained immune from further
clinical infection. In China, equine babesiosis was recorded as early as 1943 in Heilonjian
Province (11). A high rate of prevalence of equine babesiosis was observed from
February to October, and April, May, and June were noted és months with a llligh
incidence of diseésé. Horses were found to be more susceptible to the disease than mules
and donkeys. ‘Equin’e babe\siosis is known to occur sporadically in local herds, and moét
local breeds have ivecn fouﬁd to be preimmune; however, outbreéks would be suspected
‘in imported horses to an e:ndemic area. Recently, seroepidmiological studies were
conducted in Jilin Province of China by conducting ELISA using EMA-1 and P48

antigens of B. equi and B. caballi, respectively. Out of total samples tested 34% and 32%

samples were found sero-poitive for B. equi and B. caballi infection, respectively (12).

3. Vector ticks

Ixodid ticks of the genera Hyalomma, Defmacehtor, and Rhipicephalus have been
identified as vectors for the transmission of either B. equi or B. caballi protozoa to a
natural host. In tropical countries, including India, ticks of the Hyalomma species seem to
have been a potential vector for the traﬁsmission of the disease to kdonke:ys and horses.
Ticks of the spéc:igs Hyalomma anat&licum anatblicum (bofh sexes in the same ratio) were
released on experimental donkeys, which showed a gradual rise in percent B. equi
parasitemia. It was observed that the acini of the male ticks were more infected than those
of the female ticks (13). The average percentage of infected acini per tick was 23.95% in
males and 13.19% in females. These ticks were able to transmit infection to the natural

host donkeys. In Mongolia, the tick vector for spreading equine babesiosis is unknown;



however, Dermacentor nuttali Dermacentor salvarum, énd Hyalomma dromedarywere
observed to frequently infest horses and were reported to be the vector for B. cdbaﬂi(l4).
Battasetseg et al. (2002) reported the amplification of specific equine Babesia parasite
gene fragments in D. nuttalli ticks collected from different areas of Mongolia, suggesting
their vectorial role in the transmission of the Babesia parasite (15). Bai et al. 4[1995) \
reported the transovarian transmission of B. caballi by D. m;ttali in exp»erimeﬁtal hd:rses of
Chinese origin (16). Dermacentor silvarﬁm, Rhipiceephalus haemaphysaloides, D. niveu,
and D. sinicus have been reported as possible vector ticks for B. equi and B. caballi ‘in

China (11, 17).

4. Pathogenesis

The events in pétthogenesis responsible fér hezmoglo'binuria and subsequent
anemia are obscure in equine babesiosis(18). Development of progressive anemia and
hemog].ébinuria in the last clinical phasé of the disease is a pathognom()nic sign in B. equi
infection in horses and al:§o in donkeys (19). The pathogenesis of anemia has ﬁot beeh
fully elucidated. The adverse effects that B. equi and its metabolites inflict on donkey
erythrocytes have been studied (20) in Indian donkeys. At high parasitemia, B. equi
organisms were - observed in neutrophils, indicating phagocytosis of the infected

erythrocytes by the neutrophils. They reported a progressive increase in donkey

. erythrocyte memb'r‘ane proteins, total phospholipids, and plasma malondialdehyde,

thereby suggesting lipid peroxidation during the acute phase of the disease. Gradual
decrease in hemoglobin and PCV values with the clinical progression of B. equi

parasitemia in experimental donkeys was also observed. Further scanning electron



' microscopy of B. equi-infected donkeys ‘revealed‘ spherocytes, sphero-echinocytes,
sphero-stomatocyes, kinizocytes, aLnd acanthocytes with pitting and fine granulation on
their cell surface (21). This limited study concludes the occurrence of morphological

changes and lipid peroxidation on the cell surface, leading to erjzthrécyte-phatgdcytosis

and subsequent anemia during B. equi infection in donkeys.

5. Clinical manlifestaltions

VInfec’tion caused by B. equi is more pathogenic and widespread than that by B.
caballi protozoa. Mixed infections are not uncommoh, and they make diagnosis difficult.
T he incubation period folloiving an infective tick bite varies from five to 21 days (6, 22).
The disease condition starts with intermittent fever up to 40°C followed by listlessness,
depression, marked thirst, inappetence, watering eyes, and swelling of the eyelids.
- Affected ddnkeys ére constipated, passing small, hard balls of feces covered with yellow E
mucus, and their overali health may deteriorate. Sometimes, donkeys will demonstrate
colicky symptoms, such as, for example, looking at their flank, péwin;g, kicking at the
belly region, and lying down and rolling, all of which are aﬂributed to sluggish intestinal
pe:ristaltiwc movements and constipation. The most characteristic sign is the development
of icterus, a mucous membrane that varies from pale pink to pale yellow to bright yellow
in color. Petechiae or ecchymosed hemorrhages may be observe(‘i‘ on the mucous
mtﬁmbratles of the nasal passage, vagina, and third eyelids. Extreme enlargement of the
spleen ié a very common symptom in affected animals. Finally, color changes in the urine,
from dark yellow to .orange/bm»wn, are observed, which indicates the presence of -

hemoglobin and bile pigments resulwting from severe hemolysis of the infected
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erythrocytesb.‘ Untreated or heglected c:aées will result in animals that are severely anemic
and reluctant to move, suffer from malaise and inappetence, bend their necks down, as if
disinterésted in their surroundings, and exhibit signs of general weakness. Equines
usually have a higher threshold for the escape of hemoglobin through urine f}om the
circulation; hence, hemoglobinuria is observed as the last irreversible clinical sign
signifying nephrosis and subsequenf renal failure.

Chronic cases of equine babesiosis are moré common in donkeys, and clinical
signs are usually nonspecific and include mild appetence, poor work performance, or an
inability to gain weight. Splenomegaly has been observed has been\ observed as an
unusual finding in affected donkeys. Neonatal babesiosis has nof been observed by the
author and has been rarely reported. Severe hepatomeg:ily, splenomegaly, icterus, and

internal hemo»rrhage: have been reported (18).

6. Clinical pathology

| Hémoglobin concentration, PCV level, and‘red blood cell counts are significantly
lower in donkeys acutely infected §vith the B. equi parasite(20, 23). Acute infection is also
characterized by severe le'ucocytzoéis, lymphopenia, and a high absolute neutrophil count
(23, 24). Donkeys that died of B. equi infection sﬁowed a Varyin'g' degree of eméc:iation,
gros§ enlargement of the liver and spleen, and flabby kidneys k(25).’ Small pinpoint
petechial hemorrhages are also present in the liver, spleen, and cortical surfaces of ’the
~ kidneys. The lungé are edematous and cdngested, and the lymph nodes are enlarged.
Kupffer cells, observed microscopically, revealed a deposition of hemosiderin pigments(6,

25).



7. Diagnosis
7-1. Microscopic and serological examin_ation
Microscopic demonstration of an infraerythrocytic'parasite is still the best, most
reliable, economical, and sustainable method for confirmative ’diagn.osis of equine
babesiosis. Thin and thick blood smears are suitable for this examination after staining
with Giemsa stain, but they are unsuitable for the detection of carrier animals (26-28).
Therefore, serological tests, such as the Complement fixation (CF) test (29), indirect
fluorescent antibody (IFA) test (30) [both are recommended official tests, according to
OIE regu]latién],, and enzyme-linked immunosorbent assay (ELISA) (8, 9, 31-36), are
preferred. However, CFT has the inherent disadvantages of giving false-positive results
and having low ’sensitjivity for ‘det’e:cting latent infections. Due to the presence of some
anti-comp}ememtary antibodies [IgG(T)] (37) and other factors in the equine serum, a CF
test may give false-positive and -negative results (38). On the other hand, IFAT requires
expertise and subjective variation for detecting positive nonspecific ﬂuores:cr:en‘ce.\‘
Different forms of ELISA have been standardized by mény Asian researchers and have
been validated on field samples (7-9, 12). Equine merozoite surface antigens (ema-1 and
ema-2) have been used by many researchers for detecting specific antibodies against B.
equi without any cross-reactivity with other Babesia spp. Knowles et al. (1991) confirmed
that EMA-1 epitope is conserved in different isolates of B. équi from 19 countires, and
they demonstrated the usefulness of monoclonal antibody-based competitive inhibition
ELISA in the diagnosis of antibodies against B. equi in sera collected from different

countries (3 8); Later, Tanaka et al. (1999) used the EMA-2-expressed antigen in ELISA



and demonstrated its efficacy in serodiagnosis and an epidemiological survey and, hence,
on horses held for quarantine in Japan (39). To identify the usefulness of the new genes in
the specific serodiagnosis of B. equi infection, Hirata et al. (2002) demonstrated the
efficacy of the B. equi Be82 gene product in ELISA in detecting antibodies in field -
~ samples, and, furthermore, they const:rucfed a series of clones with deleﬁons in the Be82
gene product so és to imprdve the efficacy and reduqe cross-reactivity with B. caballi (36).
A clone with a deletion of the Be82 gene from positions 236 to 381 (Be82/236-381) was
used to detéct B. eg[ui-infbcted horse sera without cross-reactivity with B. caballi-infected
horse sera. Assays with clones from which other gene products were deleted showed
decreased sensitivitieé or remaine\d nonsi)eciﬁc for the de:teétion of B. equi-infected horse
4' sera. These results suggest that the Be82/236-381 gene product is a novel antigen for the
diagnosis of B. equi infection in horses. Recently, Kumar et al. (2003) reported the use of
single-dilution ELISA for thé sero-diagnosis of B. equi antibodies (9). In conventional
serial-dilution ELISA, the end titer of a sample is calculated by serial two-fold dilution of
the sample until the optiéal density (OD) becomes negative. However, in a single-dilution
ELISA, o_ﬁly one particular dilution of the serum sample is tested (for this reason, if is
called a single-dilution ELISA). The OD value of the one-dilution tésted is used in the
regression equation for predicting the end\ antibddy titer. Therefore, single-dilution
ELISA is less cumbersome, more economical in terms of consumption of
antigen/conjugate/reagents, and suitable for field studies. Kumar et al. (2003)
demonstrated that a single-dilution ELISA is as sensitive and specific as a serial-dilution

ELISA in detérmining the B. equi antibody’s end titer of a sample (9).
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7-2. Parasitic DNA detectiom
During the early phaser of infectipn, the antibody titer and, hence, the parasitemia
. are Ver'y low, which makes it difficult to accurately diagnose the disease by conventional
serological tests. In these cases, the detection of parasitic DNA is preferred, and many
tests have been standardized on this parameter, thgt is, for example, with Soﬁthern
hybridization with specific DNA probes,‘ PCR, nested PCR, and PCR-based restriction
fragment polymorphism analysis (RELP). Among these methods for the detections of
DNA, PCR has been more popular and widely used test. The PCR reaction can amplify
the taréet Babesz"a spp. DNA many times and is abie to detect a very low quantity of
DNA and, hence, of parasitemia. As little as 1‘ pg of 1the parasitic DNA can be
succ:essfully ”ampliﬁed and detected with a routine PCR test. Bashiruddin et al. (1999)
~designed PCR primers from the 16S rRNA géne df B. equi and B. caballi (4‘0).;They
demonstrated that PCR could detect an approximated parasitemia of 0.000083% fér B.
equi compared with the repbrted limits of 0.001% for the microscopic examination of
stained blood smears and up to 0.00025% for DNA p.robes. Furthermore, they reported
that PCR detected more samples aLS positive, which had been found negative by the
standard CF test. They concluded that PCR systems may be useful in the diagnosis of
equine babesiosis adjuncts tb sérolo»gical, microscopic, and cultural methods, especially
for the import and export testing of horses.
Rampersad et al. (2003) compared the efficacy of ]E;C_R and nested-PCR with
routine blood-smear examinations (41). They concluded that the Wright-Giemsa-stain
could be used to identify Babesia.in mostly clinically illyanimals and that nested PCR

could be used to detect the organism in a large number of apparently healthy animals and
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would be more sensitive than normal PCR. The results of this study suggested that nested
PCR is supeﬁor to both the Wright-Giemsa-stain and primary PCR methods and should

be considered for the routine detection of B. equi in both healthy and clinically ill horses.

8. Chemotherapy
" The B équz’ infection is more resistant to chéniothxerapy than B. caballi infection,
and, usually, frequently repeated doses are required. A variety of drugs have been used
| for the treatment of B. équi kinfection in donkeys of Indian origin. Moét ()f the drugs
improve the clinical signs but do not completely eliminate the in:feétion_ from :thé body. At
~ the same time, drug treament is éeldom mandatdry in endemic areas but results in a
serious relapse of fhe/ disease in the event of phyéiolog;ically and physically stressful
conditions. Tetracycline-like chlorotetrac&cline hydrochloride (AureomyCJin®, Ledera
Laboratories) and oxytetracycline hydrochloride (Terramycin®, Pfizer) are effective only
against B. equi when given intfawenously dailyzfor twol or more days at a dosage of at
least 5.5 mg/kg body‘ weight (42). The time interval between doses seems to be important.
Four‘intramus\cular doses of imidocarb dipropionate (I,mizol® Burroughs Wellcome and
Co., Gr. Bﬁtain) 72 h apart at 4 mg/kg body weight cleared B. equi from horses but not
from infected donkeys, which died even after treatment (43, 44). Two-dose th13rapies; with
imidocarb at a 48h intcrva]. at 5 mg/ml were found to be quite effective in bringing about

the clinical recovery in infected donkey:§ (24). |
Dennig (1965) reported that diminazene diaceturate (Bere‘nil® Hoechst
Pharmaceuticals, ‘Ltdl.) was the only drug that was successful against mild-to-moderate B.

equi infection in horses and donkeys but not effective against acute infection (45).
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Further diminazene diaceturate was effective in eliminating B. caballi infection but not
the B. equi parasite (46, 47). Singh et al. (1980) applied diminazene diaceturate to
donkeys infected with the B./equi parasite at a dose of 12 mg/kg body Weight (24). Two
intramuscular injections were given at 24h apart. These researchers observed that
pafalsitemia only declirled two to three days after treatment. It has been considered that
some time is required for the initiation of drug‘ action against a multiplYing parasite,
which should precludé: its ﬁeld use. Copper glycinate has been proved successful in
treating clinical cases due to Babesia bigemina infection in cattle (48). However, similar
trials in splenectomized and :noﬁ-sp»lenectomized donkeys infected with B. equz‘" parasite
with an intravenous injection of copper gl‘ycinate- at 1.5 mg/kg and two injectibns with a
24h interval proved unsuccessful in reducing fulminating parasitemia (49).

Encouraged by tfle high therapeutic efficacy of artemisinin (qinghaosu)
derivatives, namely, atftésunate, arteether, and artemeter, against mu]itiplé' cases of
falciparum malaria (50-52) and buparvaquoné against tropical bqvine theileriosis by
Theileria annulata (53), we tested these drugs for their therapeutic efficacy (alone or in
drug combinations) against B. equi-infected splenectomized donkeys (9). Individually,
arteether (5 mg/kg daiiy for 3 days, intramuscularly) and buparvaquone (5 mg/kg daily
for ’.4 days, intravenously) wére found to have no parasite clearing efficacy, and the
treated donkeys died within 5-6 days after 'showing high parasitemia and clinical
symptoms of the disease. Ho»weyer; the parasite multiplication ’in animals treated with
artesunate (2.5 mg/kg daily for 4 days, intramuscularly) was restricted, but only during
the treatment period; after that, all the treated donkeys died. The parasite was cleared

from the blood of all the animals treated with ifnidicarb and the arteether-+buparvaquone
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combination within 2-5 days post-treatment (PT), but, in both of these groups,
recrudescence of the B. equi parasite \'kvas observed within 55-58 days PT, and the mean
survival period post-treatment _waé 66-69 days. The hemato-biochemical parameters on
these animals had shown that ii.m_idocarb had a deleterious effect on the liver function,
while the combination of arteethér+buparvaquoné was found to be safe. This limited
study iindicatés that the combination of arteether+buparvaquone could be a better choice

than imidocarb for treating B. equi infection in donkeys (9).

9. Imxﬁunolqgical control

Little effort has been made to develop a suitable and potent vaccine for the control
of equine babiesiosis in horses and donkeys. After diagnosis of the infection in equids, the
second 'step would be to curtail and control the disease. Some efforts toward
vaccinological control have been made using crude B. equi immunogen in donkeys. Singh
et al. (1980) immunized donkeys with a B. equi-infected erythrdcyte lysate followed by
boosted inoculation '(24). Immunized donkeys survived after the challenge of infection
but became carriers of the B. equi parasite. Salem et al. (1990) also tried crude vaccine on
donkeys and reported protection upon the challenge (54). Recently, Kumar et al. (2002)
immunized the donkeys with immunogen so that each dose of the immunogen would
contain the lysate of 2 x 10" parasitized erythrocytes (23). The immunogen was mixed
with adjuvant Quil A and injec;ted into the animal, and one bdosted inoculation was
’rnepeated. The immunized -donkeys survived the ‘challenge iﬁfection (1 x 10" parasitized
erythrocytes), and, simultaneously, a very high humoral ‘and cell-mediated immune

response was mounted by the immunogen in the immunized donkeys, as monitored by
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ELISA and the lymphocyte stimulation assay, respectively, during the experimental
period. The most astonishing part of the experiment was the absence of any parasitemia
aftelr splenectomy of the immunized donkeys, which survived after the challenge
infection. This experiment had proved that a B. equi crude immunoggén can elicit a strong
immune response against B. equi infection and; also, that there is a possibility for the
vaccinological control of the infection. Further 112, 45, 33, and 18 kDa polypeptides
-Werc:‘ident:iﬁed as immunodominant in B. equi merozoite antigen and reacted strongly
with the serum collected from immunized chéllenge-survived donkeys (23). More future

vaccinological experiments will be required to develop a potent subunit vaccine.
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1. Introduction

Canine babesiosis is tick-borne disease caused by .two intraerythrocytic protozbzm
parasites, Babesia canis and B. gibsoni. -Both B. canis and B. gibsoni infections are
prevalent in Asia, although the former is less | conimon. Tradit'iohally, canine
piroplasms were mainly identified based on their morphological properties: all large
pir()piasmxs were thought to be B. canis, whereas all small piroplasms were thought to be
B. gibsoni. - In contrast to B. gibsoni, three different subspecies of B. canis have been
proposed based on their biological properties: B. canis rossi, which is transmitted by
Haemaphysalis leachi in Southern Africa and causes a usually fatal infection in
domestic dogs even after treatment; B. canis vogeli, which is transmitted by.
Rhipicephalus sanguineus (distributed throughout various tropical and subtropical
regions, including many Asian countries) and leads to a moderate, often clinically
ina]pparent‘ infection; B. canis canis, which is transmitted by Dermacentor reticulates in
Europé and shows a more variable pathogenicity, hsually lying between the
aforementioned extremes (1, 2, 3, 4). These three biologically different subspecies of
large piroplasms were recently confirmed as trué subspecies based on genetic
characterizations (3, 5). On the other hand, recent knowledge, based on genetic
analyses of genes from canine piroplasms, also shows that there are at least three
distinct subtypes or subspecies for small piroplasms: a classic Asian type B. gibsoni; a
small orgzmism recently identified in northern Spain and called Theileria annae; and a

small organism identified in California that remains unnamed (4, 6, 7, 8, 9).

2. Morphology

B. canis belongs to large Babesia (Fig. 1), is 3-5 ym in length, is piriform, and
often occurs in pairs (10, 11). Pleomorphism of shape may be seen, organisms varying
from amoeboid to ring forms. Multiple infection of erythrocytes is possible, up to and
somtétimes more than 16 organisms occurring in a single red bloqd cell (10, 11).
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Organisms have also been found in endothelial cells of lungs and liver and in
'macrophage:s due to erythrophagocytosis (10). | |

B. gibsoni belongs to small Babesia (Fig. 2), is 0.5-2.5 um in length, appears iﬁ
pleomorphism in Shépes that are frequently annular or oval, often appears alone, and

may display a ring form (11). Occasionally, a maltase cross-form is observed (12).

a . 00 @

1. B. canis usually appears as Fig. 2. B. gibsoni usually appears

Fig.

paired piriform organisms in canine as ring form organisms in canine

red blood  cells. - red blood  cells.

3. Life cycle and transmission

H. leachi, R. sanguineus, and D. reticulates are known to b¢ transmittihg vectors
0f B. canis (10, 11, 12). On the other hand, H. bispinosa,, H. longicb.rnis, and R.
sanguineusk are considered as transmitting vectors of B. gibsoni (10, 11 13). The
development cycles of both Babesia are considered to be similar. Following
attachment of infested ticks, sporozoites are release‘ci into the blood circulation,
infecting erythrocytes. Within the erythrocytes, the parasites propagate by binary :
fission, an asexual form of schizogony, resulting in rrier‘ozoites! Naive fii:ks attéich to
the infected dogs and becdme infected with Babesia ofganisms when they ingest a.
blood meal. In addition to ticks, transmission of canine babesiosis may also occur
through blood transfusion, oral abrasion bites, énd contaminated needles and

instruments.  Certain biting insects may also serve as mechanical vectors.



Transplacental transmission may also occur.

4. Distribution

In Asia, B. gibsoni infection is much more CoOmmon and serious than B.' canis
infection. Only B. canis vogeli infection is occasionaily\reported from Asian countries,
whereas B. gibsoni is frequently and widely reported from many Asian countries (13,
14). To daté, there have been many reports of B. gibsoni infection i’nf[ndia (15, 16),
Sri-Lanka (17, lv8), Bangladesh (18), China (19), Japan (13, 20, 21, 22; 23), Malaysjia
(24), Korea (25), Vietnam (19), and Iran (13).

5. Pathogenesis and clinical signs

The pathogenesis of canine babesiosis varies tonside:rably with the species and
strains. Both young and old dogs are susceptible to babesiosis; however, young vdogs
are more susceptible and frequently have severer infections (26). This is clifferellf
from the case of bovine babesiosis, in which calves are more resis,tantﬁtha.n older
animals (26). Infested ticks need to complete the transmission with feeding for 2 to 3
days (12). The incubation period of B. canis is 10-21 days, and, for B. gibsoni, itis 7-
21 days. Thé most common clinical signs of acute cases are fever, marked anemia
with icterus, inappetence, marked thirst, weakness, prostration, and often death (11).
Hemoglobinuria is usually associated with peracute cases in which the loss of réd blood
cells is marked (10). In chronic cases, there may be irregular temperature, a capricious
- appetite, and marked loss of coﬁditions. Anemia is severe, and the dogs are listless
and become very weak and emaciated. In some severe and fatal infections, there is no
direct relationship between the clinical condition and the degrée of parasitemia (10).
Erythropoiesis is ‘active even in p:rofouﬁd cases of anemia, and reticulocytes appear
from the early to the late stages. Central nervous system involvement, which is 1es,s

common than the other manifestations, causes locomotor disturbances, paresis,
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epileptiform fits, and other CNS signs. The spleen is enlarged, with dark red, soft pulp
and prominent splenic corpuscles. The liver is enlarged and yellow with pathologlc
changes ranging from congestion to centrilobular necrosis. Small hemorrhages are

sometimes present on the heart, pleura, bronchi, and intestines.

6. Diagnosis

' It is important td determine the species, subspecies, and genotype that causes
canine«babesi'osis, since the virulence, prognosis, and response to antibabesial drugs
may be different for each organism. The diagnosis of canine babesiosis is mainly
based on the de_tection of intraerythrocytic Babesia organisms by the microscopic
| examination of Giemsa-stained thin blood smear films. B. canis generally appears as a N
paired piriform measuring 3-5 ym (Fig. 1), and B. gibsoni usually appears as a singular, \
signet ring shape measuring 0.5-2.5 pm (Fig. 2). A microscopic examination is simple
and suitable for the acute stage of canine babesiosis. However, the detection of the
intraerythrocytic Babesia organisms is sometimes very difficult and not suitable for
practical use in inalpparent or chronic infection because of low levels of parasitemia.
Hence, alternatively, the indirect fluorescent antibody test (IFAT) and enzyme-linked
immunosorbent assay (ELISA) with infected erythrocytes as an antigen have been used
for the serological diagnosis of B. gibsoni infection (13, 27). These tests are
particxilarly useful for the identification of chronically infected dogs with significantly -
low parasitemia. In general, IFAT and ELISA for babesial parasites are highly
sensitive but only modérately specific because of antigenic cross-reactions with other
closely related Babesia species (27). In these tests, antigenic cross-reactivity between
the two canine Babesia species has been reported (27). AFurthermore, dogs that were
experimentally infected with B. gibsoni developed cross-reactive antibody to canine
' protozoan parasites, such as B. canis, Toxoplasma gondii, and Neospora caninum (27)
In addition, when whole parasites are used as antigens, their quantities can vary from
batch to batch. In addition, the antlgen production for these tests requires
expenmentally infected dogs, making production time- -consuming and expenswe
’Iherefore the development of a high-quality serodiagnostic system using pards1te-

specific antigens is required for the d1a;mos1s of canine babesms is.



The molecular search for diagnosticranti_gens for canine babesiosis infection has
focused on the identification of immunodominant antigens that are recognized by sera
from animals infected with geographically distant isolates and from both acutely and
chronically infected animals. Recently, Fukumoto et al. have identified two genés both
encoding immunodominat antigens, P29 and P50 of B. gibsoni, and evaluated their
diagnostic potential in ELISA (28, 29). The ELISAs with recombinant P29 or P50
wei:e able to differentiate clearly between B. gibsoni-infected dogs and B. canis-infected

~dogs or non-infected dogs (28, 29, 30, 31). A positive result is dependent on an
antibody response by the host, which may take up to 8 days to develop (30).

Recently, the introduction of a polymerase chain reaction (PCR) has allowed the
development of simple, specific, and sensitive diagnostic methods for the detection of
canine piroplasms (32, 33). In addition, molecular analysis based .on PCR offered a
better understanding of the phylogenetic relationships and classification of canine
piroplasms (3-9). ’ _

Severe combined inﬁmuné deficiency (SCID) mice, whose erythrocytes had been
replaced by canine erythrocytes (Ca-RBC-SCID), were established for the propagation
of canine piroplasms (34, 35). ][ndculation ‘of Ca-RBC-SCID with' blood samples
(xenodiagnosis) suspected of being infected with B. canis vogeli or B. gibsoni, for
example, is also useful, especially when the level of parasitemia is significantly low.

In vitro cultivation of canine piroplasms has also been established (18, 36, 37). -
The methods can be used as a means of amplifying piroplasms in dogs in which

parasites might have otherwise been missed.

7. Treatment
Chemotherapy against canine babesiosis at the early phase of infection is very

important to reduce the severity of disease and mortality, although it cannot cormpletely
~ eliminate the parasites.  Diminazene acceturate, phenamicine isethionate, and
pentamicine isethionate have been demonstrated to be effective against canine
babesiosis (10). Trypan blue and quinoline derivatives, such as acapron, are effective
against B. canis infection but not against B. gibsoni linfectjion (11). Only diminazene
acceturate (Ganazeg) has been utilized for the treatment of B. gibsoni infection in Japan.

However, it sometimes induces side effects, such as weakness, irritability, paralysis,



non-responsiveness to stimuli, and fatal central nervous system hemorrhage.
Furthermore, the production of Ganazeg was recently stopped because of these severe
side effects. Since then, the treatment and control of canine B. gibsoni infection have
become very difficult in Japan. Supportive therapy, such as intravenous fluids and
transfusions, is recommended for canine babesiosis, particularly for dogs with severe

anemia.

8. Prevention and control ,
For the control of canine babesiosis, vaccination is generally considered to be the

most effective means. It is known that the inactivated whole parasite antigen or
soluble parasite antigen that is derived from a supernatant of an in vitro culture of |
Babesia parasites is a useful antigen for vaccination and induces partial protection
against babesiosis (37, 38). However, the quantities and quality of the antigens
frequently vary from one batch to another. This sentence is a little too long and not
quite c:lgar. Do you mean, “Furthermore, the production of whole parasites requires
that dogs be experimentally infected, and the production of soluble parasite antigen
- requires a significantly large volume of canine erythrocytes and a large scale of in vitro
cultured parasifes. All these requirements make this method expensive, time-
<:onsuming, and impfactical as a vaccine development method against canine babesiosis.
Recombinant vaccines, corresponding to immunodominant antigens of B. gibsoni, could
be used to overcome the problems outlined above (39). | o ‘

” Currently, an effective vaccine is not commercially available in Asian countries.
Therefore, tick control is considered the most important means for the prevention of
canine babesiosis, since treatment is not always successful. The environment should
be treated to decrease»’the number of ticks; dogs should be treated to control tick
infestations; and ticks should be removed from parasitize:d dogs as quickly as they are |
detected. In addition, owners should be aware that dogs that have survived from
babesiosis, particularly from B. gibsoni infection, remain subclinically infected. These
/d.ogs may suffer a relapse of the disease or serve as point sources for the further spread
of disease in a given area. Dogs that have recovered from babesiosis should never be

used as donors for blood transfusions.
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1. Introduction

Babesia parasites are tick-transmitted intra-erythrocytic protozoa in the phylum
Apicomplexa. They infect a wide variety of wild and domestic animals and are responsible for
enormous economic losses to the livestock industry worldwide (1,2). Moreover, some are major
etiologic agents of human babesiosis (3). During the asexual growth cycle in a natural host, the
merozoites internalize the host erythrocytes via multiple adhesive interactions of several
protozoan molecules with the host cell componel;ts. T hus‘,\ the para:siteé destroy the infected
erythrocytes, which results in severe clinical symptoms, such as high fever, anemia, hematuria,
and hemoglobinuria, in the infected hosts (1,2). Therefore, a better understanding of\basic
molecular mechanism(s) during the asexual growth cycle may accelerate the develop\m.ent of |
effecti_vey vaccines against babesiosis.

Babesia microti ‘has been used as a useful experimental model to study the immune
mechanisms of babesiosis in many other animals.\ Mice infected with B. microti produce a
transie:htly high parasitemia but subsequently recover from the acute infection (4). The
recovered mice are resistant .aga,inst re-infection With B. microyti (5,6). CD4" T cells and gamma
interferon »(IFN-y) produced by the CD4" T cells are considered to play vital roles in the
resolution of B. microti infection (5-7).

In this review, we discuss four recent developments that have made a remarkable
contribution to understanding the molecular mechanism of Babesia'parasit:es and, hence, the

identification of vaccine targets.

2. Heparin covers the surface of babesial merozoites and inhibits the subsequent invasion
~ into the host erythrocytes (4)
Hepajrin is a highly sulfated form of heparan sulfate (HS) and is well known as an

inhibitor of the blood coagulation system (8). The HS and heparin are complex entities



composed by anionic, linear mucopolysaccharides with alternating uronic acid and
hexosamine residues in which a limited set of monosaccharide units gives rise to a number of
complex sequences\ by variable substitution with the O-sulfate, N-sulfate, and N-acetyl groups
(9). While the HS is produced in most cell types, heparin is a biosynthetically derived
component of mast cells and basophils (10) and has a molecular weight (MW) of
approximately 3,0()0 to 37,500 Da with an average MW of 13,0‘00 Da (11). Due to the sulphate
and carboxylate residues,» heparin is highly negatively charged and has a selectively high
- affinity ‘ for various molecules (12). Moreover, heparin has been uxseci as a model
glycosaminoglycan (GAG) to study the HS interaction with its binding partners (13).

In i:his stlidy, ‘the inhibitory efficai:y of heparin was prinCipzﬂlly‘ ‘demonstrated on the
growth of Babesia parasites. The multiplications of Babesia bovis, B bigemina, B. equi, and B.
“caballi in in vitro cultures and of B. microti in vivo (mice) were significantly inhibited in the ‘
~ presence of or treatment with heparin. Treatmerit with heparin restricted the invasion of
babesial merozoites to new crythroéytes, as evidenced by the increased number of extra-
erythrocytic (free) merozoites, and finally led to a complete clearance of the intra-erythrocytic
parasites. 'Furthérmore, fluorescein isoth:iocyanateflabéled hepzirin (heparin-FITC) was
preferentially found on the surface of extracellular merozoites in confocal laser scanning
microscopy (Fig. 1).

The heparin-FITC results indicated the presence of heparin-vbinding molecule(s) on the
surface of free merozoites. The inte:iaction between the heparin-binding molecule(s) and
exogenous heparin appears to play a critical role in the interruption of the attachment/invasion
process of merozoites on the erythrocytic surface. Previous studies with heparin-FZ[TC-labeled
Toxoplasma gondii reported that the ﬂuoreslcencé was localized ne‘ar the subapical region of
free ta«;hyzoites (14). The T. gondii surface antigen, SAG3, is known to show a heparin-

binding prope:rty and mediates the attachment of tachyzoites to the cellular HS proteoglycan of



host cells (15). In P. falciparum, heparin interacts with the circumsporozoite (CS) profein
expressed on the surface of sporozoites (16). The binding of the CS protein to cellular HS
proteoglycans is required for /the attachment of spo’roéoijtes to hepatocytes. It is noteworthy
that the HS p.rotéoglycans are ut:i\liz'ed in the host recognition by some parasitic microbes (17).
Together with the fact that the HS-like GAG is located on the surface of erythrocytes (18,~19)>,
free babesial merozoite can be c;)nsidered to recognize the HS-like GAG of host erythrocytes
via the parasitic molecule(s) with an affinity to heparin.

| The observations suggested that heparin wraps the surface of free babesial merozoites and
inhibits subsequent invasion into the host éry'tllrocytes: This enforces the identification of the
heparin-binding molecule(s) for understanding thé process of ‘merozoite attachment and

invasion. Furthermore, such a merozoite surface molecule might become an effective babesial

vaccine, which might induce antibodies inactivating the process of merozoite attachment.

3. Cellular Localization of Babesia bovis merozoite rhoptry-associated protein 1 and its
erythrocyte-binding activity (20)

Apicomplexans utilize several thoptry proteins in their invasion and further develop;ment
within 1&16 host cell (21,22). In Plasmodium parasites, extracellular merozoites attach to the host
erythrocytes and reorient to bring the apical organelles closek to the attachment interface, and,
through the interaction of protozoan ligands with several surface receptors, the rhoptry products
are released at the poinf of membrane invagination. In Babesia bovis, which is pathogenic in
- bovines (1,2), a rhoptry protein, designated as rhoptry-associated protein-1 (RAP-1), has
previousl;ll been identified (22). The RAP-1 has an apical location on the surface of B. bovis
merozoites (23-26) and is detectable as a rhqptry componeﬁt by immuno-electron microscopy
(27,28). The RAP-1 of B. bovis has substantial sequence homology with the RAP-1 of other

Babesia parasites (23,29) and contains several epitopes immunogenic to host B cells (27).



‘ Importantly, the purified recombinant RAP—I has pfoved effective in inducing a protective
immunity to some extent in the vaccinated cattle (30). Fulihemlore, Mosqueda et alT (31)
reported that the RAP-1 is also expressed in sporozoites and that the specific antibodies can
inhibit the attachment of sporozoites to host erythrocytes. In order to understand the biological -
role of RAP-1 ef(;)resseCI in B. bovis merozoites, the cellular localization of B. bovis merozoite
RAP-1 and its erythrovcy‘te-binding activity were in\;estigated in this study.

In an indirect immunoﬂuorescent antibody test, the RAP-1 was detectable in all
develbpmenttal sttages of merozoites (ring and the subsequent pear-shaped forms) and
extracellular merozoites. In the early stage of merozoite develdpment, the RAP-1 appears in the
parasite cytoplasm, which later thins out and blankets the host cell cytoi)lasm but 17emait1,s in the
cytoplasm of newly formed parasites (Fig. 2). The preferential accurnulations of RAP-1 on the
surface of the erythrocytic membrane and near the outer surface of parasites were demonstrated
by immuno-electron microscopy in the later developmental stages. An erythrocyte-binding
assay with the lysate of merozoites proved the binding ability of RAP-1 to bovine erythrocytes.
An anti-RAP—l-specific antibody prevented the interaction of RAP-1 with bovine erythrocytes
and significantly inhibited the prrelifer‘ation of B. bovis in the in vitro culture.

The celhtlar localization of RAP-1 in the later developmental stages suggests that the
RAP-1 interacts with several components, which are contained in the cytoskeleton and
membrane of infected erythrocytes. The RAP-1 family might function as proteases (32), which
can exhibit a proteolytic activity to the erythrocytic components, associating with the rupture of
host cells and subsequent release of merozoites. In contrast, the erythrocyte-binding activity of
RAP-1 suggests thal_t the RAP-1 also has an essential and functional participation in the invasion
of merozoites into the host erythrocytes. The growth inhibition of B. bovis parasites in the
presence of anti-RAP-1-specific antibody suggested that the antibody neutralized the

<:rythrc»cyte-b»inding: activity of RAP-1 during the extracellular ‘phase of the parasite, thus



disrupting the parasite invasion to new erythrocytes. However, another possibility, the blockage
of mature merozoite release by covering the RAP-1 located on or near the membranes of
infected erythrocytes, could not be excluded. |

It is very important to study the multiple functions of RAP-1 not only during the invasion
of merozoit_es into erythrocytes but also during the egressien of matured merozoites from host
cells in more detail. Additionally, the identification of the erythrocyte surface receptor
recognized by RAP-1 is also necessary. Studies on rhoptry proteins, such as B. bovis RAP-1,

will certainly boost the successful development of recombinant vaccines against babesiosis.

4. Stage-speciﬁc localizations of Babesia equi EMA-1 and EMA-2 in the erythrocytic
phese and EMA-2-specific interaction with the erythrocytic skeleton (33) |

Equine babesiosis caused by Babesia equi is more pathogenic and widespread in equid than
that by Babesia caballi (3‘4”1,35)_ In B. equi, two kinds‘ of 'eﬁe most immunbdoininant antigens,
equi merozoite antigen (EMA) -1 (34 kDa) and -2 (30 kDa), have been identiﬁed (36-38).
" EMA-1 is geographically conserved among all B. equi isolates (37) and shares significantly
high homologies in the amino acid sequence with the ceunterl)art proteins of many Theileria
parasites (36,39). EMA-1 and -2 genes have 52 % amino acid identity with each other (39).
Additionally, EMA-1 and -2 have glycosyl-phosphatidylinositol (GPI) anchor-specific motifs ix;
their sequences, suggesting that these proteins afe expressed on the outer surface of merozoites
with the GPI anchor (39). In this study, the cellular localizations of the EMA-I and -2 during
the asexual CIevelo;)ment of merozoites‘ andkwtheir binding activities io the erythrocytic skeleton
were examined by using the anti-EMA-1 or -2 mone-specific antibodies.

The indirect fluorescent antibody test (IFAT ) demonstrated that the EMA-1 and -2 were
mutually co-expressed during the early stage but not in all developmental stages of B. equi

merozoites. The co-expression of EMA-1 and -2 was observed in the pre-invasive and



subsequently internalized merozoites in the invaded erythrocyte. Then, IFAT using the pre-
incubated B. equi cultu,;re with these antibodies showed that both of the EMA-1 and -2 are
exposed on the serface of ektraceillular merozoites. During the multiplicative phase after
invasion, whicﬁ leads to a classical ‘Maltese-cross’ formation (40,41), it was observed that the
EMA-1 and -2 expressions we‘re dominant oﬁly during the initial multiplyilng phase. When the
merozoites fully developed and detached themselyes from the bunch of ‘Maltese-cress’
fomiations, the expressions of EMA-1 and ;2 completely disa;)peareti. These findings indicated
that the expressions of EMA-1 and -2 on the merozoite surface are highly stage-specific. .’ |

Furthermere, the intra-erythrocytic merozoite was shown to shed only EMA-2 in the
cytoplasm or inside the membrane of infected erythrocyfes before the ‘Maltese-cross’
formation (Fig. 3). The shedding behavior of EMA-2 was a Very unique finding, and that of
EMA-1 was not detectable. In Plasmodium parasites, secondary processing of merozoite
surfac:e protein-1 (MSP-1) by serine proteases leads to its cleavage into MSP-1,, and MSP-1,,,
Whereas the MS/P--I33 is shed quantitatively in the cytoplasﬁ of infected erythrocytes and the
MSP-1,, remains on the surface of invading parasite (42,43). The processing is associated with
the successful invasion and intra-erythrocytic survival of merozoites because the inhibition of
secondary processing aborts the merozoite invasion. Secondary processing of the surface
protein has not been identified in Babesia parasites, but this feature may be possible by the
EMA-2'in B. equi in the ligh; of present observation and needs more investigation. Shedding of
EMA-2 inside the membrane of infected erythrocytes might have some import:ane functions
after the internalization of merozoites.

In the erythrocyte-binding assay, the recombinant EMA-2 gene product showed a specifie
interaction with the Triton X-100-insoluble fraction of equine erythrocytes (erythmoeytic
skeleton), but the EMA-2 did not. The specific binding of EMA-2 reinforces the observation of

EMA-2-shedlding behavior. In our preliminary study, the addition of anti-EMA-Z-specific
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antibodies significantly prevented the in vitro growth of B. equi, suggesting  that the
development of EMA-2-based vaccine might be possible (Kumar et al., in preparation). Further
experiments are required to understand the biological roles of merozoite surface antigens of B.

equi.

5. Maltese cross form-related antigen of Babesia microti induces a protective immunity
against challenge infection in mice
Babesid microti is a rodent form of Babesia and also known as a major etiologic agent of
human babesiosis (3). Hundreds of cases of human babesiosis by B. microti have been
r’eported in the northeastern and upper mid-western areas of the United States (44-46).
Recently, B. microti infection has also been reportéd in Taiwan (47) and Japan (48). Under a
light microscope (Fig. 4), ring- and pear-shaped forms of B. microti are often observed in the
infected érythrocytes. The ‘Maltese cross’ form, however, which consists of four massés in an
erythrocyte, is rarely seen, but it is often described to be charaC‘teristic: of B. microzi (3,49,50) as
well as that of B. equi (40,33). We had earlier reported fhat the monoclonal antiBody (mAb) 2-
1E specifically recognizes the ‘Maltese cross’ form of B. microti (50). In this study, the role of
the Maltese cross form in the infectious course of B. microti and the immunogenic potential of
_the M[altese cross form-related antigfin (MRA), which is recognized by the mAb 2-1E, were
examined in mice.
First, the Maltese cross form was revealed to increase rapidly in the peripheral blood of
| infected mice prior to the peak of parasitemia. In an indirect immunoﬂuorescént antibody test
(fFAT'), the mAb 2-1E was found to be reaétive with the ring form, with paraSitcs undergoing
the transformation to the ‘Maltese cross’ form and subsequent division and also with
extracellular 'merozoites, although the reactive parasites were remarkably rare (only 1% of all )

parasit:es). The results of IFAT and the correlation between the appearance of the Maltese cross



form and the rapid development of parasité:mia suggest that a émall population of the ring form
transforms into the Maltese cross form and produces four progenies,’thus contributing to the
rapid deve‘lopment of parsitemia. |

-Next, the MRA géne was isolated fro»m a B. microti-cDNA expression phage library by
immunoscreening with the mAb 2-1E, and the nucleotide sequence was determined. The
 deduced amino acid sequence of MRA showed a partial similarity to the BMN 1-15 of B.
microti (51). The recombinant MRA was synthesized by a baculoviral expression syste;m. The
immunization ch mice with the ‘recombinant MRA in combination with Freund’s adﬁpvahts
induced a sighificant protection against the challenge infection with B. microti. Freund’s
adjuvants are known to induce a strong cell-mediated immunity as well és a humoral response
in rodent malaria infection (52?53). In B. microti infection, cell-mediated immﬁnities, especially
by CD4" T cells and IFN-y, are known to play important roles in the protection (5-6). Because
passive immunization with the mAb 2-1E did not influence the development of parasitemia in
the B. microti-infected mice (50), the cell-mediated immunity induce‘d by a combination of
reCombinanﬁ MRA _and adjuvants might inhibit the reproductive ekpansion of B. microti
merozoites in mice. It would be interesting to determine why such a rarely detectable antigen
can induce protective immunity, and further studies téward the resolution will throw a light on
new preventive strategies for protozoan infections.

B. microti not only is of zoonotic importance but also has been studied as a model for fnahy
other babesiosis. Besides B. microti, B. equi is also known to have the ‘Maltese cross’ forms in
the erythrocytic phase. From the nucleotide sequence or antigenicity of B. microti MRA, it
might be possible to isolate the homologous MRA genes from the B. equi cDNA library (54).
Because the severity of B. equi infection is also associated with the erythrocytic phase, aé in B.
microti infection, and responsible for enormous losses to the horse industry, this report will also

be valuable for the development of protective measures against equine babesiosis in the future.



6. Concluding remarks

The severity of babesiosis is associated with the asexual multiplication of merozoites in
erythrocytes, leading to high parasitemia and subsequently erythrolisis, anaemia, and malaise in
the infected animals. Many studies have been carried out, with limited success, for the
development of an effective babesial vaccine that can restrict the growth of the parasite and
completely eliminate the parasite from the host (23,30,55-59). For the development of such an
ideal vaccine, it is highly desirable to understand the basic molecular mechanism(s) during the
asexual growth cycle of Babesia merozoites, particularlsl, the processes of merozoite invasion
into, maturation in, and escape from the infected erythrocytes.

In the erythrocytic phase of Babesia parasites, there are several Stratégies that might htelp in
the development of preventive measures. The first could be based on the pre-invaded phase of
merozoites. In this phase, extracellular merozoites are directly exposed to the humoral immune
components of the host. By the blocka,;ge of merozoite attachrhe:nt to and invasion into the host
erythrocytes, the replication of merozoites might be controlled in the vaccinated animals. The
:identification. of heparin-binding molecules located on the surface of free merozoites or rhoptry
* proteins secreted from the apical organelle of merozoites will provide important information for
the development of a babesial vaccine. Furthermore, the se:afch for thé idenitiﬁcatioﬁ of
].igands:/recqptors on the erythrocyte; which fécilitate merozoite invasion, is of paramount
importance. A second candidate may be targeted at the maturation step of merozoites, in which
the vaccine can prevent ’the intemaliiation of intracellular merozoites. Humoral immunity °
induced by the vaccine ideally recognizes the surface of free merozoites, and, after the
merozoite has invaded, these antibodies will réstrain the subsequent maturation process of
merozoites Within the infected erythrocytes, making it its vOer graveyard. Although B. equi

EMA-2 might be targeted for the development of the vaccine, further investigations will be
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required. A third target is the escape step, when the merozdites rupture the infected erythrocytes.
Intracellular merozoites must secrete protease-related enzymes into the cytoplasm of infected
erythrocytes and digest the erythrocytic components for their escape. The blockage of these
proteases in the mature merozoites would abort the escape process. Finally, a search for the
protozoan mqlecule:s/epitopes responsible for inducing cell-mediated immune responses would
also help in mounting the cell-mediated immune responses against the reproduction of
merozoites by way of stimulating CD4" T cells and IFN-y. Consequently, further efforts to
'iidehtify potential protozoan components necessary for the development of ideal vaccines for

babesiosis are warranted for the containment of the infection.
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[Figi’nre legends]

Figuré: 1. Demonstration of hepaﬁn binding on the surface of free merozoites. B. bovis (A)- or
B. caballi (B)-infected erythrocytes were pre-incubated with heparin-FITC followed by fixing

with acetone/methanol and then examined under a confocal laser scanning microscope. The

heparin-antigen reaction (green) and nucleus (red) Wére visualized with FITC and propidium

iodide (PI) stainiﬁg, respectively. Note: Diffused fluorescence reaction was detectable only

around free merozoites. Bar = 5 pum.

Figure 2. Methanol-acetone-fixed smears of B. bovis-infected erythrocytes incubated with anti-
RAP-1-specific mAb 1C1 and then observed with confocal laser microscopy. MAb-antigen
reaction (greén) and nucleus (red) were visualized with the FITC-conjugated secondary
antibody and PI staining, respectively. Note: In the early stage of merozoite development, the
RAP-1 appears in the parasite‘ cytoplasm (A), which later thins out and blankets the host cell

cytoplasm but remains in the cytoplasm of a newly formed parasite (B and C). Bar = Sum.

Figure 3. Methanol-fixed smeafs of B. equi-infected erythrocytes incubated with anti-EMA-1
(A) or EMA-2 (B) mono-specific antibodies and then observed with C(Snfocal laser microscopy.
MAb-antigen reaction (green) and nucleus (redj ‘'were visualized with the FITC-conjugated
secondary antibody and PI sfaining, respectively. Note: The intra-erythrocytic mer‘ozoite sheds
only EMA-2 in the cytoplasm or inside th.;e ‘membrane of infected erythrocytes before the

‘Maltese-cross’ formation. Bar = Spum.

Figure 4. Light micrograph of intra-erythrocytic B. microti in Giemsa-stained blood smears. An
arrow indicates the Maltese cross forms, which were rarely observed in the B. microti-infected

- murine erythrocytes. Bar = Sum.
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1. Introduction

Babesiosis causea by Babesia spp., the hemoprotozoan parasites, has beén
re‘sponsiblé for major economic losses in the cattle industry and momentous concern on
the international trade of horses throughout the world. Several studies have resulted in
rapid, effective diagnostic tools, but the development :of control strategies including
chemotherapy and, especially, vaccines has been retarded due to limited information
about the host Immune responses against the protozoa. Cattle that recovered from an
acute infection of B. bigemina or B. bovis experience the latent infection and become
resistant to challenge infection with the hqmologous r;strain (1, 2). In addition,
immunization. with the dead parasite or parasite extract can give protective Immunity
against the hofnologous or heterologous parasites (3, 4). These findings indicate the
possible use of a non-living parasite as a vaccine. Howgver, itis difﬁcﬁlt to use cattle to
demonstrate the mechanism by which protective immunity is elicited against babesiosis.
In this respect, the mouse model is very useful to examine the host immune responses to
Babesia parasites. Macrophages, IFN-y, and its producer, CD4+ T cells, are considered

pivotal in resolving the primary infection and preventing the subsequent infection in the



- Babesia infections in mice. Both innate and acquired immunity, especially, a T--cell-‘
mediated response rather than ‘a B-cell-mediated one, contribute to vdefense agaiﬁst
Babesia. However, based on the smdies of malaria, the robust production of nitric oxide
by activated macrophages may induce severe pathology, such as cerebral babesiosis and

‘renal disfunction. We hereafter describe 1) the importance of innate and cell-mediated
immunity and associated cytokines in murine babesiosis in view of our recent findings,
2) the immunopathology in babesiosis, and 3) the current status of and future
perspective toward the effective ‘Vacgin‘e developmentv against babesiosis.

2. Immune response against»thé experimental Babesia infection in mice
B. rodhaini and B. microti are often used in the mouse model of babesiosis. B.

\nodhqinzi is known to be highly lethal, since mice injected with eveﬁ only one parasite
are killed. On the other hand, B. microti, which also infects humans, causes non-lethal,
self-limited infegtion in mice. The B microti-infected BALB/c mice initially show
parasites in thé peripheral blood at 4 d:ays (acute stage). ]Parasit:emia reaches a peak at
élround 10 days and gradually decreases, and then no parasites are present at 3 weeks

after infection (resolution stage). The host spleen has been implicated in the elimination



of Babesia parasites and p;?lrasitized erythrocytes in several studies that showed that
splenomegaly is often observed in the infected animals (5-8) and that the
sp]lenectomized or inherently asplenic mice aré highly susceptible:{ to Babesia infection
(9, 10). T and B lymphocytes, natural killer (NK) cells, and macrophages in the spleén
are clearly responsible for protective immunity against babesiosis. Both innate and
acquired - immunity contribute to fhe resolution of the primary infection and the

protection against the subsequent challenge infection.

2-1. Innate immunity

Although innate imr\nuniij is actually a nonspecific response, it is essential in
antibabesial activity, since activation of nbnspeciﬁc immune résp‘onses upon unrelated
stimuli can provide resistance against babesiosis 7(11-15). The major factor that
contributes to host innate immun:ity agétinst quesia parasites is macrophages, since.
macrophages phagocytize Babesia parasites and parasitized erythrocytes (5, 7, 16).1

Macrophage depletion with silica eliminates protection against B. microti (17). In

addition, macrophage inhibition (18) or depletion (19) totally abolished the protection



of mice immunized against B. rodhaiﬁi, causing high mortality. This is also explained
b“y the better protection of naive mice against B. microti by fhe adoptive transfer of
immune macfophages r;ther than that of immune T cells (20). Although the importance
of NK cells, which also contribute to host innate responses, in the prlotection against
_ Babesia parasites was also proposed (21-23), this is still controversial (24). Based on
studies on‘malaria (25-27), NK cells as well as T cells may be activated by IL-12 and
IL-18 produced by macrophages that sense .the infecting parasites or parasitized
erythrocytes and then, in turn, produce IFN—Y té activate macrophages with the help of
mécrophage-derived TNF—oc.V The effective killing of parasites is most likely
accompﬁlishedvby nitric oxide (NO) and Jrgactive oxygen spegcies (ROS) that afe: pfoduced ;
by activated macrophages (16, 28, 29). Infection of the inducible NO synthase (iNOS)-
KO mice with B microti resulted in high parasitemia in the eariy stage of infection
combarf:d to the normal mice (Igarashi et al., in press), indicating that macrophage-
mediated innate mechanism is responsible for the resolutién of Babesia infection in the

early stages. Besides, TNF-a, which was described to play a role in the late stage‘o.f

Babesia infection in the past (30), requires further work for the elucidation of its role in



the early stages. Simultaneously, such innate mechanism triggers the antigen
presentation by macrophages and/or dendritic cells to T and B cells, leading to the

initiation of acquired immunity against babesiosis:

2-2. Acquired immunity

Acquired immunity, also termed specific immunity, is elicited not only in the
resolution stage of the primary infection but also 1n th¢ early stage of the secondary
inféction. Acquired responses consist of cell-mediated immunity and humoral immunity,
which are chiefly promoted by T and B qells, respectiveiy.'
Cell-mediated immunity: Involvement of cell-mediated responses was also first
‘ proposed by the importance of the host spleen in defense against babesiosis. The
adoptive transfer of immune splenocytes, including not only macrophages but also
1ymphocy§es, can protect mice from babesiésis (20, 31-33). Among the lymphocyte
populations, T cells involved in cell-mediated immunity play a significant role in the
effective protecﬁon n _the resolution stage of Babesia infection, since infection‘of the

nude mice, which congenitally lack thymes, with B. microti resulted in persistent, high



pafasitemia, which reached 70% at around 10 days post-infection and kthereafter
remained at about 40% (34, 35). The adoptive transfer of immune thymocytes tQ
immunodeficient mice (36) or ’of immune T cells to ria‘fve mice (37) confers immunity
to B. microti. In addition, an increase in the delayed-type hypersensitivity, which is an
- indicator of cell-mediated responses, particularly by CD4" T helper type 1 (Th1) cells,
was observed in B. microti infezctién (38); Further, CD4" cell depletion made the naive
or recovered mice more susceptible to B; microti infection than CD8" cell depletion as
well as the normal condition (30, 35). The study by Shimada et al. (39) demonstrated
that the depletion of CD4" cells at 1 week after infection led to the complete elimination
of the parasites, similarly to the case of control mice. Théy also showed an increased
rate of CD4"cells/CD8 cells in the early infection. The adoptive transfer of splenocytes, |
which’ Was obtained from the CD8+-be11-depleted or normal ‘micel that had recovered
from the primary infection, to naive mice provided protective immunity against the
infection, whereas the transfer of CD4"- cell-depleted éplenocytes did not (30). In the
intraerythrocytic stage, CDS8" T'cells, termed cytotoxic T cells, may not be involved in

the clearance of pa.rasitized erythrocytes, since erythrocytes are not capable of antigen



presentation due to lack of the major histécomp'atibility complex (MHé) clgss I
mole:culés. Thereforé, CD4" T cells are respdnsible for the résolwtion of the primary
infection and prevéntion of the subsequent infectioh.

The CD4" cells are known to functibn as helper T ce‘lis, which consi.st of the T
helper type 1 (Thl) subset, Whic}} secretes IL-2 and IFN-y and activates macrophages,
and the T‘helpe:r type 2 (Th2) subset, which elicits the proliferation of B cells by
secretic;")n of IL-4, IL-5, and IL-6 (40). Specific IFN-y producﬁon by Thl cells generally
occurs in the resolution phase of B. microti infection. Igarashi et al. (30) demonstrated a
prolonged infection with persistent parasitemia of 15 -25% for more than 3 Weeks in the
IFN-y KO mice infected with B. ;ﬁicroti. Challenge infection of the drug-cufed IFN-y
KO mice with B. microti also resulted in high parasitemia, whwereas’ the recovered
control BALB/c mice showed strong protection against challenge infection. When the
spleen cells from the infected normal and CD4*- or CD8"-cell-depleted mice were
stimulated with a babesial antigen in vitro, an increased level of IFN-y was detected in
the normal and CD8"-cell-depleted spleensvat 4 days poswf-infection, but not in the

CD4"-cell-depleted spleen. Furthermore, depletion of IFN-y by anti-IFN-y mADb after



infection resultéd in an increase in parasitemia. In addition, IL-4 was secreted in'neii:her‘
the normal nor mAb-pretreated mice. The IL-4-depleted mice did not develop
parasitemia. Correspondingly, Chen ve>t al.» 41 showed a protective role of the
macrophages activated by the T-cell-derived iFN-y in B. microti infection in the early
stage of infection. Therefore, IFN-y released by CD4" Thl cells is of significant
importance in the clearance of parasiteé in both the resolu‘tion stage and earlyn stage of
infection, probably with regard to macrophage activation, as described above, which
may be needed for the persis"ceﬁt activity of the innate mechanism.

Hlu‘mora.l,immunity: Although humoral immunity mediated Ey B cells and amﬁbodlies
hasvalso been reported as essential to the prqtection of mice and hamsters against B.
microti (9, 36, 42), humoral responses are considergd less important than T-cell-
mediated responses. The severe combined immune .deﬁciency (SCID) ‘mice that» lack
both the T and B cells showed a prolonged infection with a persistently high pa»rasitemia
to the same extent as nude rnic?e, when infected with B. microti (34, 35). Cavacini et al.
(43) demonstrated that the B-@:ell-depleted mice successfully controlled the: primary

infection with B. microti. Likewise, suppression of antibody production by irradiation



did not affect the protection of mice ilmmune to B. rodhaini (33). However, indeed,
serum obtained from mice ‘in the recovery i)hase of infection with B. microti could
.inhibit the growth of the parasites in Qitro, sgggesting that antibabesial antibodies were
elicited in the resolution stage (41). Antibodies in immune serum have been
demonstrated to neutralize babesial sporozoites and merozoités at the extracellular stage
" (44). Considering that Babesia species are the intracellular parasites, the protective role
for antibody-mediated immunity in babesiosis seems to be restricted to the extracellular

parasites in the blood stream.

3. Inimunopath_ology in the Babesia infection

The pathogenesis of babesiosis is mainly anemia due to the rupture of infected
erythrocytes. In addition, other minor, but severe, pathologies also exdcerbate symptoms
- facilitating host death, especially in the lethal babesiosis caused by B. rodhaini and B.

bovis.

3-1. Cerebral babesiosis
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Despite the low parasitemia observed in the peripheral blood, sequestration of
the parasitized erythrocytes in the capillary bed of brain resuits in cerebral babesiosis in
cows. Such a blqckage of the ce:?ebrovas/cular microcirculation is similarly observed in
cerebral malaria, which is caused by t”he’ human ‘malarial para:sitg Plasmodium |
farciparum. Humans suffering from cerebral malaria, a disease that causes around
1 milqun deaths per year, show paralysis and coma. Therefore, there seems to be a
similar mechanism(s) by which cerebral babesiosis and cerebral malaria ($ccur (45).
Interestingly, NO has been implicated in an exacerbation of cerebral malaria, despite its
protective roles. The pathogenesis of cerebral malaria is clearly due to the rosette
formation of the parasitized erythrocyte‘s and intact erythrdcytes and the sequestration of
parasiti:zed erythrocytes in the cerebral vasculatureu, where ' they rnay‘ cause
microyascular obstruction and/or local induction of proinﬂarnmatofy cytokines (25, 46,
47). Tt has been suggested that iNOS‘-derived NO‘ induced in the vascular endothelium
by Vproinﬂammatory‘ cytokines may t‘raverse»the blood-brain barrier and affect ]localk
neuronal function, by mimicking and exaggerating the physiological effects of

endogenous nNOS-derived NO (46). On the other hand, the levels of NO in the

11



cerebrospinal fluid, v&;hich may be more reflective of the local cerebral productibn of
NO and is less affected by diet an<i ‘othgr‘ confounders, increased in cerebral malaria (48).
While constitutive nNOS-derived NO gives normal neurological functions, iNOS-
derived NO may bé toxic to the‘1brain (49).. This indicates that normal brain functions
can become affected by the continuous production of large amounts of NO (iNOS
origin) in an area tha,t 1s usually exposed to low énd inteﬁnittent levels of NO (nNOS‘
origin) (50). Therefore, if rthis mechanism can be aippliedl to cerebljal babesiosis, the
inhibition of the local induction of proinﬂammatory cytokines and iNOS-deﬁved NO or

RNI in the brain may reduce a severe pathology in babesiosis.

3-2. Renal failufe

The lethal Babesia-infected animals. generally show hematurea. This is‘ pathologically”
confirmed due to tubulorrhexis and glomerular nephritis, but the causes are not
completely elucidate;i yet. The possible involeement of the immune complex in
glomerulonephropathy induced by Babesia infection as well as malaria has been

' identified (51). The mice infected with B. rodhaini underwent the acute course, showed

12



anemia and hematufea at 5 days post-infection, and died in 7 days. In the kidneyys"’ 6f
infected mice, electron microscopy showed an increase in the mesangial cells and
matrix as well as electron-dense deposits in the mesangial matrix and along the
glomérular basement membrane, which contaiped electron-dense depqsits of antibodies,
| complement and Babesia’ antigens, confirmed by immunohistochemistry; indicating that
these pathological changes were triggered by the immune complex. In addition, tubular‘
necrosis- was sometimes observed. On the other hand, pathological changes in}‘ the
kidney of non-lethal B. m‘icroti infection appegred to be less severe than B. rodhaini
infection. Interestingly, to dgte, iNOS as well as the inflammatory -cyfcokines has }been
implicated in such renal insufficiency, as well as in the bfa:in dysfunction seen in
falciparum, but not in vivax malaria (50). Therefore, further in\;estigatji’on bf the

mechanism responsible for renal dysfunction in babesiosis is also needed.

4. Current vaccine development against babesiosis in animals
An extensive effort has so far been directed to the development of an effective vaccine

against malaria, but it has proved very difficult to design. Chemically produced or

13



recombinant antigens, whic]h had been evaluated as a yaccine in experimental mode}s in

laboratories, were demonstrated to Be not very effective in field examinations in |
Southeast Asia and Afn'éa. Since then, the construction of novel strategies for vaccine

development has been receiving attention. One of the factors involved in such difficulty

is the antigenic VariaLtion‘ of malarial parasites (52). In babesiosis, a vast majority of

work done to develop Véccines has focused on two bovine parasites, B. bovis and B.

bigemina. Live avirulent strains were obtained by rapid passage of the parasite in the

- splenectomized calves or infecti’on’ with the parasites derived from infected cows or in
vitro cultures followed by treatment with antibabesial chemotherapeutics (53-57).

Further, :;01uble: antigens called “exoantigens” obtained from in vitro cultures have also

» beeﬁ developed (58, 59). However, the development of more effective and safer ‘
vaccines is needed because there are potential hazards, such as reversion to virulence

and contamination Wj'tth unwanted host proteins. To ov_ercomé this drawback, several

attempts to develop potential subunit vaccines against bovine babesiosis are currently
being made (60, 61). Antigens from the apical complex vpr«oteins, which are of special

interest because of their putative role in host erythrocyte invasion, have been the focus,
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since immune responses sufficient for protectibn could be expected. For instance, a high
mblec:ular antigen, 11C5 (70-200 kDa), and a cysteine-rich protein, 12D3 (38 kDa),
which are not very immunodominant, successfully provided vprotection against the
infection (60). SBP1 (77‘-8‘0 kDa), located én the spherical body, and RAP-1 (60 kDa),
located on the rhoptry of the parzisite, elicitéd protective . immunity (60, 62-65).
However, MSAJ (42 kDa) and MSA-2 ’(44 kDa),’ the major surface antigens of
merozoites, triggered the proliferation of B. bovis-specific T cells without induction of
protéctiv‘e immunity,r which”is due to thekir antigenic variations for eyasion of host
immunity (64). On the other hand, the RAP-1 antigen was also identified ‘in B. bigemina
(66), and immunization with B. bigemina RAP-1 protected cows from the challenge
“infection with an increased induction of IFN-y (67-69). Actually, although RAP-1 is also
polymorphic in both Babesia spp., the variants of hqmologous parasites share a highly
conserved epitope (70-72). Therefore, the recombinant RAP-1 can be used to ’elicit
sufficient immune respon.sés against the homologous Bl‘:zbesia parasites. Whereas the
RAP-I antigen is highly immunogenic for T and B célls, the presence of the anti-RAP-1

antibody 1is irrelevant regarding the degree of protection (73-75), supporting the
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‘significant importance of T-cell- and macrophage-mediated mechanisms for the host
defense against Babesia par'asités,/és described above. Overall, further elucidation of the
host immune mécha:nism and ‘immunev--mediated pathology is requiréd to identify or
select the appropriate antigens for the development of subunit vaccines against Babesia

infection.
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S. Conclusion

Knowledge of the host response, the /resistance proce:és, and the mediators
committed against Babesia infection is essential to progress toward a better mgans of
prophylaxis and eradication. In the mouse model, rﬁacrophages, IFN-y, and its producer,
CD4" T cells, are considered pivotal in resolving the primary infection and preventing
the subsequent infectipn. Both innate and acquired immunity, especially, a T-cell-
mediated response rather than a B-cell-mediated one; contribute to defense aga:ins‘t
Babesia. However, based on the studies of malaria, thé robust prolduction of nitric oxide
by activated macrophageé may induce severe pathology, such as.cerebral babesiosis and
renal disfunction. Th]"lsAreview paper discusses the mecﬁanisms éf antibabesial immunity
anw.d immﬁne-mediated pathology and introciuces the current advances in the

development of vaccines against babesiosis, principally in cows.
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1. Introduction

Babesiosis is a tiick-bome disease caused by intraerythocytic parasites of ’jthe genus

Babesia ir; the phylum Apicomplexa (1). In 1888, the first vast outbreak of “redwater”
. A |

occurred in Romania, presumably caused by Babesia bigemina, leading to the death of

moré than 40,000 cattle (2). Since then, babesiosis has attracted increasing attention,

nbt only ’in the livest«ock industry but also as an emerging zoonosis in humans (3).

Some drugs available for treating animall babesiosis, including diminazene
diaceturate (Berenil® anrd Ga:néseg‘g’), amicarbalide diisethionrate (Diampron®),
o:xyt¢traxcyclinle, phenamidine, and imidocarb dipfopionate: (midocarb® and ﬁ[mizol®),
have been provgd to be hi;ghly effective (4-7). ‘In the case of human babesiosis, drug
combinations of either clindamycin and quinine or atovaquone ahd azithromycin have
been considered as a standard treatment regimen (8,9). Nevertheless, many Qompounds
have proved to exert severe side effects as well as toxicity.

Drug resistance in Babesia parasites has not yet become a major menace to the
treatment measures (10). However, the experimental production of imidocarb-resistant

parasites and the existence of amicarbalide isethionate-resistance have been reported in

B. bigemina and B. bovis, respectively (11,12). In this regard, the seatch for new drugs



and new drug strategies is becoming increasingly more important, in particular, the
design of compounds that specifically target the parasite’s life cycle without any side
effects in the host.

This review provides an overview of éo,me of the present approved and clinically
’used drugs against domestic animal and human babesiosis., as -well .as insights into_

several current topics on basic drug research on the Asian continent for the past years.

2. Clindamycin

The semi-synthetic antibiotic clindamycin{ in conﬁbination with quinine was first
applied in 19824 in a newborn infant suffering from babesiosis (13). Subsequéntly, this
combination has become the ltreatment of choice for human babesiosis (14,15). Despite
its high efficacy in clearing infections, uhtoward reactions, such as yert:igo, tinnitus,
and gastrointestinal symptoms, as 'weli as «treatmeqt failures in immunocompromised
patients, have been reported (16).

Recently, a research group reported the usefulness of clindarr}ycin alone and in
combination with tetrzqucline as a treatment measure against the rodem Babesia

rodhaini (17,18). It was found that double therapies consisting of two treatments of



100-mg clindamycin and 100-mg clindamycin or 100-mg clindamycin :ind 100-mg
tetracycline and a single therapy of 200-mg clindamycin or 100-mg tetracycline given
orally completely cured the parasitemia of the mice. Concentrations of 50 mg and 100
mg of clindamycin were éble to suppress the parasitic growth and prolong the life span
of the infected rﬁiLce for one day, although they could not clear the parasites from the
blood (17). Furthermore, a significant increase in the weight of th¢ spleen, the numb‘er
of spleen mononuclear cells, and their phagozytic activity in vthe early stage of
clindamycin-treatment 1n BALB/c mice inoculated with B. rodhaini, as well as a
subsequent decrease in the final stage, have been observed. These findings point to the
effectiveness of clindamycin therapy for murine babesiosis (18). Similar results have
been obtained in dlogs (Beagles) infected with Babesia gibsoni, Whe:re oral treatments
with 25 mg/kg of clindamycin per kilogram of body weight for a period of two weeks
'grevtdually reduced parasitemia ( 19).

In both studies, the treatments with plindamycin induced morphological changés in
the parasites, indiczating théir degeneration (17,19). Additionally, in dogs treated with
clindamycin, the number of CD4* cells, which are involved in antibody production,

significantly increased, especially after treatment, and a rapid humoral antibody



responSf: occurred (20). Although clindamycin could not completely c:léar the
parasitemia, it efficiently stimulated both humoral and cellular immunity and
ameliorated the clinical conditions of tﬁe infected dogs (20). Cliﬁdamyc:in is swuggested
to act by inhibiting peptide bond formation through bindingvto the 50S ribosomal units
of susceptible microorganisms (21), but its ‘mode of action in Babesia parasites remains

unknown.

3. Azithromycin and quinine

In human bat»esiosi:;, the combination of atovaquone and azithromycin was found to
show similar efficacies to the clindamycin/quinine combination With/ th@ advantége of
fewer adverse drug reactions. The macrolide antibiotic azithromycin (9-deoxo-9a-
| ‘ methyl-9a-aza—homoe:rythromycin A), an azalide analog of erythromycin, is formed by

~ a chemical mod.ificatiop (i.e., the iriclusion of a methyl—substituted nitrogen at poéition
C9)\(22), which renders the compound several fold mbre active against parasites than
erythromycin (23). Macrolide anti]biqtics are known to inhibit pfotein synthesis while
reversibly binding to the 50S subunit and inhibitihg the transpeptidation/translocation

process, causing premature detachment of incomplete peptide chains and subsequent



cell death (24). The efficacy of azithromycin has been proven against various protozoal
infections (25,26). Recently, a Chinese research team published a case report of a
Taiwanese woman infected with B. microti, who was initially treated with the staﬁdard
drugs ciinda.mycin and quinine ‘(9). ﬁ[ﬁ order‘ to eradicate the parasite, a subsequent
treatment measure consisting of‘ a combination of 500 mg of azithromycin twice per
day and 650 mg of quinine three times a day followed for a period of 10 days.
Subsequeﬁtly, blood smears and hamster inoculation of the patient’s blood proved the
complete clearance of the parasite. Although the efficacy of azithromycin in
combination with quinine to treat human Babesia infections remains to be dcfin¢d, this
study demonstrated the ability of this drug combination to eliminate a persistent

Babesia infection irretrievably from the patient’s blood following antibiotic treatment.

4. Curdlan sulfate (CRDS)

Curdlan sulfate (CRDS) is a sulfated polysaccharide with 1-3b-d-glucan as its main
chain thaf inhibits the T-cell tropic stfains of the human immunodeficiency v:irﬁs (HIV)
(27,28). Analysis of the effect of CRDS on binding of HIV-1-neutralizing antibodies to

gp 120 demonstrated that both the continuous epitopes on the V3 loop and the



- discontinuous CD4 binding site of gp 120 represent targets (fo’r CDRS, suggcsﬁng that
CRDS interferes with the membrane fusion process during HIV-1 infection (729)‘. In
HIV, the 50% inhibitory c<oﬁcentration (IC,) values in vitro range from 1,000 to 5,000
phg/ml (30,31). Curdlan’ sulfate inhibited the growthb of P. falciparym in »l'itro (32),
although the mode \of inhibition is still kunknowyn. In B. bigemina, CRDS irreversibly
i;1hil$ited the growth in vitro at concentrations of 50 and 100 ug/:ml (33). Moreover,VZO
mg/ml of CRDS was inje:éted intrava;scuiarly twice a day into splenectomized and
infected SCID mice, leading to a sharp decrease of parasjtemia after a four-time drug
treatment and to the complete clearance of the parasites by day 11 post-inoculation.
The authors spéculated tl;at CRDS might affect the invasion of the Babesia merozoite
into e;ywthrocyw_tes by blocking the merozoite a'ttachment to si)ecific receptors, such as
sialic acid on the erythrocytes, and subsequently interrupt the growth cycle of the
parasite. Alternatively, it is possible that CRDS dirgctly or indirectly affects the growth
and multiplication of the :intraeryth;ocytic parasites. Interestingly, in contrast to B.
bigemina, the growth of P. falciparum was incomplete, even with much higher doses of
CRDS/ (32). This suggests that the mode of actibn of CRDS is different within parasité

groups, presumably indicating that CRDS acts on several targets. Although the



inhibitory effect of CRDS on the growth of Babesia parasites has been clearly proved,
the need to determine the mechanism of action of the CRDS on Babesia parasites still

remains, so that its effectiveness can be fully developed.

S. Artésunate, pyrimethaminé, and pauhaquine

 Among the few alternative drugs for the treatment of malaria, artemisinin derivatives
have been promising as special candidates for the fight against multiple drug-resistant
parasites in humans (34). This group, including artesunéte, arteether, and artemether, is
degived from the Chinese hefb Artemisia annua (qinghao)=.;(35) and has been proved to
reduce the malarial p@asiwtemia more rapidly than other known anti-malarial drugs
»(36).

A combination of the 2,4-pyrimidinediamine " (pyrimethamine) and the p-
aminobenzoic acid analogue sulfadoxine was also found to act syn¢rgisticzilly in the
treatment of human malaria caused by chloroquine-resistant P. falciparum (37).

Pamaquine, an 8-amiﬁoquinolzine, is the first synthetic anti-malarial drug (38) anid,
subsequently, has also been eva]_uated as an anti-theilerial and anti-coccidial agent

(39,40).



Artemisinin, pyrimethamine, and pamaquine significantly and irretrievably
inhibited the in vitro grOWths of B. equi and B. caballi, although artesunate was unable
to exert a destructive effect on B. caballi (41). Interestingly, in donkeys experimentally
infected with B. equi and subsequently treated with either 2.5 mg/kg of artesunate
intramuscularly (i.m.) or the combination of 5 mg/kg of ;\meether (im.) and 5 mg/kg of
the antitheilerial agent buparvaquone intravenously, parasite multiplication Was
restricted and cleared, respectively, but only for' the duration of fhe tre:atment period
(42). In addition, the same authors reported that, 55 to 58 days post-treatment, the
recrudescence of the parasites was observed, finélly leading to the death of the
experimental animais.
The inhibitory 1n¢chanisms of arte:mivsinin are ﬁot fully understood. A previous study (36)
’proposed a mechanism in which several malaria proteins specifically undergo selective
alkylation in thé presence 1:;f artemisinin (43). Recént studies reported that artemisinin
decreases the deformability of infected erythrocytes, leading to a disruption of the infected
erythrocytes by the host imm_une system (44). On the other hand, pyrimethamine inhibits the

parasitic dihyrofolate reductase, necessary for the folate metabolism, therefore, interrupting

' the parasitic life cycle (45). Additic»nally, pamaquine is assumed to act on fecepwtor recycling



due to interference with the protozoan calmodulin function at the endosome (46,47).
Therefore, the action modes of the three compounds in Babesia parasites are highly
interesting and might provide effective information that could be used to synthesize the

parasite-specific drugs.

6. Tricllosaﬁ

The synthetic 2-hydroxydiphenyl ether triclosan has been used for more than 30
years as a widely acceptéd anti-bacterial and anti-fungal agent (48) in ’health care
products, such as soaps, toothpastes, ahd mouthwashes, and it is commonly used in
household fabrics and plastics (49-51). Due to the difficulty of creatiyng triclosan-‘
resistant microbes (52), this compound is very promising for its effectiveness and
'safety when applied.

Previously, the growth-inhibitory efficacy of triclosan had been demonstrated in P.
falciparum and T. gondii in vitro and ro}dent P. berghei in vivo (52,53). Triiclos'an'is
considered to target the parasitic trans-2-enoy1—acyl-camrier-protein-(ACP)-reduct:ase
(also known as inhA or Fabl), which is an importaht enzyme in the final, regulatory

step of parasitic type II fatty acid synthesis (55). Concentrations of 50 to 200 ug/ml of
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triclosan were also found to completely inhibit the in vitro growth of eqﬁine B. caballi
and B. equi and bovine B. b;>vis and B. bigemina,y representing 50% inhibitory
concentrations (ICs,s) of 4.8 to 60 pg/ml (56). Moreover, the treated parasites lost their
typical shapes, became pycnotic, and showedkthe occurrence of ]large vacuoles in their
cytoplasm (56). However, the mode of action of triclosan in Babésia parasites remains
unknown. Pharmacokinetically, triclosan has no acute oral toxicity and is rapidly
absorbgi, metabolized inlt]he li\}ezr, and excreted by the kidneys without acCumulating
, dver time (57, 58). In conclusion, drugs based on the biochemical triclosan structuré

are promising for their potency and safety in in vivo applications.

7. Clotr:imézp]le, ket«oconazole, and c!odinafop-ﬁropargyl

The imidazole derivatives and anti-fuhgal agents, (:lotrimtazole (CLT)V (1-[(2-
chlo?ophic‘nyl) diphenylmethyl]- 1 H-imidazole) ;nd ketoconazole (KC) (cis-l-acetyl--4”- |
[4-[[2-  (2,4-dichlorophenyl) -2- (lH-imidazole-1-y1methy1)-1,3-dioxo‘lanf4-jyl]
methoxy] phenyl] piperazine), had been reppﬁed to inhibit the in vitro growtﬁ of P.
falciparum (30-32) and the in vivo replication of P.“ berghei and T. cruzi (62). On the

other hand, the herbicide clodinafop-propargyl (CP) ((2R)-2-[4-[(5-Chloro-3-fluoro-2-
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pyridinyl) oxy]phenoxy] propanoic acid-2-propynyl ester) is k:nownA to successfully
inhibit the growth of T. gondii (63).

The potept inhibitory efficacies of these compounds were evaluated against the in
vitro ‘growths of B’. equi, B. caballi, B. bovis, and B. bigemina (64,65). CLT was found
to be effective ina’ dose range of 15 to 60 uM (ICs,: 2 to 23.5 uM), followed by KC
(50 to 100 uM; ICy,: 6 to 50 uM) and CP (500 to 750 uM; ICs,: 265 and 450 uM). In
' transmission electron microscppy, éxtensive damage was observed in the cytoplasm of
drug-treated p:arasité:s. In bbvine parasites, the combinatidns of CLT/KC, CLT/CP, and
CLT/KC/CP acted synergistically, while the combination of KC/CP was exclusively
éf’fective in B. bovis, but not in B. bigem;ina. In sharp contrast, in both equine parasites, -
the combination of KC/CP alone exerted significantly enhanced growth-inhibitory
(Bork et al., in preparation).

Although the anti-malarial effects of ilmidaque compounds have been studied since
the early 1980s (66), their modes of action have not been fully understood. In fungi,
KC iﬁhibits sterol-14-a-dzimethylgse, ‘a microsomal cytochrome P’450-d<:pende:nt
enzyme systém (67) that is also detectable in P. yoelii (68) and P. berghei (69).

Moreover, in P. falciparum, CLT binds to the erythrocytic heme to disturb the parasitic

12



- hemoglobin catabolism (70). Herbicides such as CP are known to be toxic for
apicomplexan parasites due to their inhibition of the fatty acid and isoprenyl
pyrophosphate biosynthesis (71) by targeting the essential enzyme, acetyl-CoA-
carboxylase (ACC) (63). Because these compounds sﬁccessfully inhibited the growth

of Babesia parasites, the clarification of their action modes is strongly required.

8. Heparin

More than 65 years ago, in 1938, heparin was discovered (72). Due to its
antic’oagulative activity (73), it has been applied as an essential drug for the diagnosi’s
and treatment of heart and blood vessel diseases (74). Heparin is a mixture of sulfated
polysacc]harides, in Which a limited number of mqnosaccharidie units give rise to
several different sets of comﬁle‘x sequences by variable substitution with O-sulfate, N-
sulfate, and N-acetyl groups (7‘5).‘ Heparin is a biosynthetically derived component of -
mast cells and basophils (76), and its molecular weight (MW) ranges between 3,000
and ‘37,500 Da with an average MW of 13,000 Da (77). Besides its application as an
anticoagulant, heparin has been reported to be effective for the treafment of human

cerebral malaria (78,79). The inhibitory capacity of heparin was also proved in vitro
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studies with P. falciparum (80.,81) and T. sergenti (82) and in experimental infection of
Rhesus monkeys with P. knowlesi (83). However, the pfe:cise inhibitory mechaﬁisms

| against these tlemoplrotozozi have not been fully understood.

The inilibitory effects of he:parip againsi: the growths of B. bovis, B. bigemina, B. equi, and B.
caballi in vitro and of the rodent B. microti in vivo were ‘examined (84). It was found that
heparin significantly inhibited thg growth of these parasites in a dose- and time-related
manner. The IC50 values of heparin ranged from 30 to 410 lug/nﬂ in‘ the in vitro experiments,
- while, in vivo, it was célculate:d as 81 ug per | 20 g body ;weight. Additionally, free
merozoites exclusively reacted with a ﬂub;escein isothiocyanate-labeled heparin on their
surfaces, indiéating that heparin-binding molecules are present on the surface of
’extraerythrocytic pmras;tes.‘ Because the merozoite iﬁvasion was completely inhibited by
heparin, these authors concluded‘ that the ihteraction between the heparin-binding
molecule(s) and bexogenous heparin must play a critical role in the disruption of the invasion

process. Further investigation on the growth inhibition by heparin will be helpful for the

design of new drugs against babesiosis.

9. Concluding remarks
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In addition to the already established drugs, such as clindémycin, azithromycin, and
| quinine, sevé:ral new compounds, which are known to act on the essential targets of
different protozoan parasites, have been tested in /these topics. Although the operation
modes‘ of these drugs are wunknown, the results are meaningful for the development of
babesial drugs.

In g;eneral, three differc:ﬁt strategies are summarized to identify new drugs. The first
. Strategy is desjgned to target directly the essential enzymes in the paraéitic pathWays,
While the ‘sec‘ond strategy is based on the indirec't\ intervention of the drug with the .
parasite:’s metabolism. Finally, the third strategy consists of the disturbance of the
parasite’s invasion into host crythrdéytes, therefore, disrupting the asexual replication.
With regard to the first strategy, triclosan, CP, KC,»yand pyrimethamine target essential
enzymes in the parasitic fatty aci_a synthesis or iﬁ the parasitic microsomal cjztochrome
P450-dependent system. Concerning the second strategy, artesunate and CLT act
indirectly, while disturbing the heme catabolism of the parasite. In contrast, following
the latter strategy, heparin hampers the erythrocyte invasion by covering the surface of
extracellular In\eI‘OZOitCS with heparin, therefore, interrupting the parasite’s life cycle.

Effective drugs for the treatment of various infectious diseases commonly work by
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targeting the specific pathway or activity of the pathogens. Examples of the
eﬁicécy/reliab:ility are many antibiotics that can inhibit prot,éin synthesis <;nly in
bacteria but not in mammals due to the difference in the bacterial and mammalian
pathways. In conclusion, thé goal of sustained drug research should be based on the
finding and exploitation of the differences between the parasites and their hosts in view
of their lifecycle and metabolism. To prevent side effects and possible drug-resistance:

~ phenomena, it will be necessary to evaluate paiasite-specific targets and, subs_equently,

to develop target-directed compounds.
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