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Evaluation of vaccine potential of 2-Cys peroxiredoxin
from the hard tick Haemaphysalis longicornis
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Abstract Ticks require blood feeding on vertebrate animals throughout their life cycle,
and also concentrate the iron-containing blood, resulting in a high concentration of hydro-
gen peroxide (H,0,). High concentrations of H,O, are harmful to organisms, due to their
serious damage of macromolecules. Ticks have antioxidant enzymes, such as peroxire-
doxins (Prxs), that scavenge H,0,. Prxs may have important roles in regulating the H,0,
concentration in ticks during blood feeding and oviposition. Moreover, Prxs are consid-
ered potential vaccine candidates in other parasites, such as Leishmania and Fasciola.
In the present study, the efficacy of a tick Prx (HIPrx2) as a vaccine candidate antigen
was evaluated. First, recombinant HIPrx2 (rHIPrx2) was expressed in Escherichia coli,
and then, its purity and endotoxin levels were confirmed prior to administration. The rHI-
Prx2 proteins were of high purity with acceptably low endotoxin levels. Second, the abil-
ity of rHIPrx2 administration to stimulate mouse immunity was evaluated. The rHIPrx2
protein, with or without an adjuvant, could stimulate immunity in mice, especially the
IgG1 of Th2 immune response. Using Western blot analysis, we also observed whether
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rHIPrx2-immunized mice sera could recognize native HIPrx2 protein in crude tick midgut
proteins. Western blot analysis demonstrated that rHIPrx2-administrated mouse sera could
detect the native HIPrx2. Finally, the effects of rHIPrx2 immunization in mice were studied
using nymphal ticks. Although the challenged ticks were not affected by rHIPrx2 immuni-
zation, rHIPrx2 still might be considered as a vaccine candidate against ticks because of its
high immunogenicity.
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Introduction

Ticks are obligate hematophagous arthropods. They require blood feeding throughout their life
cycle. Blood feeding and blood digesting provide nutrition and energy for development, molt-
ing, and embryogenesis in ticks (Grandjean 1983). Ticks feed on vertebrate blood containing
high levels of free iron, such as heme and ferrous iron. Ticks also concentrate host blood with
iron; this concentration of the blood leads to high levels of iron in ticks. Host-derived iron may
react with oxygen in the tick body, resulting to high concentrations of reactive oxygen species
(ROS), including hydrogen peroxide (H,0,) (Citelli et al. 2007; Galay et al. 2015). H,O, in
high concentrations is known to be harmful to aerobic organisms due to its ability to seriously
damage membrane lipids, nucleic acids, and proteins (Robinson et al. 2010).

To scavenge H,0,, ticks have antioxidant enzymes, such as catalases (Kumar et al. 2016)
and peroxiredoxins (Prxs) (Tsuji et al. 2001; Kusakisako et al. 2016a). While gene silencing
of Prxs in ticks can affect ticks’ blood feeding and oviposition (Kusakisako et al. 2016b), gene
silencing of catalase in ticks has no significant effect (Kumar et al. 2016). These results indi-
cate that Prxs may have an important role in tick blood feeding and oviposition through the
regulation of the H,O, concentration.

Likewise, Prxs are considered to be vaccine candidates against Leishmania donovani (Dai-
falla et al. 2011) or Fasciola hepatica (Raina et al. 2011). At the infective stage, F. hepatica
flukes excyst from a dormant state following ingestion and penetrate the intestinal wall before
migrating to the liver; in this nutrient- and oxygen-rich environment, the flukes undergo rapid
growth and development, and energy is supplied by aerobic respiration (Sekiya et al. 2006).
The developmental situation of Fasciola parasites is similar to the development of ticks dur-
ing blood feeding. In addition, Fasciola parasites secrete Prxs into their host to regulate their
environment for survival in the host body (Dalton et al. 2013). These results strongly suggest
that tick Prxs could help ticks’” successful blood feeding in a way similar to that of Fasciola
parasites. Therefore, we consider tick Prxs to be a potential target for tick control that could
provide further understanding of oxidative stress coping mechanisms in ticks during blood
feeding. In the present study, we evaluated the efficacy of Haemaphysalis longicornis 2-Cys
peroxiredoxin (HIPrx2) as an antigen candidate for the vaccine.

Materials and methods
Ticks and animals
A parthenogenetic H. longicornis population (Okayama strain) (Fujisaki 1978) was main-

tained for several generations by feeding on the ears of Japanese white rabbits (Kyudo,
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Saga, Japan) at the Experimental Animal Center, Joint Faculty of Veterinary Medicine,
Kagoshima University, Kagoshima, Japan. Four-week-old female BALB/c mice (BALB/cN
Sea, Kyudo) were used for vaccination. Animals in our experiments were used in accord-
ance with approved guidelines (approval numbers VM 15055 and VM15056) from the Ani-
mal Care and Use Committee of Kagoshima University.

Expression and purification of recombinant Haemaphysalis longicornis 2-Cys
peroxiredoxin (HIPrx2)

Recombinant HIPrx2 (rHIPrx2) was expressed as a histidine (His)-tagged protein using
the expression vector pRSET C (Invitrogen, Carlsbad, CA, USA) as described previously
(Kusakisako et al. 2016a). Briefly, the open reading frame sequence was amplified using
polymerase chain reaction (PCR). The amplified PCR product was then purified using a
GENECLEAN® II KIT (MP Biomedical, Solon, OH, USA) and subcloned into the frame
of the pRSET C. rHIPrx2 was expressed in Escherichia coli BL21 (DE3) strain and puri-
fied using the Biologic DuoFlow™ Chromatography System (Bio-Rad, Hercules, CA,
USA) with a HisTrap FF column (GE Healthcare, Pittsburgh, PA, USA); the collected frac-
tions were then dialyzed using a dialysis tube against phosphate buffered saline (PBS) at
4 °C. Finally, the resulting rHIPrx2 protein was adjusted to a concentration of 1 mg/ml.

Protein and endotoxin analysis

The E. coli lysate and purified rHIPrx2 proteins were resolved in a 12% SDS—polyacryla-
mide gel electrophoresis (SDS-PAGE) under reducing conditions. After SDS-PAGE, the
gel was stained by Coomassie Brilliant Blue (CBB) and viewed using Gel Doc (Bio-Rad).
Endotoxin measurement was performed using a ToxinSensor™ Chromogenic LAL Endo-
toxin Assay Kit (GenScript, Piscataway, NJ, USA).

Immunization protocol of mice

At 3-week intervals, female 4-week-old BALB/c mice (Kyudo) were twice immunized
subcutaneously with 30 ug of rHIPrx2 alone or rHIPrx2 mixed with an equal volume of
Incomplete Freund’s Adjuvant (IFA). Control mice were injected with PBS or PBS + IFA.
Six mice for each group were used in this study. Antisera were collected from the orbital
sinus under anesthesia before the first administration and 1 week after each administration
(1st administration = administration; 2nd administration = booster). Antigen-specific anti-
body titers were evaluated by enzyme-linked immunosorbent assay (ELISA).

Immune response

The specific antibody titers of the immunized mice were determined by ELISA. Ninety-
six-well Nunc MaxiSorp ELISA plates (Nunc, Roskilde, Denmark) were coated with rHI-
Prx2 diluted in carbonate buffer (15 mM Na,COs, 35 mM NaHCO;, pH 9.6) (100 ng in
100 pl/well) overnight at 4 °C. The plates were washed three times with 0.05% PBS-Tween
20 (PBS-T), and the wells were saturated with 150 pl of 1% skim milk in PBS (saturation
solution) for 1 h at room temperature (RT). The saturation solution was discarded, and the
plates were washed four times with PBS-T. The wells were incubated for 1 h at RT in the
presence of 100 pl of five-time serial dilutions of tested mice sera in a saturation solution.
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The initial dilution of total IgG and IgG1 began at 1:100, while that of IgG2a started at
1:50. After washing the plates six times with PBS-T, the wells were incubated with 100 pl
of different secondary antibody solutions for 1 h at RT. To detect specific total IgG, IgG1,
and IgG2a, the following antibodies diluted in a saturation solution were used:

IgG—Horseradish peroxidase (HRP)-conjugated Goat Anti-Mouse IgG (1:4000—
SouthernBiotech, Birmingham, AL, USA)

IgG1—HRP-conjugated Goat Anti-Mouse IgG1 (1:4000—SouthernBiotech)
1gG2a—HRP-conjugated Goat Anti-Mouse IgG2a (1:4000—SouthernBiotech)

The plates were again washed six times with PBS-T, and SureBlue™ TMB Microwell per-
oxidase substrate (KPL, Gaithersburg, MD, USA) was added at 100 pl/well and incubated
at 37 °C for 30 min. The reaction was stopped by the addition of 50 pl of stop solution
(equal volumes of 0.5 N HCI and 0.3 N sulfuric acid mixed). The absorbance at 450 nm
was read in a Bio-Rad Novapath ELISA plate reader (Bio-Rad). Antibody titers were
defined as the dilution rate (log;,) under 0.5 < OD450 nm.

Protein extraction and Western blot analysis

Homogenized partially fed tick midguts were suspended in PBS and sonicated for six min
at 45 kHz using a VS-100III ultrasonic cleaner (AS ONE Corporation, Osaka, Japan) and
then centrifuged at 500xg. The supernatant was resolved in SDS-PAGE gel under reduc-
ing conditions. After SDS-PAGE, the proteins were transferred onto a polyvinylidene dif-
luoride membrane (Immobilon®-P; Millipore, Danvers, MA, USA). The membranes were
blocked for 1 h at RT with 0.3% skim milk in PBS-T (blocking solution); they were incu-
bated with 1:100 dilutions of rHIPrx2-immunized mouse sera (sera containing the highest
titers during tick infestation were used in each immunized group) and a 1:500 dilution of
anti-rHIPrx2 mouse sera for positive control (Kusakisako et al. 2016b) in a blocking solu-
tion at 4 °C overnight. For loading control, tubulin was detected using antiserum against
recombinant H. longicornis tubulin (Umemiya-Shirafuji et al. 2012). After washing three
times in PBS-T, the membranes were incubated with a 1:50,000 dilution of HRP-conju-
gated sheep anti-mouse IgG (Dako, Glostrup, Denmark) in a blocking solution at RT for
1 h. After washing three times in PBS-T, bands were detected using Clarity™ Western
ECL Substrate (Bio-Rad) and viewed using FluorChem®FC2 software (Alpha Innotech,
San Leandro, CA, USA).

Tick infestation on rHIPrx2-vaccinated mice

To evaluate the effects of the rHIPrx2 immunization of mice against ticks, 20 nymphal H.
longicornis ticks were allowed to feed on an immunized mouse, 3 weeks after the booster,
until fully engorged by the feeding capsule method (Anisuzzamman et al. 2012). The
total number of ticks that successfully engorged divided by the number of infested ticks
(engorged rate), the total number of nymphal ticks molted to adult ticks divided by the
number of successfully engorged ticks (molting rate), and the survival rate after molting
from nymphs to adult ticks were assessed. Mouse antisera were collected by exsanguina-
tion under anesthesia after tick infestations were finished. Antigen-specific antibody titers
were also evaluated by ELISA, using the protocols mentioned above.
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Statistical analysis

A one-way ANOVA test was applied to the obtained data, and statistically significant dif-
ferences (P < 0.001) in the antibody titers of the same state’s or group’s antisera were dem-
onstrated. For pair comparisons within groups, Tukey’s test was applied. Data, from tick
infestations on the vaccinated mice, except for the engorged body weight, were statistically
analyzed using a Chi square test. Analysis of the engorged body weight was done using
Welch’s ¢ test.

Results
rHIPrx2 protein expression and purification

rHIPrx2 proteins were expressed in E. coli as inclusion bodies and purified using the Bio-
logic DuoFlow™ Chromatography System. The E. coli lysate and purified rHIPrx2 pro-
teins were analyzed in SDS-PAGE. SDS-PAGE demonstrated a single band with a molecu-
lar mass of approximately 27 kDa including His-tag (Fig. 1, arrowhead). The endotoxin
levels of the final purified samples were less than 0.02 endotoxin units (EU) per 30 pg of
purified rHIPrx2, which were used for vaccinating mice (Table 1). In addition, Brito and
Singh (2011) stated that endotoxin levels in the vaccine type of recombinant subunit for
preclinical research of less than 20 EU/ml are acceptable. These results suggest that the
rHIPrx2 was pure and has an acceptable endotoxin level for vaccinating mice.

Antibody titers after immunization

Titers of rHIPrx2 with or without an IFA group (rHIPrx2 + IFA or rHIPrx2) using total
IgG secondary antibodies significantly increased after the administration and booster or the
administration, respectively. However, the titer post tick infestation was almost the same as
the booster (Fig. 2A, rHIPrx2 and rHIPrx2 + IFA). The total IgG antibody titers of the rHI-
Prx2 and rHIPrx2 + IFA groups were significantly higher than those of the control groups
(PBS and PBS + IFA) after the administration, booster, and tick infestation. In addition,

Fig. 1 Purification of recombi- .\‘.1'
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Table 1 Endotoxin levels of
rHIPrx2

rHIPrx2 used for Endotoxin levels
(EU/30 pg of rHI-
Prx2)

Administration 0.010027 + 0.000112

Booster 0.010216 + 0.000156

PBS (solvent for rHIPrx2 proteins)

0.000377 £ 0.000011

PBS phosphate buffered saline, which was used for a solvent of recom-
binant proteins; rHIPrx2 recombinant Haemaphysalis longicornis
2-Cys peroxiredoxin; EU/30 ug of rHIPrx2 the endotoxin levels were
calculated as one administration of rHIPrx2 to each mouse

the total IgG antibody titers of the rHIPrx2 + IFA group showed higher titers as compared
with the rHIPrx2 group in all states (Fig. 2A). Using the IgGl1 isotype as a marker for Th2
lymphocytes, the antibody titers showed almost the same transition with the total IgG tran-
sition (Fig. 2B). Using the IgG2a isotype as a marker for Thl lymphocytes, although the
antibody titers of rHIPrx2 + IFA group significantly increased after the administration and
booster, the titer post tick infestation had almost the same levels as post booster (Fig. 2C,
rHIPrx2 + IFA). Interestingly, the titers of the rHIPrx2 group increased slightly after the
booster but had almost the same titer levels post tick infestation (Fig. 2C, rHIPrx2). The

Fig. 2 The trend of the antibody
titer in immunized mouse sera.
Antibody titers were defined as
the dilution rate (log;,) under
0.5 < OD450 nm. Pre-Adm.,
Pre-Administration; Adm., 1st
administration after 1 week;
Booster, 2nd administration
after 1 week; Tick Inf., after
Tick infestation; *P < 0.01,
significant differences versus
PBS and PBS + IFA groups;

P <0.01, significant differ-
ences between rHIPrx2 + IFA
and rHIPrx2 groups; °P < 0.05,
significant differences versus
PBS and PBS + IFA groups;

*P < 0.05, significant differences
between the states of immuniza-
tion; **P < 0.01, significant
differences between the states of
immunization. PBS phosphate
buffered saline; /FA Incomplete
Freund’s Adjuvant; rHIPrx2
recombinant Haemaphysalis lon-
gicornis 2-Cys peroxiredoxin
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IgG2a antibody titers of the rHIPrx2 + IFA group were significantly higher than those of
the control groups after administration, booster, and tick infestation. On the other hand, the
IgG2a antibody titers of the rHIPrx2 group showed significantly, but slightly higher titers
as compared with those of control groups post booster and tick infestation (Fig. 2C).

IgGl titers were higher than IgG2a titers (Fig. 2B, C). In addition, the total IgG and
IgG1 antibody titers showed almost the same trend in the rHIPrx2 group (Fig. 2A, B).
These results suggest that rHIPrx2 could induce especially a Th2—but not a Thl—immune
response. Moreover, vaccination using rHIPrx2 alone could induce high antibody titers of
total IgG and IgGl titers as compared with those of control groups, indicating that the rHI-
Prx2 protein could be highly immunogenic to the host.

The recognition of native HIPrx2 protein in the crude tick protein sample using
immunized mouse sera

We also evaluated whether rHIPrx2-immunized mouse sera could recognize native HIPrx2
protein from a crude tick protein sample using Western blot analysis. The post tick infesta-
tion state in each group showed the highest antibody titers. For this reason, we used those
sera from the same mouse as the first antibody in each immunization state. The partially
fed tick midgut proteins were used as crude tick protein samples, since the native HIPrx2
proteins were significantly upregulated in the midgut during the partially fed stage of tick
blood feeding, and the HIPrx2 protein expression levels had almost the same level and
trend in nymphs and adults (Kusakisako et al. 2016b). In the rHIPrx2 + IFA immunized
group, the native HIPrx2 protein could be detected after the administration of the rHIPrx2
protein (Fig. 3, rHIPrx2 + IFA). In addition, the rHIPrx2-immunized group’s sera could
detect the native HIPrx2 protein after the booster (Fig. 3, rHIPrx2). The control immu-
nized groups’ sera could not detect the native HIPrx2 protein (Fig. 3, PBS and PBS + IFA).
These results suggest that antibodies in the mice induced by rHIPrx2 protein immunization
can bind to recognize the native HIPrx2 protein; therefore, the rHIPrx2 proteins used could
have retained almost the same structure of the native HIPrx2 protein in mice.

Effects of immunization on Haemaphysalis longicornis nymphal ticks

After immunization twice with rHIPrx2, mice were challenged with nymphal ticks. Twenty
ticks were infested on each mouse and allowed to feed until engorgement. However, there
were no significant differences in the engorged rate, engorged body weight, molting rate,
and survival rate after molting among ticks detached from vaccinated mice (Table 2).
These results suggest that immunization with rHIPrx2 had little or no effect on the blood
feeding of nymphal ticks.

Discussion

In endoparasites, Prxs have been shown to be the most important detoxifying enzyme for
their survival (Kawazu et al. 2008; Dalton et al. 2013), making it a candidate for use in
vaccine development and as a therapeutic target in treating endoparasitic infectious dis-
eases (Rudenko et al. 2005; Peterson and Luckhart 2006). Studies using Prxs as vaccines
have been performed with L. donovani (Daifalla et al. 2011) and F. hepatica (Donnelly
et al. 2008; Mendes et al. 2010; Raina et al. 2011). Although there have not been studies
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Fig. 3 Detection of native
HIPrx2 protein from partially fed
ticks’ midguts using rHIPrx2-
immunized mouse sera. The left
column indicates the molecu-

lar weight markers at 30 and

20.1 kDa. Tick tubulin protein
served as the control. The right
side indicates different stages

of immunization. The serum
from the different stages of
immunization was from the same
mouse. The anti-rHIPrx2 serum
used for a positive control (PC)
was from the previous study
(Kusakisako et al. 2016b). The
arrowheads indicate the bands of
native HIPrx2 protein having a
molecular mass of approximately
23 kDa. PBS phosphate buffered
saline; /FA Incomplete Freund’s
Adjuvant; rHIPrx2 recombinant
Haemaphysalis longicornis
2-Cys peroxiredoxin; PC positive
control
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Table 2 Effects on nymphal ticks of rHIPrx2 immunization in mice

Antigen Engorged rate  Engorged body Molting rate (%) Survival rate (%)
(%) weight (mg)

PBS 96.7 45+0.5 72.4 100

PBS + IFA 96.7 46+04 82.8 95.8

rHIPrx2 92.9 48+04 80.0 100

rHIPrx2 + IFA 95.7 48+03 90.9 90

PBS phosphate buffered saline; /FA Incomplete Freund’s Adjuvant; rHIPrx2 recombinant Haemaphysalis
longicornis 2-Cys peroxiredoxin; Engorged rate the total number of the ticks that successfully engorged
divided by the number of infested ticks; Molting rate the total number of molted nymphal ticks to adult
ticks divided by the number of successful engorged ticks; Survival rate the survival rate after molting from

nymphal to adult ticks

reporting on tick Prx vaccination and host immune responses against tick Prxs, H. longi-
cornis 1-Cys Prx protein (HIPrx), in the same family as HIPrx2, was detected in host sera
infested with several ticks over a short interval (Tsuji et al. 2001). These results suggest
that tick Prxs may be secreted into their hosts and could be a candidate for both vaccine
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and immunotherapeutic development. Therefore, we performed the vaccine experiment in
mice using the recombinant tick Prx protein (HIPrx2) in the present study.

Prxs have been studied for their role in parasite survival and virulence necessitating
the production of efficient defenses against ROS by the host immune system (Sekiya et al.
2006; Gretes et al. 2012; Dalton et al. 2013). In addition, L. donovani Prx is an antigen that
elicited a high level of IgG1 as a marker of Th2 lymphocytes, but not IgG2a as a marker
of Thl lymphocytes (Daifalla et al. 2011). In the present study, we evaluated the vaccine
efficacy of HIPrx2 in mice using recombinant HIPrx2 with or without IFA. The results
demonstrated that the vaccine with or without IFA led to almost the same antibody titer
against total IgG and IgG1 as a marker of Th2 lymphocytes. On the other hand, IgG2a as a
marker for Thl lymphocytes was low titer in the rHIPrx2 without IFA vaccinated groups.
These phenomena suggest that the induction of the host’s Th2 immune response could lead
to low levels of the host Thl immune response; thus, the parasites could escape from the
host’s Thl immune response through, for instance, migrations of macrophages, dendritic
cells, and neutrophils to eliminate the parasites.

We also evaluated the vaccine efficacy for the challenge of nymphal ticks to the immu-
nized mice. However, the effects of HIPrx2 vaccination against ticks’ engorgement suc-
cess rate, engorged body weight, molting rate to adult stage, and survival rate after molting
were small or nonexistent. There have been a few reports regarding tick Prxs. Anti-HIPrx
antibodies were detected in the host serum after several repeated tick infestations (Tsuji
et al. 2001), suggesting that tick Prxs might be released from ticks into the host and that the
amount of released HIPrx protein was quite small, since several infestations of ticks were
needed for the anti-HIPrx antibody to be successfully detected. In addition, another report
(Daifalla et al. 2011) and the present study (Fig. 2) have demonstrated that Prxs without the
adjuvant could induce high antibody titers, especially in Th2 immune responses, such as
that of IgG1. The IgG1 antibody response is promoted by the Th2 immune response, which
is counterbalanced by a Thl immune response (Yanase et al. 2014). In the tick challenge
experiment, the induction of the Th2 immune response in mice by rHIPrx2 immunization
and tick infestations could lead to low levels of the host Thl immune response; therefore,
ticks would escape host Thl immune responses. These results demonstrated that immuni-
zation with the rHIPrx2 protein would have little to no effect on nymphal ticks during and
after blood feeding. On the other hand, there are two strains of H. longicornis ticks, the
parthenogenetic strain and bisexual strain. Although the HIPrx2 gene was present in the
bisexual strain and the genome sequence was slightly different between the two strains, the
amino acid sequence of HIPrx2 in the bisexual strain was completely the same with the
amino acid sequence of HIPrx2 in the parthenogenetic strain (data not shown). However,
the bisexual strain has male and female adult stages, thus, there might be some sex related
responses against the vaccination of HIPrx2 to their hosts. To avoid such case, we decided
to use the parthenogenetic strain of H. longicornis tick.

Although the effects of rHIPrx2 immunization had little to no effect, we demon-
strated that immunization with the rHIPrx2 protein could only induce high and accept-
able antibody titers, even as compared with the immunization with the rHIPrx2 protein
with IFA. In addition, we had conducted a similar experiment using rabbits. When the
rabbits were vaccinated with the rHIPrx2, high antibody titer against the rHIPrx2 pro-
tein can be induced. Moreover, the effect of specific antibody against rHIPrx2 in the
rabbit was also evaluated by tick infestation using the parthenogenetic adult H. longi-
cornis ticks; however, the rHIPrx2 vaccination on rabbits did not significantly affect
the ticks’ engorgement, engorged body weight, egg weight, and hatching rate. It is also
notable that rHIPrx2 vaccination on rabbits without IFA slightly depresses the ticks’
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engorged body weight and egg weight (Tanaka et al. 2016). These phenomena were
considered to be the reason that the reduced 2-Cys Prxs are typically in the form of
decamers arranged in a ring-like toroid structure. During peroxidatic cycling, decamers
dissociate into dimers upon disulfide formation and are regained upon disulfide reduc-
tion (Wood et al. 2002; Hall et al. 2011). These results suggest that 2-Cys Prxs without
the adjuvant could induce high antibody titers because 2-Cys Prxs can form multimers.
Actually, the rHIPrx2 proteins form an oligomer (Kusakisako et al. 2016a). On the other
hand, immunization with rHIPrx2 proteins especially stimulated IgG1 antibodies related
to Th2 immune responses (Fig. 2). In helminth parasites, helminth infection induces M2
macrophages, related to Th2 immune responses, to the site of the infection, and the hel-
minth recombinant Prx, which is inoculated intraperitoneally to mice, also induces M2
macrophages (Donnelly et al. 2008). Moreover, M2 macrophages can promote differen-
tiation from ThO to Th2 lymphocytes (Satoh et al. 2010). Thus, rHIPrx2 proteins might
induce M2 macrophages and stimulate the host Th2 lymphocytes in vaccinated mice.

In animal models challenged with pathogens such as Coccidioides immitis (Abuodeh
et al. 1999), Listeria monocytogenes (Miller et al. 1995), Schistosoma mansoni (Mount-
ford et al. 1996), respiratory syncytial virus (Li et al. 1998), and Candida albicans
(Cérdenas-Freytag et al. 1999), vaccines inducing Thl immune responses have been
proven highly effective at preventing infections, whereas vaccines inducing Th2 immune
responses increase sensitivity to infection. Therefore, although Thl immune responses
are key to protecting against most infections, the vaccines and passive immunization
rely on Th2 immune responses (Spellberg and Edwards 2001). Under experimental con-
ditions, Daifalla et al. (2011) demonstrated the use of adjuvants, such as the Toll-like
receptor 9 (TLR-9) agonist (CpG ODN) or the TLR-4 agonist (GLA-SE), to augment
the immunogenicity of the recombinant L. donovani 2-Cys Prx (Prx4) in BALB/c mice.
In addition, these immunizations led to increased immune responses to Th1 as high lev-
els of IgG2a antibody titers were induced as well as of IgG1 antibody titers (Daifalla
et al. 2011). Thus, rHIPrx2 proteins with CpG ODN and/or GLA-SE could lead to an
increased Thl immune response and might be still considered as vaccine candidates
against ticks because of their high immunogenicity.

In summary, we demonstrated that rHIPrx2 could induce high antibody titers of IgG1
related to a Th2 immune response. We also observed that rHIPrx2-immunized mouse
sera could recognize native HIPrx2 protein in crude tick midgut proteins by Western
blotting. Moreover, the effects of rHIPrx2 immunization in mice were studied using
nymphal ticks, but the challenged ticks were not affected by rHIPrx2 immunization.
Although the effects of rHIPrx2 immunization did not affect ticks in the present study,
rHIPrx2 might still be considered a vaccine candidate against ticks because of its high
immunogenicity and the possibility that the combination of Thl immune response
inducible adjuvants might improve our strategy of vaccine development against ticks.
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