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Overwhelming evidence has accumulated of the
effectiveness of immunization with live attenuated
vaccines to control tick-borne diseases of livestock.
Despite several disadvantages, vaccination with live
attenuated organisms against tropical theileriosis, babe-
siosis and possibly heartwater constitutes one of the
most cost-effective intervention strategies. Although
great advances have been made through genomics
and proteomics research, this has not yet translated into
effective non-living vaccines. As a result, there is a con-
tinuing necessity to use available live vaccines in tick and
tick-borne disease-control strategies adapted to con-
ditions prevailing in many parts of the world.

The need for vaccines
Tick-borne diseases constitute a major constraint of
livestockproductionandhaveconsiderable economic impact
[1]. In general, tick-borne protozoan diseases (e.g. theiler-
iosis and babesiosis) and rickettsial diseases (e.g. heart-
water or cowdriosis and anaplasmosis) are major health
andmanagement problems of cattle and small ruminants in
Africa, Australia, Asia andLatinAmerica. In cattle, tropical
theileriosis and babesiosis are caused by protozoan para-
sites (e.g. Theileria annulata, Babesia bovis and Babesia
bigemina), whereas heartwater and anaplasmosis are
caused by rickettsias, Ehrlichia ruminantium and Ana-
plasma marginale, respectively. In endemic areas, indigen-
ous cattle have developed resistance to ticks and tick-borne
pathogens [1]. However, susceptibility of exotic breeds pre-
sents a major obstacle to the improvement of cattle pro-
duction. Chemical tick control, treatment of animals,
chemoprophylaxis and vaccination are among themeasures
available to limit losses incurred by tick-borne diseases.
However, chemical control is limited owing to selection of
acaricide-resistant ticks; in addition, residues in meat and
milk have raised public health concerns. Intensive acaricide
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practice also interferes with enzootic stability, rendering
animals susceptible to the diseases. Chemoprophylaxis can
be effective, but for a short period only. As a result, sustain-
able control has been based on vaccination using live atte-
nuated organisms. Here, we focus on attenuated vaccines
against tropical theileriosis, babesiosis and heartwater.
Attenuation of A. marginale has not been achieved, and
noA.marginale live attenuated vaccine is available [2]. The
Anaplasma centrale successfully used for vaccination in
Australia, South Africa, several countries in Latin America
and Israel, was not attenuated but, instead, isolated as an
organism of naturally low pathogenicity. The live vaccines
induce a long-lasting immunity but their use has disadvan-
tages; therefore, development of alternative approaches is
necessary. Research in the post-genomic era will undoubt-
edly lead to novel genomic-based approaches to the devel-
opment of recombinant vaccines [3,4] but, in the meantime,
we need to make use of existing methods of immunization.

Pros and cons of different types of vaccines
The use of live, blood-derived vaccines entails some
problems, including: (i) the possible spread of silent patho-
gens such as bovine leukemia virus; (ii) difficulties in stan-
dardizing the vaccine dose; (iii) the risk of reversion of
virulence; (iv) maintenance of carrier animals, which might
serve as reservoirs for tick transmission; and (v) quality
control of vaccine production, maintenance and transpor-
tation to the end user, including the necessity for a cold
chain. For production of a culture-derived vaccine against
theileriosis, commercially available and quality-assured
reagents are used; therefore, the risk for spreading patho-
gens isminimal. ForBabesia cultures, supplyof freshbovine
erythrocytesandserumfromspecificdonors is required, and
maintenance of these donors requires highly stringent con-
ditions. Using crude and soluble Babesia antigens would
overcome the difficulties inherent in production of live
anti-Babesia vaccines [5,6], but immunity against heter-
ologous challenge imparted by these vaccines have not been
well documented, with the possible exception of Babesia
d. doi:10.1016/j.pt.2007.07.003
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divergens [7]. Success has been reported for soluble parasite
antigens from Babesia canis and Babesia rossi in vitro
cultured parasites, which are used for vaccination of dogs
[8]. For heartwater, the only available vaccine is based on
live organisms derived from the blood of infected sheep, and
its use is limited to South Africa [9]. The vaccine is admi-
nistered intravenously and, following inoculation, body
temperature is monitored and antibiotic treatment has to
be applied. In fact, this procedure is not a vaccination, but
an infection-and-treatment method [10]. Importantly, the
specific feature of the Ball 3 stock is that the temperature
rise takes place several days before clinical disease occurs.
Although other stocksmight provide better cross-protection
againstfield strains, theymight be fatal shortly aftera rapid
temperature rise, by which time treatment is no longer
effective. Therefore, the more virulent stocks are not suit-
able for prophylactic use in the infection-and-treatment
method, whereas, for the past 50 years, the effectiveness
of the Ball 3 stock against heartwater has proved satisfac-
tory, but by no means complete.

Attenuated vaccine against tropical theileriosis
T. annulata, which causes tropical theileriosis, is
transmitted by Hyalomma ticks. Clinical signs are fever,
enlarged lymph nodes, anemia, icterus and haemoglobi-
nuria. The disease causes up to �30% mortality, varying
between regions and breeds of cattle [11]. The life cycle [12]
involves three developmental stages: sporozoites, schi-
zonts and piroplasms. Sporozoites, which are transmitted
by Hyalomma ticks, rapidly invade monocytes and macro-
phages, wherein they transform into schizonts (multinu-
cleated parasites), which induce proliferation of the host
cell. The schizonts are divided over the two daughter cells
upon host-cell division (Figure 1a,b), and the merozoites,
which are formed in the schizonts, are released when
infected cells rupture and rapidly invade erythrocytes.
Inside the red blood cell, they develop into the piroplasm
stage [13] (Figure 1c). Of all stages, only schizonts can be
grown in vitro and, after prolonged cultivation, they
become attenuated, which is the basis for culture-derived
vaccines [14].

Cattle that have recovered after sporozoite challenge
are protected against all other stages. Following infection
with schizonts, which are responsible for the main path-
ology, protective immunity is induced against homologous
challenge, whereas partial immunity is induced against
heterologous challenge or challenge by infected ticks [14].
Figure 1. Developmental stages of Theileria annulata in cell culture and peripheral bloo

cell. T. annulata schizont divided together with the host cell (acridine orange staining).

bars = 10 mm.
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Piroplasms found in persistently infected cattle do not
protect against infection with schizonts or sporozoites
[15]. By contrast, immunity induced by schizonts has little
effect on the production of piroplasms developed upon
natural infection. The attenuated cell-culture-derived
vaccine against tropical theileriosis has proved to be safe
for all breeds of cattle. The degree of protection varies with
age and breed of cattle. Dairy cattle are more sensitive to
T. annulata, and, following tick infection might respond
with fever and parasitaemia. Upon complete attenuation,
no piroplasms can be detected in blood, which implies that
the vaccine does not provide a reservoir of infection for
ticks. However, because vaccination does not prevent de-
velopment of piroplasms following tick transmission, era-
dication of the disease cannot be achieved by immunization
[16]. Vaccination during an ongoing outbreak does not
aggravate the outcome of the disease; on the contrary, it
prevents additional clinical cases. Using more sensitive
techniques, such as reverse blot hybridization, piroplasms
were detected in calves from Spain and Sudan following
immunization with attenuated schizont-infected cells.
Despite this, transmission of the carrier-status infection
by Hyalomma ticks failed, which indicates a low risk for
spreading the vaccine strains in the field [17]. It is import-
ant to emphasize that reversion to virulence has not been
reported after the schizonts are completely attenuated.
The vaccine induces immunity that lasts from 14 months
to four years [18,19] but revaccination might be required if
cattle are not exposed to natural challenge. Field isolates
present amix of antigenically diverse parasite populations,
and accumulated evidence has shown that this has a
limited impact on the protective immunity induced by
the vaccine [14]. Analysis of parasite-population structures
based on the major merozoite and piroplasm surface pro-
tein Tams1, has provided additional evidence for the broad
protection engendered by attenuated cell-culture vaccines
against heterologous field challenge [20].

Mechanisms of attenuation
Mechanisms of attenuation have yet to be elucidated.
Attenuation is likely to be multifactorial, involving selec-
tion of avirulent parasite subpopulations and alterations
in gene expression [21]. Phenotypic and genotypic altera-
tions in gene expression have been shown by the loss of
expression of parasite-induced matrix metalloproteases
during attenuation, and the inability to produce mero-
zoites was shown by differential RNA display [21–23].
d of infected calf. (a) T. annulata schizont scattered in the cytoplasm of an infected

(c) T. annulata schizont and piroplasms in a blood smear (Giemsa staining). Scale



Box 1. Essential requirements for production and

implementation of Theileria annulata vaccine [29]

� Isolation of schizonts at an acute stage of the disease.

� Initiation of schizont-infected cell culture from buffy coat, lymph-

node biopsy material, or trypsinized lymph node, spleen or liver

post-mortem material.

� Attenuation of virulence by continuous sub-cultivation of infected

cells.

� Inoculation of 5 � 106 infected cells from every 20th passage into

each of two susceptible calves to evaluate attenuation of

virulence.

� Freezing and storage of every 10–20 passage in liquid nitrogen (or

�70 8C).

� Evaluation of attenuation: schizont-infected cells are considered

attenuated when neither fever nor schizonts in lymph node or

liver biopsy, or piroplasms are detected in Giemsa-stained smears

upon inoculation.

� Preparation of frozen master-, working- and production-seed

materials for mass culture production.

� Production of frozen concentrated 10� or 20� vaccine, with

1 � 107 per dose of infected cells cryo-preserved with 7% dimethyl

sulfoxide (DMSO).

� Vaccine post-production testing for sterility.

� Vaccine post-production testing for safety (inoculation of suscep-

tible calves with 10x greater doses) and efficacy (challenge of

immunized and control calves 6–8 weeks after vaccination with a

sporozoite stabilate, containing the equivalent of up to five

infected Hyalomma spp. ticks).

� Testing for viability of vaccine thawed cells by dye-exclusion

assay, or examination of culture-plating efficiency in vitro.

� Storage and transportation of the vaccine to farms in liquid

nitrogen.

� Handling of frozen vaccine: upon thawing to 37 8C, the content of

the tube with the concentrated infected cells is transferred into a

bottle of diluent, containing 7% DMSO in phosphate buffered

saline (PBS), and inoculation required within 1 h.
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Protective immune mechanisms
The mechanism of protective immunity is mainly
cell-mediated; it involves both innate and adaptive immune
responses, and is directed against the schizont stage [12]. In
vivo, T. annulata preferentially infects monocytes and
macrophages rather than lymphoid cells [24]. It has been
suggested that infected cells function as antigen-presenting
cells, which stimulate antigen-specific memory T cells [25].
Importantly, the vaccine is effective when attenuated schi-
zonts are transferred from donor to recipient cells, where
they establish themselves and transform the host cell [16].

The innate immune response involves activation of
macrophages, suppressing proliferation of infected cells,
production of tumor necrosis factor a (TNF-a), nitric oxide
and natural killer cells [12]. The adaptive response mounts
T cells that are cytotoxic for schizont-infected cells, antigen-
sensitized lymphocytes and a T-helper cell-type 1 CD4+

response: production of TNF-a and IFN-g, with ‘cytostatic’
macrophages producing nitric oxide, the effective mediator
of the protective response to schizont-infected cells in vivo
[12,24]. Interestingly, the same cytokines are also implied in
pathology. Thus, activity of pro-inflammatory cytokines
predetermines either immunity or pathology [25]. In cattle
infected with sporozoites the response is rapid with innate
mechanisms operating within 24 h, whereas cattle inocu-
lated with schizonts respond only after the schizonts have
developed in the recipient host cells. Therefore, the speed of
the innate response and the rapid recall of the CD4+ T-cell
response are considered crucial in determining the efficacy
of protective immunity [12].

Recently, immunization of cattle with sporozoite surface
antigen 1 or attenuated schizont-infected cells induced
limited protection against homologous or heterologous
sporozoite challenge, whereas a combination of recombi-
nant and live vaccine resulted in survival of all vaccinates
[26]. These results provide evidence for achieving improved
protective immunity by inclusion of sporozoite and schi-
zont antigens in new generation vaccines to be developed.

Implementation of the vaccine
Tropical theileriosis occurs in the Mediterranean coastal
regions (Portugal, Spain, Italy, Greece, Turkey, Israel),
northern Africa, Mauritania and surroundings of the Nile
River in northern Sudan, theMiddle East, southern Cauca-
sus Mountains, extending to Pakistan, India, Afghanistan,
Uzbekistan, Kazakhstan and north-eastern China. How-
ever, the actual area where attenuated Theileria vaccines
have made impact is much smaller because vaccines have
been implemented only in Israel, Iran, Morocco, Tunisia,
India, China andUzbekistan. Several requirements need to
be in place to ensure production and implementation of the
vaccine [27] (Box 1). Support from veterinary authorities to
implement production and application is considered to be
crucial in promoting vaccination on a national basis.

Attenuated vaccines against babesiosis
B. bovis and B. bigemina are economically important
parasites of cattle that are transmitted by Boophilus ticks
[28] and widespread in Asia, Latin America and Africa.
These intra-erythrocytic parasites cause destruction of
host cells, which results in fever, haemoglobinuria and
www.sciencedirect.com
anemia, and, in the case of B. bovis infection, fatal cerebral
babesiosis associated with sequestration of infected eryth-
rocytes in capillaries of the brain (Figure 2a–d). Mortality
rates are high in susceptible European cattle breeds. Pro-
phylactic immunization has proved most effective to
reduce losses caused by babesiosis. Vaccines incorporating
live attenuated strains of B. bovis and B. bigemina have
been used for many years, in particular, in Australia,
Argentina, Brazil, Uruguay, SouthAfrica and Israel. There
is capability to produce these vaccines in Colombia, Sri
Lanka, Zimbabwe and Malawi. Splenectomized calves are
the most popular source of immunogens [29,30], although
parasites grown in vitro are used with great success in
Argentina [31]. For dispatch, the vaccine is chilled or cryo-
preserved, and the viability of the parasites can be deter-
mined with the calcein stain (Figure 2d). Disadvantages of
blood-derived live immunogens are well known; they in-
clude short shelf life (for chilled vaccine), risks of vaccine
reactions or contamination and reversion to virulence
[5,32]. There is also a potential loss of immunogenicity
after long-term maintenance in vitro [5]. To counter these
deficiencies, standardized production methods have been
developed [29,33] (Box 2).

Protective immune mechanisms
Field isolates ofB. bovis comprise a range of subpopulations
thatexpressvirulencegenes tovaryingdegrees [34].Attenu-
ation by passage in splenectomized calves or maintenance



Figure 2. Blood smears from (a) Babesia bovis and (b) Babesia bigemina. (c) B. bovis in a brain capillary smear (Giemsa staining), (d) B. bovis (vitality staining with calcein).

Scale bars = 10 mm.
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in culture can result in enrichment of less virulent parasite
subpopulations or in down-regulation of virulence genes [5].
Protective immunity is unrelated to virulence of the vaccine
strainand there is evidence thatmultiplepassageof a strain
might result in loss of immunogenicity [35]. Consequently,
some vaccine strains become less immunogenic than others,
and there is evidence thata combinationofdifferingparasite
populations is required for adequate protection. At present,
the vaccine strain used in Australia comprises two different
parasite populations. Reversion to virulence following pas-
sage of an attenuated vaccine strain through ticks was
reported for B. bovis [34].

The virulence of B. bigemina isolates decreases during
prolonged residence in latently infected animals. This
characteristic has been exploited to obtain avirulent strains
by splenectomizing latently infected calves and using
the resulting relapse parasites to repeat the procedure
[36]. Both Babesia spp. are immunologically diverse, and
analysis ofDNAextracts of 27Australian isolates ofB. bovis
using polymerase chain reaction (PCR) showed all 27 to be
different [37]. Antigenic variation is thought to avoid strong
protective responses mounted by the host [38]. Despite this
immunological diversity, the Australian B. bovis and
B. bigemina strains protect cattle in Africa, Latin America
and Southeast Asia [35].

The mechanisms of immunity to Babesia require both
innate and adaptive responses [39]. Calves aremore resist-
ant to disease than older cattle, and this age-linked resist-
ance is thought to be the result of natural killer cell
responses in the spleens of young animals [40]. The mech-
anism of acquired immunity seems to rely on the rapid
activation of memory and effector CD4+ T helper cells that
secrete IFN-g, thereby activating phagocytic cells and
enhancing antibody production by B cells [39–41].
www.sciencedirect.com
From experience gained in Australia, immunity to
B. bovis and B. bigemina persists for approximately four
years [35]. Sterile immunity followed by chemosterilization
in the case of B. boviswasmore than three years, but cattle
were fully susceptible to B. bigemina after 16 months [30].
After elimination of the infection, immunity seems to be
related more to the degree of antigenic stimulation experi-
enced by the host than to the presence of live parasites.

Development of recombinant subunit vaccines against
Babesia spp. has been slow. Immunization with native or
recombinant rhoptry-associated proteins (RAP-1), which
are targeted immunogens for vaccine development of
B. bovis and B bigemina, reduced parasitemia in infected
cattle [40,42]. Immunization with the N-terminal region
containing immuno-dominant T-cell epitopes of B. bovis
imparted no protection, despite specific RAP-1 immuno-
globulin G and CD4+ T-cell responses to challenge [41].
Because immuno-dominant antigens eliciting strong cell-
mediated immune responses failed to confer protective
immunity, it has been suggested that identification of
subdominant antigens might be important for an effective
vaccine [39–42]. The annotation of the B. bovis genome
sequence should enable effective antigens to be identified.
A protective vaccine might need to include multiple anti-
gens [39] and its formulation would require a better un-
derstanding of antigenic diversity, mechanisms used by
Babesia to evade host immunity and the heterogeneity
of the bovine major histocompatibility complex class II
molecules [40,42–44].

Attenuated vaccines against heartwater
Heartwater (E. ruminantium infection) occurs throughout
sub-Saharan Africa and on several islands in the Carib-
bean [10]. The disease is transmitted by Amblyomma ticks



Box 2. Essential requirements for production and

implementation of Babesia vaccines [31]

� Isolation of Babesia parasites through feeding of infected ticks on

splenectomized animals, or through cloning in cell culture.

� Maintenance of pathogen-free cattle under tick-free conditions to

ensure freedom from arthropod-borne and other endemic infec-

tions.

� Facilities for splenectomy.

� Attenuation of the virulence of Babesia bovis by ‘rapid passages’

through splenectomized calves at the acute stage of infection, or

by ‘slow passages’ in splenectomized persistently infected calves

for attenuation of Babesia bigemina.

� Testing for viral and bacterial contaminants of infected blood for

stabilate preparation.

� Resources and technology to test donors for freedom of

contaminants.

� Preparation of master- and working-seed stabilates stored in

liquid nitrogen (or �70 8C freezer).

� Resources and technology to monitor population dynamics in

working seed.

� Quality-assurance procedures to monitor working-seed safety and

efficacy.

� Sterile condition facilities for production of frozen or chilled

vaccine.

� Production of vaccines from an infected splenectomized donor at

parasitemia of 1 � 108 ml�1 (additional passage in a donor calf

might be required for B. bovis to obtain suitable parasitemia for

vaccine production).

� If frozen, infected blood is mixed with cryo-protectant (glycerol or

DMSO) and dispersed at 10� or more concentrated doses into

sterile vials.

� Diluents containing PBS and cryo-protectant at concentration

similar to that in frozen vaccine are supplied with the vaccine and

are kept at ambient temperature.

� Post-production testing for sterility for viral and bacterial con-

taminants.

� Testing for safety and potency by cattle inoculation and clinical

follow up.

� Production of chilled vaccines at suitable parasitemia from donor-

infected blood dispensed into sterile vials.
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[45], and affects cattle, small and wild ruminants, with
mortality rates of 77% in sheep and goats, and 67% in cattle
[46]. In some regions, the disease is of greater economic
importance in small ruminants, whereas elsewhere it pre-
sents mostly a constraint for cattle production. The in-
fection and treatment method in present use is based on
virulent organisms and the stock used in South Africa (Ball
3) does not provide wide protection against virulent field
isolates; there has been a continuous search for a better
and safer vaccine to avoid drug treatment. A breakthrough
was reported in 1991 when an isolate of heartwater
originating from Senegal lost its virulence during passage
Figure 3. Bovine endothelial cells infected with Ehrlichia ruminantium: (a) six intact colo

from the colonies (Giemsa staining). Scale bars = 10 mm.
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in bovine endothelial cell cultures [47]. Suspensions of these
cultures used for vaccination produced strong protection
against homologous challenge in sheep and goats. However,
under laboratory conditions, the attenuated Senegal stock
did not provide efficient cross-protection against geographi-
cally distinct virulent stocks [48]. Similarly, field trials
conducted in Senegal showed that immunity to this stock
didnot seem toprotect satisfactorily against strains encoun-
tered in the field [49]. In Guadeloupe, the Gardel stock was
attenuated in vitro after >200 passages (D. Martinez, PhD
thesis, Utrecht University, 1997). Recently, the virulent
Welgevonden stock of E. ruminantium was continuously
propagated in a canine macrophage–monocyte cell line
(DH82) [50]. Between passages 25 and 50, the organisms
lost virulence formice; theseweresolidlyprotectedagainsta
lethal challenge. Sheep inoculated with the attenuated
culture material of passages 56 and 111 were protected
against 10 LD50 of virulent homologous challenge 30 days
after immunization: none of the immunized animals
required chemotherapy, whereas the control sheep were
severely sick [51]. Interestingly, adult Amblyomma heb-
raeum ticks fed as nymphs on immunized sheep were able
to acquire the attenuated stock and transmit it to a naı̈ve
sheep, which was protected against lethal homologous chal-
lenge [52]. By contrast, the attenuated Senegal and Gardel
stockswerenot tick-transmissible (D.Martinez,PhD thesis,
Utrecht University, 1997). In areas where the virulent
Welgevonden stock is present, however, tick transmissibil-
ity need not be a disadvantage because ticks infected
with the attenuated organisms could subsequently immu-
nize naı̈ve animals. The attenuated Welgevonden stock
was re-adapted to a bovine endothelial cell-culture line
(Figure 3a,b). Upon immunization, sheep and goats did
not develop disease; a transient rise in body temperature
was theonly symptomobserved. Importantly, all sheepwere
fully protected against a lethal challenge with the virulent
homologous stock, or with one of four heterologous stocks
(Ball 3,Gardel,Mara 87/7 andBlaauwkrans). Inoculation at
doses of 1.8 � 104 and 6.0 � 103 organisms injected into
sheep and goats, respectively, were sufficient to trigger a
robust immune response [52].

Protective immune mechanisms
The mechanisms of protection engendered by live
E. ruminantium have not been elucidated. Immunity is
considered to be cell-mediated [53] because serum anti-
bodies play no part in the immune response. Specific
antibodies are produced following infection; however, their
nies in the cytoplasm; (b) three intact colonies and free elementary bodies released



Box 3. Essential requirements for production and

implementation of a culture-derived attenuated heartwater

vaccine*

� Isolation of the organism from infected ruminants or Amblyomma

ticks.

� Adaptation of the isolate to in vitro propagation and continuous

growth.

� Testing of cultured organisms for virulence at various passage

levels in small ruminants.

� Titration of immunizing doses in small ruminants.

� Testing for potency against heterologous virulent challenge.

� Preparation of master-, working- and production-seed materials

for mass culture production.

� Testing of the vaccine for contaminants.

� Availability of cold chain for production, maintenance and

transportation of frozen vaccine.

* E. Zweygarth, PhD Thesis, Utrecht University, 2006
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level does not correlate with protection [54]. In cattle
immunized by infection and treatment, the responses to
recombinant analogs of major protein 1 (MAP1) andMAP2
were predominantly by CD4+ T cells. Cytokines INF-g,
INF-a, TNF-b, interleukin-2-receptor a transcripts (IL-
2Ra) were strongly expressed with the application of
reverse transcription PCR, whereas IL-2 and IL-4 were
expressed weakly [55].

There are arguments in favor of using an attenuated
vaccine against heartwater. The efficacy of the vaccine
based on the Welgevonden stock has to be further evalu-
ated in field trials. The possibility of a reversal of virulence
will have to be studied and eliminated before it can be used
outside South Africa to avoid introducing an additional
genotype where it might not already occur. Most impor-
tantly, it confers cross-protection against most South Afri-
can isolates [52,56], a blocking treatment with antibiotics
is not required and it is less expensive to produce than the
traditional blood vaccine. Efforts need to be undertaken to
determine the immunogens that elicit protective cell-
mediated responses. An attenuated vaccine might be an
ideal interim solution until a new-generation vaccine
becomes available. The genome of E. ruminantium has
been sequenced [4], making available information that will
support a major contribution towards the development of a
recombinant vaccine. For the present time, the require-
ments for the production of the viable anti-heartwater
vaccine are given in Box 3.

Concluding remarks
Vaccination with live attenuated vaccines is an effective
means of controlling tropical theileriosis and babesiosis in
cattle. The attenuated vaccine against heartwater is still in
the experimental stage, and wider field-testing is required
in cattle and goats, and the age of animals to be vaccinated
has not yet been determined. Vaccines for controlling T.
annulata and E. ruminantium infection are produced
from cell cultures; therefore, risks of contamination with
viral or bacterial pathogens can be better controlled. The
vaccine against tropical theileriosis is safe for all breeds of
cattle at any age, and can even be used for pregnant cows.
The blood-derived Babesia vaccines require stringent
maintenance conditions and thorough examination of
www.sciencedirect.com
donor cattle. However, these vaccines confer the solid pro-
tective immunity against natural infection, which justifies
their use for controlling these diseases.

Future perspectives
Development of technology for parasite transformation,
gene knockout and gene silencing based on genome-
sequencing data will further contribute to a better un-
derstanding of the parasite biology and, ultimately, to a
novel generation of vaccines. Nevertheless, in the immedi-
ate future, control of tropical theileriosis is likely to remain
dependent on vaccination with a cell-culture-derived
vaccine. Blood-based live attenuated anti-Babesia vaccines
will continue to have a vital role in the near future; the
immunogens propagated in vitro would be preferable but,
for this to become the international standard, a better
understanding of the long-term effects of in vitro mainten-
ance of parasite immunogenicity is essential.
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