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SUMMARY

There is now abundant evidence that vaccination with defined protein antigens is able to induce significant immunity to

tick infestation. In a limited number of cases, this immunity has been duplicated by vaccination with recombinant anti-

gens, a critical step on the pathway to commercial vaccine production. The existence of two commercial vaccines has

allowed a number of field studies showing that the existing products can make an important contribution to an integrated

approach to the control of ticks in the field. Under most circumstances however, the use of a tick vaccine as the single,

stand alone control technology is likely to require more efficacious vaccines than those currently available. Increases in

efficacy are most likely to come through the discovery of additional, effective vaccine antigens. The number of antigens

with demonstrated effect is increasing, though only slowly, while the number of potential antigens that remain to be

evaluated is increasing more quickly. There is limited, though convincing, evidence that some of these antigens will show

effective cross-species protection, though in a poorly understood and unpredictable way. The groundwork has been laid;

the potential of the field is still to be effectively exploited.
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THE CASE FOR VACCINES

The case for vaccination as a means of tick control

has been made repeatedly and deserves only brief

reiteration here. Currently, tick control, where it oc-

curs at all, is heavily dependent on two approaches:

the use of chemical pesticides and the use of tick-

resistant animals. The use of chemical pesticides

however is increasingly problematic for a number of

reasons. Resistance to existing pesticides of many

chemical classes is widespread and its incidence is

increasing (see George et al. this Supplement). The

speed with which it has appeared after the release

of each new class of chemical is clearly a deterrent

to the companies developing such means of parasite

control. Secondly, there is increasing concern about

the use of chemicals in all forms of agriculture, both

for their potential environmental impact as well as

for their presence in food products. Thirdly, it is a

fact that newer classes of pesticide have tended to be

significantly more expensive than their predecessors

and this is also a deterrent to their application.

Genetically resistant animals, that is, animals

which show a heritable ability to become immu-

nologically resistant to tick infestation, are a vital

component of many tick control strategies. They are

particularly important in the control of Boophilus

microplus on cattle. However, this approach too is

not without its difficulties. For the hosts of many tick

species, resistance may simply not develop. Even for

the case of B. microplus on cattle it may be difficult

to breed for tick resistance while preserving other

desirable production characteristics, such as high

milk yield in dairy cattle.

A vaccine by contrast has the potential to be a

non-contaminating, sustainable and cheap tech-

nology, potentially applicable to a wide variety of

hosts. There are potential limitations as well, first

and foremost whether vaccines can be produced

which achieve the desired level of efficacy under field

conditions. Such issues will be discussed in this re-

view. From a commercial perspective there is a num-

ber of other potential advantages of vaccines which

are less frequently discussed. Briefly, a recombinant

vaccine can potentially be produced very cheaply

using a multi-purpose manufacturing facility i.e. fer-

menter. That is, dedicated facilities are not required.

The cost of purpose-built manufacturing facilities

and chemical synthesis are a critical barrier to the

commercial development of many potential pesti-

cides. Secondly, the registration cost of a new vac-

cine should be substantially less than that of a new

pesticide. A significant part of the cost of the devel-

opment and registration of a new pesticide is in

the demonstration of safety towards target and non-

target species, in particular, humans. It is highly

likely that for a vaccine based on a defined protein

antigen, the regulatory hurdles will be very signifi-

cantly less. Thirdly, there are theoretical reasons

for expecting that the development of resistance to a

vaccine is less likely than for a pesticide. There are

numerous examples where a single point mutation in
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the target molecule is sufficient to render a pesticide

ineffective, while there is the expectation that such

point mutations are likely to be of little relevance to

most vaccines. With some limitations, this is the case

for the current vaccines against B. microplus. This is

because, in most cases, a vaccine is likely to target

multiple epitopes on a single protein antigen. Fi-

nally, while the introduction of a tick vaccine for a

farming community used to parasite control through

pesticides might be initially difficult, in the longer

term vaccines should be less subject to some of the

serious patterns of misuse seen with pesticides.

Given these advantages, our scientific challenge is

to produce truly efficacious vaccines able to provide

tick control that is both practical and cost effective.

STAGES IN VACCINE DEVELOPMENT

The development and delivery of a recombinant

vaccine can be conveniently broken into a number

of consecutive stages: the identification and charac-

terization of protective antigens; the production of

antigens as immunologically effective, recombinant

proteins in a commercially viable manner; the

delivery of antigens in the context of the desired

immunological response; the validation of the pro-

totype vaccine in a field situation and, finally, its

delivery to the market. The latter stages of this pro-

cess will be accompanied by much commercial ac-

tivity in both registration of the product and market

identification and development. Each of these will

be addressed in this chapter, though with a strong

focus on the early, purely scientific phases.

DEMONSTRATION OF THE FEASIBILITY

OF VACCINATION

It has been known for about 70 years that partial to

strong immunity to tick infestation can be induced

by vaccination with a variety of antigenic materials,

including whole tick homogenates, salivary glands

and salivary gland extracts, tick internal organs,

including tick gut material, cement material and so

on. This area has been reviewed a number of times

(for example Willadsen, 1980, 1997; Willadsen &

Billingsley, 1997; Pruett, 1999; Willadsen & Jonge-

jan, 1999) and the efficacy of such materials is still

regularly reported in the literature. This literature

will not be reviewed again here. While such experi-

ments do not prove that immunological control will

be successful with all ticks, they at least show that

immunological control is worthy of further explor-

ation. They are, however, just an initial, very small

step on the path to vaccine development. If proof

of principle for vaccination is requested, the most

compelling evidence to date is the existence of two

related, recombinant vaccines against ticks which are

now commercially available.

IDENTIFICATION OF PROTECTIVE ANTIGENS

There is no doubt that the current rate-limiting step

in the development of anti-tick vaccines, as for most

anti-parasite vaccines, lies in the identification of

truly efficacious antigens and their expression as

effective recombinants. In the past (Willadsen &

Kemp, 1988) we have discussed tick antigens as

belonging to one of two groups. The first of these

includes the antigens involved in naturally acquired

resistance to tick infestation, i.e. those immunogenic

materials exposed to a host by the normal processes

of tick attachment and feeding. The second group

of antigens are the ‘concealed’ antigens, namely

those antigens which are not part of the normal host–

parasite interaction and which do not under normal

circumstances stimulate an immunological response.

It is possible to raise a response to these immuno-

genic molecules by vaccination and for that immu-

nological response to subsequently damage the

feeding tick. Typical examples of ‘concealed’ anti-

gens are the immunogenic proteins located in the gut

of the tick where, once an antibody to the protein is

raised by vaccination, uptake of specific immuno-

globulin during feeding leads to damage to the

parasite.

The idea of ‘concealed’ antigens has two import-

ant implications, one positive, the other negative.

Many host species fail to develop adequate immun-

ity to a tick infesting them, even after prolonged

exposure. The concealed antigen approach then had

the positive aspect of offering an alternative approach

that may circumvent the factors, whether immu-

nological or physiological, which prevent the natural

development of immunity. Even where some im-

munity does develop, as forB. microplus for example,

then the concealed antigen vaccines, by operating in

a different way and largely on a different stage of the

life cycle, substantially enhance the total protective

response. The negative aspect of the approach is that

natural parasite exposure is unlikely to boost the

immune response to concealed antigens, implying a

need for continual boosting through vaccination.

Broadly, three approaches can be used to identify

useful vaccine antigens. The first is to use the im-

munological response of an immune host. Typically,

this has meant the study of antigens that elicit

an antibody response. The second is to identify

tick factors important for the parasite’s function or

survival and then evaluate these as potential vac-

cine antigens. The third is the pragmatic one of

biochemical fractionation, evaluating progressively

simpler protein mixtures by host vaccination and

parasite challenge trials. All three approaches have

strengths and weaknesses. The immunological ap-

proach is often misguided, since it depends on the

assumption that the immunological reaction used to

select antigens is the one that protects the host

against infection or, at least, that the same antigens
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are responsible for both ‘analytical ’ and ‘protective’

responses. This is usually not known. The second,

the selection of critical tick factors for evaluation as

vaccine candidates, fails simply because we under-

stand so little of what is both really essential to a

tick and accessible to the host’s immune system. The

third, the pragmatic approach, is laborious and time

consuming, while the protective effect of crude

parasite extracts can easily dissipate into a range

of partially protective fractions as purification pro-

ceeds. Nevertheless, successes have been delivered

with all three approaches. Examples given below

include, for the immunological approach, the p29

antigen from Haemaphysalis longicornis, for the se-

cond approach the serpin HLS1 from H. longicornis

and for the third, the pragmatic approach, the Bm86

antigen from B. microplus.

The rapid development of molecular technologies

is now having an impact on the identification of anti-

gens and potential antigens. Random sequencing of

clones from a cDNA library made from the salivary

gland ofAmblyomma variegatum quickly gave a long,

if still incomplete, catalogue of genes expressed in a

target tissue (Nene et al. 2002). Even more relevant

is the ability of RNAi to confirm the importance

of a gene believed to be critical to a tick’s success

(Aljamali et al. 2003), while the pragmatic identifi-

cation of antigens through the biochemical separ-

ation of protein mixtures has a parallel in the cDNA

expression library immunization (Almazán et al.

2003). While these techniques are all powerful, the

identification and characterization of effective anti-

gens remains a significant challenge.

The difficulty and limited success of all ap-

proaches to antigen identification make it important

that once a good antigen has been identified in one

species of tick, it be exploited to its full potential.

Evidence for cross-species efficacy of homologous

antigens will be discussed.

While the classification of antigens as either natu-

ral or concealed remains broadly valid, particularly

in the sense that the two different classes of antigen

present different immunological problems in vaccine

development, an instructive alternative is to charac-

terize antigens in a more functional sense. The fol-

lowing discussion will be limited to protein antigens

and potential antigens for which there has been

substantial progress in their purification andphysico-

chemical characterization. There is no reason why

oligosaccharide or lipid immunogens could not be

protective and in fact there is good evidence that

some oligosaccharide antigens are very effective, for

B. microplus at least (Lee & Opdebeeck, 1991; Lee,

Jackson & Opdebeeck, 1991). The reason for

restricting the discussion is the pragmatic one that

neither the oligosaccharide- nor lipid-based immu-

nogens have been characterized in any tick, while

we have negligible ability to produce them in quanti-

ties sufficient for anything more than a small-scale

experimental vaccination. There may be potential

in peptide mimotopes for such antigens, but the

realization is some way off (Monzavi-Karbassi et al.

2002).

Salivary gland proteins and cement constituents

as antigens

Older literature on tick feeding and immunology

focused almost exclusively on the tick attachment

site and the host–parasite interactions taking place

there as well as on the constituents of the cement

cone that is to a greater or lesser extent vital for the

physical maintenance of the tick attachment to the

skin of the host itself (for example, see Willadsen,

1980). Then, with the focus on the ‘concealed anti-

gen’ approach to vaccination, this area of research

seemed to become neglected for a number of years,

at least from an immunological viewpoint. This

neglect is now being rectified.

It is becoming increasingly clear, thanks princi-

pally to work by Nuttall and colleagues, that the

protein complement of the tick salivary gland shows

individual to individual variation in addition to the

expected species to species variation, as well as dy-

namic changes during the process of tick feeding.

These differences are reflected in the antigenic pro-

files of the ticks (for example Wang & Nuttall,

1994a ; Lawrie & Nuttall, 2001). Clearly, the sali-

vary gland and saliva are likely to be the vehicles by

which factors such as immunomodulators, proteo-

lytic and other hydrolytic enzymes, enzyme in-

hibitors and modifiers of haemostasis all pass from

the tick to the host. These factors are likely to show

considerable temporal variability and will be dis-

cussed under separate headings.

There are other factors which do not fall into such

groups, such as the structural components of cement.

Mulenga et al. (1999) characterized p29, a 29 kDa

salivary gland-associated protein from H. long-

icornis, by probing a cDNA library from partially fed

adult ticks with sera of rabbits infested with ticks.

The amino acid sequence coded for a 277 amino acid

protein including a putative signal peptide. There

was significant sequence homology with a number of

glycine-rich extracellular matrix proteins or struc-

tural proteins. The protein was described as possess-

ing the highly conserved structural domains of all

vertebrate and invertebrate collagens. Vaccination

with recombinant protein produced in E. coli led to

a significant reduction in adult female engorgement

weight and 40% and 56% mortality of larvae and

nymphs post-engorgement, respectively. The group

then went on to remove the anti-p29 immuno-

reactivity from the antiserum and re-screen a library.

This procedure identified another two polypeptides,

HL34 and HL35, only one of which has so far been

expressed as a recombinant protein and tested in

vaccination trials in rabbits. This protein, HL34,
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induced some nymphal and adult mortality (15%

and 29%, respectively) and a small reduction in adult

engorgement weight. The protein possessed a tyro-

sine-rich domain, followed by a proline-rich domain

and appeared to be induced by feeding. Otherwise,

its function remains unknown (Tsuda et al. 2001).

Trimnell, Hails & Nuttall (2002) have studied

64P, a protein from Rhipicephalus appendiculatus

with a predicted molecular weight of 15 kDa, classi-

fied as a putative tick cement protein. Guinea pigs

with acquired immunity to the tick fail to form

antibody to it. However, expression of a series of

truncated versions of the protein followed by vacci-

nation of tick-naı̈ve hosts showed several of the

constructs were able to stimulate significant protec-

tion to nymphal and adult infestations. The effects

included nymphal mortality as high as 48% and

adult mortality up to 70%, with some effects on en-

gorgement weight and egg masses as well. Boosting

of antibody titres by tick infestation, coupled with

evidence for cross-reactivity with a number of tick

tissues, lead to the suggestion that this antigen com-

bined the advantages of both ‘exposed’ and ‘con-

cealed’ antigens. Curiously, the constructs most

effective against nymphal stages had no effect on

adults and vice versa though they were portions of

the same protein. The protein contained a glycine-

rich region with similarity to host keratins and col-

lagen. The effect of the 64TRP in partially blocking

the transmission of tick-borne encephalitis virus

by Ixodes ricinus will be discussed later. A third sali-

vary gland and cement cone protein (RIM36) has

been characterized from R. appendiculatus. It too

contains a number of glycine-rich repeat regions and

a proline-rich C-terminal region. The protein in-

duces a strong antibody response in tick-exposed

cattle, though it is not clear whether the immuno-

logical response is protective at all (Bishop et al.

2002).

The number of salivary gland proteins that have

been functionally characterized is small and most of

them fall into one or other of the classes to be dis-

cussed below. One interesting protein is calreticulin,

a calcium-binding protein that, in mammals, is nor-

mally located in the endoplasmic reticulum. The

gene from Amblyomma americanum has been char-

acterized, cloned and expressed and the protein has

been shown to be secreted in saliva of both that tick

and Dermacentor variabilis (Jaworski et al. 2002). A

possible role in host immunosuppression or antihae-

mostasis has been suggested. Rabbits vaccinatedwith

recombinant tick protein developed necrotic feeding

lesions on tick challenge (Jaworski et al. 1995).

Calreticulin from B. microplus has also been ident-

ified, sequenced and expressed. It was found to be

poorly immunogenic in cattle (Ferreira et al. 2002).

Screening of an expression library from Ixodes

scapularis salivary gland with sera from immune

guinea pigs identified a number of antigens of

interest, including putative anti-complement and

histamine-binding (see below) proteins. Most stud-

ied was salp25D, an antioxidant protein (Das et al.

2001). The potential of these proteins as vaccine

antigens, like the calreticulins, remains to be

thoroughly explored.

Hydrolases and their inhibitors

The biochemical literature on hydrolytic enzymes

is enormous, reflecting the ease with which they can

be studied as much as their importance. The most

studied group, the proteolytic enzymes, also possess

a diverse and well characterized set of specific pro-

tein inhibitors. It is intuitively reasonable to think

such enzymes would be key molecules in tick feeding

and in both early and late events in the immune re-

sponse. Nevertheless, relatively little work has been

done to explore these proteins as vaccine antigens.

The role of hydrolases and their inhibitors in tick

biology has been the subject of some speculation.

From a vaccine perspective, serine proteinases for

example, are attractive because they are intimately

involved not only in digestive processes, but also in

complement activation, blood coagulation and many

aspects of the immune system. As such, it is attract-

ive to propose that an immune attack on them could

be deleterious to a tick (see, for example, Mulenga

et al. 2001, 2002). The disadvantage of proteinases

as antigens is that they occur in very large numbers.

For example, the Drosophilia genome contains ap-

proximately 400 serine proteinases and one imagines

that in many circumstances there will be a high level

of proteinase redundancy, potentially making vacci-

nation with a small subset of them ineffective.

Although there have been attempts to vaccinate

against proteinases in other parasites, there has been

little experimentation with ticks. It has been shown

that an aspartic proteinase precursor from B. micro-

plus eggs can confer partial protection (da Silva Vaz

et al. 1998). In experiments with expression library

immunization using cDNA from I. scapularis, one

of the two unique cDNAs with putative function

which gave some protection was an endopeptidase

(Almazán et al. 2003). The most intensively studied

proteinase is a membrane-bound carboxydipepti-

dase from B. microplus (Bm91) with sequence simi-

larity to the mammalian angiotensin-converting

enzymes and even stronger similarities in bio-

chemical specificity (Riding et al. 1994; Jarmey et al.

1995). The enzyme is located principally in the tick’s

salivary gland and in vaccination trials was effective

as a native protein and, as a recombinant, in further

increasing the efficacy of a recombinant Bm86 vac-

cine (see below) (Willadsen et al. 1996).

Attention has also focused on the inhibitors of

proteinases. There has been a recent characteriz-

ation of double-headed serine proteinase inhibitors

from B. microplus (Tanaka et al. 1999) and these
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inhibitors appear to be very similar to proteinase

inhibitors from the same tick species studied

approximately 20 years ago (Willadsen & Riding,

1979, 1980; Willadsen & McKenna, 1983). There is

experimental evidence that these offer some immu-

noprotection against B. microplus larvae (Andreotti

et al. 1999, 2002). B. microplus trypsin inhibitors

were isolated by affinity chromatography on trypsin-

Sepharose and used to vaccinate Bos indicus cattle in

Freund’s adjuvant. Following larval challenge, vac-

cinated cattle showed a 68% reduction in the num-

ber of engorging female ticks and a corresponding

reduction in the total egg weight. Interestingly, the

weight of eggs per engorging female and the mean

engorgement weight of the female adult ticks were

not reduced significantly. As the authors point out,

the effects of vaccination are different from those

seen with the Bm86 vaccine (see below). The fact

that tick numbers but not parameters like female

engorgement weight are affected suggests that vac-

cination was having its effect on the early stages of

larval development. If correct, this could make these

inhibitors an ideal complement to the existing B.

microplus vaccine. On SDS gel electrophoresis pro-

tein species of approximately 10 and 18 kDa pre-

dominated, while under non-reducing conditions

bands of trypsin inhibitory activity, detected in-gel,

were of somewhat higher molecular weight, between

18 and 29 kDa. Clearly the vaccination ‘antigen’

contained at least two protein species, as would

be expected from older literature and, judging from

the electrophoresis results shown in the paper, the

mixture may have been more complex still. It is

to be hoped the work continues to the assessment

of individual inhibitors and, if successful, to the

examination of recombinant proteins.

There has been speculation that a family of high

molecular weight serine proteinase inhibitors, the

serpins, could be potential target antigens (Mulenga

et al. 2001). Recently a conserved serpin amino acid

motif was used to clone and express a 378 amino acid

polypeptide from H. longicornis that had high

sequence similarity to several known serpins. Tran-

scription was induced exclusively in tick midguts by

feeding. Vaccination of rabbits with recombinant

protein induced 44% and 11% mortality in feeding

nymphs and adults, respectively (Sugino et al. 2003).

Similarly, a number of serpin genes have been

identified in R. appendiculatus (Mulenga et al. 2003).

The repertoire of such inhibitors is likely to be large.

Other proteolytic enzyme inhibitors have been de-

scribed mostly as inhibitors of components of the

blood coagulation pathway, and will be discussed

below.

Only two non-proteolytic hydrolases have been

investigated in any detail. Del Pino et al. (1998)

reported that a polyclonal antibody against b-N-

acetylhexosaminidase from larval extracts, when in-

jected into fully engorged adult female B. microplus,

inhibited oviposition by 26%. While interesting, the

artificiality of the system and the relatively small

effect makes the relevance of this observation to

vaccine development questionable at the moment.

The 5k-nucleotidase from B. microplus has been

characterized (Liyou et al. 1999) and been found

localized to gut, ovary and, predominantly, on the

luminal surface of the Malpighian tubules (Liyou

et al. 2000) where a role in purine salvage is likely. It

has been tested as a vaccine antigen only as an en-

zymatically inactive, truncated form expressed in E.

coli where it appeared to slightly increase the efficacy

of a Bm86-based vaccine when co-administered.

The small size of both the effect and of the exper-

imental cattle groups ensured that the effect was not

statistically significant (Liyou, 1996). In experiments

with expression library immunization using cDNA

from I. scapularis cited above, one of the protective

cDNAs was a putative nucleotidase (Almazán et al.

2003). Given this, more thorough evaluation of

nucleotidases may be warranted.

Tick-induced host immunomodulation as a source

of potential antigens

It is now well established that ticks modulate the

immune system of their host in a variety of ways

(see, for example, Barriga, 1999; Wikel, 1999; Wikel

& Alarcon-Chaidez, 2001). This is covered in detail

in the chapter in this Supplement by Brossard and

Wikel. Typical examples from the more recent

literature include the down regulation of NK cell

activity (Kopecky & Kuthejlova, 1998), the inhi-

bition of T-cell proliferation and IFN-c induced

macrophage activity (Ferreira & Silva, 1998) which

was characterized by an increase in IL-10 and TGF-

b and a reduction in IFN-c and IL-12 (Ferreira

& Silva, 1999), and again the inhibition of IFN-c
and up regulation of IL-10 (Kopecky, Kuthejlova

& Pechova, 1999). In contrast, Hannier et al. (2003)

have shown a suppression of IL-10 production in

mitogen-stimulated mouse splenocytes, a hypo-

responsiveness to mitogen in B- and T-cells and a di-

rect B-cell inhibitory activity, all induced by salivary

gland extract from I. ricinus. Consistent with this is a

report by Gwakisa et al. (2001) showing that R.

appendiculatus saliva and salivary gland extract sup-

pressed the secretion of IL1-a, TNF-a and IL-10

from a macrophage-like cell line while also inhibit-

ing nitric oxide production. Most of these obser-

vations and others which have been summarized

recently (Wikel & Alarcon-Chaidez, 2001) have been

made with crude salivary gland extracts or, on

occasion, through direct tick infestation of the host.

If the inhibition or diversion of the host’s immune

response is critical to tick survival, then it is possible

that the tick molecules responsible for such

manipulation could themselves be vaccine targets.

This has been suggested a number of times, but is
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still to be validated. The assumption here is either

that the molecules are so critical to tick survival that

their inhibition will lead to tick rejection or death, or

that their inhibition by a vaccine-induced im-

munological response will ablate the parasite’s own

attempts at immune diversion, allowing the host to

mount an effective rather than an ineffective immune

response to the parasite. Before these two related

hypotheses can be explored, the nature of the para-

site’s immunomodulatory molecules must first be

clarified. Fortunately, recent work by a number of

groups has identified a range of candidates, affecting

the immune system at various stages between anti-

gen presentation and the effector response.

A homologue of the pro-inflammatory cytokine

macrophage migration inhibitory factor (MIF) has

been identified in a cDNA library from A. ameri-

canum ticks. The tick MIF-like factor was expressed

in both salivary glands and midgut tissues, and

although the sequence identity with the mammalian

MIF was relatively low, the arthropod and human

factors inhibited the migration of human macro-

phages to comparable degrees in in vitro functional

assays (Jaworski et al. 2001). It is very attractive to

assume that this tick protein is a component of an

immunomodulatory parasite system, perhaps affect-

ing antigen presentation. Examples of the effects of

MIF include the inhibition of antigen-specific re-

sponses of both IFN-c and IL-4 producing T cells

in mice (Kitaichi et al. 2000) as well as regulation

of macrophage activity leading, in MIF deficient

mice, to increased susceptibility to Leishmania major

(Satoskar et al. 2001).

A number of papers have demonstrated the ability

of ticks to manipulate the host’s cytokine network.

Hajnická et al. (2001) have shown that extracts of

several Ixodes tick species are able to reduce the level

of IL-8 and using a radio-label have made some

progress in purifying the material from Dermacentor

reticulatus which binds the cytokine. The availability

of a convenient bioassay should mean that the mol-

ecular identification of this binding activity is quite

feasible. Similarly, Gillespie et al. (2001) have shown

that the saliva of I. scapularis contains an IL-2

binding protein that appears to be responsible for

the inhibition of mitogen-stimulated T cell pro-

liferation.

Iris, a protein from I. ricinus was, as a recombi-

nant protein, able to inhibit the production of IFN-c
but not that of IL-5 and IL-10 in stimulated per-

ipheral blood mononuclear cells (Leboulle et al.

2002). Iris was induced during tick feeding and also

secreted into tick saliva. It has sequence similarity to

the pig leucocyte elastase inhibitor. Such proteins

are known to be secreted by human macrophages,

monocytes and neutrophils as well as to be expressed

during delayed type hypersensitivity reactions. The

authors demonstrated the ability of antibody to re-

lieve the inhibition of IFN-c production by Iris but

so far experiments on the direct use of recombinant

Iris as a potential antigen have not been reported. In

similar fashion, Bergman et al. (2000) purified and

characterized a 36 kDa protein from the salivary

glands of Dermacentor andersoni, Da-p36, which

inhibited the stimulation of mouse splenocytes by

ConA. The temporal expression of the protein was

consistent with a role in immunosuppression during

feeding.

Considerable work stemming initially from the

laboratory of Nuttall has characterized an interesting

group of proteins that specifically bind host im-

munoglobulin. For a review of early work, see Wang

& Nuttall (1994b). It has been suggested that these

proteins are involved in the specific secretion of in-

gested host immunoglobulin that has passed from

tick gut to haemolymph as a way of avoiding the

deleterious effect of anti-tick immunoglobulin that

might be taken up with the blood meal. The situ-

ation would appear to be more complex than that. It

has also been shown, at least in the case of A. amer-

icanum, that there is specific uptake of immunoglobu-

lins into tick haemolymph during feeding (Jasinskas,

Jaworski & Babour, 2000), while with both D. var-

iabilis and I. scapularis, relatively complex patterns

of immunoglobulin concentration in tick haemo-

lymph were found. For example, when larval D.

variabilis were fed on rats and then several months

later as nymphs on rabbits as an alternative host,

detectable rat IgG persisted over the extended

period between larval engorgement and nymphal

attachment but then, within two days of nymphal

attachment, was totally replaced by immunoglobulin

from the new host species. The presumption was

that the old immunoglobulin acquired from the lar-

val blood meal was retained until it was secreted via

saliva into the new host (Vaughan, Sonenshine &

Azad, 2002). Independent of these complexities,

which are still not entirely understood, it has been

suggested that these immunglobulin-binding pro-

teins could be an appropriate target for vaccine de-

velopment (Wang & Nuttall, 1999). Vaccination of

guinea pigs with a recombinant form of one of these

proteins, a male-specific protein from R. appendicu-

latus, had the effect of delaying female engorgement

(Wang & Nuttall, 1999). The effects were thus small

and indirect. It is interesting that a recent paper

(Packila & Guilfoile, 2002) has shown the presence

in I. scapularis of a related, male specific protein so

they may be a general phenomenon.

The role of complement in protective immunity

to ticks is unclear, most of the experimental work

in this area having been carried out some time ago

(Willadsen, 1980). It is an interesting reflection on

the species specificity of the tick–host interaction as

well as the probable importance of complement that

there is specificity in the ability of salivary gland

extracts of different tick species to inhibit host

complement, that specificity correlating with host
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range (Lawrie, Randolph & Nuttall, 1999). Comp-

lement inhibition by B. microplus proteinase inhibi-

tors has been demonstrated (Willadsen & Riding,

1980) as has the efficacy of these inhibitors in vacci-

nation trials on cattle (Tanaka et al. 1999; Andreotti

et al. 1999, 2002; see above). Valenzuela et al. (2000)

have recently characterized another anti-comple-

ment protein from the saliva of I. scapularis. It was

expressed as a biologically active protein in Cos cells.

Interestingly, the sequence is without similarity to

known proteins in the databases.

Another group of immunomodulatory proteins of

interest are those connected to the effector arm of the

immune response. Most interesting among these are

the histamine-binding proteins identified in a num-

ber of species (Paesen et al. 1999, 2000). These pro-

teins contain two histamine binding domains, one of

low and one of high affinity. Variations are possible.

For example, it has also been found that the equiv-

alent molecule from D. reticulatus contains a his-

tamine and a serotonin binding site (Sangamnatdej

et al. 2002). These proteins, structurally closely

related to the lipocalins, though showing little simi-

larity at the level of primary amino acid sequence,

are likely to be involved in subverting the allergic

responses typical of many tick infestations. There is

good circumstantial evidence from the older litera-

ture that such allergic responses, whether through

cutaneous basophil hypersensitivity in guinea pigs

as a model host or in more realistic host–parasite

systems, can be responsible for tick rejection. This

evidence is summarized in Willadsen (1980). Alja-

mali et al. (2003) provided direct evidence for the

importance of these proteins. Injection of dsRNA

coding for part of a putative A. americanum hista-

mine binding protein reduced the histamine binding

ability of isolated salivary glands as well as leading to

an aberrant tick feeding. This is the first reported

use of RNAi to explore the tick–host interaction. It

would be fascinating to see whether vaccination of

hosts with the lipocalins would lead to more effi-

cacious naturally-acquired immune rejection.

Another group of proteins with immuno-

modulatory potential, either through a direct effect

on the generation of an immune response, or

through inhibition of effector function, are the pro-

teinases and their inhibitors. These have been dis-

cussed already.

Other molecules of known function

There is now no doubt that not only salivary gland

products and secreted antigens but also the surface

of the tick gut are appropriate targets for a protective

immune response. It is also increasingly clear that

passage of immunoglobulin through the tick, from

gut to haemolymph to salivary gland and host, is

a common feature (for example, Wang & Nuttall,

1999). The list of potential protective antigens that

might come into contact with host antibody would

therefore seem to be enormous. The following lists

just a few of the possibilities, where either some

vaccination effect has been demonstrated, or mol-

ecular characterization of a protein has been coupled

to the suggestion that it might be a useful antigen.

Haemostatic mechanisms used by the tick to en-

sure the success of its blood feeding have been sug-

gested as possible targets for immune intervention

(Mulenga et al. 2002). Protein anticoagulants, inhi-

bitors of platelet aggregation such as apyrases and

inhibitors of fibrinogen receptor function have all

been described. Virtually none has been evaluated in

vaccination trials. Most work has been done on tick

anticoagulants, in part because of their potential

biomedical applications. For example, a factor Xa

inhibitor from the salivary glands of Ornithodoros

savignyi has been isolated, characterized and ex-

pressed as a recombinant protein (Joubert et al.

1998). Factor Xa inhibitors have also been identified

in R. appendiculatus, O. moubata and H. truncatum.

Thrombin inhibitors have been described. Iwanga

et al. (2003) for example have recently described two

novel thrombin inhibitors from an H. longicornis

salivary gland cDNA library. The list can be ex-

tended with less well characterized tick inhibitors,

or inhibitors affecting other components of the

haemostatic process. These include variabilin, a 47-

residue platelet aggregation inhibitor from D. var-

iabilis (Wang et al. 1996), disagregin, a fibrinogen

receptor antagonist from O. moubata (Karczewski,

Endris & Connolly, 1994) and savignygrin, an aIIbb3

antagonist and platelet disaggregation factor (Mans,

Louw & Neitz, 2002). However, what is needed

most is an experimental demonstration that such

proteins can be effective vaccine antigens.

As described previously, a 5k-nucleotidase from

B. microplus with apyrase-like activity has been ex-

pressed as both an enzymatically inactive, truncated

recombinant protein in E. coli and as a fully func-

tional form in a bacculovirus expression system

(Liyou et al. 1999). The ability of the E. coli product

(Liyou, 1996; see above) to increase the efficacy of

Bm86 in a two-antigen vaccine was assessed in vac-

cination trials. The effect, if any, was slight and,

given the small animal numbers in the trial, not

statistically significant.

There has been evidence for a long time that vac-

cination of a host with tick-derived vitellin could

have some effects on ticks, though given the very

high concentrations of the protein and its tendency

to bind material non-specifically, it was hard to be

completely confident that the effects were not due

to small amounts of contaminating material. It has

recently been shown that an 80 kDa glycoprotein

purified from B. microplus larvae was able to reduce

significantly the engorgement percentage, average

engorgement weights and egg conversion ratios of

adult ticks feeding on vaccinated sheep (Tellam et al.
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2002). Similar results were obtained on vaccination

with purified vitellin itself. This is a non-covalent

complex of 6 glycopolypeptides of molecular weights

ranging between 44 and 107 kDa. There is good

evidence that the 80 kDa protein was a processed

product of vitellogenin. It was further shown that a

recombinant hexaHis form of the protein, that was

both incorrectly folded and not glycosylated, had no

significant effect as a vaccine antigen, leaving open

the question whether the critical protective epitopes

were associated with the tertiary structure of the

protein or the immunogenic oligosaccharides at-

tached to it in the natural situation. Why antibodies

to a storage protein have a deleterious effect on ticks

is not obvious, though it may simply relate to a direct

effect on oogenesis. Alternatively, it is known that

vitellin binds heme (Tellam et al. 2002) and that this

may inhibit the toxicity of heme (Logullo et al.

2002). The toxicity of heme to insects and the

importance of detoxification is established (Oliveira

et al. 1999).

Antigens of unknown function

First and foremost, the Bm86 antigen from B.

microplus, the basis of the two available recombinant

vaccines against that tick, was identified through a

series of fractionation and vaccination trials without

reference to any function, either biochemical or im-

munological. Given the substantial research devoted

to this protein over the last decade, it will be dis-

cussed separately.

Pragmatic fractionation ofB.microplus extracts has

also identified other antigens, antigen B (Willadsen,

2001) and a mucin-like protein BMA 7 (McKenna

et al. 1998) neither of which have identified func-

tions. Other antigens tested in reasonable purity in-

clude a 39 kDa antigen from Hyalomma anatolicum

(Sharma et al. 2001) though no sequence infor-

mation is available. From H. longicornis, Mulenga

et al. (2000) isolated p84, an antigen inducing specific

immediate hypersensitivity responses in immune

rabbits, and obtained partial sequence information.

Its protective efficacy however is unknown. Some-

what more speculatively, H. longicornis infecting

mice that were producing monoclonal antibodies to

a 76 kDa tick gut protein showed reduced hatching

of eggs (Nakajima et al. 2003).

Summary

There are clearly a number of antigens worthy of

further investigation and a larger number of candi-

dates which would justify at least some evaluation.

The biochemical categories into which these anti-

gens fall are notable: principally proteins likely to be

structural, simple hydrolytic enzymes and their in-

hibitors and, as potential though unproven antigens,

modulators of the immune system. These antigens

are summarized in Tables 1–3.

It is appropriate to ask whether these antigens

truly represent the spectrum of potentially efficacious

antigens. In principal, there is no obvious reason

why drug and vaccine targets should belong to dif-

ferent biochemical classes. Specific targets may,

because of their cellular or tissue location, be access-

ible to a drug but not the immune system. Acetyl-

cholinesterase and acetylcholine receptors are likely

to be one such example. In general, a target for one

may well be a target for the other. It is notable

therefore that two great classes of drug target,

namely seven transmembrane segment receptors and

ion channels, have not been investigated at all as

vaccine antigens. This theme was explored in some

detail by Sauer, McSwain & Essenberg (1994) who

suggested a number of such targets worthy of study.

If little has happened in the subsequent decade, this

may reflect largely the experimental difficulty of

such investigations.

Table 1. Examples of potential tick antigens: sequence available or easy

to obtain

Antigen Species Reference

IL8 binding protein I. ricinus, D. reticulatus Hajnická et al. 2001
IRIS I. ricinus Leboulle et al. 2002
Da-p36 D. andersoni Bergman et al. 2000
Histamine binding protein Several Paesen et al. 2000
MIF (macrophage migration
inhibitory factor)

A. americanum Jaworski et al. 2001

Immunoglobulin binding
proteins

Several Wang & Nuttall, 1999

Factor Xa inhibitor O. savignyi Joubert et al. 1998

Table 2. Tick (B. microplus) antigens evaluated as

native proteins

Antigen Reference

Pro-cathespin Da Silva Vaz et al. 1998
Serine proteinase inhibitors Andreotti et al. 2002
BMA7 McKenna et al. 1998
Vitellin Tellam et al. 2002
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DEVELOPMENT OF A RECOMBINANT VACCINE

AGAINST B. MICROPLUS

Only once to date has the full sequence of activities

necessary for the development of an anti-tick vaccine

been carried out, from the initiation of feasibility

studies and antigen isolation to the final marketing of

a commercial, recombinant vaccine. This has been

with the recombinant vaccines against B. microplus,

based on the Bm86 molecule. The process began in

1981 and the registered vaccine was finally delivered

to the market in 1994. It was released in Australia

under the trade name TickGARD and subsequently

TickGARD Plus, while the same antigen formed the

basis of vaccines manufactured in Cuba as Gavac

and Gavac Plus. Six years were consumed in the

demonstration of the feasibility of the approach and

for the isolation of a single and effective native anti-

gen. Subsequent development and registration took

about eight years. This is not long by the standards

of pesticide or pharmaceutical development. While

one can argue that components of the research could

be circumvented or shortened today, this develop-

ment remains a prototype for such vaccine projects.

It will be discussed in that light.

All aspects of the development have been described

in detail a number of times (Cobon & Willadsen,

1990; Tellam et al. 1992; Willadsen et al. 1995).

They will therefore be summarized only briefly.

Cattle, on prolonged exposure to B. microplus, ac-

quire an immunity that with Bos taurus animals is

usually only partially protective, though with some

breeds and in particular B. indicus cattle, the efficacy

can be higher. The idea of developing a vaccine

to mimic naturally acquired immunity was therefore

unattractive; instead, work at CSIRO in the early

1980s investigated the tick’s internal organs, in par-

ticular the gut, as a source of antigens. The idea was

that vaccination with such antigens, followed by up-

take of host immunoglobulin, complement and, to

a limited extent, cellular components of the host’s

immune system might lead to damage to the tick.

The idea followed on a number of earlier reports,

particularly that of Allen &Humphreys (1979). Once

the efficacy of vaccination with crude extracts of

semi-engorged adult female ticks had been demon-

strated (Kemp et al. 1986) the identification of the

antigens responsible proceeded via a complex series

of protein fractionations, antigenic efficacy being

assessed after each step through vaccination trials

in cattle. In 1986, this led to the identification of

a key antigen, Bm86 (Willadsen, McKenna & Riding

1988; Willadsen et al. 1989). Subsequently, the

complete sequence of the gene and the translated

sequence of the protein were obtained (Rand et al.

1989). The effects of vaccination were measured by

infesting cattle with known numbers of larval ticks,

recovering engorged adult females approximately

three weeks later and measuring their weight and

ability to lay eggs. Vaccination with microgram

amounts of the native antigen significantly reduced

the number of ticks engorging, their weight and

the conversion of engorged weight into eggs. Taken

together, these effects reduced the yield of eggs

resulting from a standard larval infestation by about

90% relative to infestations on control cattle. There

were observable effects on the viability of larvae

hatching from ‘vaccinated eggs’ whichwould further

enhance the vaccine’s efficacy, but these were rarely

measured. Effects of vaccination were predominantly

seen on the late stages of the life cycle, that is on

adults and post-engorgement survival and egg lay-

ing, a fact that has consequences for the field appli-

cation of the vaccine.

The Bm86 molecule

The translated sequence coded for a molecule of

650 amino acids, a predicted molecular weight of

Table 3. Recombinant tick antigens

Antigen Tick species Result Reference

Bm86 B. microplus [ Willadsen et al. 1995
Bm91 (carboxy-dipeptidase) B. microplus [ Willadsen et al. 1996
5k-Nucleotidase B. microplus ? Liyou, 1996
Antigen B B. microplus ? Unpublished
Vitellin B. microplus • Tellam et al. 2002
P29 H. longicornis [ Mulenga et al. 1999
HL34 H. longicornis [ Tsuda et al. 2001
HLS1 H. longicornis [ Sugino et al. 2003
64 TRP R. appendiculatus [ Trimnell et al. 2002

Labuda et al. 2002
Calreticulin A. americanum ? Jaworski et al. 1995
Immunoglobulin-
binding protein

R. appendiculatus ? Wang & Nuttall, 1999

[ Statistically significant effect demonstrated.
? Effect slight or equivocal.
• No demonstrable effect.
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71.7 kDa as an unprocessed protein, containing four

potential N-linked glycosylation sites, a leader pep-

tide suggestive of transport to the surface of the cell

and a single transmembrane segment, located at

the C-terminus. In the mature protein, this trans-

membrane sequence is replaced by a glycosyl-

phosphatidyl inositol anchor (Richardson et al. 1993).

The sequence also contained eight EGF-like do-

mains (Tellam et al. 1992). Unfortunately, there is

as yet no similar sequence in the protein databases

that might suggest a potential function. Closest is a

portion of the Xotch protein, the neurogenic locus

Notch-like protein from Xenopus, where there is a

23% sequence identity and 32% sequence similarity

over 620 amino acids. It has been shown that the

antigen localizes to the surface of the tick gut digest

cells (Gough & Kemp, 1993). The antigen is present

throughout the life cycle, from pre-moulting eggs to

the engorged adult (Willadsen & McKenna, un-

published). The fact that vaccine effects are largely

confined to the adult ticks may be a consequence of

the volume of blood ingested rather than the pres-

ence or absence of antigen.

Little has been done to define the protective epi-

topes in the molecule. Early expression of fragments

of the antigen as b-galactosidase fusion proteins

showed that several, non-overlapping but large frag-

ments of the molecule could protect (Tellam et al.

1992). Efficacy was lower than for constructs pro-

duced subsequently or the native molecule, but this

may have been due to poor protein folding. The site

of at least one of the protective B-cell epitopes was

better defined by work of Patarroyo et al. (2002).

Three peptides ranging in length from 14 to 15

amino acids, covering amino acids 21–35, 132–145

and 398–411 of the Bm86molecule, were synthesised

as linked single peptides in three variant structures.

In one of these the peptides were separated by KEK

motifs, while in the others they were contiguous.

These immunogens induced antibodies that in two

out of three cases reacted strongly with tick gut epi-

thelial cells, and provided protection in excess of

72%. This was claimed to be better than that of the

Cuban recombinant vaccine (see below). The first

of these peptides, namely residues 21–35, lies in a

region of the molecule expressed as a recombinant

protein and found to be ineffective (Tellam et al.

1992) suggesting the protective epitope(s) may be

one of the other two peptides. It is possible, even

likely, that the molecule possesses additional, un-

characterized B-cell epitopes.

Expression of recombinant antigens

The Bm86 protein in the tick is extensively glyco-

sylated and the glycosylation induces a strong anti-

body response. Fortunately, there is considerable

evidence that this has little or no protective effect

(Willadsen & McKenna, 1991), as confirmed by the

generation of recombinant proteins with efficacy

very close or identical to that of the native antigen

(see below). However, with 66 half-cystine residues

in the molecule, its production in E. coli might be

expected to be difficult. That is not the case, though

there was a considerable improvement in efficacy

between the original, un-refolded E. coli b-galacto-
sidase fusion protein (Rand et al. 1989) and alterna-

tive constructs following a refolding procedure

(Tellam et al. 1992). Little further increase in effi-

cacy was observed with protein expressed in insect

cells (Tellam et al. 1992). The antigen has also been

expressed in three yeasts, Aspergillus nidulans, A.

niger (Turnbull et al. 1990) and Pichia pastoris

(Montesino et al. 1996; Canales et al. 1997). The

expression and evaluation of the recombinant anti-

gen has also been reported from Egypt where, with

native cattle, a reduction of 78% in the number of

ticks engorging and a reduction in weight of the

survivors of 30.5% was found (Khalaf, 1999). This

would suggest an efficacy even higher than that

found elsewhere, though the source and nature of

the recombinant antigen used in the experiments is

not clear.

Immunology of the B. microplus vaccine

An understanding of the immunological basis of a

vaccine is important for two reasons. Firstly and

most obviously, it is likely that any recombinant

vaccine will require some degree of immunological

optimisation and knowledge of the desirable im-

munological response should make such optimiz-

ation more efficient. Less obviously, registration of a

vaccine in many countries will require a great deal of

(expensive) data on efficacy under various circum-

stances. If a good immune correlate of protection can

be found, it may be a cost-effective surrogate for

more difficult or expensive forms of data collection.

This was the case for the B. microplus vaccine.

Our current understanding of the mechanisms

underlying vaccine-induced immunity has been sum-

marized previously (Tellam et al. 1992) and no new

knowledge has been added over recent years. As

might be expected from the proposed mode of action

of the vaccine, namely a direct effect of ingested blood

on the structural integrity of the tick gut, the reac-

tion is antibody dependent. The efficacy is a linear

function of the log anti-Bm86 titre over a wide con-

centration range (Willadsen et al. 1995; Rodrı́guez

et al. 1995b ; de la Fuente et al. 1998). The effects

of other immune components have been examined

using an in vitro tick feeding assay, an imperfect

model of the whole host–parasite interaction. Studies

with antisera to complex mixtures of antigens show

an absence of effect from blood leucocytes but an

enhancement of gut damage in the presence of com-

plement (Kemp et al. 1989). Antibody to Bm86

alone and in the absence of complement inhibits the
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endocytotic activity of gut digest cells, though this is

unlikely to explain the vaccine’s efficacy (Hamilton

et al. 1991).

Variability in immunological response to vacci-

nation in an outbred population of domestic animals

is one of the critical issues in vaccine development.

Sitte et al. (2002) studied the link between antibody

responses to Bm86 and variation in two bovineMHC

class II alleles. The effect of a homozygous deletion

in one of the alleles was correlated with higher anti-

body responses. Epitope modelling and prediction of

HLA antigen recognition sites together suggested

that differential binding of the Bm86 epitopes to the

products of the different alleles could explain the

observed effect on antibody titres. It is difficult to

gauge the size of the effect from the results presented,

though it is clear that it explains only a small pro-

portion of the total animal-to-animal variation in

antibody response. In addition, this work was car-

ried out with the version of the vaccine registered in

1994. An improved version of the vaccine was regis-

tered in 1995, the improvement relating principally

to a change in adjuvant leading to a substantial re-

duction in animal-to-animal variation in antibody

response. It would be interesting to see whether the

same effect of the DRB3 allele was still found with

the post-1995 vaccine.

The efficacy of the vaccine is directly linked to the

issue of achieving and maintaining a strong antibody

response. Except for detailed (unpublished) adju-

vant trials in Australia, little has been done to achieve

such sustained responses. These trials involved the

testing of more than 40 different adjuvant formu-

lations in cattle and over 50 in model animals, with-

out identifying anything superior to a variant of a

conventional oil formulation (Cobon, 1997). On the

other hand, it has been claimed that the Bm86 mol-

ecule, expressed in Pichia pastoris, has immuno-

stimulatory activity itself, increasing, for example,

antibody responses to infectious rhinotracheitis virus

in cattle (Garcı́a-Garcı́a et al. 1998). The potential of

DNA vaccination with a Bm86-bearing plasmid

alone and co-administered with GMCSF- and IL-

1b-plasmids has been examined in sheep as a model,

without striking results. The possibility of DNA

prime and protein boost too was examined, though

two vaccinations with recombinant protein remained

the most effective schedule (de Rose et al. 1999).

Field application of the Bm86-based vaccines

The mode of action of the vaccine is critical to its

on-farm application. From the earliest experiments

it was obvious that there was relatively little or no

effect on larvae, some effect on nymphs and a sig-

nificant effect on adults. There was a reduction in

the number of adults engorging to maturity, but also

high levels of adult mortality post-engorgement and

a significant effect on the egg laying capacity of the

adult ticks which survived. There was also an effect

on the numbers and viability of larvae which

emerged from the egg batches of ticks from vacci-

nated cattle, though this effect has not been quanti-

fied accurately. In practical terms, this meant that

although the first generation of ticks infecting vac-

cinated cattle would show some diminution of num-

bers, typically no more than 50% at best, the greatest

effect of vaccination would not be seen until the se-

cond and subsequent generations when the impact of

vaccination on reproductive performance was trans-

lated into reduced numbers of larvae in the field. In

theory this mode of action is not a great disadvantage

to a vaccine, since a vaccine is always intended to

be used prophylactically. However, cattle producers

used to controlling tick infestations with chemical

acaricides typically treat reactively. They wait until

the numbers of ticks infesting cattle (and typically

again they only see adult ticks nearing engorgement)

reach levels which the farmers find unacceptably

high, and then they apply an acaricide. It was re-

alised during the developing of the tick vaccine that

under such circumstances it is almost inevitable that

there will be a substantial population of fully en-

gorged fertile adult ticks on pasture before the farmer

reacts and that therefore a really significant effect of

vaccination might not be seen for an unacceptably

long time. In Australia therefore, the vaccine was

released with the recommendation that it be com-

bined with the strategic use of acaricides, should

cattle be heavily tick infested at the time of primary

or booster vaccination. Since it had been shown

during the registration process that the time between

primary and first booster vaccination could be varied

from two weeks to one year with little impact on the

antibody responses after booster vaccination, there

was a standard recommendation that the primary

vaccination should be given at a time of year when

tick numbers were very low, typically during winter.

A simple vaccination schedule, operated in a closed

system (that is, without the continual reintroduction

of ticks from outside sources) was shown in the first

field trials with the prototype of the commercial

vaccine to achieve good tick control. This was in the

face of heavy initial pasture infestation with larval

ticks and in the absence of acaricide usage (Will-

adsen et al. 1995). In a more realistic field situation,

Jonsson et al. (2000) subsequently showed that vac-

cination of Holstein cattle led to a 56% reduction in

tick numbers in a field infestation in a single gener-

ation, a 72% reduction in reproductive efficiency of

the ticks as measured in the laboratory, and a 18.6 kg

higher live weight gain than unvaccinated cattle over

a 6 month period. Curiously, the vaccinated cattle

also tended to have lower somatic cell counts in the

milk.

Given that under practical field conditions most

farmers are likely to use some acaricide jointly with
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the vaccine, at least in the early years after vaccine

adoption, a de facto measure of vaccine efficacy

became the reduction in acaricide usage following

the introduction of vaccination as a new control

measure. The vaccine and acaricide then constitute

a simple integrated tick management system. For

example, in on-farm trials in 1996–1997 on 26 beef

cattle properties, each booster vaccination saved on

average 2.4 chemical treatments, while a quarter of

the cattle properties found that after vaccination

they needed no acaricide treatment at all. The com-

bination of vaccine and acaricide, though more

complex than traditional practice, was acceptable to

90% of farmers (Cobon, personal communication).

It should have a number of long-term benefits,

including a reduced probability of the develop-

ment of acaricide resistance. Frequency of acaricide

resistance correlates positively with frequency of

treatment (Jonsson, Mayer & Green, 2000).

There has been a number of reports of the use of

Bm86 vaccines in Central and South America. Early

results using a Cuban vaccine appeared to be sig-

nificant statistically, but not very striking in terms

of actual impact on tick numbers (Rodrı́guez et al.

1995b). Somewhat similar results were obtained

initially in Brazil (Rodrı́guez et al. 1995a) where

there was approximately a 50% reduction in tick

numbers across a number of cattle properties. Sub-

sequent experience has seemed to show an improve-

ment, with figures of 55–100% efficacy in the control

of B. microplus infestations in grazing cattle for up

to 36 weeks in controlled field trials in Cuba, Brazil,

Argentina and Mexico (de la Fuente et al. 1998,

1999). Using the effect of the vaccine on the fre-

quency with which cattle producers applied acaricide

treatment as a de facto measure of efficacy, the same

paper reports an increase in the time between acari-

cide treatments by an average of 32 days or a 60%

reduction in the number of acaricide treatments,

making the vaccine a very cost-effective treatment.

Almost 100% effective control of B. microplus popu-

lations resistant to pyrethroids andorganophosphates

has also been reported using an integrated system of

vaccination and amidine acaricide (Redondo et al.

1999). Simulation models for the effect of vaccine

and for vaccine–acaricide combinations have been

developed (Lodos et al. 1999; Lodos, Boue & de la

Fuente, 2000). These results with the GAVAC vac-

cine are mirrored in more limited reports with the

Australian vaccine TickGARD in South America.

Hungerford et al. (1995) reported an 89% reduction

in pasture contamination with ticks after one season

of vaccinations and as a result a reduction in acari-

cide treatments in a combined programme. In Cuba,

a retrospective study following six years of vaccine

usage in over 500000 cattle found that the number

of acaricide treatments per year needed to maintain

tick control was reduced from an average of 15–17

per year to 2.8, the inter-treatment interval grew

from 1–2 weeks to 12–25 and national acaricide

consumption fell from 480 to 80 tonnes per year

(Rodriguez, personal communication).

Sequence variation in Bm86

Given the history of pesticide resistance in B.

microplus, the question immediately arises whether

resistance to the vaccine will occur and, if so, how

rapidly. It has certainly been the experience in both

Australia and South America that some isolate-to-

isolate differences in vaccine susceptibility occur,

though at the time of writing there is no evidence for

a decrease in efficacy under the selection pressure of

vaccination. Allied to this question is the molecular

question of how much sequence variation occurs

in the Bm86 molecule of various tick isolates and

whether this relates to vaccine susceptibility, both

within a species like B. microplus and in heterologous

protection across species.

As part of the registration process for the Bm86

vaccine in Australia, the efficacy of the vaccine,

expressed from the Yeerongpilly or Y strain of

B. microplus, was assessed against a number of tick

isolates as described above. In parallel, a number

of Bm86 genes were also sequenced by Biotech

Australia. Unfortunately, these data are unpub-

lished. It has been reported there are up to 17 amino

acid substitutions in the 660 of the coding sequence

(Cobon, 1997). These formed an apparently random

pattern. Significant variation in vaccine efficacy

(y70 to y90%) was seen in Australian tick isolates

but there was no evidence for a link between the

degree of sequence divergence and vaccine efficacy,

nor that a single substitution or set of substitutions

led to a loss of efficacy. Bm86 from ticks sourced

from both Mexico and Venezuela has also been se-

quenced (Cobon et al. 1996) as has an isolate from

Argentina (Garcı́a-Garcı́a et al. 1999). The align-

ment of these three sequences is shown in Fig. 1. As

can be seen, the sequences are very similar though

showing some divergence from the Y sequence.

Given the similarity of theMexican, Venezuelan and

Argentinean sequences it is at least a reasonable

working hypothesis that in South America there may

be less intra-continental variation than is seen in

Australia. The exception is the strain from Cuba

(presumably the Camcord strain) that formed the

basis of the original GAVAC vaccine. This shows

only three base changes from the published Y se-

quence and only one amino acid change (Rodrı́guez

et al. 1994).

In South America it was found that, although

Cuban and Mexican tick isolates showed efficacies

ranging from 51% to 88%, a laboratory strain of tick

from Argentina, the A strain, showed efficacy close

to zero (de la Fuente et al. 1999; Garcı́a-Garcı́a et al.

1999). Sequencing the Bm86 from this isolate de-

monstrated 21 amino acid substitutions in the 610
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of the mature protein (or, according to the deposited

sequence, 10). A small segment of 107 bp, corre-

sponding to 35 amino acids, was then sequenced

from a number of isolates and a correlation between

the degree of sequence variation and efficacy claimed

(Garcı́a-Garcı́a et al. 1999). It was suggested that

the sequence differences were probably responsible

for the variation in vaccine efficacy. The suggestion

Fig. 1. Alignment of Bm86 sequences from B. microplus isolates from Australia (YEER, Yeerongpilly strain) ;

Mexico (MEX); Venezuela (VENEZ) and the Bm95 sequence from Argentina (Bm95_ARG).
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received strong support when the Argentinian

Bm86, renamed Bm95 by the Cuban group, was ex-

pressed and found not only to control theArgentinian

laboratory and field strains but also the Camcord

reference strain from Cuba (Garcı́a-Garcı́a et al.

2000). This latter experiment would seem to be con-

vincing.However, it has also been reported that there

are no significant differences in vaccine efficacy

between Mexican and Yeerongpilly Bm86 molecules

(Cobon, 1997) and the published sequence of Bm95

shows only two amino acid changes which are not

found in the Mexican and Venezuelan sequences.

Clearly more experimentation is needed. The use

of a very short segment of the Bm86 molecule to

correlate mutational frequency with efficacy, as in

Garcı́a-Garcı́a et al. (1999), is far from ideal unless

there is evidence that that segment codes for a criti-

cal protective epitope. There is no such evidence.

The available, fragmentary information on sequence

variation and regional vaccine efficacy is listed in

Table 4 and it suggests that a simple link between

vaccine efficacy and sequence variability may not

exist. It must be borne in mind always that the effi-

cacy of a vaccine depends on more than the primary

amino acid sequence of the antigen.

Bm86 in other tick species and estimates of cross

protection

A number of workers have assessed the efficacy of

B. microplus Bm86-based vaccines on other tick

species; that is, the degree of immunological cross-

protection. Almost 100% efficacy in protection

against B. annulatus has been reported with both

Gavac (Fragoso et al. 1998) and TickGARD (Pipano

et al. 2003). Against R. appendiculatus and A. var-

iegatum the effects are slight or zero (de Vos et al.

2001). With H. anatolicum and H. dromedarii

however, the effects, though tested with only a very

limited number of cattle, seem very strong (de Vos

et al. 2001). Once again, the information on sequence

conservation in these species is exceedingly frag-

mentary. It is summarized in Table 5.

Even this limited information is sufficient to sug-

gest that cross-protection against other tick species is

not simply a function of the degree of sequence

conservation. For explanation of this variation, we

will have to search elsewhere. However, while the

true efficacy of these antigens is still impossible to

gauge, it is reasonable to assume that protection with

the homologous form of Bm86 in each tick species

will be better than that from the heterologous cross-

protection measured to date.

Secondly, the results with cross-protection to

Bm86 amply demonstrate that, although such cross-

protection will not always occur, the probability of

success is sufficiently high that investigation of

cross-species efficacy of any antigen is justified and

desirable.

Additivity and synergy: approaches to improved

efficacy

As with any parasite control measure, it would be

desirable to improve the efficacy of the existing vac-

cines against B. microplus. There is evidence that this

might be achieved in either of two ways: through the

incorporation of more than one antigen into the vac-

cine or by the joint use of vaccine and pesticide.

Vaccination of cattle with partially purified tick

extract was much more efficacious than vaccination

with Bm86 alone (Willadsen et al. 1988). This could

be due to differences in adjuvant, to factors like

glycosylation which are not replicated in recombi-

nant proteins or to the presence of multiple antigens.

Trials with both recombinant Bm91 and Bm86 in

conjunction (Willadsen et al. 1996) or recombinant

Bm86 and native BMA 7 (McKenna et al. 1998)

Table 4. Relationship between vaccine efficacy and Bm86 sequence,

relative to Yeerongpilly (Camcord) Bm86

B. microplus
isolate

Sequence
difference Efficacya Reference

Indooroopilly Y 0% reference sequence 89% Tellam et al. 1992
Tuxpan (Mexico) 5.7% (2/35) 51% Garcı́a-Garcı́a et al. 1999
Mora (Mexico) 8.6% (3/35) 58% Garcı́a-Garcı́a et al. 1999
Mexico 3.3% (22/660) Same as Y Cobon, 1997
Argentina (field) 55% Lamberti et al. 1995
Argentina A. 1.6% (10/610 or

21/610) 10% Garcı́a-Garcı́a et al. 2000
Camcord (Cuba) 0.2% (1/609) 84% Montesino et al. 1996
Columbia 81% Patarroyo et al. 2002

a Vaccinations for Indooroopilly, Mexico and Columbia trials used antigens
based on the original Yeerongpilly sequence. The others were based on Camcord
Bm86.
b The immunogen was a 43 residue peptide composed of three peptides from
the original Bm86 sequence. The sequence difference in the challenge strain is
unknown but likely to be similar to other South American strains.
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have shown that increased efficacy is possible. There

is weak evidence that recombinant tick 5k-nucleo-
tidase together with Bm86 may show a similar effect

(Liyou, 1996).

The interaction between vaccine and acaricide,

used jointly in a field situation, has been described

above. More interestingly, it has been found that

some of the newer macrocyclic lactone acaricides,

when applied on vaccinated cattle, seem to show a

ten-fold or greater increase in efficacy (Kemp et al.

1999). This must reflect, in part, the additive effect

of two independent control measures, but may also

be a consequence of increased penetration of pesti-

cide to its target as a result of damage to the tick’s

gut. This though is unproven.

THE BIOLOGY OF VACCINE SUSCEPTIBILITY

There is a great deal of evidence that the tick–host

interaction is both complex and specific. There is

every reason therefore to expect that the efficacy of a

vaccine will depend on a number of biological vari-

ables that may differ for each antigen and each host.

Experience with inter- and intra-species efficacy of

the Bm86-derived vaccines is a likely example. Un-

fortunately, there are only fragmentary observations

suggestive of this complexity, often qualitative and

sometimes ‘unscientific ’ in that they are not the

result of controlled experimentation. Nevertheless,

given the importance of understanding the factors

which affect vaccine susceptibility, it is worthwhile

to list some of these observations. Others have been

described elsewhere in this chapter.

Sheep are a host for B. microplus, though not a

good one. Anecdotal evidence suggests that even

large larval infestations are likely to yield very few

engorged adult ticks. They do, however, make a good

host for adult ticks. Transfer of freshly moulted

adults onto shaved or clipped sheep skin results in

rapid attachment and the successful engorgement of

a high proportion of ticks. Female engorgement

weights and egg laying are normal (de Rose et al.

1999). If sheep are vaccinated with the Bm86 vac-

cine, the immunity can be estimated, as it is for

cattle, by reductions in the number of ticks engorg-

ing, their engorgement weights and the conversion of

the weight of engorged females into eggs. Vaccine

efficacy in sheep trials is 99% or ten-fold better than

with cattle (de Rose et al. 1999). This is unlikely to

be attributable to antibody titre. It may be relevant

that the species source of blood fed to B. microplus

can have striking and still unexplained effects. It has

long been known that, although adult female ticks

will commence feeding on blood from a number of

laboratory hosts in an in vitro feeding system, they

feed less on the blood of rabbits, rats and guinea

pigs, concentrate the blood meal to a lesser extent

and oviposit poorly (Willadsen, Kemp & McKenna,

1984).

A number of trials of the TickGARD vaccine in

Australia have given efficacies, measured against

Yeerongpilly strain ticks, of close to 90%. A series of

trials in Europe, admittedly on more limited num-

bers of animals, suggest an efficacy of closer to 70%

with the same vaccine and Yeerongpilly ticks from

the same source (Bonin, personal communication).

While this is unexplained, it has been shown, using

an in vitro membrane feeding system, that gut dam-

age in young adult ticks feeding on a standard anti-

Bm86 antiserum is increased by high environmental

temperature and low humidity (Hamilton et al.

1991). That might be a partial explanation of the

Australian–European differences. The European

trials were conducted in temperature-controlled

rooms which nevertheless may not match the rigours

of the Australian situation. This though is highly

speculative.

Table 5. Other tick species: sequence conservation and efficacy of

vaccination with B. microplus Bm86

Tick
% Sequence
identity Efficacy Reference

B. microplus (Y) 100% 89% Tellam et al. 1992
B. decoloratus 70% de Vos et al. 2001
B. annulatus 97% (34/35) 100% Fragoso et al. 1998;

Pipano et al. 2003
Haemaphysalis longicornis 48% (146/301) Pickering et al.

unpublished
R. sanguineus 67% (488/631) Pickering et al.

unpublished
R. appendiculatus 78% (114/147) yZero de Vos et al. 2001
H. anatolicum 63% (402/632) High de Vos et al. 2001
H. dromedarii >98% de Vos et al. 2001
A. variegatum 0% de Vos et al. 2001

Numbers in brackets give the total number of amino acid identities as a fraction of
the total number sequenced.
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THE EFFECT OF VACCINATION ON THE

TRANSMISSION OF VECTOR-BORNE DISEASE

In principle, tick vaccines could affect the trans-

mission of disease in at least two ways. By affecting

vector numbers, they could directly influence disease

incidence. The effects might be positive or possibly,

if vaccination against ticks prevented the achieve-

ment of endemic stability to tick-borne disease, del-

eterious. Secondly, since it is increasingly clear that

disease transmission can involve complex interac-

tions between host, vector and disease organism, it is

possible that by disturbing the tick the vaccine also

more subtly but more directly affects the disease.

Field data from Cuba have shown a very signifi-

cant reduction in the incidence of babesiosis due to

Babesia bovis and anaplasmosis following sustained

use of the Bm86 vaccine Gavac. In a retrospective

study, prolonged vaccine usage led to a decline in the

incidence of tick-borne disease in some but not all

areas (de la Fuente et al. 1998) but eventually to a

reduction of 98%, a surprising but intriguing result

(Rodriguez, personal communication). More strik-

ingly, there is evidence, though on a smaller scale,

that the use of the Australian vaccine in cattle in-

fested with B. annulatus prevents the transmission

of Babesia bigemina and reduces the frequency or

severity of disease due to Babesia bovis (Pipano et al.

2003). Tentatively this may be attributed to the fact

that with this tick species, in contrast to B. microplus,

the engorgement of both larvae and nymphs, the

stages that transmit these diseases, is severely affec-

ted by the vaccine.

Labuda et al. (2002) have recently reported a very

striking result. The 64P protein from the salivary

glands of R. appendiculatus was expressed as both a

51 amino acid fragment and a full length 133 amino

acid protein. Mice vaccinated with these recombi-

nants were challenged subsequently with tick-borne

encephalitis virus-infected I. ricinus. They showed

significantly increased survival, while co-feeding,

uninfected nymphal ticks also showed a reduced in-

fection rate, compared to nymphs feeding on non-

immunized mice. The double effect of protection

against lethal challenge, as well as blocking of virus

transmission is both encouraging and surprising,

considering the use of a heterologous antigen in the

vaccination trials (Labuda et al. 2002).

THE FUTURE OF ANTI-TICK VACCINES

The development of tick vaccines has reached a curi-

ous stage. The field has long passed proof of concept.

The existing vaccines remain the only examples

of commercially available, recombinant vaccines

against a parasite. There is adequate if still limited

evidence that discoveries in the field are likely to

have broad applicability across tick species. Yet

progress since the first release of the recombinant

vaccines in 1994 has been much less than one might

have expected. One can suggest a number of reasons

for this, both scientific and commercial.

Scientifically, although the number of proteins

that might be of value as antigens continues to in-

crease, quite rapidly over recent years, there are very

few reports of their actual assessment in vaccination

trials. The portfolio of demonstrably effective anti-

gens therefore remains small. Of greater concern is

the fact that, while a number of antigens show sig-

nificant effects, few are highly efficacious on their

own. This implies at the very leastmulti-antigen vac-

cines, unless some of the molecules still to be evalu-

ated, or others as yet undiscovered, have greater

efficacy.Weunderstand very little of what constitutes

a protective immunological response by the host.

That is, we do not understand the biology of im-

munity. Our ability to generate and maintain the

appropriate immunological response must be im-

proved. This lack of rapid progress can be at least

partially attributed to the fact that the number of

scientists engaged in the field remains very small.

Commercial issues also play a major part. As our

knowledge of both protective antigens and protective

mechanisms increases, as they are sure to do, and as

we become more aware of the generic potential of

each new antigen, the cost and time taken in the re-

search phase of vaccine development will decrease.

The costs of development from the laboratory to the

registered product will remain unchanged. These

are sufficiently high to deter a company from

developing a vaccine for any but the most lucrative

markets, the ‘orphan vaccine’ phenomenon. This

problem is in no way unique to anti-tick vaccines. It

applies to the majority of anti-parasite vaccines and

to much else besides. It is merely that the issue has

become starkly apparent for tick vaccines, given

their success in being the first such vaccines to make

the full journey from laboratory to the farm. If vac-

cines for ‘minor’ but still economically important

parasites are ever to reach the farmers of the world,

creative science will need to be matched to creative

commercial and regulatory solutions to the orphan

issue.
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