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Chapter 1

INTRODUCTION

Economic Importance of Ticks

Ticks have been serious pests of humans and domestic animals since ancient times,
and they surpass all other arthropods in the number and variety of pathogens that they
transmit to domestic animals. Ticks rank second only to mosquitoes as vectors of human

diseases including fungi, viruses, rickettsia, bacteria, protozoa and filarial nematodes (Bowman

et al. 1996).

Ticks affect the production of over 1000 million cattle and sheep worldwide. The
effect of tick feeding on cattle includes growth reduction and milk production, paralysis,
transmission of tick-borne pathogens and secondary infections with other parasites (Estrada-
Pefia and Jongejan, 2001). Eighty percent of the 1288 million cattle worldwide were estimated
to be at risk of tick-borne diseases, with a global cost estimated between US $13.9 and 18.9

billions (Castro, 1997).

Classification of ticks

Ticks are obligated hematophagous ectoparasites of terrestrial vertebrates. They belong
to the class Arachnida and are closely related to scorpions and spiders (USDA, 1976). Ticks are
classified in the subclass Acari, order Parasitiformes, suborder Ixodida (Sonenshine, 1991).
Three families are included into the suborder Ixodida. The family Ixodidae or the hard ticks
has a scutum and it is the largest and economically the most important, containing 13 genera
and approximately 650 species (Sonenshine, 1993). The family Argasidae includes the soft ticks

which lack a scutum and have a leathery cuticle (USDA, 1976; Sonenshine, 1991). The



Argasidae comprises 5 genera and approximately 170 species (Sonenshine, 1991). The third
familiy, Nutalliellidae, consists of only one species (Sonenshine, 1991). In total, approximately
820 species of ticks have been identified which are geographically widespread (USDA, 1976;
Wang and Nuttall, 1999). Ticks have adapted to climatic extremes and a diverse range of

hosts, demonstrating that they are a biologically well established group (Wang and Nuttall,

1999).
Prostriata —— Ixodinae ———  Ixodes (245 spp.)
— Ixodidae Amblyomma (102 spp.
Amblyomminae —I: Y ( Pp)
Aponomma ( 24 spp.)
Metastriata
Haemaphysalinae Haemaphysalis ( 155 spp.)
Hyalomminae Hyalomma (30 spp.)
—— Dermacentor (30 spp.)
Cosmiomma (1spp.)
Nosomma (1 spp.)
Rhipicephalinae — Rhapicentor (2 spp.)
Rhbipicephalus (70 spp.)
Boophilus (5 spp.)
Margaropus (3 spp.)
— Anomalobimalaya (3 spp.)
— Nuttalliellidae Nuttalliella (1 spp.)
Argasinae —————~11zas (56 spp.)
Ornithodorinae Omothodoros (100 spp.)
| Argasidae Otobinae ————— Oftobius (2 spp.)
Antrocolinae —— Antricola (8 spp.)
Nothoaspinae —————Nothoaspis (1 spp.)

Figure 1. Classification of ticks (Adapted from Sonenshine, 1991).



Ecology and life cycle of ticks

Ticks undergo a life cycle that includes four stages: egg, larvae, nymph, and adult (male
and female). Adults and nymphs have 4 pairs of legs while the larvae have 3 pairs of legs.
Transition form one stage to the next occurs by molting (USDA, 1976). In most species, each
active stage seeks a host, takes a bloodmeal, and drops off to develop in the natural
environment, (Sonenshine, 1991). In the Argasidae, development is gradual involving multiple
nymphal stages before becoming adults (multi-host life cycle), while in Ixodidae, development
is accelerated and involves a single nymphal stage followed directly by adult stage (Sonenshine,

1991).

The number of tick generations may vary from 3 or 4 per year in the one host species
such as Boophilus microplus, every 2 or 3 years in the Agasidae, or one every 2 or 3 years in some
three host species, such as Dermacentor andersoni and Ixodes scapularis (USDA, 1976). In one host
ticks such as Boophilus spp. all stages remain on the host after the larval attachment. Larvae and
nymphs feed and remain 7 situ following molting to the adult stage, the males and females
remain to feed and mate, and only the fed, mated females drop to oviposit in the natural
environment (Sonenshine, 1991). In the two host life cycle, fed larvae remain on the host, molt
in sitn and the unfed nymphs reattach. Following their engorgement the nymphs detach, they
molt off the host to the adult stage, after which they seek a new host (Sonenshine, 1991). In
three host ticks, the fed larvae drop from their hosts and undergo a molt after which the unfed
nymphs seck and feed on a new host again. Engorged nymphs drop from their hosts and molt,
after which the adults emerge to seek a host, feed, and mate. The engorged females drop off

of the host at the completion of feeding and oviposit, thus completing the life cycle



(Sonenshine, 1991). The three host life cycle is the most common developmental pattern for

ticks (Sonenshine, 1991).

Ticks as vectors of diseases

Ticks, perhaps more than any other group of arthropods, are well suited for
transmission of disease agents and they serve as vectors of protozoa, rickettsiae, viruses and
bacteria to a variety of vertebrates throughout the world (reviewed by Kocan, 1995). In
humans, ticks can cause tick paralysis and toxicosis, irritation and allergic reactions (Estrada
Pefia and Jongejan, 1999). In North America, ticks are considered to be the most important
arthropod vector of pathogens (Parola and Raoult, 2001). Many important tick-borne diseases
such as Rocky Mountain spotted fever, crimean hemorrhagic fever and tick borne encephalitis
have been known for some time, while recently emergent diseases include lyme disease, human

monocytic ehrlychiosis and human granulocytic ehrlichiosis (Bowman ez a/. 1996).

Ixodes spp. serve as vectors of human diseases caused by Borrelia burgdorferi (lyme
disease), Anaplasma phagocytophilum (human granulocytic ehtlichiosis), Coxiella burnetti (QQ fever),
Francisella tularensis (tularemia), Rickettsia helvetica, R. japonica and R. australis, Babesia divergens, B.
mieroti, tick-borne encephalitis (TBE), and omsk hemorrhagic fever viruses (Table 1; Estrada-
Pefia and Jongejan, 1999; Parola and Raoult, 2001). I scapularis is the main vector of B.
burgdorferi, the causative agent of human lyme disease in the eastern USA and Canada. The
white-footed mouse (Peromuscus lencopus) serves as the primary reservoir of B. burdorferi and the
major host for immature 1. scapularis ticks. (McQuiston ez al. 1999; Estrada-Pefa and Jongejan,
1999). Before and during the larval tick feeding, infected nymphs transmit B. burgdorferi to
reservoir hosts. The newly hatched spirochete-free larvae acquire the bacteria from the

reservoir host and retain the infection through molting process. In spring, nymphs derived



from infected larvae transmit infection to susceptible animals, which will serve as hosts for
larvae later in the summer (Fish, 1993). Lyme disease is currently the most important tick-
borne disease of humans worldwide and the reported incidence of the disease in the USA has
increased over recent years (Bowman et al. 1996). Most cases of Lyme disease have been
reported along the northeastern coast, although the distribution of the vector appears to be

spreading (Estrada Pefia, 2001).

L scapularis also transmits Babesia microti, the protozoan parasite responsible for human
babesiosis in the Neartic. The major reservoir host for B. muroti is the white-footed mouse,
Peromyscus lencopus, although mead wolves (Microtus pennsylvanicus) may also act as reservoirs
(Reviewed by Estrada-Pefia and Jongejan, 1999). Nymphs are the primary vectors, although
adults may transmit the infection. Human babesiosis caused by B. wicroti has remained a minor
public health concern in the USA. Untl 1993, about 200 cases had been recognized

(Sonenshine, 1993).

Human granulocytic ehrlichiosis, caused by Ebrlichia phagocytophila is a disease
distributed in the midwestern and northeastern USA and also in California. Larval I scapularis
ticks acquire the infection by feeding on infected mice, and they also efficiently transmit
Ebrlichiae after molting to nymphs. Granulocytic ehrlichiosis is a zoonotic disease and dogs

may contribute to the enzootic cycle and human infection (Estrada-Penia and Jongejan, 1999).



Table 1. Ixodes species, pathogens transmitted and distribution (adapted from Estrada-

Pefia and Jongejan, 1999)

Species Pathogen Distribution
L holocyclus Rickettsia australis Australia
L ovatus Borrelia japonica Japan
L. pacificus B. burgdorfer: USA, Canada
L. persulcatus Omsk hemorrhagic fever virus Japan, former USSR
B. afzelii
B. garinii
B. burgdorferi
TBE virus
1. ricinus B. afzelii Europe, Western former USSR,
Northern Africa
B. garinii

B. lusitaniae

B. valasiana

B. burgdorferi

Ebrlichia phagocytophilum
TBE virus

Babesia divergens
Rickettsia Helvetica

L scapularis B. burgdorfer: USA (Atlantic coast),
Southeastern Canada
Babesia microt:

Ebrlichia phagocitophilum

Distribution of Ixodes spp.

I scapularis is found along the eastern and central United States (Denis ez /. 1998) and
the hosts range extends from Canada to Mexico (USDA, 1976). The upper boundary is located
in Maine westward to Minnesota and Iowa (Wilson ez a/ 1988). The 1. scapularis distribution
correlates with the distribution of its principal host, the white-tailed deer (Odocoilens virginianus)
(Wilson e al. 1988). Only deer or other large animals appear capable of supporting high

populations of these ticks (Duffy ez al 1994). I. scapularis may be locally common and abundant



in periods of good climate conditions, while almost absent or with greatly reduced densities in
periods of adverse climatic conditions (Estrada-Pena and Jongejan, 1999).

The western black legged tick, I. pacificus, is distributed primarily throughout the Pacific
cost of the United States, where the western fence lizards (Sceloporus occidentalis) and Columbian
black-tailed deer (Odocoilens hemionus comlumbianns) serve as the major hosts (Dennis ef al. 1998).
In Canada I pacificus is endemic in localized areas of southern British Columbia and on the
Gulf Islands and Vancouver Island (CCDR, 1998). I. dentatus, 1. spinipaipis, and 1. noeotomae are
present in the United States; however, these ticks rarely feed on humans, and therefore this
tick is of lesser importance compared with I. scapularis or 1. pacificus.

I ricinus is distributed in Europe from Ireland, Britain, and France where populations
are associated with sheep pastures, to southern Scandinavia eastwards across Europe to
northern Iran and southward to the Mediterranean littoral (Sonenshine, 1993; Vasallo, 2000).
This species is also found in small numbers in forested areas in North Africa and in the Levant
countries of the eastern Mediterranean (Sonenshine, 1993). The Taiga tick, L persulcatus, is
found in a large portion of southern Siberia, Far East, and middle Asia (Durden and Keirans,
1996).

1. scapularis life cycle

L scapularis is a three-host tick and each stage feeds on a different host. Adult female
ticks feed for five to seven days, while the male ticks feed only intermittently. Adult ticks feed
on large animals, preferentially white-tailed deer (Odocoilens virginianns) (Wilson et al. 1990), but
they also feed on cattle, horses, dogs, sheep, hogs, and human. Nymphs feed primarily on
birds, small mammals, and occasionally lizards (USDA, 1976). Replete females lay between
1000-3000 eggs (Wilson e al. 1990), and the eggs are deposited in the spring and hatch in mid-

summer (Sonenshine, 1993).



The L scapularis larvae fed during the warm summer period, prior to late September,
molt to nymphs that survive the winter as unfed nymphs (Wilson et al. 1990; Sonenshine,
1993). Larvae fed later in the fall are believed to overwinter as engorged larvae and molting to
the nymphal stage occurs the following spring or summer. In contrast, larvae fed in spring
molt immediately, and the subsequently-molted nymphs seek hosts throughout the late spring
and early summer months, with the peak populations occurring in June. Nymphs that feed and
incubate during the long photoperiod of the northern summer molt to adults and commence
questing soon after their emergence. These patterns of feeding activity and development result
in a 2-year life cycle (Sonenshine, 1993).

As reviewed by Estrada-Pefia and Jongejan (1999), I scapularis ticks require moist
microclimates for survival, including habitats with leaf-litter and one in which a high canopy of
mixed deciduous forests provides protection from extreme temperatures. I. scapularis accounts
for 76.2% of the ticks collected on humans in southern New York, but comprise only 3.9% of

the ticks collected in Georgia and South Carolina.
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Figure 1. Life cycle of L. scapularis.

Host immune response to tick infestations

Compared with other ectoparasites, ticks have a unique and long-term association with
the host (Bowman ez a/. 1996). After attachment to a host, ixodid ticks ingest a copious meal of
blood during a prolonged attachment. Females imbibe more than 100 times their unfed body
weight (Bowman e# 2/ 1997) and may feed for several days or even weeks during which their
mouth parts become embedded into the dermis of their vertebrate hosts (Valenzuela ez a/. 2000).
Ixodid ticks feed for extended periods of  two weeks or more. As the tick feeds, it

alternates between  imbibing blood components infiltrating into the feeding lesion and



returning excess of fluid and ions back to the host via the saliva, thus concentrating the blood
meal nutrients in the gut for future egg production (Bowman ez a/. 1996).

Ticks must overcome their host’s innate immune mechanisms in order to complete
engorgement (Lawrie e @/.1999). Protracted attachment and feeding is possible largely because
of properties of the tick’s saliva, which contains bioactive substances that counter host
immune, inflaimmatory and hemostatic responses at the feeding site (Bowman ez a/. 1997).
Pathogens are most often transmitted from infected ticks to the host via the salivary secretions
(USDA, 1976). Salivary secretions also play an important role in the transmission of these
pathogens by serving as a medium of transport for pathogens and may contribute to their
establishment.

Tick attachment and feeding often causes an immune response that result in tick
rejection or anti-tick immunity (Valenzuela, 2002). The primary effect of immune rejection is
infiltration of the wound site with watery fluids instead of hemoglobin-rich blood which is the
target of tick feeding and digestion. Therefore, ticks feeding performance, attachment success
and/or engorged weight are greatly reduced when ticks are allowed to feed on a previously-
infested host (Sonenshine, 1993). In addition to being unable to feed on blood, a secondary
effect of the host immune response is the direct damage to tick tissues and physiological
processes (Sonenshine, 1993).

Although hosts are usually unable to develop resistance during the initial tick challenge,
they mount an effective immune response when challenged by subsequent feedings resulting in
an acquired immunity (Sonenshine, 1993). Tick exposure typically leads to immune responses
by the hosts that are directed against antigenic moieties at the attachment site and in tick

tissues (Willadsen, 2001).
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L scapularis is able to feed repeatedly on its natural host, the white footed mouse,
Peromyscus lencopus, primarily because of anticomplement activity in the saliva (Valenzuela ¢z al.
2000). Rabbits or guinea pigs infested with 1. scapularis acquire resistance to tick bites, which is
partially mediated by antibodies (Das ¢# a/. 2001). Repeated exposure of rabbits, cattle, dogs,
and guinea pigs to ticks has been shown to interfere with tick feeding, molting and fecundity
(Das et al. 2001).

Infestations with I. scapularis nymphs were shown to modulate the host T-lymphocyte
cytokine production (Schoeler ez al. 1999). Tick-induced suppression of cytokines not only
enhances the ability of the tick to feed but may also contribute to pathogen transmission
(Schoeler ez al. 1999). Host reaction to tick antigens, including humoral or cellular responses,
will then affect subsequent tick infestations (Das ez 2/ 2001).

Tick resistance has been demonstrated by observing a reduction in the number of
feeding ticks, weights, feeding rates, a reduction in the ability of fed larvae or nymphs to molt
to the next stage, and/or reduced progeny (Allen, 1989). Increased feeding petiods, decreased
egg production, inhibited molting and egg and tick mortality have been all well documented
after ticks feed on resistant hosts (Schoeler, 1999). Acquired resistance is most evident in
recent or unstable host-parasite interactions, abnormal hosts on which the tick do not usually
feed or in non-specific host-parasite associations (Sonenshine, 1993). For example, infestation
of raccoons with 1. scapularis resulted in a significant decrease in the proportion of engorged
larvae after repeated applications of both nymphs and larvae (Craig e 2/ 19906). In contrast,
ticks in long established host parasite relationships have evolved mechanisms to suppress or

evade the immune response (Sonenshine, 1993).
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Control of tick infestations

Currently, the most effective method of tick control is by using chemical acaricides
(USDA, 1976) which are commonly applied to the host by dipping animals in tanks or vats
containing a solution of acaricide. Dipping is more effective than spraying for achieving
satisfactory coverage of cattle with the acaricide. Other means of applying acaricides that are
less commonly used include spot or pour-on application, slow release acaricide boluses, and
acaricide-impregnated ear tags (Norval e 2/1992). Systemic treatments like ivermectin have
also been used for tick control (Wilson, 1993), but are often impractical because of the expense
of the chemicals. Since the usual method of tick dispersion is by movement of the host,
chemical control can be most effectively used when animals are in quarantine or when animal
movements are regulated (USDA, 1976). Besides the expense, acaricides require stringent
application regimens and management strategies, and may contribute to environmental
pollution. In addition, ticks may develop resistance to acaricides, and cattle, especially calves,
may be susceptible to toxic effects of acaricides (Kocan, 1995). In addition, acaricide
applications may not reduce tick populations in a given area. Ticks are often not attracted to

treated cattle; therefore tick populations may remain essentially unaffected (Kocan, 1995).

Control of tick infestations is difficult and often impractical for multi-host ticks such
as Ixodes spp. Currently, tick control is effected most often by integrated pest management in
which different control methods are adapted to a given geographic location or against one tick

species with due consideration to their environmental effects (de la Fuente ¢z a/. 1998).

Tick vaccines
In the past years efforts had focused on development of vaccines against tick-borne

pathogens. However, the tick may vector two or more diseases. Therefore, vaccination may
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serve as an alternative for prevention of tick-borne diseases that would be directed against a
tick antigen with the aim of interrupting pathogen transmission (Kay and Kemp, 1994). Two
strategies have been adopted for anti-tick vaccine development: (1) mimicking acquired
resistance and (2) targeting internal tick organs (Wang and Nuttall, 1999). Development of
vaccines against ticks is feasible because ticks feed slowly, remaining in contact with the host’s
immune system for days or weeks. This long-term association provides the opportunity for
the tick gut epithelium to be exposed to host antibodies ingested with the blood meal.
Because tick digestion is largely intracellular the gut environment has a neutral pH and is
relatively free of proteases (Willadsen, 2001).

Development of vaccines against the one-host tick Bogphilus spp. has demonstrated the
feasibility of using protective antigens for immunization against tick infestations (Willadsen
and Kemp, 1998; de la Fuente ¢z 2/ 1999; de la Fuente 2000; de Vos e al. 2001). Control of
ticks by vaccination avoids environmental contamination and selection of drug resistant ticks
that results from repeated acaricide applications (de la Fuente ¢7 a/. 1998).

Anti-tick vaccines would also allow for inclusion of multiple antigens in order to target
a broad range of tick species and for incorporation of pathogen-blocking antigens. Willadsen
and Kemp (1998) isolated and characterized genes expressed in tick cells that are essential for
tick survival. These antigens encode protective antigens for vaccination against the cattle tick
B. microplus. This strategy relies on identification of tick antigens that are not naturally exposed
to the host and are capable of eliciting a protective response upon immunization. A protective
antigen, Bm80, was identified from the gut of semi-engorged adult female B. microplus ticks and
produced in large quantities by recombinant DNA technology for use in a vaccine (de la

Fuente ez al. 1999).
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In addition to Bm86, other gut antigens have been isolated from B. microplus and
evaluated in vaccination experiments. The Bm91 gut and salivary antigen elicits partial
protection against B. microplus with an added effect when used in combination with Bm86
(Riding ez al. 1994). The Bm95 gut antigen was isolated from an Argentinean strain of B.
microplus and was found to protect against a wider range of B. microplus strains when compared
to Bm86 (Garcia-Garcia ez 2/ 2000). Bm86 vaccine induces production of antibodies that bind
to the intestinal cells causing them to lyse, and thereby interfering with the blood-feeding
activity of the tick (Dalton and Mulcahy, 2001). However, immunization with Bm86 failed to
protect against Amblyomma spp. (de Vos et al. 2001), and the vaccine did not have an immediate
effect on reducing the numbers of ticks (Dalton and Mulcahy, 2001). In addition, efforts to
develop a vaccine against 3-host ticks, particularly Rhspicephalus appendiculatus, have been
unsuccessful (Castro, 1997). Therefore the screening and identification of novel protective
antigens is necessary for the identification of vaccine candidates against tick infestations of
these species of medical and veterinary importance.

Expression library immunization (ELI)

Expression library immunization (ELI) is an alternative approach for identification of
protective antigens (Moore ez al. 2002). Unlike methods used previously, ELI does not require
prior knowledge of possible antigenic targets and has the potential to screen the entire
genome. ELI involves the construction of genomic libraries, vaccination of hosts with naked
DNA from the libraries, and screening through a disease model to demonstrate whether
clones from the library confer protection against ticks or disease agents (Moore ef al. 2002).
Studies in mice suggest that DNA immunization is one of the most simple and yet versatile
methods of inducing both humoral and cellular host immune responses (van Drunen Littel-

van den Hurk et a/ 2001).
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To obtain a cDNA vaccine, RNA is extracted from a given parasite. Then, by reverse
transcription, the ¢cDNA coding for a potentially protective antigen is amplified, and
subsequently cloned into a plasmid vector under the control of a strong eukaryotic promoter.
The vector is then administered to a host organism where it undergoes expression and the
expressed protein elicits an immune response that results in resistance to any particular disease
(Kofta and Wedrychowiez 2001). DNA vaccines are strongly immunogenic, inducing immune
mechanisms different from the active response, which would be a crucial factor in their
efficiency. In addition, DNA itself can act as an adjuvant (Kofta and Wedrychowiez, 2001).

ELI was first used to identify protective antigens against Mycoplasma pulmonis after
immunization of mice with cloned genomic DNA in pools of 3000-27000 plasmids (Barry ez al.
1995). Subsequently, ELI has been used for antigen identification of other parasites, primarily
protozoa such as Tripanosoma crugi. An expression genomic library was constructed using
pcDNA3 plasmid for immunization of mice and expression of T. ¢ruzi antigens was detected 7
days after intramuscular immunization of mice (Alberti ¢f a/. 1998).

A genomic Plasmodinm chabandi expression library was constructed comprising ten
separate pools containing 3000 plasmids. In three vaccine trials using pools composed of 616
to 30,000 clones, 63% protection was found in mice challenged with P. chabandi adami
(Smooker ez al. 2000).

Melby ez al. (2000) immunized BALB/c mice with plasmid DNA isolated and pooled
from 15 cDNA sub-libraries, following systemic challenge with L. donovani. Mice immunized
with 6 of these 15 sub-libraries shown a significantly reduction of hepatic parasite burden.
Several groups of cDNAs that afforded protection were identified, including a set of nine

novel cDNAs and a group of cDNAs that encoded L. donovani histone proteins.
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This methodology was applied then to helminths for development of a DNA vaccine
against rats experimentally infected with the liver fluke Fascola hepatica. A reduction of 74% in
the fluke burden per animal was found in vaccinated animals and flukes the livers appeared
histologically normal in contrast to livers from unvaccinated rats that were markedly damaged
(Kofta et al. 2000).

Vaccination with DNA and cDNA molecules has been used to induce a protective
immune response against B. wmicroplus (De Rose et al. 1999). However, identification of
individual protective clones was not reported. The difficulty in identifying protective antigens
will most likely increase with the complexity of the organism genome.

Analysis of expressed sequence tags (EST)

The analysis of expressed sequence tags (ESTSs) has proven to be a valuable approach
in gene discovery and has generated a large pool of coding sequences (Boguski ez a/ 1993).
This approach has resulted in valuable information for the study of biological systems and for
the identification of potential vaccine candidates (Lizotte-Waniewski ez /. 2000; Kressler ez al.
2002). Hill and Gutierrez (2000) reported the EST approach to study the genome of
Awmblyomma americanum. Analysis of ESTs has  been used to characterize gene expression in
salivary glands of I scapularis and L. ricinus (Valenzuela et al. 2000; Valenzuela ef al. 2002). Other
tick species such as A. variggatum (Nene et al. 2002), and Dermacentor variabilis (Mulenga et al.
2003) have been studied by ESTSs. The characterization of I scapularis EST sequences will
provide a basis for future research in anti-tick vaccines, with an important role in the reduction
of transmission of tick-borne pathogens.

Expression profile and functional analysis
Evaluation of the extent of antigens in tick’s tissues is important in order to detect

protective antigens. Penichet ¢f /. (1994) detected gut cell recognition to antiserum from cattle
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vaccinated with the recombinant Bm86 antigen. Expression of Troponin I-like protein from
the hard tick Haemaphysalis longicornis was detected by immunohistochemistry (You ez /. 2001).
In addition, the expression profile can also be tested in different phases from the tick
development by reverse transcription-polymerase chain reaction (RT-PCR).

RNA interference (RNAI), or the induction of sequence specific gene silencing by
double stranded RNA (dsRNA), is accomplished when expression of double-stranded RNA
leads to specific decreases in the abundance of coghate mRNAs (Sorensen, 2003). dsSRNAs can
be delivered in a variety of ways, including introduction of large or small dsRNA directly, and
through expression from appropriate expression vectors following transfection (Hannon,
2002). This approach was first described in the nematode Caenorbabditis elegans (Fire et al. 1998).
Messenger RNA-specific anti-sense oligonucleotides were used to inhibit the 7z wvitro gene
expression of the protozoa Trypanosoma congolense (Inoue et al. 2002). In arthropods, RNAi
allowed for the targeting of specific genes in Drosgphila melanogaster adult fly (Kalidas and Smith,
2002). Recently, the first application of RNAI in ticks was reported (Aljamali ez 2/ 2003). A
dsRNA from an A. americanum histamine binding protein was cloned and incubated with tick
salivary glands. Results showed a lower histamine binding ability, suggesting that RNAi might
be an important tool for target encoded gene proteins (Aljamali ez a/. 2003). Experiments 2z vivo
can be performed (Kalidas and Smith, 2002) in which molecules of interest may be injected
into the hemolymph in order to interrupt vital functions of the tick.

Tick genomics and proteomics are likely to evolve into projects addressing the
sequencing, annotation and functional analysis of entire tick genomes, providing invaluable
information for the development of tick vaccines. EST databases provide an inclusive catalog
of potential vaccine candidate antigens. The use of this information in conjunction with

bioinformatics, RNAi, mutagenesis, immunomapping, transcriptomics, proteomics, ELI and
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other emerging technologies should allow for a systematic and comprehensive approach to
vaccine discovery. In addition, the screening of protective clones by ELI of cDNA libraries
constructed from different tick tissues, developmental stages and from genes expressed in
response to various stimuli, including tick feeding or infection with pathogens, will provide
exciting possibilities for the identification of new antigens protective against tick infestations
and may also allow for identification of antigens that interfere with pathogen development and
transmission. Vaccination trials can be also designed to evaluate the effect of selected tick
antigens, in combination with pathogen-specific antigens, in reducing transmission of tick-

borne pathogens.
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RESEARCH PROBLEM

Because of the importance of ticks to livestock and public health and the difficulty of
controlling them, vaccines would be an improved and effective control method for ticks of
medical and veterinary importance. The use of acaricides for tick control is less desirable
because of the risk of environmental contamination and selection of resistant ticks. Recently,
a successful vaccine against the cattle tick B. microplus was produced by recombinant
technology (de la Fuente ez a/. 1999). However, this vaccine did not protect against
Awmblyomma spp. (de Vos et al. 2001). The screening and identification of novel protective
antigens is therefore needed in order to identify vaccine candidates that would protect
against multiple tick species. Expression library immunization (ELI) is a new method for
discovery of potential vaccine antigens and, unlike more traditional methods, ELI does not
require prior knowledge of possible antigenic targets and also provides the opportunity to
screen the entire organism genome. ELI in combination with analysis of expressed sequence
tags (ESTs) provides an alternative approach for identification of protective antigens
through the rapid screening of the expressed genes in immunized hosts. Several reports
have demonstrated that antigens identified by ELI have provided a degree of protection
when used in vaccine formulations (Barry ez a/. 1995; Alberti et al. 1998; Smooker ez al. 2000;
Melby ez al. 2000). However, this methodology has not been used in arthropods and,
specifically in ticks. In this research we hypothesized that cDNAs encoding protective
antigens against I. scapularis infestations can be identified by ELI of a ¢cDNA library
constructed from a tick cell line (IDES) that was derived from embryonic I scapularis.
Herein, we proposed to screen and characterize genes expressed in I scapularis that are

essential for tick larval development and encode protective antigens by cDNA-ELI The
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putative function were determined by analysis of ESTs. Candidate vaccine antigens for
control of tick infestations were then tested in mice and rabbits model systems and in a tick

capillary feeding system.

The specific objectives of the research proposed herein are:

1. To construct a cDNA expression library from cultured IDES tick cells.

2. To identify genes encoding protective antigens against tick larvae by expression library
immunization using a mouse model of 1. scapularis infestation.

3. To clone and sequence selected genes and to predict putative protein function
according to sequence databases.

4. To express protective antigens in E. /i to produce recombinant antigens for protein
characterization and vaccine formulations.

5. To characterize the biological function, expression profile and sequence conservation
of genes encoding protective antigens across ixodid tick species.

6. To test the efficacy of recombinant vaccine formulations in mice and rabbits against

the different developmental stages of . scapularis.
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Ch ap t er 2

IDENTIFICATION OF PROTECTIVE ANTIGENS FOR THE CONTROL OF
Ixodes scapularis INFESTATIONS USING cDNA EXPRESSION LIBRARY
IMMUNIZATION

Consuelo Almazan, Katherine M. Kocan, Douglas K. Bergman, Jose C. Garcia-Garcia,
Edmour F. Blouin and José de la Fuente. Vaccine 2003, 21: 1492-1501.

Abstract

Identification of antigens that induce an immune response against tick infestations is
required for the development of vaccines against these economically important ectoparasites.
In order to identify protective antigens, we constructed a cDNA expression library from a
continuous Ixodes scapularis cell line (IDES8) that was initially derived from tick embryos.
cDNA clones were subjected to several rounds of screening in which mice were immunized
with individual pools and then challenge-exposed by allowing 1. scapularis larvae to feed on the
immunized and control mice. Immunity against tick infestation was determined by the
reduction in the ability of the larvae to attach, feed to repletion and molt to the nymphal stage.
Individual clones in pools that induced immunity to larval infestations were partially sequenced
and grouped according to their putative protein function by comparison with sequence
databases. The screening identified several individual antigens that induced a protective
immune response against I. scapularis infestations. Our studies demonstrated for the first time
that cDNA expression library immunization (ELI) combined with sequence analysis is a
powerful and efficient tool for identification of candidate antigens for use in vaccines against
ticks.

Keywords: tick, vaccine, tick cell culture, cDNA library immunization
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Introduction

Ticks are ectoparasites of wild and domestic animals and humans, and they transmit
pathogens including fungi, bacteria, viruses and protozoan. Currently, ticks are considered to
be second in the world to mosquitoes as vectors of human diseases, but they are considered to
be the most important vector of pathogens in North America [1]. Ixodes spp. are distributed
wortldwide and are vectors of human pathogens, including Borrelia burgdorferi (Lyme disease),
Anaplasma phagocytophila (human granulocytic ehrlichiosis), Coxzella burnetti (Q fever), Francisella
tularensis (tularemia), B. afzelii, B. lusitaniae, B. valaisiana and B. garinii, Rickettsia helvetica, R. japonica
and R. australis, Babesia divergens, as well as tick-borne encephalitis (TBE) and Omsk
Hemorrhagic fever viruses [1, 2]. Throughout eastern and southeastern United States and
Canada, I. scapularis (the black legged tick) is the main vector of B. burgdorferi sensu stricto and
A. phagocytophila [1, 2].

Control of tick infestations is difficult and often impractical for multi-host ticks such
as Ixodes spp. Presently, tick control is effected by integrated pest management in which
different control methods are adapted in a geographic area against one tick species with due
consideration to their environmental effects. Recently, development of vaccines against one-
host Boophilus spp. has provided new possibilities for the identification of protective antigens
for use in vaccines for control of tick infestations [3-7]. Control of ticks by vaccination would
avoid environmental contamination and selection of drug resistant ticks that result from
repeated acaricide application [8, 9]. Anti-tick vaccines also allow for inclusion of multiple
antigens in order to target a broad range of tick species as well as pathogen-blocking antigens.

A new technique, expression library immunization (ELI), in combination with
sequence analysis, provides an alternative approach for identification of potential vaccine

antigens that is based on rapid screening of the expressed genes without prior knowledge of
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the antigens encoded by the cDNAs. ELI was first reported for Mycoplasma pulmonis [10] and
since then has been used for unicellular and multicellular pathogens and viruses [11-17].
However, the identification of individual protective clones has not been reported and it was
predicted that the identification of protective antigens would be more difficult as the
complexity of the genome increases.

Herein we describe the first application of ELI to arthropods, specifically ticks. A
combination of cDNA ELI and sequence analysis resulted in the identification of individual
protective antigens against 1. scapularis infestations.

2. Materials and Methods
2.1. Tick cells

Monolayers of IDE8 (ATCC CRL 1973) cells, originally derived from embryonic L
scapularis, wetre maintained in 25 cm?® flasks at 31°C in 1.-15B medium supplemented with 5%
fetal bovine serum, tryptose phosphate broth and bovine lipoprotein concentrate (ICN, Irvine,
CA) after Munderloh et al. [18]. Cells were subcultured at a density of 2 x 10° cells/cm”.
Medium was replaced weekly.

2.2. Library construction

A cDNA expression library was constructed in the vector pEXP1 containing the
strong human cytomegalovirus major immediate eatly promoter/enhancer (CMVy,) (Clontech,
Palo Alto, CA). We chose to construct our library from cultured embryonic I scapularis IDES
cells-derived poly(A)+ RNA in order to target the early larval stages of 1. scapularis. The cDNA
library contained 4.4 x 10° independent clones and a titer of approximately 10" cfu/ml with
more than 93% of the clones with cDNA inserts. The average cDNA size was 1.7 kb (0.5-4.0

kb).
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2.3. Library screening by ELL

2.3.1. Primary screen

The overall schema for identification of protective antigens through ELI, sequential
fractionation and sequence analysis is shown in Fig. 1.

Ninety six LBA (master) plates containing an average of 41 (30-61) cDNA clones per
plate were prepared. Replicas were made and clones from each plate were pooled, inoculated
in Luria-Bertani with 50 ug/ml ampicillin, grown for 2 hr in a 96-well plate and plasmid DNA
purified from each pool (Wizard SV 96 plasmid DNA purification system, Promega, Madison,
WI). BALB/c female mice, 5-6 weeks of age at the time of first vaccination, were used. Mice
were cared for in accordance with standards specified in the Guide for Care and Use of
Laboratory Animals.

Mice were injected using a 1 ml tuberculin syringe and a 27"2G needle at days 0 and
14. Three mice per group wete each immunized IM in the thigh with 1 pg total DNA/dose in
50 ul PBS. Two groups of 3 mice each were included as controls. One group was injected with
1 pg vector DNA alone and the second with saline only. Two weeks after the last
immunization, mice were infested with 100 I scapularis larvae per mouse. Ticks were reared at
the Oklahoma State University Tick Rearing Facility by feeding larvae on mice, nymphs on
rabbits and adults on sheep. For these experiments, larvae were obtained from the eggs
oviposited by sister females. Twelve hours after tick infestation, larvae that did not attach were
counted in order to calculate the number of attached larvae per mouse. Mice were then
transferred to individual cages with an elevated /4 mesh wire platform with water (2 deep)
in the bottom of the cage. Replete larvae dropping from each mouse were collected daily from
the water and counted during 7 days. Time for larval development was evaluated from the day

of tick infestation to the day in which the maximum number of replete larvae was collected.
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The inhibition of tick infestation (I) for each test group was calculated with respect to vector-
immunized controls as [1-(RLn/RLc x RLic/RLin)] x 100, where RLn is the average number
of replete larvae recovered per mouse for each test group, RLc is the average number of
replete larvae recovered per mouse for control group, RLic is the average number of larvae
attached per mouse for control group, and RLin is the average number of larvae attached per
mouse for each test group.
2.3.2. Secondary screen

After the primary screen of 66 cDNA pools (2705 clones), 9 pools (351 clones) with
1260% were selected for the secondary screen (re-screening) employing 5 mice per group as
described above. Control mice were immunized with the negative (I=0%) F2 cDNA pool or
saline only. A group was included that was immunized SC with two doses of 100 ug of total
IDES tick cell proteins per dose in Freund’s incomplete adjuvant. Engorged larvae were held
in a 95% humidity chamber and allowed to molt. Molting of engorged larvae was evaluated 34
days after the last larval collection by visual examination of ticks under a dissecting light
microscope. The inhibition of molting (M) for each test group was calculated with respect to
controls as [1-(MLn/MLc x RLc/RLn)] x 100, whete MLn is the number of nymphs for each
test group, MLc is the number of nymphs for the control group, RLc is the number of larvae
recovered for the control group, and RLi is the number of larvae recovered for each test
group.
2.3.3. Sequence analysis

Immunization of mice with all 9 pools (351 cDNA clones) tested in the secondary
screen effected immunity to larval tick infestation. Therefore, DNA from individual clones in
these pools was purified (Wizard SV 96 plasmid DNA purification system, Promega, Madison,

WI) from the master plate and partially sequenced with a 5 vector-specific primer (5-
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CGACTCACTATAGGGAG-3") at the Core Sequencing Facility, Department of
Biochemistry and Molecular Biology, Noble Research Center, Oklahoma State University,
using ABI Prism dye terminator cycle sequencing protocols developed by Applied Biosystems
(Perkin-Elmer Corp., Foster City, CA). In most cases a sequence larger than 700 nucleotides
was obtained. Nucleotide sequences were analyzed using the program AlignX (Vector NTI
Suite V 5.5, InforMax, North Bethesda, MD). BLAST [19] was used to search the NCBI
databases to identify previously reported sequences with homology to those that we
sequenced. Sequence analysis allowed grouping the clones according to sequence identity to
DNA databases and predicted protein function.
2.34. Tertiary screen

For the tertiary screen, 64 clones were grouped in 16 sub-pools each containing 1 to 17
plasmids according to the predicted function of encoded proteins (e.g. all the plasmids that
encoded histone proteins were grouped together) and used, along with 4 sub-pools containing
182 clones of unknown function or with sequences without homology to sequence databases,
to immunize 4 mice per group. Mice were immunized with 0.3 ug/plasmid/dose in 50 ul PBS
and evaluated as described above. Control mice were immunized with a pool of 20 plasmids
containing mitochondrial cDNAs. The inhibition of molting (M) for each test group was
calculated with respect to controls as described above. The protection efficacy was calculated
for cDNA sub-pools resulting in I>1 and M>1 as E (%) = 100 x [1-(RI x RM)] where RI
(reduction in tick infestation) = 1-1/100 and RM (reduction in molting) = 1-M/100.
2.4. Microscopy

Selected ticks were fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2),
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dehydrated in a graded series of ethanol washes and embedded in epoxy resin after Kocan et
al. [20]. Thick sections (1.0 um) were cut and stained with Mallory’s stain [21] for light
microscopic observation.
2.5. Characterization of the inmmune response in vaccinated mice by Western blot

Mice were euthanatized by cervical dislocation, blood was collected and the serum
removed. One hundred micrograms of IDES tick cell proteins were loaded in an 8%
polyacrylamide gel [22] using a preparative comb. SDS-PAGE gels were transferred to a
nitrocellulose membrane. Strips were made and membranes were blocked with 5% skim milk
for 1 hr at room temperature. Sera from immunized and control mice were diluted 1:10 in
TBS and incubated with the membrane for 1 hr at room temperature. The membrane was
washed 3 times with TBST and incubated for 1 hr at room temperature with goat anti-mouse
IgG alkaline phosphatase conjugate (KPL, Gaithersburg, MD) diluted 1:10,000. The
membrane was washed again and the color developed using Sigma Fast BCIP/NBT alkaline
phosphatase substrate tablets.

2.6. Statistical analysis

In each round of screening, the number of larvae attached per mouse and the number
of engorged larvae recovered per mouse 7 days after infestation were compared by Student’s t-
test between cDNA-immunized and control vector DNA-immunized mice (primary screen),
between mice immunized with positive cDNA pools and the control negative F2 cDNA pool
(secondary screen) or between test cDNA sub-pools-immunized and control mice immunized

with mitochondrial cDNAs (tertiary screen).
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3. Results
3.1. Primary screen

Pools of approximately 41 (30-61) L. scapularis cDNA clones were screened by ELL
Only 33 cDNA pools and 2 control groups were analyzed per experiment. The average tick
infestation level in two experiments was 50%13 and 56%15, and 56%15 and 54%18
larvae/mouse for cDNA immunized and control mice, respectively (P>0.05) (Table 1). The

average number of engorged larvae recovered per mouse was 913 and 1344 in the cDNA-

immunized mice and 164 and 1713 in the control vector-immunized group (P<0.05) (Table
1). Reduction in the number of larvae collected from mice that received the vector DNA was
not observed compared with the saline-immunized controls (data not shown). The average
inhibition of tick infestation (I) was 49+28% and 30+22% (Table 1). The maximum number of
engorged larvae was collected 3 to 4 days after infestation. However, when larvae were fed on
mice immunized with cDNA pools B5, A8 and A10 (Fig. 2), a retardation of larval
development in 1 to 2 days was observed (data not shown). After two experiments covering
the analysis of 66 pools (2705 clones), 9 protective pools (351 clones) were selected producing
inhibition of tick infestations 1=260% (Fig. 2A and 2B and Table 1). Because of the complexity
of the screening procedure in mice vaccinated and challenged with tick larvae, it was difficult
to work with more than 9 protective cDNA pools. Therefore, we did not continue screening
new cDNA pools and focused our attention on the 9 pools selected after the primary screen.
3.2. Secondary screen and sequence analysis

The secondary screen was done to verify the protective capacity of the cDNA pools
selected after the primary screen (Fig. 2A and 2B). Positive results were observed in all 9

protective cDNA pools in the secondary screen. Tick infestation levels were higher in this
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experiment (average 8516 and 8413 larvae/mouse for cDNA-immunized and control mice,
respectively; P>0.05). Nevertheless, the average number of engorged larvae recovered per
mouse was 3917 and 2616 for control and cDNA-immunized mice, respectively (P<0.05).
The group immunized with total IDES tick cell proteins was protected with I=33%. Again, no
reduction was observed in the number of larvae collected from mice that were injected with
the control cDNA (F2 negative pool after the primary screen; Fig. 2A) compared to saline-
immunized controls (data not shown).

In the secondary screen, molting of engorged larvae was evaluated after 34 days.
Molting was affected in all but one test cDNA-immunized group. Inhibition of molting in test
cDNA-immunized mice compared to the control cDNA-immunized group varied from 0% to
12% (6+4%). Differences were not observed between control cDNA and saline-immunized
mice. Among the larvae that did not molt to the nymphal stage, some were visibly different
from the controls and had a bright red color. The percent of red larvae in cDNA-immunized
mice varied between 3% to 18 % (7+5%) while in the saline and control cDNA-immunized
groups red larvae represented the 6% and 4%, respectively.

Plasmid DNA from the 351 individual clones in the 9 protective pools was isolated
and partially sequenced. Comparison to sequence databases permitted identification of
sequence identity with previously reported genes with known function in 152 (43%) of the
clones (Table 2). Fifty seven percent of the sequences were homologous to genes with
unknown function or had no significant identity to previously reported sequences (Table 2).
Of the clones with sequence identity to genes with known function, 85% were homologous to
arthropod sequences. Ninety three clones (61%) contained sequences homologous to

Drosophila melanogaster, 5 (3%) to other insects and 32 (21%) to Ixodid tick species. Thirty
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percent of the clones were eliminated from further analysis based on their sequence identity,
including those containing similar sequences (Table 2).
3.3. Tertiary screen

For the tertiary screen, mice were immunized with 64 clones grouped in 16 sub-pools
according to the predicted function of encoded proteins and with 4 sub-pools containing 182
clones with unknown function or with sequences without homology to sequence databases
(Table 3). Control mice were immunized with a pool of mitochondrial cDNAs. Tick
infestation levels were similar in all test groups (72+2 larvae/mouse) and in control mice (6912
larvae/mouse) (P>0.05). The number of engorged larvae recovered per mouse was also
similar between test (16+7) and control (144£6) mice (P>0.05). However, the groups
immunized with cDNA sub-pools containing clones with putative endopeptidase,
nucleotidase, ribosomal proteins, heat shock proteins, glutamine-alanine-rich proteins and 3 of
the sub-pools with clones of unknown function or with sequences without homology to
sequence databases had 1=15% (Fig. 3). Furthermore, among them, the groups immunized
with sub-pools containing clones with a putative endopeptidase, nucleotidase and two of the
cDNA sub-pools with unknown function or with sequences without homology to sequence
databases resulted in lower infestation levels compared to control mice (P<0.05) and 1>40%
(Fig. 3). Retardation of larval development was not observed. Molting was affected only in the
groups immunized with sub-pools containing clones with a putative endopeptidase,
nucleotidase and three of the cDNA sub-pools with unknown function or with sequences
without homology to sequence databases (Table 4). Three of these sub-pools were the same
giving the highest I value (Fig. 3 and Table 4). The protection efficacy of cDNA sub-pools was

calculated considering the effect of vaccination on tick infestation and molting and varied from
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44% to 73% (Table 4). Only in mice immunized with a putative beta-adaptin-encoding cDNA
sub-pool, the proportion of red larvae (6%) was higher than in the control group (2%). The
red coloration observed in this group of ticks appeared to be associated with an extended gut
(Fig. 4). Sera from each group of mice immunized with cDNAS sub-pools containing clones
with a putative endopeptidase, nucleotidase, ribosomal proteins, heat shock proteins,
glutamine-alanine-rich proteins, beta-adaptin and from control mice immunized with vector
DNA were pooled and analyzed by Western blot against IDES tick cell proteins. Distinctive
bands were identified in some of the sera from mice immunized with cDNA sub-pools
compared to control serum (Fig. 5).
4. Discussion

The feasibility of controlling tick infestations through immunization of hosts with tick
antigens has been demonstrated for Boophilus spp. (reviewed by [3-6]). The recombinant B.
microplus BM86 gut antigen included in commercial vaccine formulations, TickGARD
(Hoechst Animal Health, Australia) and Gavac (Heber Biotec S. A., Havana, Cuba), also
confers partial protection against phylogenetically related Hyalomma and Rhipicephalus species [0,
7]. However, immunization with BM86 failed to protect against the more phylogenetically
distant Amblyomma spp. [7]. These results suggested that use of BM86 or a closely related
antigen for the production of vaccines against Ixodes spp. or other tick genera phylogenetically
distant from Boophilus spp. [23] may be impractical. Therefore, the screening for novel
protective antigens would be necessary for identification of candidate vaccine antigens for
control of these tick species of medical and veterinary importance.

Vaccination with DNA and cDNA molecules has been used to induce a protective
immune response against B. microplus, as well as several pathogens in laboratory animals and

livestock [24-27]. Here, cDNA ELI, combined with sequence analysis, resulted in a rapid
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method for the identification of protective antigens against I scapularis infestations. Although
several reports in the literature have demonstrated by ELI that libraries can offer a degree of
protection [10-17], this is the first report in which sub-fractionation identified individual
protective clones.

When we started these experiments, we planned to screen over 4000 cDNA clones
considering the complexity of the tick genome. However, 9 protective cDNA pools were
identified after screening only 66 pools containing 2705 cDNA clones. This result probably
reflects the possibility of interfering with tick infestations at many different levels that involve a
plethora of gene products. Results from vaccination experiments against ticks employing
recombinant tick antigens support this view (reviewed by [28]).

The effect of cDNA vaccination on L. scapularis experimental infestations of mice was
evidenced by the reduction of the number of engorged larvae, the retardation of larval
development, the inhibition of molting to nymphal stages and the appearance of visibly
affected larvae. These effects were also recorded in vaccination experiments with recombinant
BMS86 and BM95 antigens against infestations with B. mzcroplus [29] and the protective effect of
these antigens correlated with the concentration of specific antibodies [8]. Immunoglobulins
trigger a variety of effector mechanisms and are specifically transported into the tick
hemolymph during feeding [30, 31]. Some of the sera collected from mice after the tertiary
screen showed discrete bands against IDES tick cell proteins, thus suggesting an immune
response against cDNA vaccination. The failure to detect an immune response in all the
immunized mice may be due to poor immunogenicity or underrepresentation of the encoded
proteins in the IDES protein extract.

After the tertiary screen, tick infestation levels were lower in mice immunized with

several cDNA sub-pools and inhibition of molting to nymphal stage was apparent when
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compared to controls. Two of these cDNA sub-pools contained single clones homologous to
an endopeptidase from D. melanogaster and to a human 5-nucleotidase. Proteinases have been
identified in many tick species and are involved in different physiological and developmental
processes [32-37]. Furthermore, tick proteins with proteinase activity have been recently
targeted for development of anti-tick vaccines [28, 38-42]. A 5’-nucleotidase was identified and
characterized in B. mucrgplus by Liyou et al. [43, 44] but they did not assay its protection
capacity.

Although a preliminary observation, the highest number of red larvae was recorded in
the group immunized with a cDNA homologous to a beta-adaptin from D. melanogaster. Beta
adaptins are adaptor components required in the assembly of clathrin-coated plasma
membrane pits, which function during endocytosis [45]. The process of endocytosis is actively
involved in blood digestion by ticks and other hematophagous arthropods [33]. Therefore, an
inhibition of endocytosis may impair the acquisition and digestion of the blood meal in ticks
and results in extension of the midgut as observed in larvae fed on immunized mice.
Development of vaccines against tick infestations by targeting tick proteins essential for
acquisition and digestion of blood meal has been reported by various groups [46, 47].
Furthermore, the protective BM86 antigen from B. microp/us has been suggested to be involved
in endocytosis and ticks fed on vaccinated cattle also show a red coloration associated with tick
damage [3, 29].

The sub-pools identified in the tertiary screen with higher capacity to inhibit tick
infestations were composed of 50 and 49 clones with unknown function or with sequences
without homology to sequence databases. Furthermore, the protection elicited by cDNA
vaccination was higher in the primary and secondary screens of library pools than in the

tertiary screen of sub-pools. Results of previous ELI studies have demonstrated that
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immunization with pools confers a better protection than sub-pools after fractionation [14].
Therefore, protection induced by immunization with the larger pools appears to be mediated
by the combined and/or synergistic effect of different antigens or, alternatively, by the
nonspecific adjuvant activity of some DNA sequences on antigenic cDNAs [14].

The other 3 cDNA sub-pools identified in our experiments to induce partial
protection contained sequences homologous to glutamine-alanine-rich, ribosomal and heat
shock proteins. Although initially surprising, the protection capacity of ribosomal and heat
shock protein preparations has been previously documented in other organisms [14, 48-50].

Several vaccines have been developed to protect humans against Ixodes-transmitted
pathogens including TBE virus and B. burgdorfers. However, it is not clear whether these
vaccines will protect against all pathogen strains and genotypes. The inclusion of tick
immunogens in pathogen-specific vaccines could enhance their protective effect and increase
efficacy [51]. This transmission-blocking approach is supported by evidence that host
resistance to ticks provides some protection against tick-borne transmission of viruses and B.
burgdorferi [52]. Furthermore, vaccination against B. mucrgplus has been demonstrated to
contribute to the control of tick-borne diseases [5, 8].

In summary, we have used ELI and sequence analysis to identify cDNAs that induce
protection to experimental infestations of mice with I spularis. Two of these cDNAs
conferred protection when used individually to immunize mice. We anticipate that use of
recombinant proteins and/or modified cDNAs in combination with adjuvant will enhance the
protective efficacy of vaccine preparations. Ultimately, the combination of anti-tick antigens
with pathogen antigens may provide a means to control tick-borne infections through
immunization of the human population at risk or by immunization of the mammalian

reservoir to reduce pathogen transmission to humans.
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