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The apicomplexan tickborne parasites Babesia bovis and B. bigemina are the
major causative agents of bovine babesiosis, a disease that negatively affects
the cattle industry and food safety around the world. The absence of correlates
of protection represents one major impediment for the development of
effective and sustainable vaccines against bovine babesiosis. Herein we
superinfected cattle with attenuated and virulent strains of B. bovis to
investigate immune correlates of protection against acute bovine babesiosis.
Three 6-month-old Holstein calves were infected intravenously (IV) with the in
vitro culture attenuated Att-S74-T3Bo B. bovis strain (10° infected bovine red
blood cells (iRBC)/calf) while three age-matched Holstein calves were
inoculated IV with normal RBC as controls (10° RBC/calf). All Att-S74-T3Bo-
infected calves showed a significant increase in temperature early after
inoculation but recovered without treatment. Att-S74-T3Bo-infected calves
also developed: (a) monocytosis, neutropenia, and CD4" lymphopenia in
peripheral blood on days 3 to 7 post-inoculation; (b) significant levels of
TNFo, CXCL10, IFNy, IL-4, and IL-10 in sera at day 6 after infection; and (c)
IgM and 1gG against B. bovis antigens, starting at days 10 and 30 post-
inoculation, respectively. At 46 days post-Att-S74-T3Bo inoculation, all
experimental calves were infected IV with the homologous virulent B. bovis
strain Vir-S74-T3Bo (107 iRBC/calf). All Att-S74-T3Bo-infected calves survived
superinfection with Vir-S74-T3Bo without displaying signs of acute babesiosis.
In contrast, control animals showed signs of acute disease, starting at day 10
post-Vir-S74-T3Bo infection, and two of them were humanely euthanized at
days 13 and 14 after inoculation due to the severity of their symptoms. Also,
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control calves showed higher (P<0.05) parasite load in peripheral blood
compared to animals previously exposed to Att-S74-T3Bo. No significant
alterations in the profile of leukocytes and cytokines were observed in Att-
S74-T3Bo-inoculated after Vir-S74-T3Bo infection. In conclusion, data
demonstrate novel changes in the profile of blood immune cells and
cytokine expression in peripheral blood that are associated with protection
against acute bovine babesiosis. These identified immune correlates of
protection may be useful for designing effective and sustainable vaccines

against babesiosis in cattle.
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Introduction

Bovine babesiosis is an economically important tickborne
disease of cattle caused by apicomplexan hemoparasites of the
genus Babesia (1). Babesia bovis and B. bigemina are the primary
causative agents of the disease, and it is estimated that more than
500 million cattle are at risk of contracting the disease in tropical
and temperate endemic regions of the world (2-6). Pathogenesis
of acute bovine babesiosis is characterized by severe anemia,
fever, anorexia, and prostration, which may lead to death or
establishment of persistent infection in animals that survive the
acute phase of the disease. Acute B. bovis infection can also be
presented by adhesion of infected red blood cells (iRBC) in the
capillaries of the brain, liver, and lungs, among other vital
organs, a condition that resembles severe malaria, resulting in
high mortality (7, 8). Acaricides to decrease tick infestation, anti-
babesicidal drugs, and live attenuated B. bovis and B. bigemina
vaccines are the currently available control strategies against
bovine babesiosis. The use of acaricides can select for resistant
tick populations and cause toxicity for animals and environment
(9). Therapeutic drugs are expensive, unpractical for large herds
of cattle, and can also potentially lead to drug resistant parasites
(10-12). Live attenuated vaccine strains are relatively efficient
but are only used in some endemic areas due to several
constraints, including: (a) variable parasite attenuation for
naive adult animals and, consequently, the utilization of these
vaccines is usually restricted to young calves (<1-year old); (b)
risk to transmit contaminating blood-borne pathogens; (c) the
need of Babesia-naive calves to produce the attenuated vaccine
strains; (d) potential risk for reversion of virulence; (e)
vaccinated animals become carriers/reservoirs of Babesia and a
potential source for parasite tick acquisition/transmission; (f)
vaccine batch variation with implications on quality control; and
(g) the need for a cold chain for vaccine distribution and
administration (1, 13-15). Combined, these factors clearly
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illustrate that more efficient and sustainable strategies to
control bovine babesiosis are urgently needed.

It is well established that young cattle (<6 months of age) are
more resistant to acute bovine babesiosis than adults (>1-year
old animals) (16-18). The increased resistance of young animals
to Babesia infection is spleen-dependent and associated with
early activation of innate immune responses (19-22).
Specifically, protection against B. bovis is correlated with the
development of a pro-inflammatory phenotype that is initiated
by splenic myeloid cells, such as monocytes and dendritic cells,
which induces lymphocytes to produce IFNy (19, 21, 23).
Considering the role of splenic immune cells during B. bovis
infection, delay in producing IFNy with concomitant expression
of IL-10 is associated with progression of acute disease (19, 20).
Interestingly, cattle that survive the acute phase of babesiosis
caused by B. bovis become chronically infected and reservoirs for
tick acquisition but are protected against clinical disease upon
reinfection with related parasite strains (1, 14, 24, 25).
Collectively, these previous observations demonstrate that
protective immunity against Babesia parasites is achievable,
and a better understanding of this mechanism could help
towards developing effective vaccines against bovine babesiosis.

Following the genome sequencing of the B. bovis T2Bo strain
(26), a marked increase in understanding the parasite’s biology
has emerged from functional studies using genetically modified
parasites and high-throughput approaches (27-32). Therefore,
several novel parasite blood and tick stage antigens have been
discovered and evaluated in vaccine trials (31, 33-35).
Availability of genome sequences and development of genetic
tools for B. bovis also allowed the use of transfected parasites as a
delivery system for tick vaccine antigens (36, 37). Despite the
progress, an efficient subunit vaccine against B. bovis, or any
other Babesia spp., has not yet been achieved. This failure is
associated in part with the absence of well-defined immune
correlates of protection, which represents an important
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knowledge gap that has hampered the development of effective
and sustainable vaccines against babesiosis.

To address the knowledge gap on correlates of immune
protection against B. bovis, in this study, we investigated the
immune responses of cattle infected with the in vitro culture
attenuated non-tick transmissible B. bovis S74-T3Bo strain (Att-
S74-T3Bo) (37, 38). Development of protective immunity was
assessed by superinfecting Att-S74-T3Bo-inoculated animals
with the homologous virulent B. bovis S74-T3Bo strain (Vir-
S74-T3Bo). Att-S74-T3Bo-infected calves developed an early
significant monocytosis, neutropenia and CD4" lymphopenia
in peripheral blood. In addition, these animals showed a
balanced profile of pro- and anti-inflammatory cytokines in
peripheral blood and were fully protected against infection with
Vir-S74-T3Bo. By focusing on peripheral blood, herein we
identified novel immune correlates of protection that may
have implications for the development of anti-B. bovis vaccines.

Material and methods
B. bovis strains

The B. bovis strain S74-T3Bo, which originated from the
parental T2Bo strain (26), was used in this study. A batch of the
S74-T3Bo strain has been maintained in culture, under standard
conditions, as previously described (39), for more than 10 years.
This strain has been shown to be attenuated for cattle and non-
tick transmissible (37, 38), and consequently, termed Att-S74-
T3Bo in this present study. Stabilates with the homologous
virulent S74-T3Bo strain (Vir-S74-T3Bo), derived from
experimentally infected cattle, were used to infect calves, as
described in previous studies (19, 38, 40).

Att-S74-T3Bo and
Vir-S74-T3Bo infections

A group of three male Holstein calves, 6 months of age, were
inoculated intravenously (IV) with Att-S74-T3Bo iRBC (10°
iRBC/calf). Inoculum was prepared from a fresh parasite
culture. Another group of three male Holstein calves, 6
months of age, were inoculated IV with 10° normal RBC/calf
and served as controls. After inoculation, all animals were
monitored daily for signs of acute bovine babesiosis, including
temperature, packed cell volume (PCV), B. bovis load in
peripheral blood, and behavioral alterations. At day 46 after
Att-S74-T3Bo inoculation, infected and control calves were
infected TV with 107 Vir-74-T3Bo iRBC. This parasite dose has
been shown to induce severe acute disease in cattle in previous
studies (40-43). Following Vir-74-T3Bo infection, all calves were
monitored daily for clinical signs of acute bovine babesiosis, as
described above. All animal experiments were approved by the
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University of Idaho Institutional Animal Care and Use
Committee (IACUC protocol number 2020-51).

B. bovis real-time quantitative PCR

Parasite load in peripheral blood of animals after infection
was measured by real-time quantitative PCR (qPCR), as
previously described (42). Briefly, peripheral blood from
experimental animals was collected via jugular venipuncture
into Vacutainer® tubes containing ethylenediamine tetra acetic
acid (EDTA) (BD Company, Franklin Lakes, NJ) at several time-
points after infection. Total genomic DNA from whole blood
was extracted using the QIAamp® DNA Blood Mini Kit
(QIAGen, Valencia, CA) following the manufacture’s protocol.
Genomic DNA was used for qPCR to amplify the single copy B.
bovis msa-1 gene. For the msa-1 qPCR, specific primers (5’
gatgcgtttgcacatgctaag 3’ and 5° cgggtacttcggtgctctea 3°) and probe
(FAM 5’-cacgctcaagtaggaaattttgttaaacctgga-3 TAMRA) were
used following the assay conditions described elsewhere (42).

Indirect ELISA to B. bovis rhoptry
associated protein 1 C-terminal segment

The presence of antibodies in serum of infected animals
against the C-terminal segment of the immunodominant
antigen rhoptry associated protein 1 (RAP-1 CT) was evaluated
by indirect ELISA (iELISA), as previously described (44). Briefly,
peripheral blood was collected in Vacutainer® tubes with no
anticoagulant, and serum samples were obtained by standard
procedures. For iELISA, 96-well Immulon’™ 2HB microtiter
plates (Thermo Fisher Scientific, Waltham, MA) were coated
overnight at 4 °C with 50 pl of recombinant B. bovis RAP-1 CT
(2 pg/ml). Plates were then washed three times using 200 pl
blocking buffer (0.2% I-Block ™ in 1xPBS with 0.1% Tween 20)
and blocked with 300 pl of the same buffer for one hour at 30 °CC.
After blocking, bovine serum samples were diluted 1/10 in
blocking bufter, and 50 pl was added to triplicate individual
wells. Plates were incubated for one hour at 30 °CC and then
washed five times in 200 pl blocking buffer. After that, 50 ul of a 1/
1000 dilution of anti-bovine total IgG, IgGl, IgG2, or IgM
peroxidase labeled secondary antibodies (SeraCare, Milford,
MA) were added to each well, and plates were incubated for 45
minutes at 30 °CC. After incubation, plates were washed four
times using 200 pl blocking buffer and two times with 200 pl
1xPBS with 0.1% Tween 20. Fifty-five ul of SureBlue' " TMB
(SeraCare, Milford, MA) was then added to each well and plates
were incubated for 10 minutes. Reaction was stopped by adding
55 ul TMB stop solution (SeraCare, Milford, MA), and absorbance
was measured at 450 nm using the SpectraMax® 190 plate reader
(Molecular Devices, San Jose, CA). Average values with standard
deviations were then calculated and plotted to a chart.
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Immunoblot

The presence of anti-B. bovis antibodies after infection was
also examined by immunoblot. Briefly, total antigens (2 pg/lane)
from uninfected bovine RBC, Att-S74-T3Bo iRBC (2%
percentage of parasitized erythrocytes, PPE), or Vir-S74-T3Bo
iRBC (2% PPE) were ran through 4-20% Tex™ gels (Bio-Rad
Laboratories, Hercules, CA). Antigens were then transferred to
nitrocellulose membranes using iBlot ™ (Invitrogen, Waltham,
MA), and the membranes were blocked in 5% milk overnight.
Membranes were then washed one time in 1xPBS with 0.1%
Tween 20 (PBS-T) and incubated with a 1/50 dilution of bovine
serum in 5% milk for one hour rocking at 30 °CC. After that,
membranes were washed three times using PBS-T and incubated
with a 1/1000 dilution of anti-bovine IgG peroxidase labeled
secondary antibodies (SeraCare, Milford, MA) in 5% milk for 30
minutes rocking at 30 °CC. Membranes were then washed again
three times in PBS-T and sprayed with WesternBright® ECL-
spray (Advansta, San Jose, CA). Visualization of immune
complexes was performed using the Azure'™ Imaging System
(Azure Biosystems, Dublin, CA).

Blood cell count

Cell blood count was evaluated in all experimental animals
after B. bovis infection using the ProCyte One"™ Hematology
Analyzer (IDEXX Laboratories, Westbrook, ME). Peripheral
blood from the experimental animals was collected at several
time-points after infection, as described above into Vacutainer®
tubes containing EDTA (BD Company, Franklin Lakes, NJ).
After collection, whole blood samples were homogenized for 5
minutes and the numbers of total leukocytes, lymphocytes,
monocytes, neutrophils, RBC, and reticulocytes were
measured. Results of each leukocyte population are presented
as 1,000 cells/ul of blood, and RBC and reticulocyte are shown as
1,000,000 cells/ul of blood.

Phenotype of peripheral blood
mononuclear cells by flow
cytometric analysis

Peripheral blood from all experimental animals was
collected at several time-points after infection in Vacutainer®
tubes containing EDTA. Peripheral blood mononuclear cells
(PBMC) were isolated using Histopaque®-1077 (Sigma, St.
Louis, MO), as per a standard protocol. Cells were then
labeled with monoclonal antibodies to surface markers (Table
S1), followed by secondary antibodies (Table S2) using standard
flow cytometry protocols, as previously described (45). Flow

cytometric analysis was performed using the Guava®
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easyCyteTM flow cytometer (Luminex, Austin, TX), and data

. . ™ ™ .
were acquired using the InCyte ~ guavaSoft ~ software version
3.1.1 (Luminex, Austin, TX). A single-color panel was used for
phenotyping CD14" monocytes, CD335" NK cells, CD4" T cells,
CD8" T cells, ¥8 T cells, and B cells in PBMC. A minimum of
20,000 events were collected for each cell population. After
el . ™ .
acquisition, data were analyzed using FCS Express , version 6
(DeNovoTM Software, Pasadena, CA). Results are presented as
percentage of target cell populations in PBMC.

Cytokine measurements

Concentration of cytokines in serum from infected animals
was measured by ELISA. Bovine IFNYy was assessed by a single-
metabolite assay (Bio-Rad Laboratories, Hercules, CA) following
the manufacture’s protocol, using the SpectraMax® 190 plate
reader (Molecular Devices, San Jose, CA). Results for I[FNy are
presented as pg/ml and minimal detectable level was 25 pg/ml.
Bovine IL-1p, IL-4, IL-6, IL-8, IL-10, CXCL10, and TNFo. were
evaluated by MILLIPLEX® Bovine Cytokine/Chemokine
Magnetic Bead (Millipore-Sigma, Burlington, MA) following
the manufacture’s protocol. Minimal detectable levels were as
follows: 0.1 pg/ml IL-1p3, 12.8 pg/ml IL-4, 2.6 pg/ml IL-6, 2.2 pg/
ml IL-8, 0.96 pg/ml IL-10, 0.6 pg/ml CXCL10, and 12.8 pg/ml
TNFo. Standard curves and quality controls for each cytokine in
the multiplex assay were prepared following the manufacture’s
protocol. The 1X-200"™ instrument (Luminex, Austin, TX) was
used for the multiplex analysis. Data acquisition was done by
xPONENT® software (Luminex, Austin, TX), and results were
analyzed by Belysa® software (Millipore-Sigma,
Burlington, MA).

Data analysis

Graphpad Prism software version 9 (GraphPad Software,
San Diego, CA) was used for data analysis and to generate
graphs. Results of temperature, PCV, parasite load, percentage of
cells in blood, percentage of PBMC, and cytokines in serum are
shown as mean and standard deviation of experimental and
control samples. Means were compared with a two-tailed ¢ test,
and a P value of <0.05 was considered significant.

Results
Att-S74-T3Bo B. bovis infection of cattle
We have previously shown that the Att-S74-T3Bo B. bovis

strain has an attenuated phenotype in cattle, and it is not tick
transmissible (37, 38). However, no previous experiments have
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been performed to investigate the ability of this strain to induce a
protective immune response in cattle against experimental
infection with a virulent B. bovis strain. Therefore, as a
starting point of our study, we systematically defined the
characteristics of the Att-S74-T3Bo acute infection in cattle. A
group of three calves was inoculated IV with 10° iRBC and
monitored daily for signs of acute bovine babesiosis. Att-S74-
T3Bo-inoculated animals showed mild but significant (P<0.05)
elevation of temperature on days 6 (39.2 °CC [+0.41]) and 7
(39.1 °CC [£0.34]) post-infection compared to uninfected
control calves (Figure 1A). Concomitantly, infected animals
had decreased PCV on days 6 to 10 after infection; however,
no statistical significance was observed compared to control
animals (Figure 1B). Peak of parasite load (approx. 5x10°
parasites/100 ul of blood) occurred at day 6 after Att-S74-
T3Bo inoculation. Parasite DNA was then intermittently
detected from days 12 to 30 post-inoculation (Figure 1C).
Despite the increase in temperature, drop in PCV, and
parasitemia, the Att-S74-T3Bo-infected calves did not develop
additional signs of acute babesiosis, such as anorexia and
neurological symptoms, and were able to control acute
infection, transitioning to subclinical infection without the
administration of anti-pyretic or babesicidal therapeutics.
Collectively, results confirmed that the Att-S74-T3Bo B. bovis
strain establishes infection in calves, which is characterized by
moderate parasite replication in peripheral blood, significant
increase in temperature, and marginal drop in PCV.

Cattle infected with Att-S74-T3Bo B.
bovis are protected against Vir-S74-T3Bo

After demonstrating that Att-S74-T3Bo infected calves without
causing severe acute disease, we further investigated whether these
animals were protected against the homologous virulent strain Vir-
S74-T3Bo. To test this proposition, Att-S74-T3Bo-inoculated and
control calves were infected IV with 107 Vir-S74-T3Bo iRBC at day
46 after the Att-S74-T3Bo infection. All animals were monitored
daily for clinal signs of acute bovine babesiosis and parasite load in
peripheral blood. A significant increase (P<0.05) in temperature,
combined with a marked drop in PCV, was observed in all three
control animals starting at day 11 after Vir-S74-T3Bo infection
compared to the calves previously inoculated with Att-S74-T3Bo
(Figures 2A, B). Following the regulations of the approved IACUC
protocol, two calves in the control group were humanely euthanized
at days 13 and 14 after Vir-S74-T3Bo infection due to the severity of
the acute disease. Temperature of the control calf that did not
succumb to acute disease returned to physiological levels around
day 16 post-infection; however, the animal’s PCV values remained
low until day 21 after infection (Figure 2B). No significant
alterations in temperature and PCV were observed in the calves
previously infected with Att-S74-T3Bo (Figures 2A, B). Parasite
load in Att-S74-T3Bo-infected calves reached a peak of 5x10° copies
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of B. bovis msa-1/100 pl of blood at day 9 after Vir-S74-T3Bo
superinfection, and then it was intermittently detected until 45 days
post-superinfection when the experiment was terminated
(Figure 2C). In contrast, control animals showed a significant
increase (P<0.05) in parasite load starting at day 10 after Vir-S74-
T3Bo infection, which peaked at day 13 post-infection
(approximately 10° copies of B. bovis msa-1/100 pl of blood). The
control calf that survived acute disease exhibited a decrease in
parasite load to approximately 10*-10° copies of B. bovis msa-1/100
ul of blood, starting at day 15 post-Vir-S74-T3Bo infection
(Figure 2C). Altogether, results demonstrate that calves previously
infected with Att-S74-T3Bo were fully protected against the virulent
homologous strain Vir-S74-T3Bo.

Alterations in peripheral blood cells of B.
bovis-protected cattle

The observation that Att-S74-T3Bo infection protects cattle
against a homologous virulent strain prompted us to investigate
alterations in blood cells in the protected animals (Figure 3). Despite
a marginal decreased in total leukocytes and lymphocytes at day 3
after Att-S74-T3Bo infection, and subsequently through days 10
and 14 after Vir-S74-T3Bo infection in control animals, no
significant alterations were observed in these cell populations
among experimental animals (Figures 3A-D). In contrast, data
demonstrated a significant (P<0.05) monocytosis on days 7 and 10
post-Att-S74-T3Bo infection (Figure 3E). No alterations in
monocytes were detected in Att-S74-T3Bo-inoculated calves after
superinfection; however, the one control animal that survived Vir-
S74-T3Bo infection showed an increase of monocytes starting at
day 16 after infection (Figure 3F). A significant decrease in
neutrophils in peripheral blood was observed starting at day 3
post-Att-S74-T3Bo inoculation, which returned to physiological
levels at day 10 post-infection (Figure 3G). Neutrophils also
decreased significantly in the control animals starting at 12 days
after Vir-S74-T3Bo infection, but no alterations were detected in
Att-S74-T3Bo-inoculated animals post-Vir-S74-T3Bo
superinfection (Figure 3H). Att-S74-T3Bo infection did not alter
the total number of RBC (Figure 31), confirming our observation of
the absence of significant changes in PCV after infection. On the
other hand, control animals developed a dramatic and significant
decrease in the number of RBC starting at day 12 after Vir-S74-
T3Bo infection (Figure 3]). No significant changes in the absolute
numbers of reticulocytes after infections with Att-S74-T3Bo and
Vir-S74-T3Bo were observed, except for the one control calf that
survived Vir-S74-T3Bo infection that showed a peak of reticulocytes
at day 18 post-infection (Figures 3K, L). Combined, these results
demonstrate significant alterations of monocytes and neutrophils in
peripheral blood starting at day 3 after Att-S74-T3Bo infection. No
significant changes were observed in blood cells of the protected
Att-S74-T3Bo-inoculated animals after superinfection with Vir-
S74-T3Bo. Interestingly, the control calf that did not succumb to
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Vir-S§74-T3Bo infection developed a similar but delayed pattern of
alterations for neutrophils and monocytes compared to protected
Att-S74-T3Bo-infected animals.

Phenotypic changes in PBMC
following Att-S74-T3Bo and Vir-S74-
T3Bo infections

After showing significant alterations in monocytes and
neutrophils in whole blood of protected calves, we investigated
in more details the dynamics of PBMC populations in Att-S74-
T3Bo-infected animals following Vir-S74-T3Bo superinfection.
To that end, we used flow cytometric analysis to examine the
percentage of CD4" T cells, CD8" T cells, ¥ T cells, B cells, NK
cells, and monocytes in PBMC during acute infection with Att-
S74-T3Bo following superinfection with Vir-S74-T3Bo
(Figure 4). Flow cytometry results of PBMC stained for CD4"
T cells, CD8" T cells, 0 T cells, B cells, NK cells, and monocytes
from a representative uninfected calf are presented in Figure 4A.
Calves infected with Att-S74-T3Bo developed a moderate but
significant lymphocytopenia of CD4" T cells at day 7 post-
infection (Figure 4B). No alterations in CD8" T cells, Y3 T cells, B
cells, and NK cells were observed after Att-S74-T3Bo inoculation
(Figure 4B). Percentage of monocytes in PBMC increased
significantly in Att-S74-T3Bo-infected calves at day 7 post-
infection compared to controls (Figure 4B), confirming our
previous results in whole blood. No significant alterations were
detected in CD4" T cells, CD8" T cells, y' 5 T cells, B cells, and
monocytes after Vir-S74-T3Bo infection (Figure 4C). A
significant decrease in NK cells at day 9 after Vir-S74-T3Bo
infection was observed in control calves in comparison to Att-
S74-T3Bo-inoculated animals (Figure 4C). As demonstrated in
whole blood, the calf that survived Vir-S74-T3Bo infection
presented a marked increase of monocytes in PBMC; however,
this alteration was delayed compared to the Att-S74-T3Bo-
inoculated animals and occurred at day 15 post-Vir-S74-T3Bo
infection (Figure 4C). In summary, data demonstrated early
monocytosis combined with decrease of neutrophils and CD4" T
cells in peripheral blood of Att-S74-T3Bo-inoculated calves that
were protected against Vir-S74-T3Bo. In addition, the control
calf that survived infection did present monocytosis and
neutropenia late after Vir-S74-T3Bo inoculation compared to
Att-S74-T3Bo-inoculated protected animals.

Protective immune responses following
Att-S74-T3Bo infection

After demonstrating alterations in the profile of blood cells
following infections with Att-S74-T3Bo and Vir-S74-T3Bo, we
investigated the immune responses induced in Att-S74-T3Bo-
inoculated protected animals. Immunoblot results indicated that
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all three Att-S74-T3Bo-infected animals developed IgG
antibodies to parasite antigens (Figure S1). Immunoblot data
also showed that no antibodies to B. bovis antigens were detected
in serum of the control calves 14 days after Vir-S74-T3Bo
infection, when all three animals were exhibiting marked signs
of acute babesiosis and two of them were euthanized due to the
severity of the disease (Figure S1). In fact, antibodies to parasite
antigens were detected in serum of the control calf that survived
Vir-S74-T3Bo infection only at day 21 post-inoculation, by the
time that acute disease had been resolved. iELISA was performed
using the immune dominant B. bovis RAP-1 CT as antigen to
investigate the level of IgM, total IgG, IgG1, and IgG2 after Att-
§74-T3Bo and Vir-S74-T3Bo infections. Data demonstrated
detectable levels of anti-RAP-1 CT IgM in all three Att-S74-
T3Bo-infected animals starting at 10 days post-infection
(Figure 5A). After that, the levels of IgM remained marginal
and peaked dramatically again at day 21 after Vir-S74-T3Bo
superinfection (67 days after Att-S74-T3Bo infection). Levels of
total IgG and IgG1 against RAP-1 CT showed a sharp increase
starting at day 30 after Att-S74-T3Bo infection, and it remained
at those levels until the end of the experiment at 21 days post-
Vir-S74-T3Bo superinfection (Figures 5B, C). Comparatively,
anti-RAP-1 CT IgG2 levels were lower than IgG1, and one Att-
S74-T3Bo-infected animal developed only marginal levels of this
immunoglobulin subclass (Figure 5D). Noteworthy, no boost
effect was observed in the levels of anti-RAP-1 CT IgG after Vir-
S74-T3Bo superinfection. No presence of IgM, total IgG, IgGl,
and IgG2 to RAP-1 CT were detected in control calves in the first
14 days after Vir-S74-T3Bo infection (Figure 5), confirming our
immunoblot results described above. In fact, the control calf that
survived Vir-S74-T3Bo infection developed only minimal levels
of IgM and IgG starting at day 21 after inoculation when the
symptoms of acute disease had been resolved (Figures 2, 3, 5).
Next, we evaluated the presence of soluble polypeptides for
IFNy, IL-1B, IL-4, IL-6, IL-8, IL-10, CXCL10, and TNFo in
serum of animals following infections with Att-S74-T3Bo and
Vir-S74-T3Bo (Figure 6). Quantitative analysis revealed
significant levels of the pro-inflammatory cytokines TNFao,
IFNy, and CXCL10 at day 6 after Att-S74-T3Bo infection
compared to uninfected control animals (Figure 6A). Also, the
Att-S74-T3Bo-infected calves developed significant levels of IL-
10 at days 3 and 6 post-infection, and IL-4 at day 12 post-
infection (Figure 6A). IL-6 and IL-8 were not detected in sera
from Att-S74-T3Bo-infected animals (data not shown). No
significant differences were found in the levels of TNFa,
CXCL10, and IFNY after infection with Vir-S74-T3Bo, despite
the slightly higher concentration of these cytokines in serum
from calves previously inoculated with Att-S74-T3Bo compared
to controls (Figure 6B). No significant levels of IL-10 were
detected in Att-S74-T3Bo-infected and control animals after
Vir-S74-T3Bo infection, except for an increase of this cytokine in
control calves at 13 days post-infection, at the time two control
animals were euthanized due to the severity of acute disease
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Kinetics of peripheral blood mononuclear cells (PBMC) after infections with the in vitro culture attenuated B. bovis strain Att-S74-T3Bo and the
virulent B. bovis strain Vir-S74-T3Bo. Flow cytometric analysis showing PBMC from a normal, uninfected representative calf stained for CD4* T
cells, CD8" T cells, y8 T cells, CD14" monocytes, and CD335" natural killer cells (NK) (A). Kinetics of CD4™ T cells, CD8" T cells, y8 T cells, B
lymphocytes, CD14* monocytes, and CD335" NK cells after Att-S74-T3Bo infection (B). Kinetics of CD4" T cells, CD8" T cells, ¥8 T cells, B
lymphocytes, CD14" monocytes, and CD335" NK cells following Vir-S74-T3Bo infection (C). Att infected animals (n=3). Control animals (n=3;
two animals of the control group were humanely euthanized at days 13 and 14 after Vir-S74-T3Bo inoculation due to the severity of the

disease). * P<0.05

(Figure 6B). Interestingly, Att-S74-T3Bo-inoculated animals
showed significant levels of IL-4 at days 3 and 6 post-Vir-S74-
T3Bo infection compared to controls (Figure 6B). No detectable
levels of IL-6 and IL-8 were found in sera after Vir-S74-T3Bo
infection (data not shown). Altogether, these data indicate that
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levels of IFNY, IL-1B, IL-4, IL-6, IL-8, IL-10, CXCL10, and TNFo
was observed in peripheral blood after Vir-S74-T3Bo infection
by comparing Att-S74-T3Bo-inoculated and naive
control animals.

Discussion

The absence of well-defined immune correlates of protection
and proper understanding of babesiosis pathogenesis are
considered important aspects that hinder the development of
effective vaccines against Babesia parasites. In this study we
addressed these knowledge gaps by using cattle, the natural host
of B. bovis. By infecting calves with the in vitro culture
attenuated B. bovis strain Att-S74-T3Bo, followed by
superinfection with the homologous virulent strain Vir-S74-
T3Bo, we identified novel correlates of protection against acute
babesiosis and revealed critical aspects of the infection caused by
attenuated and virulent parasites. After Att-S74-T3Bo
inoculation, we observed signs of acute infection in all calves
characterized by marginal clinical signs and a marked increase in
monocytes with concomitant decrease in neutrophils and CD4"
T cells in peripheral blood. These alterations in the kinetics of
monocytes, neutrophils, and CD4" T cells coincided with a
significant increase in serum concentration of TNFa, IFNY,
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CXCL10, and IL-10 early after infection. Data indicate that
infection with this attenuated B. bovis strain elicited both
innate and acquired immune responses, which protected the
animals against superinfection with a homologous virulent
strain. In Figure 7, we provide a synopsis of the present data
and propose a model for the immunological and clinical events
following Att-S74-T3Bo infection in naive cattle (Figure 7A),
Vir-S74-T3Bo superinfection in Att-S74-T3Bo-protected cattle
(Figure 7B), and Vir-S74-T3Bo infection in naive cattle
(Figure 7C). Collectively, the results demonstrate that Att-S74-
T3Bo infection induces early activation of immune responses,
corroborating and expanding results from previously published
studies in B. bovis (19-22).

Cells of the monocyte/macrophage linage have been shown
to play an important role in protection against apicomplexan
parasites, such as Babesia spp. and Plasmodium spp., among
other parasite species (46-49). The present data reinforce this
concept, considering the pronounced monocytosis in Att-S74-
T3Bo-infected calves that were protected against superinfection
with a homologous virulent parasite strain. Even though the
early monocytosis observed in peripheral blood of protected
animals is novel, it is important to highlight that this is in
agreement with previous results in the bovine spleen and
underscores the importance of early activation of myeloid cells
in the development of protective immune responses against B.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1045608
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Bastos et al.

10.3389/fimmu.2022.1045608

A
004 TNFa  « 15000 CXCL10
1500 B
10000 - Att-infected animals
£ 1000+ g ©  Control animals
a Q
5000
500
0 T T T T 0
0 3 6 12 18 0 3 6 12 18
Days post-Att-S74-T3Bo infection Days post-Att-S74-T3Bo infection
w09 JFNy 01 L4 01 L10 &
600 * 600
400 *
%, 400 %, %, 400
o a Q *
200
200 200
0 AI T T * ;I T 0 0
0 3 6 12 18 0 3 6 12 18 0 3 6 12 18
Days post-Att-S74-T3Bo infection Days post-Att-S74-T3Bo infection Days post-Att-S74-T3Bo infection
B
2000, TNFa 20001 CXCL10
1500 1500
E - - i
gg 10004 § o0 Att-infected animals
T Control animals
500 500
0- 0
0 3 6 13 0 3 6 13
Days post-Vir-S74-T3Bo infection Days post-Vir-5§74-T3Bo infection
8004 |FNy 15004 |L-10
600+
1000
E
& 400
o
$00
2004
o . 0

T T T
0 3 6 13

Days post-Vir-S74-T3Bo infection

0
Days post-Vir-S74-T3Bo infection

FIGURE 6

3

0 3 6 13
Days post-Vir-S74-T3Bo infection

6 13

Presence of TNFa, CXCL10, IFNy, IL-4, and IL-10 in peripheral blood of cattle infected with the in vitro culture attenuated B. bovis strain Att-S74-T3Bo
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control group were humanely euthanized at days 13 and 14 after Vir-S74-T3Bo inoculation due to the severity of the disease). * P<0.05.

bovis (19, 23). The functional relevance of the observed
monocytosis in peripheral blood is currently unknown;
however, we speculate that a host and/or parasite factor(s)
may induce monocytopoiesis in the bone marrow early during
infection. Subsequently, these monocytes may migrate from the
bone marrow to the peripheral blood and then to the spleen,
playing a role as phagocytic cells and a source of cytokines and
oxidation reagents that control parasite growth. Noteworthy, the
one control calf that did not succumb to Vir-S74-T3Bo infection
also developed neutropenia and monocytosis starting at days 10
and 16 post-infection, respectively, indicating a delay compared
to protected Att-S74-T3Bo-inoculated animals. Also, an
interesting result of our study was the CD4" T cell
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lymphopenia observed at day 7 after Att-S74-T3Bo infection.
It is possible that after infection, CD4" T cells migrate from
peripheral blood to the spleen, a major organ during infection
with blood pathogens, such as Babesia (50-52). This recruitment
of CD4" T cells to the spleen early after infection may be
important, considering that this T cell population is associated
with protection against Babesia infection (22, 53). We observed
no alterations in CD8", 3, and B cells in peripheral blood after
Att-S74-T3Bo and Vir-S74-T3Bo infections. Our results on the
dynamics of CD4" and CD8" T cells after B. bovis infection differ
from previous observations following infection with an in vitro
culture attenuated B. bigemina strain (54). This discrepancy may
be due to differences in the pathogenesis of babesiosis caused by
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B. bovis and B. bigemina, and/or distinct biological
characteristics of the attenuated parasite strains used in the
two studies. In addition, we found that increase in B. bovis
parasite load did not affect the number of reticulocytes in
peripheral blood, despite the reduction of RBC in infected
animals. This contrasts with data showing that high
parasitemia of B. microti in vivo in peripheral blood is
prevented by an increase in the number of reticulocytes,
underlining a significant biological difference between B. bovis
and B. microti (53, 55).

Initial innate immune events elicited by encountering
Babesia parasites may define the magnitude, quality, and
outcome of the infection. It has been previously described that
early activation of innate immune responses in the spleen is
associated with protection against acute bovine babesiosis (19-
22, 56, 57). Here, we demonstrated that Att-S74-T3Bo infection
induces alterations in innate immune myeloid and lymphoid
cells in peripheral blood, eliciting significant levels of the pro-
inflammatory cytokines TNFo,, CXCL10, and IFNY in sera as
early as 3 days post-infection. Interestingly, the regulatory
cytokines IL-10 and IL-4 were also detected during acute
infection with Att-S74-T3Bo, which implies that this
attenuated strain induced protective responses characterized
by a balanced profile of pro- and anti-inflammatory cytokines
in peripheral blood. Considering the absence of significant
expression of pro-inflammatory cytokines in sera of naive
animals infected with Vir-S74-T3Bo compared to calves
inoculated with Att-S74-T3Bo, it is possible to speculate that
virulent B. bovis parasites may sabotage the bovine immune
system, as previously demonstrated in the mouse model during
B. microti infection (58). This premise is also supported by the
lack of alterations in the kinetics of immune cells and the
absence of antibodies to B. bovis antigens after infection of
naive animals that either succumbed to acute infection or
survived the acute phase of the disease. In that context, it is
also possible to infer that there is currently no evidence that the
cattle immune system is involved in the pathogenesis of acute
bovine babesiosis caused by B. bovis. This potential escape from
and/or downregulation of the immune system provoked by
virulent B. bovis contrasts with findings in other apicomplexan
parasites that induce overwhelming responses that are associated
with immunopathogenesis (45, 59-61). Further studies are
needed to understand the molecular components of virulent B.
bovis, in comparison to attenuated strains, that may be
responsible for subverting the immune system of cattle,
leading to delayed immune responses and pathogenesis.

Attenuation of Babesia parasites by in vitro cultivation has
been demonstrated before (54, 62-64), and we have previously
reported that the in vitro culture attenuated B. bovis strain Att-
S74-T3Bo is a non-clonal parasite line with lower genetic
diversity compared to its homologous virulent strain (38). This
genetic alteration in Att-S74-T3Bo has likely occurred during
the long-term in vitro cultivation period of this strain and may
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be responsible for its attenuated phenotype; however, the actual
mechanism of attenuation remains unknown. The present study
demonstrates that animals inoculated with Att-S74-T3Bo
developed mild signs of acute disease and a significantly lower
parasitemia compared to naive animals infected with Vir-S74-
T3Bo. Yet, this observation cannot solely explain the attenuated
phenotype of the strain, considering the alterations in immune
blood cells and elicitation of immune responses following Att-
S74-T3Bo infection. In previous studies, we showed that cattle
infected with either 2x10® or 107 Att-S74-T3Bo parasites
presented mild signs of acute disease and recovered without
treatment (37, 38). Here in the present work, we demonstrated
that calves infected with a lower parasite dose (10° iRBC/calf)
were not only infected but also developed protective immune
responses against a homologous virulent B. bovis strain. Even
though the attenuated phenotype of Att-S74-T3Bo has been
confirmed by our work, additional studies are needed to
investigate the molecular genetic mechanisms involved in
attenuation of this strain compared to homologous and
heterologous virulent parasites. Such mechanisms may involve
the ability of virulent parasites to adhere to capillaries of
vertebrates and/or express immune modulators. Also, it
remains to be determined why naive animals do not respond
or present a delayed response to virulent B. bovis parasites. The
relevance of this question is highlighted in our study where two
naive control animals that succumbed to acute disease on days
13 and 14 post-Vir-S74-T3Bo infection showed no alterations in
the level of immune cells and cytokine profile compared to
animals previously infected with attenuated parasites.

It has been demonstrated that antibodies against B. bovis
antigens can neutralize the parasite growth in vitro and that
passive transfer of sera from immune animals can protect naive
cattle from acute babesiosis (65-68). However, it is still unclear if
the humoral immune response plays a role in protecting naive
animals from clinical signs of acute disease during primary
infection. Here we show that all three naive control calves
developed severe acute disease, while two of them succumbed
to acute infection, the third survived Vir-S74-T3Bo infection.
Considering that the control calf that was able to control acute
disease after Vir-S74-T3Bo inoculation without developing
detectable antibodies, it is reasonable to speculate that
humoral immune response is not essential for protection
against a primary infection with a virulent parasite strain. Yet,
it is possible that antibodies may play a critical role in protection
against development of acute disease upon reinfection, as
demonstrated in our study where Att-S74-T3Bo-infected
calves, which developed significant levels of antibodies to
parasite antigens, where fully protected against Vir-S74-T3Bo.
The absence of significant alterations in the kinetics of immune
cells and in the profile of cytokine expression in Att-S74-T3Bo-
infected animals after Vir-S74-T3Bo superinfection also suggests
that antibodies may play a role in protection upon reinfection.
Additional studies are needed to evaluate the importance of the
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humoral immune response during primary and subsequent
infections with B. bovis, and to identify novel antigens and/or
epitopes that may be relevant for the elicitation of
protective antibodies.

Understanding the immunological mechanisms induced by
infection with attenuated B. bovis strains that protect cattle
against acute disease upon primary infection and subsequent
exposure to the parasite is critical to reveal immune correlates of
protection and mechanisms of pathogenesis. This knowledge
may lead to the rational design of vaccines to control bovine
babesiosis. In that respect, based on the present data, we
conclude that calves infected with Att-S74-T3Bo develop early
activation of immune responses characterized by monocytosis,
neutropenia, lymphopenia of CD4" T cells, and a balanced
expression profile of pro- and anti-inflammatory cytokines in
peripheral blood (Figure 7). Strikingly, Att-S74-T3Bo-infected
animals were protected against Vir-S74-T3Bo. Therefore, the
immunological alterations in peripheral blood presented in this
study can be considered correlates of protection against bovine
babesiosis caused by B. bovis. The identification of novel
immune markers of protection against B. bovis acute infection
represents a step forward in our understanding of the protective
mechanisms involved in bovine babesiosis. Based on the results,
we propose that prospective vaccine trials should focus on live
attenuated parasites, genetically modified live parasites, Babesia
antigens, and novel adjuvants to induce early activation of
myeloid cells, such as monocytes and neutrophils, and CD4" T
cells. In addition, future anti-Babesia vaccine evaluations should
consider the development of a balanced profile of pro- and
regulatory cytokines, especially TNFo, CXCL10, IFNy, IL-10,
and IL-4 in peripheral blood as a correlate of protection against
acute disease. Considering the development of protective
immunity in calves after infection with Att-S74-T3Bo, further
investigations are needed to address the potential efficacy of this
attenuated strain in preventing acute babesiosis in highly
susceptible adult cattle and in eliciting protection against
heterologous strains of B. bovis. Collectively, the findings of
this study are relevant and represent a significant step toward the
development effective vaccines against bovine babesiosis.
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