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ABSTRACT

Ticks have been recognized as harmful parasite since ancient times. At present immunological protection of host
against ticks is the most practical and sustainable tick control method, which is more suitable to natural environment compared
to the current use of acaricides. Recently, focuses on the development of anti-tick vaccine are the identification, molecular
cloning andn vitro production of recombinant protein, responsible for executing key roles in regulating physiology, modulation
of host immune response and pathogen transmission via ticks. Among several works, serine protease inhibitors have been
thought as one of the most interest vaccine candidates, because serine protease inhibitors are mainly involved in the mainte-
nance of homeostasis. In the current review, we would like to introduce selected examples covering aspects of tick vaccine
antigen identification and analyses, because advances in vector molecular biology open new possibilities for vaccine develop-
ment. In dealing with this subject, contents were mainly divided into tick salivary gland associated molecules (exposgd antigen
injected into the host during tick feeding and no salivary gland molecules (concealed antigens). While emerging the fact that
serine protease inhibitors belong to either exposed or concealed antigens, the utility of serine protease inhibitordiatéhe ca
vaccine have been discussed separately because of the importance of serine protease inhibitors in the physiology of severa
organisms including ticks. Advances in tick vaccine development and related subjects are regularly reviewed and in this paper,
referred citations of excellence are suggested as additional reading.
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RESUMO

Os carrapatos tém sido reconhecidos como parasitos nocivos desde os remotos tempos. A prote¢do imunolégica é
0 método de controle o mais pratico e sustentavel para controle do carrapato, pois € mais apropriada ao meio ambiente do que
uso de acaricidas. Atualmente, os focos no desenvolvimento de vacina contra carrapato séo a identificagéo, a clonagem e a pro
ducéoain vitro de proteinas recombinantes que apresentem func¢des importantes na fisiologia do carrapato, na modulagao da
resposta imune do hospedeiro e na transmisséo de patdégenos pelos carrapatos. Entre diversos alvos, os inibidores de serine
proteases sdo um dos mais interessantes candidatos, pois estdo envolvidos manutencé@o da homeostasia do carrapato. Na p
sente reviséo, serdo apresentados alguns exemplos selecionados que enfocam aspectos da identificacdo e de andlises de antige
vacinais, pois 0s avanc¢os na biologia molecular do vetor permitem novas possibilidades para o desenvolvimento de vacinas.
Dentro deste tépico, o texto foi dividido, principalmente, nas moléculas associadas a glandula salivar (antigenos expostos -
gue sdo inoculados no hospedeiro durante uma infestacéo natural) e, em moléculas n&o presentes na glandula salivar (antigenc
ocultos). Mesmo, sendo os inibidores de serino-proteases antigenos expostos e/ou ocultos, o uso de inibidores deegrino-proteas
foi discutido separadamente por causa da sua importancia na fisiologia de diferentes organismos, incluindo os carrapatos. Os
avangos no desenvolvimento de vacinas contra carrapato e topicos relacionados séo regularmente alvos de revisdes. Nest
trabalho s&o referenciadas excelentes contribuicdes sugeridas como leitura adicional.

Descritores: carrapato, vacina, immunizagéo, serpBagphilus microplusHaemaphysalis longicornis.
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[. INTRODUCTION sitate incorporation of several tick-control programs into
modern livestock management practices.

Ticks have been recognized as harmful para- . .
L . . Lo : Advances in tick vaccine development and re-
site since ancient times. While ticks are also important . .
lated subjects are regularly reviewed and the reader
as vectors of pests, they are mostly known for thelr

roles as vectors, particularly of animgs,74]. Ticks IS rtffﬁrr;adlto e>'<\</|:elllent re;vulaws b[))/ 'I'lellfnalt[M], q
surpass all other arthropods in the number of and vy-u aleta [5_‘|r’|]’d ulengae dav[\j‘ﬁ]’d ¢la gen € ap
riety of pathogens which they can transmit to domeéocan[ll]’ Willadseno2] and Willadsen and Jongejan

tic animals, and are ranked 2meixt to mosquitoes [94), for further reading.

as vectors of human diseaggs69] Ticks affect live- || ¢ oNTROL METHODS
stock production as described below either through _ .
their role as vectors of disease or by their feeding acti- Currently, the mainstay of the tick control me-

vities. For examples, losses due to direct tick feeding ré0d heavily relies on the use of chemical acaricides.

sult in loss of weight, damaged hides, reduced milk prgdowever, the use of acaricides is associated with a
duction. In the estimation by Norved al [54], weight number of disadvantages such as chemical pollution
loss in cattle is estimated as 4.4 gramsRfepicephalus Of the food chain and environment as well as the rapid
appendiculatugemale and 10 grams pémblyomma development of resistance against acaricides by ticks
haebraeunfemale. The annual global cost of control-[52,74} Especially, reducing effectiveness of acaricides

ling ticks and tick borne diseases, together with thig in certain instances, because rapid development of
reduced livestock productivity amounts to billion oftick resistance to new compounds might discourage
dollars, though the precise figures for most countriegfforts to discover new acaricides in the aspect of the
are insufficienf16]. According to an estimate by Sur- high cost for research, development and registration
therstet al [71], ticks affect approximately 800 million [89]. In addition, this method needs consistent applica-

cattle and a similar number of sheep world-wide, antion of acaricides, making the method labor intensive

monetary losses due to tick borne diseases alone and very costly, especially during the rain season in
the cattle industry were estimated at approximately US$opical and subtropical climates. When the population

7 billion [60]. The magnitude of the negative impactof ticks becomes peak, acaricides have to be applied
caused by ticks on livestock production leads to necetwice per week to maintain low tick populatigas).
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Failure to continue the strict application of acaricidecrude tick homogenates as vaccine antigens, and have
results in a rapid propagation of tick populations. Fosucceeded in inducing some levels of protective anti-
instance in Zimbabwe during the liberation struggletick immunity warranting further studies to develop
tick control was suspended for 7 years, resulting in @accines against ticks. Though progress toward the
flare up of theRhipicephalus appendiculattisk popu- development of anti-tick vaccine was obstructed for
lation and an increased number of theieriosis ¢ases a long time by the lack of efficient methods to pro-
As taken these results into consideration, it is neceduce tick vaccine antigens in sufficient amounts for
sary to develop alternative methods for tick controlimmunization, it has become from a possibility to a
The alternative tick control methods have alsaeality by the recent advance of molecular biological
been considered so far and they could be divided intechnology[64]. One practical example towards the
3 groups, biological control of ticks by introducing development of anti-tick vaccine against 1-host tick
the pathogens or predators into the tick habitats, habitaés been demonstrated by an Australian group, which
modifications by planting tick-killing or repelling vege- reported the successful development and commer-
tation, and immunological control of ticke]. Though cialization of a recombinant arBieophilus microplus
some of these approaches were proved effective, magiccine based upon the tick midgut-associated mole-
of these methods have not been continued, becausgle, Bm 8666,74,91,93] Though these studies provi-
they have not been practical in tick control programged important evidence on the reliability and practica-
as such apart from immunological controls of ticksility of the DNA biotechnology with respect to the
[34,57,88] Advantages of anti-tick vaccinesfimmunolo-production of recombinant tick-associated antigens,
gical tick control would include, specificity of target studies on other major 3-host tick species sudtiaas
species, environmental safety, absence of human heaifaphysalis Rhiphicephalusand Amblyommaare still
risk, no residues in food products, ease of adtnais far from being practical.

tion and costs9]. Immunological protection against Recently focus on the development of anti-
tick infestation depends on the fact that host can nattick vaccine is the identification, molecular cloning
rally develop resistance against tick feeding after repeandin vitro production of recombinant proteins, which
ted feeding. Acquired resistance to tick infestation igould play key roles such as regulating physiology,
expressed as reduced engorgement weight, increasigdulation of host immune response and transmission
duration of feeding, impaired production and viabilityof pathogens by tickg4]. Therefore, the overall objec-
of ova, inhibition of moulting and death of feedingtive of the present study aimed at the identification,
ticks [87,89} cloning and expressioim vitro as well as assessing
the protective efficacy of recombinant tick molecules
[1l. | MMUNOLOGY PROTECTION : ; ) i
which could be applicable for the field conditions.
As referred to Wikejsg], acquired resistance
to tick infestation was reported for the first time by
Johnston and Bancroft in 1918. They attributed the Traditionally, tick molecules are categorized
resistance against ticks in cattle to the substances intioto two groupg93]. The first is exposed antigens that
duced by ticks into the host during feeding and thare secreted in tick saliva and introduced into host’s
resistant cattle developed cutaneous exudates at attalie site during tick attachment and feeding. There-
ment sites. Experimental analysis of the basis for aere antigen derived from saliva is usually called as
quired resistance to tick feeding started with the workxposed antigens. As these molecules are exposed to
by Trager7s], who reported that guinea pigs develo-the host by every tick feeding, acquired immunity
ped systematic immunity after one infestation Milils  against exposed antigens are naturally established and
mancenteor variabilidarvae. Trager also proved thatboosted by multiple feeding of ticks. Because once
the performance of larval ticks Bf. variavilis feeding host acquired immunity against exposed antigens, host
on guinea pigs previously exposed to tick feeding waishmune system reacts to those when a tick start secre-
inferior compared to those feeding on naive guineting the molecules into bite site. Taken the fact into
pigs. These observations have been confirmed bycansideration, the levels of immunity induced by immu-
series of studies as reviewed by Willadgem and nization with an exposed antigen would be sustained
Opdebeecks7]. There are several researches usingy every tick feeding. Especially, one such promising

1. Characteristics of exposed and concealed antigens
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antigen is the cement protein, which is essential fammunity with exposed antigen, particularly if only
assistance in the attachment to the host skin andassingle exposed antigen is used to develop a vaccine.
generally highly immunnogenic against host. In conMoreover, intensive studies on random sequencing of
trast, concealed antigens are not contact with host irtick cDNA library also supported this potential pro-
mune system by the natural feeding of ticks. Thoughlem. Because gathering information from random se-
concealed antigens do not induce immune responsggencing analyses of cDNAs demonstrated that saliva
by tick feeding, they are immunogenic when they inoeomponent during feeding is mainly consisted of the
culated artificially. Therefore it could be potentialbioactive molecules towards host defensive process
candidates for vaccine as long as the antigen encouike blood coagulation cascade, inflammatory, immune
ters host immunoglobulines, entering the gut or hemaesponse#s]. Theses bioactive molecules would in-
lymph, and is associated with some physiologicaterfere with the initiation of host immune response.
function for tick. However acquired immunity againstOn the other hand, vaccine targeting concealed anti-
concealed antigen dose not boosted by natural feediggn could not be interfered by the bioactive molecules
of tick. For instance, the tick gut is representative cors5,93] However, repeated immunizations are required
cealed antigen. for maintaining the adequate levels of immunity. Basi-
Though exposed antigens have been identizally, host immunoglobulines likely to interact with
fied by their ability to induce an antibody responsenot only gut-derived antigens but also organs/tissues,
through tick repeated infestations, existence of thkecause it is well known that host immunoglobulines
bioactive molecules in tick saliva is potential problenpass though the midgut into hemocgzlg3]. As a
for targeting exposed antigens. Namely tick salivaesult of immunoglobulin passage into the body ca-
play important roles in creating optimal feeding envivity, rapture/interference of the target molecules would
ronment and linked to the ability of pathogen transmisaccur.
sion, these molecules are secreted into saliva to modéj
late host's hemostatic, inflammatory and immune sys-
tem so that the tick can attach and feed successiully Several exposed antigens have been expres-
As a result, immunity induced by natural tick feedingsed as recombinant proteins so far, and evaluated its
or artificial immunization of exposed antigen reducesefficacy for anti-tick vaccine (Table 1). The way to
and does not interfere with tick feeding even afteexplore the exposed antigens is proceeding at the mole-
repeated exposure to ticles]. Therefore it is thought cular level. Among various kinds of molecular bio-
to be difficult to induce sufficient levels of acquiredlogical techniques, immunoscreening analysis, using

Vaccine development using exposed antigens

Table 1. Representative exposed antigens evaluated as recombinat anti-tick vaccines.

Antigen Tick Species Characterization Property Ref.
. . Cross-reacting with concealed
64P R. appendiculatus Cement protein antigens and different tick species [76]
p29 H. longicornis Cement protein Effective against all tick stages [45]
HL34 H. longicornis Cement protein Effectlye SRS G L Ehs [77]
adult ticks
RIM36 R. appendiculatus Cement protein Not protective against cattle [6]
RH50 R. haemaphysaloides Cement protein Effective against adult ticks [97]
A. americanum [31]
Calreticulin D. variabilis Calreticulin Calreticulin Low immunogenicity in cattle [15]
B. microplus
Effective against feeding
Immunoglobulin-binding proteins  R.appendiculatus Immunomodulator  performance slightly in guinea [84]
pig model
Histamine-binding protein R. appendiculatus Histamine-binding VIR LRI () VIR [58]

pig model
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host sera from the host repeatedly fed by ticks, haxperiment using guinea pig model, recombinant 64P
been mainstay to explore exposed antigen. Becaugsemunization is cross protective against different tick
this method is theoretically supported by the fact thadtages and species, causing mortality of up to 80%.
the antigen that could be screened is really exposé&tkcept for the cement molecules described above, his-
into host during feeding and immunogenic. Whiletamine-binding proteinss], immunoglobline-binding
some of them are established as the effective antiggrptein(gss] and calreticulirf15,31] from salivary gland
no recombinant antigen has been developed commevere evaluated for the candidate vaccine. For exam-
cially. ples, calreticulin, which is a calcium binding protein
Immunoscreening of a partially fed adult fe-normally found in endoplasmic reticulum, was secre-
male cDNA library ofH. longicornis using antiserum ted in tick saliva, and was firstly identified in a cDNA
from a rabbit repeatedly fed with the tick, identifiedlibrary of partially fed femalédmblyomma americanum
the p29 and HL34 of putative cement prot@s)77].  salivary glands. In a rabbit model, immunization with
Immunization of rabbits with recombinant p29 leadrecombinanfA. americanuntalreticulin caused necro-
to 40% and 56% mortality in larval and nymphal tickstic cutaneous lesions on tick challenge. Though sera
respectively, and a 17% reduction in engorgemertllected from the dog fed B¥. appendiculatugecog-
weight of adult ticks. Efficacy of tick cement as vac-nized recombinanB. micropluscalreticulin, the re-
cine antigens have been supported by several workembinat did not induce an antibody response in cattle.
[76,97). On the other hand, RIM36, an immunodominanihis phenomenon might be caused by the genetic con-
cement cone protein &. appendiculatuinduced a servation of carleticulin between the host and tick.
strong antibody response in tick-exposed cattle, but While vaccine development using exposed
no protective immune response was induced by RIM3éntigens would have some difficulties as described
[6]. Immunodominancy might be distinguished frombefore, the cement proteins are possible candidates
protective immune response in principle. Among sevder the further assessment in cattle trials.
ral exposed antigens, 64P showed unique characterjss—v{jmine development using concealed antigens
tics, and was identified by random screening of cDNA"
library derived from pooled male and female sali- As hidden from the host immune system, the
vary glands of tick$76]. Though 64P is originally vaccine candidate molecules derived from tick inter-
cloned as exposed antigen, it could be reactive withal tissues/organs are so called as concealed antigen
internal tissues, suggested that 64P possess more tii@able 2). Originally, the concept of using concealed
one conserved antigenic epitope. Moreover challengentigens to immunize the hosts against ticks was based

Table 2. Representative concealed antigens evaluated as recombinat anti-tick vaccines.

Antigen Tick Species Characterization Property Ref.
Bm86 B. microplus Gut protein; unknown function Commercial vaccine [92]
Bm95 B. microplus Gut protein; unknown function Bm86 sequence variant [22]
Bm91l B. microplus Carboxy dipeptidase Increased efficac [66]
BMA7 B. microplus Mucin-like membrane Increased efficac [42]
P27/30 H. longicornis Troponin I-like protein Impairs tick feeding in mice model [96]

Effective against nymphal and

Serpins H. longicornis Serine protease inhibitors it e i st et

[70,25]
Effective against adult ticks

Subolesin (4D8) I. scapularis Unknown function .
in sheep model

(3]
Effective against female

Voraxine A. hebraeum Male engorgement factor engorgement and reproduction [86]
in rabbit model

Effective as naive protein but not

Rl e e the recombinant form

[73]
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on the idea of inducing antibody targeting tick mole- A recombinant prepared from a P27/30 tropo-
cules that play essential functions. Therefore, in ordanin | like protein ofH. longicornis is abundantly ex-

to explore the effective antigen, molecular identificapressed in muscle, induce a protective immunity in
tion, characterization, cloning and generation of reconmice model. It demonstrated the prolonged pre-feeding
binant protein is necessary to evaluate the vaccirgeriod of adult ticks and reduced attachment rate of
efficacy. The mechanism why antibody against interarval ticks[96].

nal molecules in ticks would be effective is explained Immunization of sheep with 4D8, a 21-kDa
as follows. Because it is well known the fact that antiputative soluble cytoplasmic proteinixbdes scapularis
body could pass intact through the midgut into hemdeduced infestation levels, prolonged engorgement and
lymph [36], and then might be move to the each intertesulted in smaller egg masses of atiudtapularis.

nal organ. Therefore the antibodies would induce a di§ubolesin (4D8) was recently discovered. iscapu-
ruption of the essential functions and kill the feedind@ris by expression library immunization (ELI) in com-
ticks and the engorged ticks. Work on the deve|opbination with sequence analysis of expressed sequence
ment of recombinant vaccines against cattle Bck tags (ESTs) in a mouse model of larval infestations.
microplusrepresents one of the most significant advarPuUbolesin, a highly conserved protein involved in mo-
ces to date in the use of concealed antigens to immglation of tick feeding and reproduction, was pro-
nize cattle against ticks. Three concealed antigen, Bm#&Ctive against all tick developmental stages when used
[94], Bm91[66] and BMA7[42] have been identified in CDNA and/or recomblnant prot_eln immunization
from gut wall of the cattle ticBoophilus micloplus ~€XPeriments3]. Analysis of subolesin DNA and pro-

Especially, vaccine based on Bm 86 became the firgefin se.quer.lces. in_ 1% ixodid tick species has demons-
ever anti-arthropod vaccine commercially availablér‘r’ltecI identity/similarity between 65%-97% and 60%-

0 : :
[74]. Bm91 and BMAY were later identified to enhance98/0 + fespectively. Furthermore, homologues of tick

the efficacy of the BM86-based vaccine. The anti?rl;lrjwslr?sg:a\;\éiif 'Soeﬂt":s:nm ;’;I;; ?;gag'?;ts rii?og?c?n
tick effect induced by either Bm91 or BMA7 alone S u S S S

%ideration, subolesin might be a candidate conserved

was strikingly less effective, when compared to th . ) . .

. . ick-protective antigen that could be used in vaccine

induced by recombinant Bm86 alone. However whe . . . .
ormulations for the control of multiple tick species.

either of the two antigens (BM91 or BMA7) was use o . . :

. o o 7 reliminary experiments using the recombinant

in a cocktail with Bm86, anti-tick immunity induced . . )
scapularissubolesin have shown a protective effect

by the CO_tha" was much .more efﬁment thgn that ObélgainstDermacentor variabilisand A. americanum
served with the commercial vaccipe,95] Tick gut

I anti _ ith e i obul These results provide preliminary data on the feasibi-
wall antigens interact with specific immunoglobu InsIity of controlling infestations by multiple tick species

taken up in the blood meal from the immunized hoshsing conserved protective antigens. Together with

and then antibody binding potentially causes lysis e g4p, 4D8 is the suitable candidate for the universal
the gut wall, interfering with digestion of the blood, 5 ine.

and subsequent egg productjoro]. The strong anti- Voraxine is a male specific protein from the
body responses are injurious to adult tick survivalgonads ofA. hebraeuminduced during feedings).
though it is short livegb2]. Because the Bm86 antigen a the result of immunization of rabbits with voraxine,

is normally hidden from host immune system, natupormal engorgement of mated female hebraeum

ral infestation does not boost an immune responsggs impaired. Basically, it could be expected that targe-
Vaccination may be required at 6-month interval tqing gonad-associated protein would have some possi-
sustain the immunitj.3]. One of the most significant pjlity to affect the reproduction of ticks. This could be
observations from the work on a vaccine against tick new concept with great impact, because interference

gut is the fact that Bm86 provides the proof of conof the reproduction directly leads to the reduction of
cept for anti-tick vaccines. However anti-tick vaccinesecond generation.

for other major tick species are not still being practical. _ N

Except for gut-derived molecule, several antigens frorﬁ' Serine protease inhibitors
various tissues have been expressed as recombinant ~ While emerging the fact that serine protease

and evaluated as vaccine candidates. inhibitors belong to either exposed or concealed anti-
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gens, | have discussed the utility of serine proteadstors for application of vaccine trial. Among tick spe-
inhibitors, separately from the chapters introducedies, serine protease inhibitors belong to BPTI-Kunitz,
above. First of all, general information of serine proSerpin and small molecules (not categorized yet) have
tease inhibitors is provided in this chapter. been discovered so far. Representative serine protease
In vertebrates, serine proteases have been waihibitors, which have previously been cloned, were
studied to play an important role in regulation of seveintroduced in this chapter.
ral physiological functions such as blood coagulatiory ; gpT|-kunitz family derived from ticks
fibrinolysis, complement activation and tissue mode- Ticks are rich source of serine protease inhi-
ling [32,62,67] In invertebrates, these proteases are i”VOBitors, which belong to the BPTI-kunitz type family.
ved in fundamental physiological roles like the limu-rhe BPTI-kunitz fold (basic trypsine inhibitor fold) is
lus hemolymph clotting cascaf#®,30} innate immune  characteristics of a family of serine protease inhibi-
responsgzg], molting and prophenoloxidase cascadgqys These inhibitors are polypeptides (< 65 residues)
[32,33} All serine proteases are usually regulated byith 6 cysteines arranged in a characteristics disul-
endogenous protease inhibitors with the target cangge bond[39]. The basic structure consists of an N-
nical binding loop, which interact with the target eNyerminal 310-helix around the first cystein, a central
zyme active loopy]. Based on the primary and three-doyple stranded anti-parallel ?-sheet linked by a hair-
demensional structures of the protease inhibitors, thgyin |oop and a C-terminal three turn a-helix. Several
are classified into at least 18 families). Among them, proteins with the BPTI-kunitz fold have been identi-
the following six families: Kazal, BPTI-Kunitz, ?- fied in tick saliva, and speculated as inhibitor of host
Macroglobulin, Serpin, Pacifastin and Bombyx haveoagulation cascade during their feeding (Table 3).
been identified from hemolymph and saliva in inverteTick anti-coagulant peptide (TAP) and fXal, as well
brates[32,61,68] Especially in hematophagous arthro-as ornithodorin and savignin (Thrombin inhibitors)
pods, serine protease inhibitors, which belong to BPThave been well studied for the soft tick&, moubata
Kunitz, are mainly active toward thrombin and factorand Ornithodoros savignyirespectively[23,51,81,85]
Xa, the two key enzymes of blood coagulation casAs ixodid ticks are responsible for the transmission of
cadeg10]. tick borne diseases, many studies have also been per-
As mentioned previously, one approach to evaeformed using different stages of these species. BmTI
luate exposed/concealed antigens as vaccine cantlave been identified from larva of the hard tRk
dates is to target molecules involved/contributed in kesnicroplusthat inhibit trypsin, elastase and kallikrein
physiological functions. Therefore, serine proteasgz]. Ixolaris have been reported as the fVIlftissue factor
inhibitors are theoretically thought to have potentiatomplex inhibitor with double-domain BPTI-like pro-
as antigen targeting tick homeostasis, and intensivein [19]. The random sequence analysis of expression
efforts had been done to explore serine protease inttégged cDNA library revealed that the proteins be-

Table 3.Representative molecules derived from ticks, which belongs to BPTI-kunitz family.

Name Species Target Mr (kDa) Vaccine experiment Ref.
Soft ticks
TAP O. moubata fXa 7 - [85]
ornithodrin O. moubata Thrombin 12 - [81]
fXal O. savignyi fXa 7 - [23]
savignin O. savignyi Thrombin 12 - [51]
Hard ticks

Effective against larval

BmTI B. microplus Kallikrein 18 ticks in cattle model

[4,72]

Ixoraris |. scapularis FVlla-TF 16 - [19]
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long to this family is mainly contained in tick saliva, trated to interfere with the coagulation pathways and
and targeted toward host blood coagulation factor.the fibrinolysis process via the RCL domain and with
4.2 Serpin platelet adhesion via another functional donjagn
HLS1 “Haemaphysalis longicorniserpin 1” and HLS2

Approximately 500 serpins have been iden: _ : _ , :
tified in a large variety of species so far. In human Haémaphysalis longicoris serpEt were found in

plasma, they make up approximately 2% of the totdn€ CDNAs constructed from ti.ck midggt and hemo-
protein amount, of which 70% ds1-antitrypsine. Both YMPh, and related to the anti-thrombin Il and the
extracellular and intracellular serpins are identifiedmulusintracellular coagulation inhibitor, respectively

[82]. Members of the superfamily of serine proteas&”:70+ Naive HLS1 was not secreted into host during
inhibitors are expressed in a cell-specific manner arii€ feeding, and mRNA transcripts were only detected

are involved in a number of fundamental biologicafrom the midgut. These results indicated that naive HLS1

process such as blood coagulation, complement ads not involved in the host defensive process stimu-
vation, fibrinolysis, angiogenesis, inflammation and@t€d by tick feeding, but involved in the physiologi-
fumor suppressiof10,67} On average, serpins are 350_cal functions of ticks. On the other hands recombi-

400 amino acids long. The protein structure of serpifént HLS2 affected on activated partial thromboplastin
is usually characterized byBsheets, and 8 or @ time (APTT), which is a screening assay _for_defluency
helices. Typically, the future of serpins is the reactiv@f coagulation factors associated with |ntr|-n5|c pathway.
center loop (RCL), which is the motif composed OfHowgver naive HLS2 was not secreted into host. The
approximately 20 amino acids, located near the @¢ocation where HLS2 expressed was hemolymph, sug-
terminal end of the protein. The RCL contains a scidd€Sting that naive HLSZ is involved in the mainte-
sile bond between amino acid residues called P1 af@nce of hemolymph circulation. Since the ticks are
P1’, which is cleaved by the target protease. Once clelkely to have a coagulation cascade like LimRBipi-
ved, the RCL domain traps the target protease arfgPhalus appendiculatugerpin-1, 2, 3 and 4 “RAS-1,
moves to the opposite pole of the serpin through thé» 3 @nd -4” were also cloned from feeding {e.
B-sheet A. This association results in an irreversibl§ased on the sequence similarity of RAS-1, -2, -3 and
loss of structure and distortion of both protease arid With other known serpins, they are also thought to
the serpin. The hinge region inside the RCL (aminQe assomated. with physmloglcal functlpn of tICkS..
acids P15-P9) is implicated in the stabilization of th&iOWever functional assay using recombinant protein
interaction with the protease and provides mobility fopas never beeq dO_ne yet. _ .
the integration of the RCL ifi-sheet A. Some serpin As considering the results introducing above,
family members, while structurally similar to serpins,ick Sérpins are mainly existed in tick internal organs,
have no inhibitory activities. These non-inhibitory ser@d hidden from host except the report on lIris.
pins include ovalbumin, gene Y protein, hormone bin4.3 Small molecular weight serine protease inhibitors
ding protein, corticosteroid binding globulin and thyro- Recently, Small molecules, which demonstra-
xine binding globulin. The serpins described abovéed an inhibitory activity of serine protease, have been
are included either because extensive studies have bedéoned from hard ticklaemaphysalis longicornis
failed to show inhibitory properties or they have beeiiTable 4). The proteins, named maddnand 2, were
only poorly characterized to date, with no demonstraz-kDa proteins and showed no significant similarities
tion of protease inhibition. And the RCL sequences$o any proteins previously identifiggb]. Assays using
are either unusual for inhibitory serpins or thought thhuman plasmdemonstrated that madanin 1 and 2
contain residues inimical to the efficient operation oprolonged dose-dependently batttivated partial
the loop insertion mechanism. thromboplastin time and prothrombin tinmeicating

A few serpins have been recently cloned fronthat madanin 1 and 2 could inhibit the common path-
the hard tick®. microplusH. longicornis, A. hebraeum, way of both intrinsic and extrinsic. Direct binding
A. variegatumR. appendiculatusand|. scapularis assay demonstrated that madanin 1 and 2 specifically
[27,35,46,70](Table 5). Iris txodes ricinusmmunosu- interactedvith thrombin. Furthermore, it was clearly
pressor” was found in the tick saliva, and related tshown that madanib and 2 inhibited conversion of
the pig leukocyte elastase inhibitor. Iris was demondibrinogen into fibrin by thrombirthrombin-catalyzed
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Table 4. Serine protease inhibitor, which shows no significant similarities to any previously identified proteins.

Name Species Target Mr (kDa) Vaccine experiment Ref.
Madanin 1 H. longicornis Thrombin 7 - [29,30]
Madanin 2 H. longicornis Thrombin 7 - [29,30]
Chimadanin H. longicornis Thrombin 7.6 Low immunogenic Unpublished data

Table 5. Representative molecules derived from ticks, which belongs to Serpin family.

Acc. No./Name Species Vaccine experiment Ref.
CAC22469 I. scapularis - =
CAB55818 I. scapularis - -
AY312432 B. microplus = =

HLS1 H. longicornis Inceregsed_ morta!lty rate during and after feeding of nymphal and [70]
adult ticks in rabbit model

HLS2 H. longicornis Inceregsed. morta!lty rate during and after feeding of nymphal and [27]
adult ticks in rabbit model

RAS-1 R. appendiculatus | munization of cattle with a combination of RAS-1 and RAS-2 [26,46]

RAS-2 R. appendiculatus induced a protective imunity against adult ticks [26,46]

RAS-3 R. appendiculatus ~ Cocktail vaccine combined with RAS-3, RAS-4 and RIM 36 induced [46]
a protective immune response and partial interference of T. parva

RAS-4 R. appendiculatus  transmission via tick in cattle model [46]

activation of factor V and factor VIII, artdrombin-  the sequences that have no significant homology to
induced aggregation of platelets without affectingother known molecules. It is natural to speculate that
thrombin amidolytic activity. These results suggesthese unknown molecules supposed to be involved in
that madanid and 2 bind to the anion-binding exositethe interference of host defensive process, since ticks
1 on the thrombimolecule, but not to the active cleft, highly adapt to a blood-feeding environmes].

and interfere with thessociation of fibrinogen, factor 4 4 anti-tick vaccine trial using serine

V, factor VIII and thrombimeceptor on platelets with protease inhibitors

an anion-binding exosite 1. Thappear to be exosite A |arge number of vaccine candidates have
1-directed competitive inhibitors. Following the reportbeen expressed as recombinant proteins and tested
about madanin, novel thrombin inhibitor, named chitheir suitability as vaccine candidates. In spite that se-
madanin, was also identified from the same Hak rine protease inhibitors have been expected as vaccine
In spite that chimadanin also showed no sequence sinaintigen, the case reports evaluating serine protease
larity with other anticoagulants, anti-coagulant pro+nhibitors for vaccine candidates have been a few. How-
perty and thrombin inhibitory activity were also obserever the vaccine effects of serine protease inhibitors
ved by recombinant chimadanin. against ticks have been actually observed in various

Based on the fact that strategy toward anticoasxperimental models (Table 2, 4 and 5). Andresitti
gulation of host blood is necessitate to continuousl [4] reported the immunization of host with a serine
feeding of tick, anti-coagulant molecules in salivaprotease inhibitor (BmTl), which belongs to BPTI-
seems to be highly evolved beyond our knowledgeunitz family, extracted fronB. micropluslarval ticks.
Because information assembled from random sequenas judged from the small molecular weight of BmTI,
analysis of cDNA library constructed from the sali-it is likely to be the component of tick saliva and could
vary glands during feeding included large number dbe secreted into the host bite site during feediag.
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indicus Nelore breed calves, previously sensitized witlor tick vaccine development. Because it is clear that
BmTlIs and challenged with tick larvae (20,000 larvaethe advances for optimal vaccines against ticks requi-
animal), showed 72.8% efficacy to interfere in tick deveres well understanding of basic tick physiology. Cons-
lopment with 69.7% and 71.3% reduction of both tickraction of expressed sequenced tag databases has been
number and egg weight, respectively. Sughal[70]  reported forB. microplus[9], A. americanunj2s], A

and Imamuraet al [27] reported the immunization of variegatum[50] andR. appendiculatugl9]. The trans-
rabbits with serine protease inhibitor (HLS1, HLS2)criptome of tick salivary glands has been characterised
respectively. HLS1 and HLS2 belong to Serpin familyjn 1. scapularis[79], I. ricinus [78], |. pacificus[18], A.

and were induced during blood feeding-bflongicor-  americanumD. andersonis] andH. longicorni[48].

nis. Since the physiological role of HLS1 and HLS2The gathering sequence informations in tick species
were postulated as a regulation of blood meal digegave to be used for functional analysis in order to
tion and maintenance of hemolymph circulation, resannotate and select vaccine candidate. To achive this
pectively, they have potential as an antigenic cocktafibject, RNAi has been applicable for rapid analysis
targeting tick homeostasis. In rabbit model, vaccinaef systematic function. Because RNAI has been one of
tion with recombinant HLS1 and HLS2 actually resulthe most promising technologies for manipulating gene
ted in increased mortality of both nymphal and adulgxpression of target molecules where other genetic
ticks. In our other experimefas], cocktail vaccine trial tools are not available. Therefore RNAI contributes to
using a combination of internal serpins (RAS-landhe rapid selection for the candidates based on the
RAS-2) also demonstrated increasing mortality ofunction of the target protein. On the other hand, even
nymphal ticks in cattle model. This could be a practiif systematic function of the molecules was not known

cal example for the utility of serpins as vaccine antigefir revealed, it could be potential candidate as long as
for field application. it demonstrate the vaccine efficacy. Namely, to de-

The concept of using serpins to immunizefine the funciton of candidate is important but not essen-

hosts against ticks was originally based on the idel#l, because the most considerable thing in the aspect
on inducing antibody against the tick molecules tha@f vaccine development is whether the antigen of in-
performed essential functions. In principle, uptakderset could induce protective imunity or not. Expres-
of the antibodies via a blood meal would then dission library immunization (ELI) has a potential to
rupt the essential functions and kill the feeding tick§xplore the canditdate antigen efficiently, because the
and engorged ticks. Just as described above, an@@sis of ELI is dependent on the immunogenicity and
body against tick serine protease inhibitor also seenfgduction of protective immunity. If it were combined

to reach the place where naive proteins are, and colifh sequence anlysis of ESTs, ELI would support to
compromise the function of naive protein. As a refind out both the promising candidate antigen and its

sult of interference of naive serine protease inhibitoRUtative function coincidently. The application of these
unbalance of tick homeostasis would occur and resufchnology to explore potential candidates could im-
in prolonged feeding and increased mortality. BaseBact on tick vaccine development through the identifi-
on the results introduced above, serine protease inisation and characterization of tick-protective antigens.

bitor could be an important molecule to advance in Recent years, here emerged critical examples
anti-tick vaccine development. that have an insight into the advance of ideal condi-

' ' ' tions of anti-tick vaccine. The novel concept listed in
5. Future challenge — optimal tick vaccine this chapter would not be ignored for the development

Though recombinant vaccines derived fromPf anti-tick vaccine.
cement, gut and serine protease inhibitor were assési Tick vaccine against multiple tick species
sed for their vaccine efficacy and demonstrated suc- A broad-spectrum/universal vaccine is one
cessful immunization on several kind of experimentahat targets not only all stages of ticks but also mul-
animals, further exploring and characterization of cartiple tick species and ideally, all species. Highly conser-
didates should be done for development of ideal vaeed antigens between tick species potentially possess
cine. Application of the molecular biological techni-the properties for cross-resistance across all tick spe-
gues and genome informatics tool has great impacies and stages. Early experiments usingnicroplus
for the research on ixodid ticks with valuable result8m86 demonstrated cross-protection agasinnu-

10
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latus andB. decoloratusnfestations, and partial protec- that are involved in a crucial function of tick, and are
tion againsHyalommaandRhipicephaluspp[12,14, commonly existed among broad range of tick species.
17). However the protection againSnmblyomma&pp 5 2 pual action vaccine

[14] and some geographical strainsBofmicroplus|21, One of the most different properties between

22] was failed by the immgnizgtion of Bm86. These_exposed and concealed antigen is whether repeated
results supported the application of the Bm86 vacCignmnization is required to maintain elevated anti-body
nes were widely available in regions whé®ophilus iars  Antibody titers induced by exposed antigens is
spp. co-localized with other tick genera, as such frg;,,q1ed naturally through the tick infestation, because
guently occurs in regions of America, Africa and Asiaina target antigen is exposed to the host immune sys-
Consideration of cross-resistance among different ticl,, during tick infestation. On the other hand concea-
genera is important for the broadest application oty antigens are hidden from host immune system,
vaccine. Trimnellet al [76] provided an example for herefore antibody titers are only maintained by repea-
the broad-spectrum vaccine using the putative tick Csy jmmunization of the antigen. However the advan-
ment_ protein as target molecule. Because |xod|q tl%ges of using concealed antigens results from the
species use cement to attach onto the host skin fapjiely possibility that ticks would have evolved a
feeding, cement is potentially conserved among multiy,echanism to effectively counteract the effect of the
ple tick speue:s. Based on th_'s concept, they 'dem'f'%st immune system as had occurred with exposed anti-
the R. appendiculatug4P antigen, which demonstra- yonq1951 A recent study proposed new concept of
ted immune reactivity _WMR' sangw_neus. fICINUS, " the vaccine that combine the advantages of both expo-
A variegatumandB. microplus 64P induced protec- ¢qy ang goncealed antigens. 64P, a 15 kDa protein from

t'VE_" |mmgn|ty a(?e:mstr?]: iangumsuandlf. lncf:mus n IR. appendiculatysvas identified as a putative cement
guinea pig model, which may be useful for controlyein jnyolved in attachment and feeding of tick.

ling tick species with broad-spectrum. Subolesin (4D accination of guinea pigs with recombinant versions

\t/)vas aI.SO dlsqovgred InEE::apularlst;)){ expresspg - of 64P protein resulted in 48% and 70% reduction of
rary |mmu|n|;at|$n (EL1) |r;| combination WES‘?e_ the nymphal and adult infestation rates, respectively.
quence analysis of expressed sequence tag ( S) 'ﬂ’&restingly, the immune response induced by this

mouse_moqlel O.f larval |nfestat|lq>z!. Subolesm was exposed salivary antigen cross-reacted with concealed
a protein with high sequence similarity among 'XOd'dtick gut antigens?e]

tick species, and expected to be involved in a modu-

lation of tick feeding and reproduction. Immunization®-3 Transmission blocking vaccine

of sheep with recombinant Subolesin induced protec- An important aspect of controlling tick infes-
tive immunity against adult scapularisi3]. These sup- fations is a reduction of the transmission of tick-borne
ported a possibility of using Subolesin for controllingPathogens. Therefore anti-tick vaccines should reduce
multiple tick species. As described previously, tick sefthe incidence of tick-borne diseases through reducing
pins were also characterized as an effective antigefgctor numbers in principle. The phenomenon of re-
with high conservation between ixodid tick speciegluced transmission capacity of ticks fed on immuni-
[27,46,70] For example, HLS2 was discovered from parzed animal has been observed with several works. Early
tially fed H. longicornisby RACE method. Analysis experiments with Bm86 vaccines resulted in a reduc-
of the HLS2 suggested that the HLS? likely to be involtion in the incidence of babesiosis together with a redu-
ved in maintenance of hemolymph circulation duringzed number of tick infestatiqn3,so}. In recent work
feeding of ticks. Immunization of recombinant HLS2reported by Labudat al [37], the transmission of tick
with rabbit demonstrated increased mortality rate dporne encephalitis virus (TBEV) was prevented by the
both nymphal and adult ticks. Since homologous mole/accination of the putative tick cement 64P in mice
cules with HLS2 were identified froR. appendiculatys model, suggesting that 64P could be a potential candi-
B. microplus HLS2 may be a candidate for a tick-date for transmission-blocking vaccines.

protective antigen that could be used in vaccine for- In our current study (Imamust al unpubli-
mulations for the control of multiple tick species. Toshed data), immunization of cattle with a combination
develop the universal vaccine against tick species, @ recombinant serpin frorR. appendiculatugndu-

is important to identify and characterize tick moleculesed a partial blocking of. parvatransmission via tick,

11
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guantified by Real-time PCR analysis. Though therevel of Salpl5 expression was selectively enhanced
was no direct association between tick serpin and pathiay the presence &. burgdorferiin Ixodes scapularis
gen, compromising the tick physiology induced byfirst indicating that spirochaetes might use Salpl15 du-
the immunization with serpin seemed to affect not onlying transmission. Salp15 was then shown to adhere
on a tick feeding activity but also on a vector capacityo the spirochaete, both vitro andin vivo, and speci-
of ticks. Though these works mentioned above havikally interacted withB. burgdorferiouter surface pro-
some efficacy against vector capacity of ticks, innovaein C. The binding of Salp15 protect®dburgdorferi
tive approach is needed to advance the transmissidnem antibody-mediated killingn vitro and provided
blocking vaccines. Because vaccines designed for tapirochaetes with a marked advantage when they were
geting anti-vector are required to distinguish antigengoculated into naive mice or animals previously infec-
that induce protective immunity against ticks whileted with B. burgdorferi Moreover, RNA interference-
preventing pathogen transmission. mediated repression of Salpl5lirscapularisdrasti-
There are only a few molecules, which havecally reduced the capacity of tick-borne spirochaetes
been proved as direct association between tick vecttr infect mice. These results showed the capacity of
and the pathogen. Recent study byd®all[59] repor-  a pathogen to use a secreted arthropod protein to help
ted the identification of a tick receptor (TROSPA) thait colonize the mammalian host. Based on the results
was required foB. burgdorfericolonization ofl. sca- descrived above, tick derived molecules like TROSPA
pularis. They demonstrated bacterial OspA was a ligandnd Salpl15 appear to be possible candidate for a patho-
for TROSPA and the blocking of TROSPA by TROSPAgen blocking vaccine.
antisera or by the repression of TROSPA expressioIQ/ C ONCLUSION
with RNA interference (RNAI) reduced adherence to
the I. scapularisgutin vivo. Following the discovery Prior to recent advances in molecular biologi-
of TROSPA, Gomes-Soleckit al[24] demonstrated cal technology, the major limitation in this research
the reduction oBorrelia burgdorferiinfection ofl.  area was absence of a sustainable practical approach
scaplarisfed on mice immunized with an oral vaccineto produce recombinant antigeimsvitro for further
based in bacterial OspA, postulated by preventing baanalysis. Now, this limitation has already been over-
terial adhesion to the tick receptor. come and therefore future studies should focus on
Ramamoorthiet al[63] reported that Salpl15, identification and characterization of tick proteins res-
anlIxodes scapularisalivary protein, inhibited CD4 ponsible for modulation of host immune response and
T cell activation. Salp15 also inhibited the developmerttomeostasis as well as pathogen transmission. Once
of CD4' T cell-mediated immune responsessivo, recombinant molecules of interest are obtained, stu-
demonstrating the functional importance of this proeies to clearly discern the molecular basis of these pro-
tein. Salp15 provides a molecular basis for understateins will be carried out. The outcome of theses studies
ding the immunosuppressive activity lolscapularis ~ will provide fundamental information to explore and
saliva and vector-host interactions. Interestingly, thdevelop effective tick vaccine applicable to field use.
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