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The ticks Rhipicephalus appendiculatus and Rhipicephalus sanguineus are the main vectors of Theileria parva
and Babesia spp. in cattle and dogs, respectively. Due to their impact in veterinary care and industry,
improved methods against R. appendiculatus and R. sanguineus parasitism are under development, includ-
ing vaccines. We have previously demonstrated the induction of a cross-protective humoral response
against Rhipicephalus microplus following vaccination with recombinant glutathione S-transferase from
Haemaphysalis longicornis tick (rGST-Hl), suggesting that this protein could control tick infestations. In
the present work, we investigated the effect of rGST-Hl vaccine against R. appendiculatus and R. sanguineus
infestation in rabbits. In silico analysis revealed that GST from H. longicornis, R. appendiculatus and R. san-
guineus have >80% protein sequence similarity, and multiple conserved antigenic sites. After the second
vaccine dose, rGST-Hl-immunized rabbits showed elevated antibody levels which persisted until the
end of experiment (75 and 60 days for R. appendiculatus and R. sanguineus, respectively). Western blot
assays demonstrated cross-reactivity between anti-rGST-Hl antibodies and native R. appendiculatus and
R. sanguineus GST extracts from ticks at different life stages. Vaccination with rGST-Hl decreased the num-
ber, weight, and fertility of engorged R. appendiculatus adults, leading to an overall vaccine efficacy of 67%.
Interestingly, histological analysis of organ morphology showed damage to salivary glands and ovaries of
R. appendiculatus adult females fed on vaccinated animals. In contrast, rGST-Hl vaccination did not affect R.
appendiculatus nymphs, and it was ineffective against R. sanguineus across the stages of nymph and adult.
Taken together, our results show the potential application of rGST-Hl as an antigen in anti-tick vaccine
development, however indicating a broad difference in efficacy among tick species.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction gen transmission [1]. Among these species, Rhipicephalus appendic-
Ticks are hematophagous ectoparasites that, in addition to the
direct harm caused to their hosts, are often responsible for patho-
ulatus and Rhipicephalus sanguineus cause great impact on animal
health, resulting mainly from disease transmission [2,3]. R. appen-
diculatus occurs in eastern, central and southern Africa region [4],
while R. sanguineus has a worldwide distribution; however, the
taxonomical status of R. sanguineus is under revision since the
name R. sanguineus has been applied for different Rhipicephalus
spp. tick populations [3,5].

Tick feeding induces host immune responses that build resis-
tance against future tick infestations [6], and this observation led
to the hypothesis that a strategy to modulate host immunity could
be used to control tick infestation. There is currently a broad
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consensus that effective anti-tick vaccines could constitute a sus-
tainable approach for the control of ticks and tick borne diseases
[7], avoiding the deleterious effects associated with acaricide
application. Due to the presence, under field conditions, of multiple
tick species, and the need to simplify commercial production of an
effective vaccine, there is a pressing demand to identify and eval-
uate antigens offering heterologous protection [8–10]. For some
candidate antigens, however, very low or absent effectiveness
against other tick species were observed [11,12].

Glutathione S-transferases (GSTs) are proteins found in all
eukaryotes; they are responsible for elimination of toxic sub-
stances by catalyzing a nucleophilic conjugation reaction of
reduced glutathione with the toxic compound [13]. In the ticks R.
sanguineus and Rhipicephalus microplus, GSTs are involved in per-
methrin detoxification [14] and resistance to synthetic pyrethroid
[15], respectively. Furthermore, R. microplus GST plays a role in egg
antioxidant defenses, as indicated by its effects on redox balance of
these cells, and by a positive correlation with lipid peroxidation
[16]. Recombinant Haemaphysalis longicornis GST (GST-Hl), used
in vaccination trials as single- [17] or multi-antigenic vaccines
[18], induced a partial protection against R. microplus infestation.
The protective capacity of GST-Hl was also tested against R. micro-
plus using GST-Hl-expressing Babesia bovis as a live vector vaccine
[19]. Moreover, a multi-antigenic vaccine composed of rGST-Hl,

recombinant R. microplus VTDCE (vitellin degrading cysteine

endopeptidase), and recombinant BYC (Boophilus yolk cathepsin),
reduced R. microplus survival in 35–60%, and improved cattle body
weight gain in 14% [18]. These data support the use of rGST-Hl in
cross-protection vaccination trials against other tick species. In this
work, we evaluated the potential of rGST-Hl as a vaccine antigen
against R. appendiculatus and R. sanguineus infestations.
2. Methods

2.1. Ticks and rabbits

The standard R. appendiculatus Muguga stocks were maintained
at the tick unit of the International Livestock Research Institute
(ILRI) for at least forty years [20]. R. sanguineus tropical lineage
were collected in Rio de Janeiro, Brazil [21], and kept at the Univer-
sidade Federal do Rio Grande do Sul (UFRGS). Ticks were fed by
experimental infestation on 4-months old New Zealand rabbits
(2 kg) in isolated cages, and kept at 28 �C and 85% relative humid-
ity. The experiments were approved and conducted following the
guidelines of the Ethics Committee on Animal Experimentation of
UFRGS and ILRI.
2.2. In silico analyses

Amino acid sequence predictions, alignment using ClustalW
algorithm, and the identity matrix of GSTs amino acid sequences
(R. appendiculatus AY298732, R. sanguineus AGK29895, and H.
longicornis AAQ74441), were performed using BioEdit software
version 7.2.5 [22]. Immunogenic regions of tick GSTs were pre-
dicted by Jameson Wolf algorithm [23], using the software Laser-
gene version 7.0.0.
2.3. Expression and purification of rGST-Hl

rGST-Hl was expressed and purified as previously described
[24] in Escherichia coli strain D494 (DE). Purification of the soluble
fraction containing rGST-Hl was performed by affinity chromatog-
raphy using GSTtrap (GE Healthcare). Protein concentration was
determined by the Bradford method [25].
2.4. Tick tissues extraction

Ovaries, salivary glands and gut of partially and fully engorged
R. appendiculatus and R. sanguineus female ticks were dissected
using a stereomicroscope (Stemi DRC; Zeiss) as previously
described [17] and lysed by sonication (Qsonica-model Q125) or
by maceration, for R. sanguineus or R. appendiculatus respectively.
Ten-days old eggs, whole larvae, and nymphs of both tick species
were also macerated in PBS. Tissue homogenates were centrifuged
at 16,000g for 15 min at 4 �C. For purification of native GST from
tissues, 60 ll of glutathione-Sepharose 4B resin were mixed with
tissue extracts aliquots (300 lg) and incubated for 10 min at room
temperature. Fractions were separated by centrifugation at
10,000g for 10 min at 4 �C. The soluble fractions were collected
and the resin containing bound native GST was washed 10 times
with PBS.

2.5. In vitro cross-reactivity evaluation

The cross-reactivity of anti-rGST-Hl antibodies with native GSTs
from R. appendiculatus and R. sanguineus was evaluated by western
blotting. The total amount of native GST obtained by purification
from each of the different tissues of R. appendiculatus or R. san-
guineus (see Section 2.4) was resolved by 14% SDS-PAGE and trans-
ferred to nitrocellulose membranes [26]. Membranes were blocked
with 5% non-fat dry milk in PBS for 1 h at room temperature and
incubated with anti-rGST-Hl rabbit sera (1:100) for 16 h at 4 �C,
followed by incubation with anti-rabbit IgG alkaline phosphatase
conjugate (1:5000) for 2 h at room temperature. Detection was
performed with NBT (nitro blue tetrazolium, Thermo Scientific;
0.3 mg/mL) and BCIP (5-bromo-4-chloro-3-indolyl phosphate, Fer-
mentas; 0.15 mg/mL) in alkaline phosphatase buffer (tris-HCl
100 mM, NaCl 100 mM, and MgCl2 5 mM).

2.6. Vaccination trial

Fourteen New Zealand rabbits were divided in 4 groups for
immunization experiments and tick infestation challenge as fol-
lows: R. appendiculatus vaccine group (rabbits GST-1Ra, GST-2Ra,
and GST-3Ra) and control group (rabbits PBS-1Ra, PBS-2Ra, and
PBS-3Ra); and R. sanguineus vaccine group (rabbits GST-4Rs, GST-
5Rs, GST-6Rs and GST-7Rs) and control group (rabbits PBS-4Rs,
PBS-5Rs, PBS-6Rs, and PBS-7Rs). Rabbits in vaccine groups were
subcutaneously immunized (needle length of 2.5 cm) in the back
with 200 mg of rGST-Hl (0.5 mL) emulsioned with Marcol/Mon-
tanide (0.5 mL) in 3 doses at 14-day intervals, a protocol similar
to bovine vaccination experiment reported by Parizi et al. [17].
Control groups were injected with PBS (0.5 mL) plus Marcol/Mon-
tanide (0.5 mL). For R. appendiculatus challenge, each rabbit was
infested with 190 nymphs placed in a chamber on one ear, and
60 adults (30 males and 30 females) in another chamber on the
other ear. For R. sanguineus challenge, two control and two immu-
nized rabbits were infested with 40 adults (20 male and 20 female)
each, while the other two control and two immunized rabbits were
infested with 80 nymphs each. Ticks of each instar were placed in
separate chambers fixed on the back of the rabbits. Blood samples
were collected at each inoculation and post-infestation days.
Serum was separated by centrifugation at 5000g for 10 min and
stored at �20 �C for further analysis. Tick number, weight, molt,
egg laying, and hatch rates were analyzed.

2.7. Serological assays

Rabbit humoral immune responses were evaluated using an
ELISA protocol previously published by Ali et al. [27], with slightly
modified washing and blocking steps, which in our study were
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performed in 0.05% PBS-tween. Sera from experimental and con-
trol groups were used as primary antibodies. Anti-rabbit IgG alka-
line peroxidase conjugate (1:5000) was used as secondary
antibody. Absorbance at 492 nm was measured in a microplate
spectrophotometer (Spectramax Microplate Reader, Molecular
Devices Corporation). Serum titration of vaccinated rabbits was
evaluated by the same ELISA protocol. The titer was defined as
the dilution of post-immunization serum that showed an optical
density (OD) more than two times the OD of pre-immune serum.

2.8. Histology

Tissues of fully engorged R. appendiculatus females fed on rab-
bits during vaccination trial were collected for histology. A total
of 9 ticks per group (3 ticks from each rabbit of vaccine and control
groups) were dissected and tissues fixed in 4% paraformalde-
hyde/10% formalin and dehydrated in ethanol series at 15 min
intervals. The resin blocks were sectioned at 3 mm on Leica
RM2255 microtome, followed by staining with haematoxylin and
eosin (HE), according to [28]. Slides were air-dried, mounted in
Canada balsam, and photodocumented.

2.9. Statistical analysis

Vaccine efficacy was estimated based on the difference in
number and weight of fully engorged females, egg laying capacity,
egg fertility, and molting, between ticks fed on vaccinated or
non-vaccinated rabbits. The overall protection was calculated as
previously described, taking into account female numbers [29],
Fig. 1. Comparative analysis of conserved and antigenic regions of H. longicornis, R. sangu
using the Jameson–Wolf algorithm. Graphic increased positivity shows predicted antigen
appendiculatus GST. Regions with high antigenicity and identity are highlighted in gray

Fig. 2. In vitro cross-reactivity between H. longicornis and R. sanguineus GSTs. Immune
appendiculatus and R. sanguineus tissues: egg (E), larvae (L), nymph (N), midgut (G), sali
protein band of molecular weight (MW) 25 kDa.
or alternatively using female weight as parameter, since engorge-
ment was affected by vaccination. Significant differences were
identified using t-test, both for physiological parameters of ticks
fed in vaccinated versus control groups, and for ELISA assays.
3. Results

3.1. Identity, antigenicity and cross-recognition of GSTs

The predicted amino acid sequences of R. appendiculatus and R.
sanguineus GSTs were found to be 82.5% and 86.9% identical to H.
longicornis GST, respectively (Suppl. Fig. 1). Protein alignment
showed that the three GST sequences possess conserved regions
within the primary structures, and in silico epitope mapping anal-
ysis revealed that most of the conserved regions are also antigenic
(Fig. 1). Sera raised against rGST-Hl was able to cross-react with
native GSTs purified from R. appendiculatus and R. sanguineus tis-
sues (Fig. 2); no recognition was observed with pre-immune sera
(data not shown). The western blot also revealed that R. appendic-
ulatus and R. sanguineus GST are expressed in adults in different
organs (ovary, salivary glands and gut), and across all different
developmental stages: embryonic (egg), larvae, nymph, and adult
ticks (Fig. 2).

3.2. Vaccination and challenge trials

IgG levels in rabbit sera from rGST-Hl immunized and control
groups were evaluated by ELISA (Fig. 3). After two inoculations,
sera from immunized rabbits were able to recognize rGST-Hl,
ineus and R. appendiculatus GSTs. Antigenic index plots for tick GSTs were predicted
ic sites. The alignment shows conserved regions among GST-Hl, R. sanguineus and R.
boxes.

sera from rabbit vaccinated against rGST-Hl cross-react with native GST from R.
vary glands (SG) and ovary (OV). The recognition of native GST is indicated by the



Fig. 3. Humoral immune response of rabbits from vaccinated (GST) and control (PBS) groups analyzed by ELISA. Sera from rabbits infested with (A) R. appendiculatus (Ra) and
(B) R. sanguineus (Rs). The titers from immunized animals are shown on the right. Arrows indicate immunization days. Star indicates the first day of infestation. Asterisks (*)
show significant differences between immunized and control groups (p < .005).
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maintaining stable antibody levels until the end of vaccination
experiment. At the time of tick infestation, sera titer to rGST-Hl
ranged from 128,000 to 2,048,000 (Fig. 3), showing that rGST-Hl
is immunogenic in rabbits.

To evaluate whether the observed humoral response against
rGST-Hl was protective, rabbits were infested with R. sanguineus
or R. appendiculatus nymphs and adults. Tick physiological param-
eters evaluated were: number and weight of replete ticks recov-
ered, fecundity, and molting success of nymph (Table 1: R.
appendiculatus and Table 2: R. sanguineus). Vaccinated rabbits chal-
lenged with R. appendiculatus showed a statistically significant
(p < .05) reduction in the number of detaching replete ticks
(11.5%), and the engorgement weight (22.7%) in females. Moreover,
a decrease of 35% in the amount of eggs, and 32.3% in egg hatching
rate was observed. The overall protection achieved with rGST-Hl
against adult R. appendiculatus infestation was 62.7% (based on
number of engorged ticks) or 67.1% (based on the weight of
engorged ticks). Fig. 4 shows the differences in phenotype and
egg production between engorged adult females fed on vaccinated
versus control groups, showing that host immunization with rGST-
Hl partially disrupted normal blood feeding and egg laying by adult
R. appendiculatus. Interestingly, no protection against R. appendicu-
latus nymphs was observed in any of the analyzed parameters.
Despite the anti-rGST-Hl antibody response produced in immu-
nized rabbits, and the cross-reactivity between heterologous GSTs
demonstrated by western blotting, no significant differences in
biological parameters were observed for R. sanguineus fed on
immunized or control rabbits (Table 2).
3.3. Histological analysis

To investigate the effects of rGST-Hl antibodies on histophysio-
logical aspects of R. appendiculatus ticks fed on immunized rabbits,
tissue specimens were examined. Salivary glands from the control
group did not show pathological alterations (Fig. 5a), with cells
from salivary gland acini types I, II and III showing normal mor-
phology as described previously [30]. The acini retained their nor-
mal rounded shape while the lumen diameter of glandular ducts
was equally preserved. In contrast, salivary glands from ticks fed
on host immunized with rGST-Hl exhibited severe morphological
damage characterized mainly by irregular-shaped acini (Fig. 5b).
In addition, extensive cytoplasmic vacuolation of acinar cells, loss
of cell limits, and nuclear damage were evident. Besides losing
its typically rounded morphology, nuclei exhibited pyknosis.
The granular acini also presented disruption in secretory activity,



Table 1
Biological parameters of Rhipicephalus appendiculatus fed in rGST-Hl immunized and control rabbits.

Group Nymph

Engorgeda Weightb

Control 95.26% ± 7.31 10.40 ± 0.66
Vaccine 97.72% ± 1.99 9.54 ± 0.52
Reduction �3.16% 8.27%

Adult female

Engorged femalesa Female weightb Egg layingc Egg fertilityd Vaccine efficacy

Numbere Weightf

Control 97.78% ± 3.85 477 ± 16.68 0.53 ± 0.04 0.29 ± 0.04
Vaccine 86.67% ± 3.33 373 ± 66.31 0.34 ± 0.08 0.20 ± 0.04
Reduction 11.36%* 21.68%* 35.03%* 32.67%* 62.75% 67.13%

a Percentage of engorged ticks recovered on rabbits (average values ± S.D.).
b Average weight (mg) of engorged ticks (average values ± S.D.).
c Total weight of laid eggs per total weight of females.
d Total weight of larvae per total weight of laid eggs.
e Vaccine efficacy = 100 � [1 � (NFE �WE �WL)], where NFE, WE and WL are the number of fully engorged females, egg laying capacity and egg fertility from vaccinated

cattle/control cattle, respectively.
f Vaccine efficacy = 100 � [1 � (WFE � WE � WL)], where WFE, WE and WL are the weight of fully engorged females, egg laying capacity and egg fertility from vaccinated

cattle/control cattle, respectively.
* p < .05 (Student’s t-test).

Table 2
Biological parameters of Rhipicephalus sanguineus fed in rGST-Hl immunized and control group rabbits.

Nymph

Engorged a Weightb Moultinge

Control 43.12% ± 34.47 3.72 ± 0.01 65.55% ± 17.28
Vaccine 51.25% ± 10.61 3.78 ± 0.13 86.50% ± 11.00
Reduction �18.60% �1.61% �31.96%

Adult female

Engorged femalesa Female weightb Egg layingc Egg fertilityd

Control 95.00% ± 7.07 127 ± 0.98 0.44 ± 0.01 0.52 ± 0.03
Vaccine 95.00% ± 7.07 126 ± 3.00 0.46 ± 0.02 0.50 ± 0.07
Reduction 0.00% 0.79% �5.54% 3.85%

a Percentage of engorged ticks recovered on rabbits (average values ± S.D.).
b Average weight (mg) of engorged ticks (average values ± S.D.).
c Total weight of laid eggs per total weight of females.
d Total weight of larvae per total weight of laid eggs.
e Rate of molting success.
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displaying irregularities in distribution and constitution, which
were deduced from cytoplasmic granules strongly stained by eosin.

The oocytes at different stages of development (I-V oocytes)
from control group all showed regular morphological characteris-
tics as described previously [31] (Fig. 5c). For ticks fed on rGST-
Hl immunized rabbits, alterations in oocytes at early stages of
development (types I, II and III) were found, with loss of the char-
acteristic rounded shape and the structure of germinal vesicle
(Fig. 5d). Surrounding the entire extent of oocytes IV and V periph-
ery, small vacuoles below the cytoplasmic membrane were
observed; they were mostly evident in the area adjacent to the
pedicel, which means that this structure allows the absorption of
hemolymph components into the oocytes. On the other hand, yolk
granulation was preserved in shape and color in oocytes of all
stages.

4. Discussion

A number of proteins have been proposed for inclusion as anti-
gens in vaccines against ticks [32]. Some studies went further and
have evaluated tick antigens that potentially protect against
heterologous tick infestation [8–10], aiming to reduce the number
of antigens required in a vaccine to control multiple tick species.
Along these lines, the development of a cross-protective vaccine
against Rhipicephalus spp. could control R. decoloratus and R. appen-
diculatus cattle infestation in east Africa, where both species are
prevalent [33]. An important step in the selection of antigens with
high level of cross-species reactivity is the degree of sequence
identity among target species. The presence of conserved antigenic
regions is desirable to elicit broad-spectrum protective immune
responses [10,34,35]. Based on these premises, we have searched
for conserved epitopes between H. longicornis GST and its homo-
logues in R. appendiculatus and R. sanguineus. We found conserved
GST sequences in surface-exposed regions, indicating that rGST-Hl
and native GSTs from R. appendiculatus and R. sanguineus contain
epitopes able to be bind anti-rGST-Hl antibodies. In silico deduced
cross-binding was corroborated by western blot analysis showing
cross-reactivity between anti-rGST-Hl rabbit sera and native GSTs
from R. appendiculatus and R. sanguineus tissues. Previously, Parizi
et al. [17] demonstrated through in silico and in vitro analysis that
antibodies against rGST-Hl are able to bind R. microplus GSTs; fur-
thermore, rGST-Hl experimental vaccination cross-protected cattle
against R. microplus infestation [17,18]. Here, R. appendiculatus
feeding on rabbits immunized with rGST-Hl had deleterious effects
on the ticks blood ingestion, oviposition and egg hatching. Further
histological analysis on these ticks showed unusual lesions in the



Fig. 4. Phenotypes and egg laying rates in R. appendiculatus females affected by
rGST-Hl vaccination. Representative examples of female phenotypes (A) and egg
mass recovery (B) of engorged adult R. appendiculatus from control (PBS) and
vaccinated groups (GST). Red arrows indicate dead ticks. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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ovaries and salivary glands. These effects could result from anti-
GST antibodies inhibition of GSTs functions, such as repairing
molecules damaged by reactive oxygen species (ROS). The pres-
ence of high levels of ROS induces oxidative damage at protein
and DNA level, which may lead to cellular apoptosis [36].

Recombinant GST-Hl was found to be immunogenic in rabbits,
with individual variation in serum titers ranging from 128,000 to
2,024,000. The immunogenicity of rGST-Hl reported here in rabbits
was also observed in cattle during two previous experiments
[17,18]. For R. appendiculatus, the vaccination caused reduction of
all parameters evaluated in adult female ticks: number, weight,
egg laying, and fertility, but no significant difference in number
and weight of nymphs. Adult female ticks feed larger amounts of
blood compared with nymphs, leading to larger amounts of heme
being processed and demanding detoxification in this phase, which
could explain the differential vaccine effect. GSTs play an essential
role in heme detoxification, therefore anti-GST antibodies could be
blocking enzyme activity, causing cell and tissue injury and leading
to the observed phenotypical damage. In addition, a number of
studies have shown that tick immature stages (larvae and nymph)
have lower host specificity compared with adult stages [37–39]. It
is possible that the loss of phenotypical plasticity in adults impairs
the tick responses against antibodies, exacerbating vaccination
effects in this phase. The total protection was assessed using a for-
mula that considers the number of fully engorged females [28], as
well as an adapted formula, which uses the female weight. This
parameter was considered because the average weight was differ-
ent between ticks in the vaccinated and control groups, thus allow-
ing a more comprehensive assessment of the protection rate
achieved. It is important to observe that the adult phase is the
major stage involved in pathogen transmission, therefore vaccina-
tion with rGST-Hl could potentially affect the tick-host-pathogen
interface [40]. Interestingly, rGST-Hl cattle vaccination showed
similar final protection against R. microplus [17,18], another tick
species adapted to cattle. In cattle trials, R. microplus was affected
during larva, nymph, and/or initial fed adult stages, decreasing the
total number of fully engorged females recovered. For R. appendic-
ulatus, in contrast, rGST-Hl vaccination was effective during female
engorgement and egg development, indicating a distinct protection
mechanism for this tick. The diversity of GST isoforms observed in
genomes and transcriptomes of arthropods [41–43], and GSTs
transcripts processed though alternative splicing, result in a poten-
tially large number of GST isoforms, which could explain different
susceptibilities along R. appendiculattus and R. microplus life cycle.

Interestingly, vaccination with rGST-Hl against R. sanguineus
failed to induce significant differences in all tick physiologic
parameters analyzed. Despite both R. appendiculatus and R. san-
guineus having a three-host life cycle, R. appendiculatus is more
adapted to feed in bovidae, while R. sanguineus can parasite a
higher number and diversity of host species [44]. Generalist ticks
like R. sanguineus are better adapted to environmental variations
[45], being able to more efficiently change salivary protein profile
to evade distinct host responses against tick feeding [46,47]. This
phenomenon could account for a lower vaccine effectiveness
against R. sanguineus. Also, the presence of different GST isoforms,
which have functional redundancies in different sub-cellular com-
partments, cell conditions or requirements, can be a reason for the
reduced effectivity of rGST-Hl vaccine. Moreover, the efficacy of the
host natural immune response developed against ticks depends on
the host species and immune background, affecting tick protein
expression [48]. For example, R. sanguineus repeated infestations
trigger low immune protection levels for dogs, its natural host
[49–51]. In contrast, high immune protection is developed after
repeated infestations in experimental hosts, such as guinea pig
and rabbits [49,51,52]. A direct comparison between these appar-
ently discrepant observations is not possible, however, since
experimental infestation are performed in naive animals inocu-
lated with one or a few antigens, as opposed to the repeated expo-
sure to several saliva antigens in successive natural infestations.
Despite the distinct levels of host susceptibility, there are reports
of cross-protective antigens reducing R. sanguineus fitness in dogs
(Bm86 antigen) [53], guinea pigs (64TRPs antigen) [34], and rabbits
(ATAQ antigen) [10]. Taken together, these results show that even
susceptible hosts can be protected by vaccination against R. san-
guineus infestation, although in the current protocol rGST-Hl was
not able to develop protective immunity.
5. Conclusions

The results presented here demonstrate rGST-Hl as a potential
vaccine antigen against different tick species. Vaccinating animals
with this antigen raised protective immunity against R. appendicu-
latus in rabbits, similarly to what was previously observed for R.
microplus in cattle [17,18]. R. appendiculatus parasitism on rGST-
Hl immunized rabbits led to salivary glands and ovary damage in
the ticks, decreasing adult female fitness and resulting in a protec-



Fig. 5. Histologic sections of R. appendiculatus tissues stained with hematoxylin and eosin (HE). (A and B) Salivary glands of females fed on host from control group. (C and D)
Salivary glands from females fed on host immunized with rGST-Hl. I, II and III: acini types; ab: apoptotic body; lu: lumen. (E and F) Ovaries of females fed on host from control
group. (G and H) Ovaries from females fed on host immunized with rGST-Hl. I, II, III, IV and V: ovaries types; p: pedicel; nu: nucleus; gv: germinal vesicle.
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tion level of about 65%. Despite the high similarity among tick
GSTs, R. sanguineus life cycle was not affected by vaccination,
showing the need to investigate protection levels developed for
rGST-Hl against specific target tick species. Field vaccination trials
against R. appendiculatus and R. microplus infestations performed in
regions where these two ticks occur could lead to a new generation
of anti-vector vaccines for these notorious ectoparasites.

Acknowledgments

This work was supported by grants from CNPq-Instituto Nacio-
nal de Ciência e Tecnologia de Entomologia Molecular, CAPES,
CNPq, FAPERJ and FAPERGS from Brazil and by CGIAR Fund Donors
(http://www.cgiar.org/who-we-are/cgiar-fund/fund-donors-2/)
from Kenya. We would like to thank Michele Barreto de Freitas for
help the design the abstract figure.
Conflict of interest

The authors certify that they have no affiliations with, or
involvement in any organization or entity with any financial inter-
est in the subject matter or materials discussed in this manuscript.

http://www.cgiar.org/who-we-are/cgiar-fund/fund-donors-2/


6656 G.A. Sabadin et al. / Vaccine 35 (2017) 6649–6656
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.vaccine.2017.10.
026.
References

[1] Jongejan F, Uilenberg G. The global importance of ticks. Parasitology 2004;129
(Suppl):S3–S14.

[2] Labruna MB, Gerardi M, Krawczak FS, Moraes-Filho J. Comparative biology of
the tropical and temperate species of Rhipicephalus sanguineus sensu lato
(Acari: Ixodidae) under different laboratory conditions. Ticks Tick Borne Dis
2017;8:146–56.

[3] Perry BD, Lessard P, Norval RA, Kundert K, Kruska R. Climate, vegetation and
the distribution of Rhipicephalus appendiculatus in Africa. Parasitol Today
1990;6:100–4.

[4] Norval RA, Lawrence JA, Young AS, Perry BD, Dolan TT, Scott J. Theileria parva:
influence of vector, parasite and host relationships on the epidemiology of
theileriosis in southern Africa. Parasitology 1991;102(Pt 3):347–56.

[5] Dantas-Torres F, Otranto D. Further thoughts on the taxonomy and vector role
of Rhipicephalus sanguineus group ticks. Vet Parasitol 2015;208:9–13.

[6] Roberts JA, Kerr JD. Boophilus microplus: passive transfer of resistance in cattle.
J Parasitol 1976;62:485–8.

[7] Sprong H, Trentelman J, Seemann I, Grubhoffer L, Rego RO, Hajdusek O, et al.
ANTIDotE: anti-tick vaccines to prevent tick-borne diseases in Europe. Parasit
Vectors 2014;7:77.

[8] Parizi LF, Githaka NW, Logullo C, Konnai S, Masuda A, Ohashi K, et al. The quest
for a universal vaccine against ticks: cross-immunity insights. Vet J
2012;194:158–65.

[9] Kumar B, Azhahianambi P, Ray DD, Chaudhuri P, De La Fuente J, Kumar R, et al.
Comparative efficacy of rHaa86 and rBm86 against Hyalomma anatolicum
anatolicum and Rhipicephalus (Boophilus) microplus. Parasite Immunol
2012;34:297–301.

[10] Aguirre Ade A, Lobo FP, Cunha RC, Garcia MV, Andreotti R. Design of the ATAQ
peptide and its evaluation as an immunogen to develop a Rhipicephalus
vaccine. Vet Parasitol 2016;221:30–8.

[11] de Vos S, Zeinstra L, Taoufik O, Willadsen P, Jongejan F. Evidence for the utility
of the Bm86 antigen from Boophilus microplus in vaccination against other tick
species. Exp Appl Acarol 2001;25:245–61.

[12] Galai Y, Canales M, Ben Said M, Gharbi M, Mhadhbi M, Jedidi M, et al. Efficacy
of Hyalomma scupense (Hd86) antigen against Hyalomma excavatum and H.
scupense tick infestations in cattle. Vaccine 2012;30:7084–9.

[13] Shahein YE, El Sayed El-Hakim A, Abouelella AM, Hamed RR, Allam SA, Farid
NM. Molecular cloning, expression and characterization of a functional GSTmu
class from the cattle tick Boophilus annulatus. Vet Parasitol 2008;152:116–26.

[14] Duscher GG, Galindo RC, Tichy A, Hummel K, Kocan KM, de la Fuente J.
Glutathione S-transferase affects permethrin detoxification in the brown dog
tick Rhipicephalus sanguineus.. Ticks Tick Borne Dis 2014;5:225–33.

[15] Nandi A, Jyoti Singh H, Singh NK. Esterase and glutathione S-transferase levels
associated with synthetic pyrethroid resistance in Hyalomma anatolicum and
Rhipicephalus microplus ticks from Punjab, India. Exp Appl Acarol
2015;66:141–57.

[16] Freitas DR, Rosa RM, Moraes J, Campos E, Logullo C, Da Silva Vaz Jr I, et al.
Relationship between glutathione S-transferase, catalase, oxygen
consumption, lipid peroxidation and oxidative stress in eggs and larvae of
Boophilus microplus (Acarina: Ixodidae). Comp Biochem Physiol A Mol Integr
Physiol 2007;146:688–94.

[17] Parizi LF, Utiumi KU, Imamura S, Onuma M, Ohashi K, Masuda A, et al. Cross
immunity with Haemaphysalis longicornis glutathione S-transferase reduces an
experimental Rhipicephalus (Boophilus) microplus infestation. Exp Parasitol
2011;127:113–8.

[18] Parizi LF, Reck Jr J, Oldiges DP, Guizzo MG, Seixas A, Logullo C, et al. Multi-
antigenic vaccine against the cattle tick Rhipicephalus (Boophilus) microplus: a
field evaluation. Vaccine 2012;30:6912–7.

[19] Oldiges DP, Laughery JM, Tagliari NJ, Leite Filho RV, Davis WC, da Silva Vaz Jr I,
et al. Transfected Babesia bovis Expressing a Tick GST as a Live Vector Vaccine.
PLoS Neglected Tropical Diseases 2016;10:e0005152.

[20] Ochanda H, Young AS, Medley GF, Perry BD. Vector competence of 7
rhipicephalid tick stocks in transmitting 2 Theileria parva parasite stocks
from Kenya and Zimbabwe. Parasitology 1998;116(Pt 6):539–45.

[21] Cunha NC, Fonseca AH, Rezende J, Rozental T, Favacho ARM, Barreira JD, et al.
First identification of natural infection of Rickettsia rickettsii in the
Rhipicephalus sanguineus tick, in the State of Rio de Janeiro. Pesqui Vet Bra
2009;29:105–8.

[22] Hall TA. BioEdit: a user friendly biological sequence alignment. Nucl Acids
Symp Series 1999;41:95–8.

[23] Wolf H, Modrow S, Motz M, Jameson BA, Hermann G, Fortsch B. An integrated
family of amino acid sequence analysis programs. Comput Appl Biosci: CABIOS
1988;4:187–91.

[24] da Silva Vaz Jnr I, Imamura S, Ohashi K, Onuma M. Cloning, expression and
partial characterization of a Haemaphysalis longicornis and a Rhipicephalus
appendiculatus glutathione S-transferase. Insect Mol Biol 2004;13:329–35.
[25] Bradford MM. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal
Biochem 1976;72:248–54.

[26] Johnson David A, Gautsch James W, Richard Sportsman J, Elder JH. Improved
technique utilizing nonfat dry milk for analysis of proteins and nucleic acid
transferred to nitrocellulose. Gene Anal Tech 1984;1:3–8.

[27] Ali A, Parizi LF, Guizzo MG, Tirloni L, Seixas A, Vaz Ida Jr S, et al.
Immunoprotective potential of a Rhipicephalus (Boophilus) microplus
metalloprotease. Vet Parasitol 2015;207:107–14.

[28] Junqueira LCU, Junqueira LMMS. Técnicas básicas de citologia e
histologia;1983.

[29] Willadsen P, Smith D, Cobon G, McKenna RV. Comparative vaccination of cattle
against Boophilus microplus with recombinant antigen Bm86 alone or in
combination with recombinant Bm91. Parasite Immunol 1996;18:241–6.

[30] Scopinho Furquim KC, Bechara GH, Camargo Mathias MI. Death by apoptosis in
salivary glands of females of the tick Rhipicephalus sanguineus (Latreille, 1806)
(Acari: Ixodidae). Exp Parasitol 2008;119:152–63.

[31] de Oliveira PR, Bechara GH, Denardi SE, Nunes ET, Camargo Mathias MI.
Morphological characterization of the ovary and oocytes vitellogenesis of the
tick Rhipicephalus sanguineus (Latreille, 1806) (Acari: Ixodidae). Exp parasitol
2005;110:146–56.

[32] Schetters T, Bishop R, Crampton M, Kopacek P, Lew-Tabor A, Maritz-Olivier C,
et al. Cattle tick vaccine researchers join forces in CATVAC. Parasit Vectors
2016;9:105.

[33] Leger E, Vourc’h G, Vial L, Chevillon C, McCoy KD. Changing distributions of
ticks: causes and consequences. Exp Appli Acarol 2013;59:219–44.

[34] Trimnell AR, Davies GM, Lissina O, Hails RS, Nuttall PA. A cross-reactive tick
cement antigen is a candidate broad-spectrum tick vaccine. Vaccine
2005;23:4329–41.

[35] Kopp N, Diaz D, Amacker M, Odongo DO, Beier K, Nitsch C, et al. Identification
of a synthetic peptide inducing cross-reactive antibodies binding to
Rhipicephalus (Boophilus) decoloratus, Rhipicephalus (Boophilus) microplus,
Hyalomma anatolicum anatolicum and Rhipicephalus appendiculatus BM86
homologues. Vaccine 2009;28:261–9.

[36] Adler V, Yin Z, Tew KD, Ronai Z. Role of redox potential and reactive oxygen
species in stress signaling. Oncogene 1999;18:6104–11.

[37] Nava S, Guglielmone AA. A meta-analysis of host specificity in Neotropical
hard ticks (Acari: Ixodidae). Bull Entomol Res 2013;103:216–24.

[38] Espinaze MP, Hellard E, Horak IG, Cumming GS. Analysis of large new South
African dataset using two host-specificity indices shows generalism in both
adult and larval ticks of mammals. Parasitology 2016;143:366–73.

[39] Dietrich M, Lobato E, Boulinier T, McCoy KD. An experimental test of host
specialization in a ubiquitous polar ectoparasite: a role for adaptation? J
Animal Ecol 2014;83:576–87.

[40] Ochanda H, Young AS, Wells C, Medley GF, Perry BD. Comparison of the
transmission of Theileria parva between different instars of Rhipicephalus
appendiculatus. Parasitology 1996;113(Pt 3):243–53.

[41] Ding Y, Ortelli F, Rossiter LC, Hemingway J, Ranson H. The Anopheles gambiae
glutathione transferase supergene family: annotation, phylogeny and
expression profiles. BMC Genom 2003;4:35.

[42] Lumjuan N, Stevenson BJ, Prapanthadara LA, Somboon P, Brophy PM, Loftus BJ,
et al. The Aedes aegypti glutathione transferase family. Insect BiochemMol Biol
2007;37:1026–35.

[43] De Marco L, Epis S, Comandatore F, Porretta D, Cafarchia C, Mastrantonio V,
et al. Transcriptome of larvae representing the Rhipicephalus sanguineus
complex. Mol Cell Probes 2017;31:85–90.

[44] Sonenshine DE, Roe RM. Biology of ticks. 2nd ed. New York: Oxford University
Press; 2014.

[45] McCoy KD, Leger E, Dietrich M. Host specialization in ticks and transmission of
tick-borne diseases: a review. Front Cell Infect Microbiol 2013;3:57.

[46] Rodriguez-Valle M, Lew-Tabor A, Gondro C, Moolhuijzen P, Vance M, Guerrero
FD, et al. Comparative microarray analysis of Rhipicephalus (Boophilus)
microplus expression profiles of larvae pre-attachment and feeding adult
female stages on Bos indicus and Bos taurus cattle. BMC Genom 2010;11:437.

[47] Popara M, Villar M, Mateos-Hernandez L, de Mera IG, de la Fuente J.
Proteomics approach to the study of cattle tick adaptation to white tailed
deer. Biomed Res Int 2013;2013:319812.

[48] Vora A, Taank V, Dutta SM, Anderson JF, Fish D, Sonenshine DE, et al. Ticks
elicit variable fibrinogenolytic activities upon feeding on hosts with different
immune backgrounds. Sci Rep 2017;7:44593.

[49] Bechara GH, Szabo MP, Mukai LS, Rosa PC. Immunisation of dogs, hamsters and
guinea pigs against Rhipicephalus sanguineus using crude unfed adult tick
extracts. Vet Parasitol 1994;52:79–90.

[50] Evora PM, Sanches GS, Jusi MM, Alves LB, Machado RZ, Bechara GH. Lack of
acquired resistance in dogs to successive infestations of Rhipicephalus
sanguineus ticks from Brazil and Argentina. Exp Appli Acarol 2015;67:135–46.

[51] Szabó MP, Mukai LS, Rosa MPC, Bechara GH. Differences in the acquired
resistance of dogs, hamsters, and guinea pigs to repeated infestations with
adult ticks Rhipicephalus sanguineus (Acari: Ixodidae). Braz. J Vet Res Anim Sci
1995;32:43–50.

[52] Dantas-Torres F. Biology and ecology of the brown dog tick Rhipicephalus
sanguineus. Parasit Vectors 2010;3:26.

[53] Perez-Perez D, Bechara GH, Machado RZ, Andrade GM, Del Vecchio RE, Pedroso
MS, et al. Efficacy of the Bm86 antigen against immature instars and adults of
the dog tick Rhipicephalus sanguineus (Latreille, 1806) (Acari: Ixodidae). Vet
Parasitol 2010;167:321–6.

https://doi.org/10.1016/j.vaccine.2017.10.026
https://doi.org/10.1016/j.vaccine.2017.10.026
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0005
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0005
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0010
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0010
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0010
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0010
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0015
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0015
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0015
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0020
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0020
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0020
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0025
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0025
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0030
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0030
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0035
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0035
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0035
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0040
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0040
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0040
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0045
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0045
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0045
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0045
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0050
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0050
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0050
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0055
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0055
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0055
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0060
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0060
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0060
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0065
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0065
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0065
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0070
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0070
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0070
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0075
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0075
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0075
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0075
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0080
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0080
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0080
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0080
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0080
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0085
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0085
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0085
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0085
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0090
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0090
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0090
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0095
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0095
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0095
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0100
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0100
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0100
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0105
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0105
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0105
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0105
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0110
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0110
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0115
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0115
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0115
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0125
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0125
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0125
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0130
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0130
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0130
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0135
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0135
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0135
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0145
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0145
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0145
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0150
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0150
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0150
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0155
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0155
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0155
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0155
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0160
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0160
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0160
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0165
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0165
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0170
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0170
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0170
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0175
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0175
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0175
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0175
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0175
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0180
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0180
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0185
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0185
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0190
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0190
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0190
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0195
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0195
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0195
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0200
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0200
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0200
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0205
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0205
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0205
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0210
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0210
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0210
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0215
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0215
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0215
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0220
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0220
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0225
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0225
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0230
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0230
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0230
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0230
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0235
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0235
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0235
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0240
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0240
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0240
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0245
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0245
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0245
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0250
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0250
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0250
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0255
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0255
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0255
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0255
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0260
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0260
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0265
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0265
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0265
http://refhub.elsevier.com/S0264-410X(17)31422-6/h0265

	Effect of recombinant glutathione S-transferase as vaccine antigen against Rhipicephalus appendiculatus and Rhipicephalus sanguineus infestation
	1 Introduction
	2 Methods
	2.1 Ticks and rabbits
	2.2 In silico analyses
	2.3 Expression and purification of rGST-Hl
	2.4 Tick tissues extraction
	2.5 In vitro cross-reactivity evaluation
	2.6 Vaccination trial
	2.7 Serological assays
	2.8 Histology
	2.9 Statistical analysis

	3 Results
	3.1 Identity, antigenicity and cross-recognition of GSTs
	3.2 Vaccination and challenge trials
	3.3 Histological analysis

	4 Discussion
	5 Conclusions
	Acknowledgments
	Conflict of interest
	Appendix A Supplementary material
	References


