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Protection against the intraerythrocytic bovine parasite Babesia bovis requires both humoral and cellular
immune responses. Therefore, tailored combinations of immunogens targeted at both arms of the
immune system are strategies of choice to pursue sterilizing immunity. In this study, different heterolo-
gous prime–boost vaccination schemes were evaluated in mice to compare the immunogenicity induced
by a recombinant adenovirus, a modified vaccinia Ankara vector or a subunit vaccine all expressing a
chimeric multi-antigen. This multi-antigen includes the immunodominant B and T cell epitopes of three
B. bovis proteins: Merozoite Surface Antigen – 2c (MSA-2c), Rhoptry Associated Protein – 1 (RAP-1) and
Heat Shock Protein 20 (HSP20). Both priming with the adenovirus or recombinant multi-antigen and
boosting with the modified vaccinia Ankara vector achieved a high degree of activation of TNFa and
IFNc-secreting CD4+ and CD8+ specific T cells 60 days after the first immunization. High titers of specific
IgG antibodies were also detected at the same time point and lasted up to day 120 of the first immuniza-
tion. Only the adenovirus – MVA combination triggered a marked isotype skew for the IgG2a antibody
subclass meanwhile for the other immune traits analyzed here, both vaccination schemes showed similar
performances.
The immunological characterization in the murine model of these rationally designed immunogens led

us to propose that adenoviruses as well as the bacterially expressed multi-antigen are highly reliable
primer candidates to be considered in future experiments in cattle to test protection against bovine
babesiosis.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Bovine babesiosis is a tick – transmitted disease caused by pro-
tozoan parasites of the genus Babesia. Unlike related apicomplexan
parasites of the genera Plasmodium and Theileria, Babesia parasites
only infect erythrocytes. Infection of bovines with Babesia species
occurs primarily in tropical and subtropical areas of the world
where the Ixoxid tick vectors, predominantly Riphicephalus spp.,
are found [1]. In Argentina, economic losses due to mortality, costs
of treatment and prevention of babesiosis caused by B. bovis and B.
bigemina exceed US$ 38 million per year [2]. All babesial parasites
cause anemia, but Babesia bovis cause the most virulent disease
characterized by strong hemolytic anemia and a high morbidity
and mortality in adult bovines [3]. Adaptive immunity against B.
bovis is characterized by presentation of parasite antigens by anti-
gen presenting cells to CD4+ T lymphocytes as well as the produc-
tion of neutralizing antibodies against extracellular merozoites and
parasite surface antigens located at the erythrocyte membrane
[3,4].

In Argentina and many countries, vaccination with attenuated
parasite strains either chilled or frozen is one of the control mea-
sures currently used. However, major drawbacks of these vaccines
are related with their high production costs, distribution logistics
and the risk of contamination with pathogenic organisms during
their production, especially when splenectomized calves are used.
Therefore, there is an urgent need to replace these vaccines with
new, safer and equally effective alternatives.

Non replicative viral vectors are actually one of the best vaccine
platforms that induce cellular immunity as well as strong humoral
responses, both of which are required to achieve protection against
ia bovis
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B. bovis [1,5]. One of these vectors is the non-replicating and highly
attenuated modified vaccinia virus Ankara (MVA) which is actually
one of the most promising vaccine vectors in human and veteri-
nary vaccines [6,7]. Furthermore, immunogenicity studies have
shown that MVA vectored vaccines are most potent when used
in heterologous boost vaccination following a strong priming agent
expressing the same antigen [8–10]. Other viral vectors that have
gained interest among vaccine researchers as potent inducers of
T-cell and antibody responses are recombinant adenoviruses
(rAd) which have demonstrated immune efficacy and safety in
clinical applications, making it an excellent choice of vector for
delivery of vaccine antigens [11–14].

Previously, we have conducted pre-clinical studies in mice
showing that a priming vaccination with a cocktail of three
immunodominant B. bovis antigens (MSA-2c, RAP-1 and HSP20)
as recombinant proteins followed by boosting with a recombinant
MVA (rMVA) virus expressing a fusioned version of these three
proteins as a chimeric multi-antigen triggers a strong humoral
and cellular immune response. This response was characterized
by high titers of specific IgG2a antibodies and high percentages
of IFNc secreting CD4+ and CD8+ – specific T cells upon specific
stimulation [15].

Here we further test the hypothesis that the use of adenoviral
vectors as antibody-triggering agents will improve the magnitude
of humoral immune responses developed by protein in-adjuvant
candidates keeping the rMVA as booster. We have also evaluated
both schemes in a longer prime–boost time frame in order to opti-
mize a future vaccine regime in bovines.
2. Materials and methods

2.1. Cells and culture media

Baby hamster kidney (BHK-21, ATCC CCL-10TM) and Human
embryonic kidney 293 [HEK293] (ATCC� CRL1573TM) cells were
maintained in Dulbecco’s modified medium (D – MEM) supple-
mented with 2% fetal bovine serum (FBS; Internegocios, Buenos
Aires, Argentina), 100 mM antibiotic/antimycotic (GIBCO),
100 mM L-glutamine (Sigma – Aldrich, St. Louis, MO, USA). Spleen
cells for functional assays were cultured as described [15].
2.2. Generation of recombinant protein – rMABbo – and recombinant
adenovirus, rAd

In order to obtain the recombinant protein – rMABbo – as a sin-
gle chimeric polyprotein, PCR amplification was performed using
the previously described MVA transfer vector as a template and
the MABbo F – MABbo R primer pairs [15].

The PCR product was cloned using the pCR�8/GW/TOPO� TA
Gateway cloning kit and the MABbo fragment was further trans-
ferred directionally into the pDESTTM 17 vector (both by Invitrogen
Corp, Carlsbad, CA, USA). E. coli strain BL21 AITM (Invitrogen) was
used as a host for rMABbo expression and protein purification as
described in Supplementary Data. The recombinant Surface Anti-
gen 1 from Neospora caninum, SAG1, used in this work as a non-
related subunit vaccine control was purified as previously
described [16]. Both SAG1 and rMABbo purified proteins were sub-
sequently treated with Polimixine B – Sepharose (BioRad) to
remove endotoxins.

For the generation of the rAd, the ViraPower Adenoviral Expres-
sion SystemTM (Invitrogen) was used following the manufactured
instructions with minor modifications. Briefly, the MABbo frag-
ment was directionally transferred from the pCR�8/GW/TOPO�

TA into the pAd/CMV/V5-DEST vector (Invitrogen) using LR
Clonase� (Invitrogen). This plasmid was purified using a standard
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phenol/chloroform extraction and digested with PacI restriction
enzyme (New England Biolabs, MA, USA) following manufacture’s
instruction. Five to 10 lg of purified plasmid was mixed with
18 ll of Lipofectamine 2000TM in 500 ll of Opti – MEM� media
(both reagents from Invitrogen) and transfected into a 90% conflu-
ence HEK 293A cells cultured 24 h prior to use in 6 – well plate
(Nunc). Eight hours after transfection, culture media was removed
and replaced with D – MEM supplemented with 2% FBS. Visible
regions of cytophatic effect were observed at 11–13 days post-
transfection. Adenovirus – containing cells and media were har-
vested followed by three cycles of freeze/thawing and centrifuga-
tion at 2000g for 15 min in order to pellet the cell debris. To
increase virus titers, the supernatant containing viral particles
was used to infect fresh HEK 293A cells. Finally, the rAd was con-
centrated by ultracentrifugation through a 25% w/v sucrose cush-
ion at 60,494g during 3 h at 4 �C and stored at �80 �C in NET
buffer (10 mM Tris–HCl pH: 8, 1 mM EDTA, 200 mM NaCl) until
use. The number of viral particles was determined by end-point
dilution assay in HEK 293A cells. As a control, the pAd/CMV/V5-
GW/lacZ vector (Invitrogen) was digested with PacI and trans-
fected into HEK 293A cells to produce lacZ bearing adenovirus.

In order to verify the MABbo expression by rAd-infected cells, a
Western Blot (WB) using mouse anti-rMABbo and rabbit anti-
HSP20 polyclonal antibodies was performed. Besides, an Indirect
Immunofluorescence Assay (IFA) assay was performed in HEK
293 cells using an anti HSP20 polyclonal antiserum (Supplemen-
tary data).

2.3. Immunization protocols

Male BALB/c (H-2d) mice of 6–8 weeks old were used (n = 5 per
group). The time interval between prime and boost was 30 days in
group I and 60 days in group II. Doses and routes per mouse were:
1 � 107 Plaque Forming Units (PFU) of rMVA or wtMVA intraperi-
toneally (i.p.); 1 � 109 PFU of rAd or wtAd intramuscularly (i.m.);
20 lg/mouse of rMABbo or rSAG1 (as control) in Freund’s complete
adjuvant (Sigma–Aldrich) subcutaneously (s.c). Serum samples
were collected by tail vein bleeding at day 0, 15, 30, 45, 60 for
group I and once at day 120 for group II respectively and stored
at �20 �C until use. Mice were sacrificed at day 60 or 120 (groups
I and II respectively) and spleen cells were obtained for cellular
immune response assays as previously described [15]. The experi-
ments were carried out under guidelines of the Institutional
Committee for the Use and Care of Experimentation Animals
(CICUAE – INTA protocol No. 22/2011).

2.4. Antibody measurement, IFNc cytokine detection and intracellular
cytokine staining (ICS)

IgG, IgG1 and IgG2a levels in serum samples were measured by
indirect ELISA using rMABbo (10 ng/well) as described previously
[15]. Serum titers are expressed as the Log10 of the reciprocal of
thehighest serumdilution that at least duplicates theoptical density
(OD) values obtained using negative (pre-immune) sera. Secreted
IFNc levels of total viable spleen cells were assessed by commercial
captureELISA (OptEIA, BectonDickinson Labware–BD–Oxnard, CA,
USA) following the manufacturer’s instruction. Freshly isolated
spleen cells were plated in triplicate at 1 � 106 cells/well in U – bot-
tom 96-well Maxisorp plates (Nunc), stimulated with a soluble B.
bovismerozoite lysate (10 lg/mL) orwith rMABbo (10 lg/mL). Con-
canavalin A (1 lg/mL, Sigma–Aldrich) or RPMI 1640medium (Invit-
rogen) were used as positive or negative controls respectively. Cell
supernatants were harvested after 72 h of stimulation and stored
at �80 �C until analyzed. For functional characterization, spleno-
cytes were stimulated in vitro as above, except that Brefeldin A
(2 lg/mL; Sigma–Aldrich Inc.) was added for the last 5 h to facilitate
t heterologous prime–boost immunization strategies against Babesia bovis
antigen. Vaccine (2016), http://dx.doi.org/10.1016/j.vaccine.2016.05.053

http://dx.doi.org/10.1016/j.vaccine.2016.05.053


J.M. Jaramillo Ortiz et al. / Vaccine xxx (2016) xxx–xxx 3
intracellular IFNc and TNFa accumulation. Then, the cells were
washed twicewith stainingbuffer andwere subsequently incubated
with anti-mouse CD4+ – FITC (GK1.5 clone; BD) and anti-mouse
CD8a+ – PETM (53–6.7 clone; BD). Then, cells where fixed in 1%
formaldehyde, permeabilized in 0.5% saponin/1% FBS and stained
intracellularly with anti-mouse IFNc – APCTM antibody (XMG1.2
clone) and rat anti-mouse TNFa – PerCP – CyTM 5.5 (MP6-XT22 clone;
BD). Flow cytometry analysis was performed in a FACS Calibur
cytometer (BD) acquiring up to 350,000 events in a live lymphocyte
gate and data was further analyzed using Cell Quest software (BD).
2.5. Statistical analysis

Statistical analysis was carried out using Graph Pad Prism
(La Jolla, CA) software version 6.0 for Windows. One-way ANOVA
was used for comparing data with Bonferroni post test. Values of
p < 0.05 were taken to be statistically significant.
3. Results

3.1. Full length expression of rMABbo in rAd-infected cells and E. coli

The expression of rMABbo was evidenced in the cytoplasm of
the rAd – infected HEK 293A cells by IFA using antibodies against
HSP20, which is the third antigenic fragment situated in the
C – terminus region of the chimeric MABbo (Fig. 1A). The rMABbo
expression by the virally infected cells was also confirmed by WB.
A reactive band of approximately 72 kDa was only detected in the
protein extracts from rAd – infected HEK 293A cells using mouse
anti sera against the rMABbo (Fig. 1B). This band corresponds to
the size of the full length chimeric multi-antigen.
Fig. 1. Characterization of rAd and rMABbo immunogens. In figures throughout this work
and ‘recombinant B. bovis multi-antigen’ respectively. (A) IFA in HEK 293A cells infected
contrast resolution. White bars indicate 100 lm. (B) Western blot analysis (WB) of rAd –
marker; lane 1: rAd – infected cells; lane 2: wtAd – infected cells. (C) 12% SDS-PAGE a
expression 4 hs post-induction with 0, 2% arabinose; lane 3: purified rMABbo after elutio
(lane 1), mouse anti RAP-1 (lane 2) or rabbit anti HSP20 (lane 3) polyclonal sera. (E) WB
(lanes 7–9) B. bovis infected cattle. Lanes 10 and 11 were probed with sera from non-in
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Purification of the E. coli recombinant multi-antigen using dena-
turing conditions by Ni – agarose chromatography gave a high
purification yield as shown in the SDS – PAGE analysis. The purified
protein was obtained as a clear band corresponding to the
expected molecular weight of 72 kDa (Fig. 1C, lane 3) in a concen-
tration of 1.2 mg/mL.

The presence of the main immunoreactive epitopes in each of
the 3 antigens that compose the rMABbo chimeric protein was
confirmed by WB using antibodies against MSA-2c, RAP-1 and
HSP20 respectively (Fig. 1D). To further verify if the chimeric
multi-antigen maintained the B cell epitopes present in the native
parasite proteins, we evaluated the ability of the polyprotein to be
recognized by antibodies present in serum from naturally (lanes
1–6, Fig. 1E) and experimentally (lanes 7–9, Fig. 1E) B. bovis
infected cattle. For this, bovine serum samples were tested by
WB using purified rMABbo. All 9 sera positively recognized a
protein band of 72 kDa corresponding to the expected size of the
chimeric multi-antigen.
3.2. Immunogenicity evaluation combining viral – vectored
immunogens and rMABbo protein

Firstly, we evaluated both humoral and cellular immune
responses elicited in immunization protocols with an interval of
30 days between the prime and the boost. High and similar titers
(>1:6400) of specific IgG antibodies for the rMABbo were detected
in both regimes: rAd – rMVA and rMABbo – rMVA at 30 days post
boost (Fig. 2A). We further characterized the antibody response by
analyzing the IgG isotypes. Priming with rAd and boosting with
rMVA induced a high ratio (>3) of IgG2a to IgG1 for the multi-
antigen, compared with the rMABbo – rMVA scheme (Fig. 2B) sug-
gesting a strong induction of Th1-biased response.
, ‘rAd’, ‘wtAd’ and ‘rMABbo’ refer to ‘recombinant adenovirus’ ‘wild type adenovirus’
with rAd (right). Middle panel: stained nuclei using TO-PRO�3-Iodide. Left panel:
infected HEK 293A cells using polyclonal anti rMABbo serum. M: molecular weight
nalysis showing expression or rMABbo. Lane 1: uninduced control; lane 2: level of
n with 250 mM Imidazole. (D) WB analysis of purified rMABbo using bovine MSA-2c
analysis of purified rMABbo with sera from experimentally (lanes 1–6) or naturally
fected cattle.
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Fig. 2. Immune response evaluation of prime–boost regimes. In all cases BALB/c mice were immunized with 107 PFU of rMVA, i.p. route, 109 PFU of Ad, i.m. route and 20 lg of
rMABbo, s.c. route. All mice received a prime at day 0 with a subsequent boost on day 30. Blood was collected each 15 days gap, and sera sample were obtained for indirect
ELISA assays. Pre immune sera were used as negative control. Mice were sacrificed at day 60, spleen cells were obtained for in vitro restimulation and levels of IFNc were
determined by capture ELISA. (A) Time course kinetics of total IgG response using rMABbo as antigen. (B) Comparison of IgG2a/IgG1 subclass ratio in prime–boost schemes.
(C) Levels of secreted IFNc in culture supernatants determined by sandwich ELISA. ⁄⁄⁄p < 0.001 compared between the indicated groups.
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We also determined the amount of secreted IFNc by antigen-
stimulated splenocytes from immunized mice. A significant three-
fold increase of this cytokine (p < 0.001) was detected in
supernatants from the rAd – rMVA group compared with rMABbo
– rMVA and control groups, when specific stimuli were used
(Fig. 2C).

We further characterized the profile of the Th1 response by
identifying the source of 2 main cytokines of this response: IFNc
and TNFa. As determined by intracellular cytokine staining and
flow cytometry, we observed that both heterologous regimes trig-
gered a nearly fourfold increase of the percentages of CD4+ T cells
secreting either IFNc and TNFa in comparison with control groups
(p < 0.001 one-way ANOVA with Bonferroni post-test;
Fig. 3A and B). Minimal unspecific percentages of CD4+ T cells
secreting these cytokines were detected in control groups restim-
ulated with RPMI.

The magnitude of the T – cell response can also be visualized by
calculating the number of antigen-specific IFNc+ and TNFa+ secret-
ing CD4+ T cells – per million splenocytes. Similar numbers of IFNc
and TNFa antigen-specific CD4+ T cell subpopulations were
reached between rAd – rMVA and rMABbo – rMVA regimes
(Fig. 3C and D).

In addition, we performed the detection of polyfunctional T
cells producing both IFNc+ and TNFa+ by intracellular cytokine
staining. As shown in Fig. 4A, both heterologous regimes showed
high percentages of double-stained CD4+ T cells in comparison
with the control groups (p < 0.001 one-way ANOVA with Bonfer-
roni post-test). As expected, the number of double-stained T
CD4+ positive cells was lower than the single-stained ones
(Fig. 4B). Similarly, frequencies of single cytokine secreting CD8+
Please cite this article in press as: Jaramillo Ortiz JM et al. Evaluation of differen
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T cells (IFNc+ and TNFa+) were similar between both immunization
groups (p < 0.001 one-way ANOVA with Bonferroni post-test,
Figs. S1 and S2).

3.3. Humoral and cellular responses in different times for prime–boost
regimes

In order to determine if the interval of prime and boost would
alter the induction of humoral and cellular immune responses,
another group of mice was immunized with the same vaccine
schemes but at a longer interval (60 days between prime and boost
instead of 30). Results of both groups are summarized in Table 1.

Antibody titers at the end of the experiment maintained their
values independently of the immunization interval in either the
rMABbo – MVA scheme or the rAd – rMVA one. Total secreted IFNc
was almost the same in both immunization schemes at day 120 in
group II, showing low levels of this cytokine. On the other hand, in
group I at day 60 high levels of IFNc were found in the rAd – rMVA
scheme (Table 1). Regarding frequencies of antigen – specific CD4+

– IFNc+ T cells, values at day 120 in both groups were drastically
reduced compared with their counterparts at day 60 (Table 1).

4. Discussion

With worldwide distribution of the Ixoxidae family tick vectors,
babesiosis is the second most common blood-borne disease of free
living animals [17]. Climate change may only be partly responsible
for the change in distribution of ticks but other local factors i.e.
new technology applied to crop production that has displaced cat-
tle industry towards tropical zones in the north of Argentina, have
t heterologous prime–boost immunization strategies against Babesia bovis
antigen. Vaccine (2016), http://dx.doi.org/10.1016/j.vaccine.2016.05.053
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Fig. 3. CD4+ T cells responses by heterologous prime–boost immunization. (A) and (B) Frequency of IFNc+ – CD4+ or TNFa+ – CD4+ T cells. Cells were labeled with anti CD4 –
FITC markers and stained intracellularly with an anti IFNc–APC and TNFa–PerCyP 5.5 antibodies. In all cases, a minimum of 350,000 events was acquired. Results are
expressed as mean ± SD. Unless noted, results indicated with asterisks were statistically significant ⁄⁄⁄p < 0.001 with one-way ANOVA and Bonferroni post-test. (C) and (D)
Numbers of antigen-specific IFNc+ – secreting CD4+ or TNFa-secreting CD4+ T cells per 106 splenocytes calculated from data of (A) and (B). Total viable cells/spleen were
calculated considering the number of viable lymphocytes obtained from FSC and SSC plots. The number of CD4+ – IFNc or CD4+ – TNFa+ cells were calculated from this value
and expressed per million splenocytes.
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also be taken into account. In this complex scenario, there is an
urgent need for effective and safer recombinant vaccines against
bovine tick-borne pathogens such as Babesia spp. but development
has proved unsuccessful so far.

Viral vectors have been established as an extremely safe and
efficient system for many vaccine developments in human
research and also became suitable for industrial scale production.
Thus, there is an obvious usefulness of these systems for novel vac-
cine approaches also in veterinary medicine.

In previous studies we have shown that an heterologous deliv-
ery regimen of a prime with a cocktail of three B. bovis recombinant
antigens (MSA-2c, RAP-1 and HSP20) and a boost with rMVA
induced a strong activation of CD4+ – IFNc+ antigen – specific T
cells and IgG2a antibodies the murine model [15]. The murine
model was used to evaluate immunogenicity of different prime–
boost schemes because the ease of its manipulation facilitates
the screening of putative vaccine candidates before their evalua-
tion in cattle.

In the present study, using the same model, we primarily
sought to assess whether the priming immunization with a novel
recombinant adenovirus carrying the MABbo multiantigenic
sequence could enhance the humoral immune response in compar-
ison with the previously used subunit – protein cocktail. In this
case and for practical reasons, we have cloned and expressed the
Please cite this article in press as: Jaramillo Ortiz JM et al. Evaluation of differen
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rMABbo antigen as a single polyprotein instead of the 3 separate
antigens used before.

As a first characterization of both new immunogens obtained
here, we have confirmed the rMABbo expression in the cytoplasm
of rAd – infected HEK 293A cells using antibodies against HSP20
(the third protein fragment in the chimera) indicating the complete
expression of the whole polyprotein after viral infection. We have
previously demonstrated the expression and conservation of
B – cell epitopes of rMABbo in rMVA infected cells [15].

Regarding the rMABbo protein, epitope conservation of the 3
protein fragments that compose this multi-antigen was confirmed
when antibodies against individual MSA-2c, RAP-1 or HSP20 pro-
teins recognized a unique band of 72 kDa corresponding to the
expected size of the full polyprotein. This result confirms that
immunodominant B – cell epitopes of the individual antigens kept
a proper folding and remained exposed even after the 3 gene frag-
ments were fused to yield a single polyprotein. To further confirm
this result, antibodies present in sera from natural or experimen-
tally B. bovis infected bovines recognized the same single band of
72 kDa in Western blot indicating that B – cell epitopes present
in B. bovis merozoites are maintained in the proper conformation
in the chimeric recombinant antigen. In addition to this, the
rMABbo could be expressed and purified with high yields, allowing
an adequate degree of purity for further uses.
t heterologous prime–boost immunization strategies against Babesia bovis
antigen. Vaccine (2016), http://dx.doi.org/10.1016/j.vaccine.2016.05.053
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Fig. 4. CD4+ T cells producing both INFc+ and TNFa+. (A) Frequency of CD4+ T cells
positive for the two cytokines 30 days after final immunization. (B) Numbers of
antigen-specific IFNc+ – TNFa secreting CD4+ T cells per 106 splenocytes calculated
from data of (A).
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In the immunization experiments, our results showed that the
differences between both priming agents were only in the propor-
tion of specific IgG2a isotypes and the amount of IFNc secreted by
spleen cells only in group I which was boosted 30 days after prim-
ing. The higher amount of secreted IFNc and the marked bias
against the IgG2a antibody subclass in the rAd – rMVA scheme
could be related to the fact that IFNc is involved in the murine
IgG2a class switch by B cells during pathogen elimination
[18–20]. This significant enhancement of the IgG2a antibody sub-
class production only in the viral vector scheme is encouraging
since previous experiences with subunit vaccines against B. bovis
in bovines that failed to protect against challenge showed a bal-
anced response between both IgG subclasses [21,22].

There are some previous reports on the neutralizing ability of
antibodies against each antigen that compose our chimeric
Table 1
Intervals comparison of both prime–boost immunization schemes. Animals from group I
endpoint time IgG ELISA and cellular immune response assays. R: IgG2a/IgG1 ratio.

Intervals between prime and boost rAd – rMVA

Log 10 IgG titers R IFNc (ng/mL)

Group I: 30 days 3.5 3 8***

Group II: 60 days 4 1.5 2.5

*** p < 0.001 with one-way ANOVA and Bonferroni post-test.

Please cite this article in press as: Jaramillo Ortiz JM et al. Evaluation of differen
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polyprotein. Murine and bovine antibodies directed against a
recombinant version of MSA-2c, significantly neutralized B. bovis
[23,24]. In the case of RAP-1, Norimine et al. have demonstrated
that bovine antibodies against the recombinant antigen did not
have any effect on merozoite replication [25]. Regarding HSP20,
there are no reports about the neutralization capacity of antibodies
against this antigen.

With regard to the characterization of T cell populations that
secreted Th1 cytokines, our results showed that neither the fre-
quency of CD4+ and CD8+ – T cells secreting only – IFNc or TNFa
nor polyfunctional cells secreting both cytokines showed signifi-
cant differences between the two heterologous vaccination
schemes used here.

Likewise, relative frequencies of mono and/or polyfunctional
CD8+ T cells per million splenocytes were similar to their CD4+

counterparts. This balanced CD4+/CD8+ T cell response was also
reported for adenoviral – MVA vaccines against malaria in pri-
mates and humans [26,27].

In bovine babesiosis, control of infection is mediated by
destruction of infected erythrocytes by splenic macrophages and
by neutralizing antibodies directed against extracellular mero-
zoites. Both of these immune mechanisms depend on CD4+ T cells
[1]. In this sense, relative frequencies of mono and polyfunctional
CD4+ T cells secreting Th1 cytokines obtained in both vaccination
schemes (between 0.5% and 1.8%) are encouraging with values
similar or even higher than what was previously reported for other
experimental vaccines using Ad –MVA coding for Plasmodium anti-
gens that showed promising efficacy after challenge [26,28]. In
murine leishmaniasis and human malaria, the proportions of
CD4+ T cells that are polyfunctional for IFNc, TNFa, and IL-2 have
been found to be a marker of the protective efficacy of the CD4+

T cell response [29,30].
Even though B. bovis is host-specific for bovines, the magnitude

and quality of the CD4+ response obtained by both vaccine
schemes in mice is promising for testing our candidates in the
bovine model. Correlations in terms of immunoresponsiveness
between both models are difficult to pose. For example, in contrast
with reports in bovines, in murine babesiosis, cellular immunity
but not gamma interferon is essential for resolution of Babesia
microti infection in BALB/c mice [31]. Other report shows an
increased susceptibility to murine babesiosis with age similarly
to what is observed in human or bovine babesiosis [32].

Previous attempts of vaccination against B. bovis in cattle using
protein-in-adjuvant formulations have been disappointing
[21,22,33]. Improvements in vaccine protection are clearly neces-
sary as well as the identification and optimization of a protective
immunological response.

Vaccination and challenge experiments in bovines followed by
detailed immunological characterization of mono and polyfunc-
tional antigen-specific T cells may allow to determine the thresh-
old level needed for significant efficacy.

In conclusion we have provided a detailed description of the
immunogenicity of adenovirus, poxvirus and adjuvant – protein
vaccination regimes in the murine model. The results obtained in
this study led us to propose that adenoviruses as well as the
were sacrificed at day 60 and animals from group II were sacrificed at day 120, for

rMABbo – rMVA

% CD4+ – IFNc Log 10 IgG titers R IFNc (ng/mL) % CD4+ – IFNc

1 3.5 1 2 0.9
0.002 3.5 1 2.1 0.0017

t heterologous prime–boost immunization strategies against Babesia bovis
antigen. Vaccine (2016), http://dx.doi.org/10.1016/j.vaccine.2016.05.053
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bacterially expressed multi-antigen are highly reliable primer
candidates that induce high percentages of CD4+ and CD8+ T cells
with a Th1 cytokine profile. Both priming agents showed similar
responses and deserve to be considered for future experiments in
cattle including challenge with B. bovis parasites, since bovines
are the only biological model to test protection against bovine
babesiosis.
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