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Abstract 
In the present study, we have investigated the protective effect of a heterologous prime-boost strategy with priming plasmid DNA
followed by recombinant adenovirus, both expressing BmAMA1, against Babesia microti infection. Four groups consisting of
3 hamsters per group were immunized with pBmAMA1/Ad5BmAMA1, pNull/Ad5BmAMA1, pBmAMA1/Ad5Null and
pNull/Ad5Null, followed by challenge infection with B. microti. Our results showed that hamsters immunized with plasmid and
adenovirus expressing BmAMA1 developed a robust IgG and IgG2a antibody response against BmAMA1, suggesting the
DNA vaccine or viral vector vaccine tend to induce a Th1-biased response. Compared to the control hamsters, the hamsters
vaccinated either with the prime-boost strategy or one of the two "vaccines" exhibited no significant protection against B. mi-
croti challenge. Although a slight difference in terms of parasitemia and hematocrit values at days 14–16 post challenge infec-
tion was observed, no other statistical difference was detected. Our results indicate that the prime-boost vaccination strategy of
injection of plasmid and adenovirus expressing BmAMA1 is not efficient in protecting against B. microti infection.
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Introduction

Babesiosis is a tick-transmitted, zoonotic disease caused by
the intraerythrocytic protozoan species Babesia. It is one of
the most important tick-borne diseases, with which a wide
range of mammals can be infected, including humans
(Marathe et al., 2005). Babesia microti is the main causative
agent of human babesiosis, especially in the northeastern
United States (Homer et al., 2000; Hildebrandt et al., 2007;
Kumar et al., 2009). Most B. microti infections are tick-borne,
while it can also be transmitted through tainted blood transfu-
sion (Homer et al., 2000). The infection usually causes mild
flu-like illness but can sporadically be fatal in those patients
who have undergone a splenectomy (Krause et al., 2008;

Vannier et al., 2008). Currently, there is no commercially
available vaccine for the prevention of human babesiosis. 

To generate effective and long-term protection against
disease, heterologous prime-boost regimes provide a promi-
sing approach for vaccine development. The strategy enables
to enhance both humoral and cellular immune responses
(Dunachie and Hill, 2003; Anderson and Schneider, 2007;
Reyes-sandoval et al., 2007). The outcome of prime-boost
strategy is determined by several factors, including the
candidate vaccine antigen, appropriate vectors, delivery route,
dose, adjuvant, and the order of vector injection (Woodland,
2004). Previous data suggest several vectors, such as
replication-defective adenoviruses, fowl pox viruses, vaccinia
virus, influenza virus and naked DNA plasmid to be ideal for
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antigen presentation (Ramshaw and Ramsay, 2000; Takeda
et al., 2003; Woodland, 2004). Naked DNA plasmid and
replication-defective adenoviruses have been applied for the
development of vaccines against toxoplasmosis and malaria
(Dunachie and Hill, 2003; Caetano et al., 2006; Zhang et al.,
2010). Vaccination combined with plasmid DNA and virus
expressing an elected antigen using a heterologous prime-
boost strategy could elicit strong humoral and cellular
immunity and thus offer protection against Toxoplasma gondii
and Plasmodium infections in mice. (Dunachie and Hill, 2003;
Caetano et al., 2006; Zhang et al., 2010).

Recent studies have identified and characterized an
attractive antigen, apical membrane protein 1 (AMA1) of 
B. microti, for vaccine development (Moitra et al., 2015; Wang
et al., 2017). AMA1 was believed to be a leading vaccine
candidate for Apicomplexan parasites. High antibody titers
against AMA1 were required in blocking the entry of
Plasmodium parasites into RBCs (Stowers et al., 2002; Dutta
et al., 2009;). Although little information is currently avail-
able regarding the function of BmAMA1, it is strongly
conserved among Apicomplexan parasites, suggesting a great
potential in application as vaccine candidate against B. microti
(Harvey et al., 2014). A previous study has shown that
vaccination based solely on E. coli expressed BmAMA1 was
not effective in protection against a B. microti challenge in a
hamster model (Wang et al., 2017). The lack of protective
efficacy might be attributed to the absence of more effective
vectors for protein delivery. Therefore, the current study has
evaluated the efficiency of a heterologous prime-boost
vaccination strategy with recombinant plasmid DNA and
adenovirus expressing BmAMA1 against B. microti infection
in hamsters.

Materials and Methods

Experimental animals

In total, twelve six-week-old female Golden Syrian hamsters
(Clea, Japan) were used in the immunization trials and all 
experiments were conducted in accordance with the Standards
Relating to the Care and Management of Experimental 
Animals promulgated by the Obihiro University of Agricul-
ture and Veterinary Medicine of Japan (Approved number of
Animal exp. 260140/ Pathogen exp. 2014718).

Parasites and cell lines

Human isolated B. microti Gray strain (US type, American
Type Culture Collection, Catalog No. 30221) used for
challenge infection was maintained in female Golden Syrian
hamsters, by intraperitoneal injection with cryopreserved 
B. microti-infected erythrocytes. Monkey kidney adherent
fibroblast cells (Vero, ATCC CCL-81) used for transfection
were cultured in Eagle’s minimum essential medium (MEM;

Sigma, USA) supplemented with 8% heat-inactivated fetal
bovine serum (FBS, Cell Cultural Bioscience, Japan) and 50
μg/ml kanamycin. Human embryonic kidney (HEK) 293 cells
(Qbiogene, USA) used for recombinant adenovirus
construction and amplification were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma, USA)
supplemented with 5% FBS and 50 μg/ml kanamycin. The cell
cultures were grown at 37°C in a 5% CO

2 
air environment.

Plasmid construction and generation of recombinant

adenovirus

To produce a construct of pBmAMA1, the gene encoding
BmAMA1 was amplified from a B. microti gray strain 
cDNA library by PCR using the primer sets: 5’-AAGGATC-
CGCCATGGATGAGGAGGATGACTATGAA-3’ and 5’-
CCTCGAGCTAAAAGCCATAGAAAGTCAA-3’ (the un-
derlined nucleotides are BamH I and Xho I restriction enzyme
sites), and then cloned into eukaryotic expression vector
pcDNA3.1 (Invitrogen, USA). To generate the recombinant
adenovirus Ad5BmAMA1, the BmAMA1 sequence was 
amplified using primer sets: 5’- CGCGTCGACATGGAT-
GAGGAGGATGACTATGAA -3’ and 5’- AAAGCGGCCGC
CTAAAAGCCATAGAAAGTCAA -3’ (the underlined nu-
cleotides are Sal I and Not I restriction enzyme sites) and
cloned into the expression cassette of a pCR259 transfer vec-
tor (Qbiogene, USA). The recombinant adenovirus DNA were
generated by intracellular homologous recombination between
the pCR259 transfer vector carrying the BmAMA1 sequence
and the plasmid Transpose-AdTM 294 (Qbiogene, USA),
carrying a nonreplicative ΔE1 adenovirus type 5 genome.
Then, the plasmid Transpose-AdTM 294 containing the
BmAMA1 gene was transfected into the HEK 293 cells, using
Lipofectamine 2000 reagents (Invitrogen, USA). The
adenovirus was purified as described in a previous paper 
(Yu et al., 2012).

Indirect fluorescent antibody test (IFAT) and Western blot

analysis

To investigate the expression of BmAMA1 in vitro,
pBmAMA1-transfected Vero cells and Ad5BmAMA1-
infected HEK293 cells were analyzed by IFAT and Western
blotting. For IFAT, pAMA1-transfected Vero cells and
Ad5AMA1-infected HEK293 cells were fixed in 100%
methanol for 10 min at room temperature, and then incubated
for 1 h at 37°C with mouse anti-rBmAMA1 serum 1:100
diluted with PBS containing 3% bovine serum albumin
(BSA). After four washes with PBS, Alexa-Fluor® 488 con-
jugated goat anti-mouse IgG (Molecular Probes, USA), 1:400
diluted in PBS-BSA, was subsequently applied as a secondary
antibody and incubated for 1 h at 37°C. The cells were exam-
ined under a confocal laser-scanning microscope (TCS NT,
Leica, Germany). For Western blotting, pBmAMA1-
transfected Vero cells lysate and Ad5BmAMA1-infected

Author's copy



Javier Rodríguez-Martín et al.370

HEK293 cells lysate were subjected to the sodium dodecyl
sulphate–polyacrylamide gel electrophoresis (SDS–PAGE),
and then electrically transferred to a nitrocellulose membrane.
The membrane was blocked with PBS containing 5% skim
milk and incubate with anti-rBmAMA1 polyclonal serum di-
luted in 5% skim milk at 37°C for 60 min. Next, the mem-
brane was washed three times with PBS and incubated with
peroxidase-conjugated goat anti-mouse IgG in 5% skim milk.
After washing three times with PBS, the bands on the mem-
brane were visualized by incubation with diaminobenzine.

Immunization and challenge infection

A total of twelve six-week-old female hamsters were divided
into four groups as shown in Table I (n=3). The gene gun im-
munization was performed as described previously (Yu et al.,
2012). The plasmid pNull (pcDNA3.1 vectors without any in-
serted gene) or the pBmAMA1 was affixed onto gold parti-
cles (1.0 μm diameter, Bio-Rad Laboratories, USA) using 2
μg of DNA per 1 mg of gold by the addition of 1 M CaCl

2
in

the presence of 0.05 M spermidine. Plasmid DNA-coated gold
particles were loaded onto gold-coat tubing in the presence of
polyvinylpyrrolidone (360,000 MW), at a concentration of
0.05 mg/ml. Plasmid DNA-coated gold particles were accel-
erated into the abdomen skin of hamster using Helios Gene
Gun (Bio-Rad Laboratories, USA) at a helium discharge
pressure of 400 psi. Each hamster received four shots each
time and immunized 3 times with 2-week intervals. For 
the boost immunization, either Ad5AMA1 or Ad5Null
recombinant adenovirus was administered 2 weeks after the
last gene gun immunization by intramuscular inoculation at a
dose of 5×108 IU per hamster. The hamsters were challenge
infected i.p. with 1×107 B. microti-infected erythrocytes two
weeks after immunization. 

Detection of humoral response

To assess the humoral response after immunization, hamster sera
were collected 2 weeks after the booster immunization. The
levels of BmAMA1 specific total immunoglobulin G (IgG),
IgG1, and IgG2a in hamster sera were measured by enzyme-
linked immunosorbent essay (ELISA). Briefly, a 96-well plate
was coated with 50 μl of rBmAMA1 at a concentration of 
4 μg/ml in a 50 mM carbonate-bicarbonate buffer (pH 9.6) and
incubated overnight at 4°C. The levels of total IgG, IgG1, and
IgG2a in the sera which were diluted 100-fold with 3% skim

milk in PBS were measured in the plates using horseradish
peroxidase-conjugated goat anti-hamster IgG, IgG1 and IgG2a
(Bethyl, USA). The plates were washed five times, and then 100
μl of ABTS substrate (0.1 M citric acid, 0.2 M sodium
phosphate, 0.003% H

2
O

2
, and 0.3 mg/ml 2,2’6-azide-bis 

[3-ethylbenzthia-zoline-6-7 sulfonic acid]; Sigma, USA) was
added into each well. Absorbance was measured at 415 nm using
MTP-500 micro plate reader (Corona Electric, Japan).

Determination of parasitemia, hematocrit value and body

weight

To evaluate the protective effect of the immunization,
parasitemia and hematocrit values were monitored for a month
after the challenge infection. For parasitemia level estimation,
thin blood smears made using blood from hamster tail veins
were fixed in methanol and stained for 45 min with 10%
Giemsa solution diluted in Sörensen buffer (pH 6.8).
Thereafter, parasitemia was determined by examining at least
103 erythrocytes. For hematocrit evaluation, 10 μl of blood
were collected from each hamster at 2-day intervals, and a full
blood cell count was made using an automatic cell counter
(Nihon Kohden, Japan). In addition, infected hamsters were
observed at 2-day intervals for body weight changes until day
30 post challenge infection.

Statistical analysis 

Statistical analysis was performed using GraphPad Prism 
6 software (GraphPad Prism 6; GraphPad Software, USA).
The means of all variables were computed and one-way analy-
sis of variance, followed by Tukey’s multiple-comparison test
was used for pairwise comparison of data from the multiple
groups. Results were considered to be statistically significant
when the P<0.05.

Results

Generation of the recombinant adenovirus

Cytopathic effects (CPE) were observed in HEK293 cells 
that were transfected with PacI-linearized recombinant
adenovirus plasmid DNA (Fig. 1A). This result confirmed that
recombinant adenovirus particles (Ad5BmAMA1) were
packaged in HEK293 cells.

Table I. The prime-boost immunization strategy

Groups (0 week) 1st (3 weeks) 2nd (6 weeks) 3rd (8 weeks) Boost

pBmAMA1/Ad5BmAMA1 pBmAMA1 pBmAMA1 pBmAMA1 Ad5BmAMA1

pBmAMA1/Ad5Null pBmAMA1 pBmAMA1 pBmAMA1 Ad5Null

pNull/Ad5BmAMA1 pNull pNull pNull Ad5BmAMA1

pNull/ Ad5Null pNull pNull pNull Ad5Null
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The expression of BmAMA1 in vitro

To investigate whether pBmAMA1 and Ad5BmAMA1
express BmAMA1 in mammalian cells, pBmAMA1-
transfected Vero cell and Ad5BmAMA1-infected HEK293
cells were analyzed by IFAT and Western blotting using anti-
rBmAMA1 mouse sera as the primary antibody. Specific
fluorescence could be observed in both pBmAMA1-
transfected Vero cell and Ad5BmAMA1-infected HEK293
cells (Fig. 2A). On Western blotting, a specific band of

approximately 56 kDa was detected in both pBmAMA1-
transfected Vero cells and Ad5BmAMA1-infected HEK293
cells, which is slightly larger than native BmAMA1 detected
in B. microti lysate (Fig. 2B). 

Humoral response induced by prime-boost immune

strategy 

The humoral response elicited by vaccination was verified by
ELISA. IgG antibody levels against rBmAMA1 significantly

Fig. 1. Producing the recombinant adenovirus in HEK293 cells. (A) Pac I-linearized recombinant adenovirus plasmid DNA was transfected
in HEK293 cells, the cells containing viral particles lysate and infect neighboring cells. A plaque begins to form. (B) Normal HEK293 cells

Fig. 2. IFAT and Western blot analysis of the expression of BmAMA1 in Vitro. (A) IFAT analysis. (a) Vero cells transfected with plasmid DNA
pBmAMA1. (b) Vero cells transfected with plasmid DNA pNull. (c) HEK293 cells infected with adenovirus Ad5BmAMA1. (d) HEK293 cells
infected with adenovirus Ad5Null. (B) Western blot analysis. Lane M, molecular size markers. Lane 1, B. microti lysate. Lane 2, non-infected
RBC lysate. Lane 3, pBmAMA1-transfected Vero cells. Lane 4, pNull-transfected Vero cells. Lane 5, Ad5BmAMA1-infected HEK293 cells.
Lane 6, Ad5Null infected HEK293 cells

Author's copy



Javier Rodríguez-Martín et al.372

increased in test groups immunized with pBmAMA1/
Ad5BmAMA1, pNull/Ad5BmAMA1 and pBmAMA1/Ad5Null
compared to the control group immunized with
pNull/Ad5Null (Fig. 3A). No significant difference
(P>0.05) was found in IgG level between these test groups.
Interestingly, hamsters in the test groups exhibited a robust
IgG2a antibody response compared to the control group (Fig.
3B). In contrast, both test and control hamsters did not show
significantly elevated levels of specific IgG1 (Fig. 3C).

Evaluation of the protective efficacy against challenge

infection with B. microti

Hamsters immunized with pNull/Ad5BmAMA1, pBmAMA1/
Ad5Null and pBmAMA1/Ad5BmAMA1 exhibited limited
protection against B. microti challenge.The parasitemia
showed a slight decline in the pBmAMA1/Ad5BmAMA1
immunized group at days 14-16 post infection compared to the
control group (Fig. 4A). However, no notable differences were
observed among the other groups. In addition, no significant
difference was noted on the variation of hematocrit values (Fig.
4B) and body weight (data not shown) between each group.

Discussion

The heterologous prime-boost strategy with priming plasmid
DNA followed by recombinant viral vectors expressing the
vaccine candidate is an effective approach of inducing both
humoral and cellular immune responses (Woodland, 2004).
DNA vaccines are based on bacterial plasmids that express the
specific antigen using promoter elements that are active in
mammalian cells (Liu and Ulmer, 2005; Anderson and
Schneider, 2007). Viral vector vaccines could elicit strong Th1
immune response by delivering the peptides to the MHC class
I presentation pathway (Campos-Neto, 2005; Kochan et al.,
2006). Such strategies have shown promising results in the
protection against P. falciparum and T. gondii (Caetano et al.,
2006; Yu et al., 2012; Chuang et al., 2013). Therefore, this
study aimed at a potential application of this strategy for the
protection against B. microti infection.

The recombinant BmAMA1 expressed in Ad5BmAMA1-
infected and pBmAMA1-transfected mammalian cells was
confirmed by IFAT and Western blotting. Immunoblotting
with mouse anti-rBmAMA1 serum detected a band at
approximately 56kDa in pBmAMA1-transfected Vero cells,

Fig. 3. Evaluation of humoral response to rBmAMA1 in the immunized hamsters. The levels of IgG (A), IgG1 (B), IgG2a (C) in hamsters
immunized with pBmAMA1/Ad5BmAMA1, pNull/Ad5BmAMA1, pBmAMA1/Ad5Null and pNull/Ad5Null were measured as OD values
at 415nm. Asterisks indicate statistically significant differences (*, P<0.05; **, P<0.005; ***, P<0.0001 [compared to pNull/Ad5Null –
immunized hamsters])

Fig. 4. The effect of immunization with pBmAMA1/Ad5BmAMA1, pNull/Ad5BmAMA1, pBmAMA1/Ad5Null and pNull/Ad5Null on 
the parasitemia (A) and hematocrit (B) levels of hamsters after challenge infection with B. microti. Asterisks indicate statistically significant
differences (*, P<0.05; **, P<0.005; ***, P<0.0001 [compared to pNull/Ad5Null -immunized hamsters])
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which is a little larger than that of native BmAMA1 detected
in B. microti lysate. It is probably due to the protein
modification in mammalian cells. In Ad5BmAMA1-infected
293 cells, two distinct bands of 56kDa and 37kDa were
detected. The possible reasons might be attributed to the
proteolytic activities or nonspecific reaction.

It is known by a previous study that the segregation of
IgG2a and IgG1 immunoglobulin isotypes were used as mark-
ers for Th1 and Th2 lymphocytes, respectively (Mountford
et al., 1994). In the current study, pNull/Ad5BmAMA1,
pBmAMA1/Ad5Null and pBmAMA1/Ad5BmAMA1 immu-
nized hamsters produced significantly higher levels of IgG and
IgG2a against rBmAMA1 compared to pNull/Ad5Null im-
munized hamsters. In contrast, all the hamsters produced low
level of IgG1. These results indicate that both plasmid DNA
and adenovirus stimulate a strong Th1 immune response in
the hamster. Consistent with previous studies, IgG antibody
responses induced by combination vaccine tends to produce
IgG antibody responses with a bias toward IgG2a (Srivastava
et al., 2013). 

The immunization experiments in the present study
showed that no significant protection was achieved in the
hamsters immunized with pBmAMA1/Ad5BmAMA1 com-
pared to control hamsters, although reduced parasitemia and
slightly higher hematocrit values were observed at the acute
stage of infection. This result suggests that the hamsters were
unable to acquire efficient protection via this strategy. It is
known that the protective effect of prime-boost strategy could
be influenced by the candidate antigen, deliver route, dose and
the order of injection. Therefore, further investigation is
needed to confirm if this strategy has potential to be opti-
mized. A recent study showed that immunization with recom-
binant BmAMA1 expressed by E. coli was not effective in
protection against a B. microti challenge in hamsters (Wang
et al., 2017). These data combined with our result suggest that
a more effective way is required for delivering this antigen to
the immune system. Additionally, more work should be done
to elucidate the function and important epitopes of BmAMA1. 

In summary, the current study demonstrates that immu-
nization with a prime-boost strategy using plasmid DNA and
replication-deficient adenovirus expressing BmAMA1 is ca-
pable of inducing humoral and Th1-biased cellular immune
response. However, this vaccination strategy confers no
significant protection against B. microti infection in hamsters.
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