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| 1. Tick-Borne Hemoparasites and Interactions with Hosts

Ticks are considered to be second, worldwide, to mosquitoes as vectors of human diseases, but they are the most
important vectors of disease-causing pathogens in domestic and wild animals 2. Awareness on the impacts of tick-
borne diseases is increasing &, and they constitute a significant number of emerging infectious diseases .

The family Anaplasmataceae (order Rickettsiales) contains the tick-transmitted genera Anaplasma and Ehrlichia,
infectious agents of companion, domestic and wildlife species, as well as of humans [2l.

Anaplasma spp. is an obligate intracellular pathogen living inside host cells, protected from the host immune system.
Anaplasma marginale, one of the most widespread pathogens of this genus, is the aetiologic agent of cattle
anaplasmosis, a disease severely affecting the cattle industry 8. The inflammatory disease results from the harmful
response elicited by the host and it includes fever, anemia, weight loss, abortion, reduced milk production and,
sometimes, death . The zoonotic agent Anaplasma phagocytophilum, differently from A. marginale, does not replicate in
erythrocytes but in circulating mature granulocytes and endothelial cells, causing high fever and leukopenia [&l.

Ehrlichia spp. is an animal and human pathogen with public health importance . The main Ehrlichia species with
recognized zoonotic potential are Ehrlichia chaffeensis and Ehrlichia ewingii 19. Ehrlichia species infect endothelial cells
and white blood cells B9 and are able to survive in phagocytes, evading the immune response of the host and
reprogramming the host cell defense mechanisms U2 £ chaffeensis, one of the most investigated species, especially
infects monocytes/macrophages, where it resides in an early endosome. E. chaffeensis survives in the host cell by
inhibiting the fusion of phagosome and lysosome to evade destruction by lysosomal enzymes 13l Both an excessive
immune response against E. chaffeensis as well as a weak response in immunocompromised patients lead to a severe
disease.

Rickettsia genus (family Rickettsiaceae, order Rickettsiales) includes an expanding number of species differing in
antigenic and microbiological characteristics, ecology, distribution pathogenicity and association with arthropod hosts.
Rickettsia species are traditionally classified into the Spotted Fever Group and the Typhus Group, with most of the known
species belonging to the former 141 At the site of arthropod inoculation, a localized rickettsial infection may be present as
an eschar (“tache noir”). Following this, endothelial cells represent the primary targets for rickettsia infection since one of
the main pathologic effects of rickettsial infection is increased vascular permeability. Disseminated infection may result in
severe vasculitis and endothelial damage 12,

Among tick-borne protozoa, piroplasms of Babesia and Theileria genera are widespread pathogens causing economic
losses worldwide. Babesia spp. (order Piroplasmida, family Babesidae) infects and multiplies inside erythrocytes, resulting
in red blood cell lysis (81, More than one hundred Babesia species exist and are able to infect a wide range of vertebrate
hosts. In particular, cattle babesiosis, mainly due to Babesia bovis and Babesia bigemina, causes relevant economic
losses in several countries. Infections with Babesia are also common in wild animals, although usually subclinical &2,
Babesiosis is also a zoonosis of increasing importance 2829 |nfected hosts are able to develop immunity towards
Babesia species, involving both humoral and cellular factors 181,



Theileria spp. (order Piroplasmida, family Theileridae) infects leukocytes at the sporozoite stage. Inside leucocytes,
sporozoites multiply by merogony and then schizonts develop in merozoites that are released and invade red blood cells,
forming piroplasms 29, Theileria species infect domestic and wild animals; they can be gathered into schizont
“transforming” or “non-transforming” species. Transforming parasites include species responsible for severe disease—
among these are Theileria annulata (agent of tropical theileriosis) and Theileria parva (agent of East Coast fever) in cattle
and Theileria lestoquardi (agent of malignant theileriosis) in small ruminants 241,

Non-transforming species, i.e., Theileria orientalis, Theileria mutans and Theileria velifera, are usually considered as
benign but they also include pathogenic species 22, Theileria parasites develop within the cytoplasm of host leukocytes,
where the endosomal cell membrane dissolves, making the parasite not accessible to antibodies.

2. Adaptive Immune Response to Antigens Derived from Tick-Transmitted
Hemoparasites: A Useful Tool to Analyze Immunogenicity of Molecules

2.1. Anaplasma spp.

The outer membrane fraction of A. marginale is composed of at least six major surface polypeptides, which include the
major surface proteins (MSPs) MSP-1a, MSP-1b, MSP-2, MSP-3, MSP-4 and MSP-5. Immunization with purified A.
marginale outer membranes can induce complete protection against infection by homologous strains, probably due to
CD4* T-lymphocyte-mediated Interferon gamma (IFN-y) release and secretion of immunoglobulin G (IgG)-2 antibodies
against outer membrane protein epitopes. Protection against homologous challenge was shown in cattle immunized with
purified A. marginale native MSP-1, MSP-2 and MSP-3, with significant reductions in anemia 23!,

Recombinant proteins could be used as subunit vaccines to reduce the high costs of outer membrane purification and
many types of nanoparticles have been already explored as nano-carriers for improving their immunogenicity. As an
example, Pimentel and colleagues recently used carbon nanotubes as antigen delivery systems, taking advantage of
nanotubes’ ability to protect the attached molecules against enzymatic degradation and to efficiently cross biological
membranes 24, The nanocomplex included the core motif of A. marginale MSP1a adsorbed onto the nanoparticle surface
of a carbon nanotube. When the nanocomplex was used for mice immunization, it stimulated the production of IgG1 and
IgG2a and increased the expression of pro-inflammatory (Tumor necrosis factor (TNF)-q; interleukin (IL)-12 and IL-18)
and anti-inflammatory (IL-10) cytokines. Compared to the immunization with peptide-adjuvant, a balanced Thl and Th2
immune response was induced.

Even a subcutaneous ear implant vaccine was developed for a slow release of the vaccine construct. A. marginale
MSP1a was administered subcutaneously as priming, while a bio-erodible polyanhydride rod with intermediate slow
release was used for boosting and the ear implant deposited subcutaneously was used to release antigen for a long time.
The subcutaneous construct induced a durable protection against the pathogen, in particular when multiple adjuvants
were used for antigen delivery 22,

Alternative subunit vaccines for A. marginale would include the use of subdominant proteins present in the outer
membrane, showing the vantage of not changing during the infection and being highly conserved among different strains.
They include the proteins of A. marginale type IV secretion system, a 1.05-MDa complex that spans the outer and inner
bacterial membranes, whose role is mainly the host cell adhesion/invasion, and the elongation factor-Tu (Ef-Tu), a
membrane-associated protein belonging to the family of hydrolases involved in protein synthesis [28l. Two other proteins of
the A. marginale type IV secretion system, VirB9.1 and VirB9.2 induced a humoral and cellular immunity, stimulating CD4*
T-lymphocyte proliferation, IFN-y secretion and IgG2 production in outer membrane-immunized cattle 2. However, the
vaccine based on the recombinant proteins VirB9.1, VirB9.2, VirB10, VirB11 and Ef-Tu was able to elicit high 1gG2 titers in
the immunized calves but failed to protect against A. marginale challenge. All the animals showed clinical symptoms and
required treatments, suggesting that further studies are required to identify and express, in the native form, the main
epitopes of these antigens [28],

A. phagocytophilum infection induces a mild immune suppression in humans and mice and the control is mediated in a
CD4* T cell-dependent mechanism. IFN-y both aids in pathogen clearance and induces host pathology 28l As for the
other pathogens, the challenge is to find vaccine antigens able to cross-protect from many strains. The immunization
carried out using the whole bacterium, indeed, did not protect the animals from an A. phagocytophilum infection 22,



2.2. Ehrlichia spp.

The role of CD4* T cells in Ehrlichia infections has not yet been clarified as CD4 knockout (KO) mice have been reported
to be capable of resolving E. chaffeensis experimental infection Y. However, resolution of infection is increased or more
rapid in the presence of CD4* T cells both for E. chaffeensis and for E. ruminantium BY. CD4* T cells in Ehrlichia infection
have shown to produce IFN-y; in fact, IFN-y KO mice were very susceptible to infection B2, Interestingly, a combined
depletion of IFN-y and TNF-a showed a further detrimental effect on infection survival 23l suggesting a controlled
interaction between such mediators in Ehrlichia infection.

In order to identify CD4* Th1 epitopes inducing IFN-y production, a screening of ten E. ruminantium proteins (Erum0660,
Erum1150, Erum2540, Erum5420, Erum7140, Erum7320, Erum7350, Erum7360, Erum7620 and Erum8010) previously
identified as immunogenic was carried out to determine their ability to induce cellular immunity in sheep 24l The authors
identified 23 peptides stimulating different cell-mediated immune responses. These peptides could efficiently induce
memory CD4" T cells to rapidly proliferate and significantly increase IFN-y production in immune sheep Peripheral Blood
Mononuclear Cells (PBMCs). The antigens represent possible vaccine candidates for inclusion in a multi-epitope vaccine
that could overcome many limitations of the live blood vaccine for E. ruminantium, so far the only commercially available
vaccine for this pathogen.

CD8" T cells seem to be involved in the cross-regulation of IL-10 production during Ehrlichia infection. TNF-a promotes IL-
10 production, which downregulates TNF-a expression 22, The major role of CD8" in the form of cytotoxic T-lymphocyte
activity and/or gamma interferon production in experimental E. chaffeensis and E. muris infection remains to be elucidated
(33l |n any case, CD8" T cell-mediated tissue damage is related to fatal murine ehrlichiosis in association with TNF-a and
IL-10 overproduction and CD4* Th1 hyporesponsiveness 581,

Other Ehrlichia immune-reactive identified antigens include ferric ion-binding protein, disulfide bond formation protein,

ankyrin repeat proteins (i.e., E. canis gp200), and tandem repeat proteins (TRP-) [BZI381[391401[41][42][43] geyeral orthologs
of TRPs have been discovered in E. chaffeensis and E. canis—for example, TRP120/TRP140, TRP75/TRP95,
TRP47/TRP36 and TRP32/TRP19 49 Through interaction with several host proteins, TRPs contribute to the infection
establishment. Antibodies against the most important TRPs in E. chaffeensis showed both in vitro inhibition of replication
and in vivo reduction in bacterial load 4],

A recently identified E. muris TRP, P29, recognized as the ortholog E. chaffeensis TRP47 and E. canis TRP36, was found
to generate a strong IgG antibody response and to stimulate CD4" T cell differentiation into IFN-y-producing Thil
effector/memory cells, activating macrophage microbicide activity. These effects suggest a possible inclusion for E. muris
P29 in a subunit vaccine against ehrlichiosis 49,

Although antibodies are not generally effective during intracellular infections, Winslow and colleagues 42! reported an
antibody role in E. chaffeensis infection control that was observed in both normal mice and mice with severe combined
immunodeficiency (SCID). In particular, antibodies, usually 1gG2, directed towards the bacterial Outer Membrane Proteins
(OMPs), showed an elevated affinity and a long binding half-life. Probably, these antibodies stimulated the infected
macrophages to kill and eliminate the phagocytized bacteria, inducing the expression by infected macrophages of
different effector molecules, as inflammatory cytokines, reactive nitrogen intermediates, chemokines MEI47I48] py
activating Fc Gamma Receptors. A second proposed action mechanism implies a role of the antibodies in bacteria
opsonization during intercellular transfer, when the pathogen is exposed to their action.

Antibodies against Ehrlichia, OMPs P28-9 and P28-19 and heat-shock protein 60 were found to induce protection in mice
(49150 Hyman monoclonal antibodies against E. chaffeensis OMP-1 were able to inhibit infection through both
extracellular and intracellular effector mechanisms B, In particular, the methods proposed by the authors include a novel
intracellular mechanism mediated by the tripartite motif protein 21 (TRIM21). The complex antibody E. chaffeensis,
sensed by TRIM21, was able to initiate a significant pro-inflammatory response and recruit autophagic regulators and
effectors, leading to rapid degradation of E. chaffeensis by selective autophagy. The results showed that humoral
immunity in humans is effective against the intracellular pathogen E. chaffeensis, suggesting that these anti-E.
chaffeensis human monoclonal antibodies could be potential candidates for immunotherapy.

A relevant role of liver and spleen as generative sites of B cell responses to E. muris in wild-type C57BL/6 carrier mice
was recently investigated 22, The authors found a proliferation of B cells within infected livers. Moreover, the occurrence
of somatic hypermutation of B-cell clones was revealed by high-throughput sequencing of V regions, showing clonal
mixing and trafficking between spleen and liver.



Regarding vaccination, no approved vaccine against E. chaffeensis infection is currently available. McGill and colleagues
(53] recently proposed a potential vaccine candidate, showing that an attenuated mutant strain of E. chaffeensis, reporting
a mutation in the Ech_0660 gene, was able to induce protection in dogs. The effect was observed not only when wild-type
E. chaffeensis was intravenously administered 24 but also when the pathogen was tick-transmitted 23], Ech_0660-
vaccinated dogs produced antibodies against E. chaffeensis, and strong CD4*T cell responses and released a high IL-17
production, suggesting a possible role for IL-17 in the immune response to ehrlichial pathogens.

In a following study 2], the ability to protect from wild-type E. chaffeensis of another mutant organism, Ech_0230, was
investigated, presenting defects in the capacity to replicate in vivo in the vertebrate host. However, unlike the Ech_0660
mutant, Ech_0230 vaccination with this second mutant did not protect the animals from subsequent wild-type challenge,
probably due to the transient induced 1gG response. The authors described, for the first time, in dogs infected with E.
chaffeensis, a significant expansion of CD4*CD8* double-positive T cells, whose role in immunity to persistent E.
chaffeensis infection is not understood. This population undergoes clonal expansion and is involved in IFN-y and IL-17
secretion and in the increase of granulysin and granzyme B production in response to E. chaffeensis antigen.

2.3. Rickettsia spp.

Studies on adaptive immunity and rickettsial infections have been closely related to scientific efforts for the identification of
vaccine candidates, especially of T cell antigens potentially conferring cross-protection against different Rickettsia
species.

Accumulating evidence in recent years has demonstrated a leading role of T cells in protection from Rickettsia infection,
mainly via CD8* T cells-mediated bacteria killing and CD4* T cells that sustain protective immune reaction releasing
effector factors 28, As concerning CD8* T cells, studies in experimental infections have proven that granzyme B
enhanced expression, as well as IFN-y production by CD8" cells, induce Rickettsia killing BZ. Interestingly, CD8"-
associated cytotoxic activity seems to be of evident importance in R. australis experimental infection but not in R. typhi
infection B8], Such an observation remarks that although cytotoxic activity is essential for Rickettsia killing, IFN-y
production by CD8* cells is a relevant event contributing to limiting the infection from some Rickettsia species, as
demonstrated in studies involving IFN-y KO mice as CD8* donors B3, CD4* T cells positively influence the activity of
phagocytic cells in rickettsial infection €9: major cytokines produced by activated CD4* T cells in bacterial infections have
been reported to be IFN-y and TNF-q, related to a potentiated activity on nitric oxide-mediated killing by macrophages.
However, it is worthy to note that CD4* T cells may also develop in Th17 lineage, with production of IL-17A and IL-22
responsible for downstream regulation of a range of target cells 2. Indeed, apart from stimulating nitric oxide (NO)
production by macrophages, activated by IFN-y, they orchestrate the promotion of further cytokine release from target
tissue cells and immune phagocytic cells, thus sustaining the inflammatory environment for rickettsial killing. As for
humoral immunity, the contribution of antibodies (Abs) on defense against rickettsial infection is still under investigation.
The effects of immunization with Abs against rickettsia outer membrane proteins A and B have been evaluated in an
experimental model of R. conorii infection, conferring protection mainly via opsonization mechanisms €1, However, given
the development of such Abs in a late infection phase, raising about 10-12 days after experimental infection, a possible
involvement in secondary infections has been proposed. Instead, Ab anti-lipopolysaccharides appeared up to day 6 but
their role and contribution in protection against rickettsia have been not established yet 2],

Since Rickettsiae need to proficiently exploit metabolite synthesis from host cells due to their condition of obligate
intracellular bacteria, their effective survival strictly depends on successful invasion of host cells. Thus, Rickettsia surface
cell antigens (sca) have been extensively recognized as key factors in adherence and invasion of target cells as
endothelial and phagocytic cells. Sca family comprises 17 genes encoding proteins with a modular structure including an
N-terminal domain, a central passenger domain and a C-terminal domain [83l; within sca family, five genes are conserved
especially between Spotted Fever-Group Rickettsiae: sca0 (rOmpA), scal, sca2, sca4 and sca5 (rOmpB). Apart from the
demonstration of the protective action of Ab anti-OmpA or Ab anti-OmpB against R. conorii infection in experimental mice
model B4, OmpB protein-derived synthetic peptides have been reported to positively influence CD8* T cells, suggesting
their potential in supporting adaptive immunity for vaccination purposes 4. Moreover, the genes codifying these omp
proteins contain both regions highly conserved among the different Rickettsia species as well as hypervariable regions,
and for this reason, they are considered attractive targets for molecular detection and differentiation 3. Other studies
demonstrated the immune recognition of other Scas, as Scal, Sca2 and Sca4 [83], although the contribution of each such
protein in comparison with the most studied OmpA and OmpB still need to be established.

In an interesting study by Caro-Gomez et al. 58], a reverse vaccinology approach allowed for identifying potential antigens
able to induce CD8"* T cells, CD4" T cells or both. The R. prowazekii ORFeome has been analyzed in silico, identifying
100 and 85 rickettsial proteins displaying high-affinity binding peptides for Major Histocompatibility Complex (MHC) class |



or class Il (for CD8* and CD4" T cells activation, respectively); interestingly, 21 proteins contained peptides binding both
to MHC classes | and II, suggesting their potential as vaccine candidates, by triggering both CD4* and CD8" T cell
responses. Using an experimental mice model, it has been reported that five antigens (RP739, RP403, RP734, RP598
and RP778) conferred protection against R. typhi infection in mice via the stimulation of CD8* T cells and IFN-y-related
production. Of interest, RP778 also promoted CD4* T cells’ IFN-y production, suggesting its ability to stimulate both CD4*
and CD8* T cells. Although candidate antigens have been selected from the R. prowazekii ORFeome, protection was
afforded towards R. typhi, suggesting a cross-protection between different Rickettsia species belonging to the Typhus
Group. Furthermore, Caro-Gomez et al. 68 tested the potential of the same antigens to induce protection against R.
conorii infection, resulting in 62.5% of mice being protected, in line with the protein similarity of ortholog antigens between
R. prowazekii and R. conorii (73-90%). In addition, given that Rickettsiae have been also recognized as potential
bioweapons, the definition of a successful vaccination strategy may represent an obligate challenge in the forthcoming
years (€71,

2.4. Babesia spp.

Host susceptibility to develop babesiosis has been related to genetic traits, as few murine strains (mainly C3H/HeJ) are
susceptible to Babesia infections. Genetic tolerance was shown by Duangijnda et al. 8 who found increased
frequencies of bovine leukocyte antigens (BoLA) in animals infected by Babesia spp. and A. marginale.

Cytokines may modulate the pathogenicity of Babesia spp. as, for example, IFN-y production was not found in PBMC
supernatant from Babesia sp. BQ1 (Lintan)-infected sheep. On the contrary, IFN-y production was detected in B.
divergens-infected sheep. The inverse occurred for IL-10, suggesting an important role for IFN-y and IL-10 in sheep
infections caused by these two pathogens. Indeed, IFN-y produced during B. divergens infection may have a protective
role, explaining the weak infectivity of B. divergens in sheep. In contrast, IL-10 was produced early during Babesia spp.
BQ1 (Lintan) infection, and this could be responsible for the absence of IFN-y production and the higher pathogenicity of
this Babesia species in sheep 69,

Immunity derived by spleen cells was analyzed for its role in resolution of B. microti infection. Mice experimentally infected
with B. microti showed significant splenic B- and T cell depletion and an increase in macrophage levels, suggesting their
relevancy for disease resolution. Infected mice also showed significantly higher plasmatic concentration of CD4+ Th1l
cells-secreted cytokines, such as IL-2 and IFN-y. Thus, Thl cell-mediated immunity appears to be important in the
clearance of this intracellular pathogen. A significant increase was measured for IL-6, promoting differentiation of Th17
cells, while only moderate variations were observed for other Th17 cell-produced cytokines, such as IL-17A, IL-17F, IL-21
and IL-22 19,

As concerning Babesia spp. immunogenic proteins, it was reported that B. bovis small heat shock protein (Hsp20) is
recognized by CD4* T lymphocytes from cattle that recovered from infection and immune to challenge. The protein shows
a predicted amino acid sequence conserved among different B. bovis strains. Immune cattle were stimulated with
truncated recombinant Hsp20 and overlapping peptides to define the location of CD4" T-cell epitopes for possible
inclusion in vaccines. Both amino-terminal (amino acids 1 to 105) and carboxyterminal (amino acids 48 to 177) regions
resulted immunogenic, stimulating a strong T-cell proliferation and IFN-y production. Moreover, amino acids from 11 to 62
of Hsp20 induced a T-cell response in animals with different MHC haplotypes [,

Another investigated protein, B. bovis Rhoptry-associated protein 1 (RAP-1), is recognized by B- and T lymphocytes from
cattle that recovered from infection and were immune to subsequent challenge and it could represent a possible vaccine
candidate for B. bovis and B. bigemina bovine infections. Immunization with either the native or recombinant protein
reduced parasitemia in challenged animals. An N-terminal portion of B. bovis RAP-1 containing immunodominant T-cell
epitopes was used as a vaccine in combination with IL-12 and RIBI adjuvant to induce a type 1 response, in order to verify
if it would prime calves for antibody and T-helper cell responses. RAP-1-specific 1gG titers, T-lymphocyte proliferation and
IFN-y production were observed following inoculations of either recombinant full-length or the N-terminal portion of RAP-1.
However, in spite of the presence of strong RAP-1-specific IgG and CD4* T-lymphocyte responses, neither antigen
stimulated a protective immune response 72,

The major surface antigen of B. microti merozoites (BMSA) was also evaluated as a potential vaccine candidate. The
BMSA-induced immune response significantly inhibited pathogen invasion of the host erythrocytes and in vivo parasite
growth. The protection was associated to the increase in the Th17 cytokine IL-17, the Thl cytokine IL-12p70 and Th2
cytokines, such as IL-4 and IL-10. Ingenuity pathway analysis showed that IL-17 facilitated the secretion of Th2 cytokines,
stimulating a Th2 response and promoting the high level of IgG1l expression. Furthermore, anti-BMSA monoclonal
antibodies were able to confer protection to NOD/SCID mice from a challenge with B. microti 2],



Apical Membrane Antigen-1 of Babesia divergens (BdAMA-1) has been also analyzed as a vaccine candidate by
evaluating its polymorphism and studying the humoral response against BAAMA-1 in sheep experimentally infected with
B. divergens. Two BAAMA-1 haplotypes (A and B) were defined based on two nonsynonymous point mutations. Prediction
of linear epitopes showed very similar antigenicity of the two haplotypes. Antibody production against the extracellular
domain of BAAMA-1 is weak and late and it includes both IgG1 and IgG2. These results indicate that even if BAAMA-1
may not be an immunodominant antigen, it could induce a mixed type 1 and type 2 immune response 74 AMA-1
orthologs have been also reported in other Babesia species [Z2IZEIZ7[78],

AMA-1 proteins interact with the rhoptry neck protein 2 (RON2), which integrates to the red blood cell membrane after its
secretion from the rhoptries in a complex formed with other RON proteins. For such reasons, a possible role of vaccine
candidate for RON2 in Babesia species has been evaluated and a highly conserved gene encoding for RON2 was
reported in B. bovis 9. In this study, the authors designed and chemically synthesized four conserved peptides,
containing predicted B-cell epitopes in hydrophilic regions of this protein. Antibodies anti-RON2 generated towards these
peptides were able to recognize intraerythrocytic merozoites of B. bovis. Two of these peptides were also able to induce
partially neutralizing antibodies that blocked the invasion process, as observed in the in vitro neutralization assays. Even
in B. bigemina Y, RON2 is expressed in merozoites and contains conserved B-cell epitopes inducing neutralizing
antibodies in naturally infected cattle.

A recombinant modified vaccinia virus Ankara vector expressing a chimeric multi-antigen comprehending Merozoite
Surface Antigen—(MSA) 2c¢, RAP-1 and Hsp20 was obtained and evaluated as a vaccine candidate 1. The chimeric
multi-antigen comprises immunodominant B- and T cell regions of three B. bovis proteins and it was used to immunize
mice in homologous and heterologous prime-boost with a recombinant protein cocktail. The best results were obtained by
combining a prime of a protein cocktail and a boost with the recombinant virus. This protocol induced a high level of
specific IgG antibodies and secreted IFN-y and activation of IFN-y*-, CD4*- and CD8*-specific T cells. In a following study,
it was investigated if the use of adenoviral vectors as antibody-triggering agents would increase humoral immune
responses. Results in mice confirmed that adenoviruses, as well as the bacterially expressed multi-antigen, are highly
reliable primer candidates, inducing high percentages of CD4* and CD8" T cells with a Thl cytokine profile &2,
Subsequently, the same authors B3l used this subunit vaccine as a prime to immunize 13—15-month-old Holstein-Friesian
steers with a modified vaccinia Ankara vector as a boost. Both prime and boost expressed a chimeric multi-antigen
including the immunodominant B and T cell epitopes of the three aforementioned B. bovis proteins (MSA-2c, RAP-1 and
hsp20). Response to the new vaccine was compared with the one to B. bovis live attenuated vaccine used in Argentina
(R1A). After the immunization, all bovines were inoculated with a virulent B. bovis strain. Both groups of vaccinated
animals developed high titers of total IgG antibodies and an antigen-specific Th1l cellular response before and after the
challenge. However, steers immunized with the subunit vaccine showed clinical signs of disease, indicating a lack of
protection with this recombinant formulation and that further improvements are needed to achieve the desired
effectiveness.

As concerning the role of B cells, it was reported that following B. microti infection, B cells secrete IL-10 and that naive B
cells stimulated in vitro with B. microti produced high amounts of IL-10 4. This study showed that B cells sorted from B.
microti-infected mice produced higher IL-10 levels in response to LPS stimulation than B cells sorted from naive mice. B
cell-deficient mice developed significantly lower levels of parasitemia after B. microti infection and exhibited lower levels of
serum IL-10 compared to wild-type mice, suggesting that IL-10-producing B cells may play a role in susceptibility to B.
microti. These IL-10-producing B cells, also known as Bregs, were identified in experimental models of autoimmune
diseases, cancer and helminth infections. In the same study, it was observed that the number of IL-10-producing CD1d
high CD5* Bregs significantly increased during the acute phase of B. microti infection, suggesting that these cells have a
critical role in the susceptibility to the pathogen. B. microti-induced Bregs are associated with the induction of CD4*CD25*
FoxP3* regulatory t-cells, also known as Tregs. More specifically, the frequency of CD4 *CD25*FoxP3* Tregs increased in
concomitance with the IL-10-producing Breg development, while Treg induction by B. microti infection did not occur in the
absence of IL-10-producing Bregs. These observations suggest that the anti-infective immunity could modulate many
immunopathologies through different mechanisms comprising induction of T- and/or B regulatory cells [83],

2.5. Theileria spp.

The intracytoplasmic location favors cell-mediated immune responses and, in particular, immune recognition by CD8* T
cells of parasite proteins released into the host cell and exposed through the class | MHC. Many Theileria species are
able to, in vitro, transform mononuclear leukocytes into continuously dividing cells, expressing surface MHC classes | and
|| [88] that have been extensively used in studies of CD8" T cell responses 4. Nevertheless, how they kill parasitized cells



is still poorly known. As already reported for human and murine CD8* T cells, and also in bovine, probably, CD8" T cells
act through granule exocytosis and, specifically, granzyme B 88, Cytotoxic T lymphocytes (CTLs) usually elicit responses
restricted to the parasite strain and this is related to the issue of cross-protection towards different strains.

Studies about antigenic variability among T. parva strains suggest that such cross-protection is incomplete B2, For this
reason, a combination of parasites derived from three T. parva isolates, known as the “Muguga cocktail”, is administered
to confer a broader protection. However, some findings showed no substantial differences in CTL response following
immunization with only the Muguga strain in comparison with the cocktail 29, The analysis of CTL responses in animals of
the same MHC | haplotype immunized with the Muguga cocktail showed a differential recognition of autologous cells even
between haploidentical animals.

The preferential induction of responses to particular antigens is due to the presence of T cells with high-avidity receptors
for the respective epitopes 212l However, in purified populations of bovine naive CD8* T cells cocultured with
autologous T. parva-infected lymphoblasts, a specific CTL activity was observed only in the presence of specific CD4* T
cells. The presence of non-specific CD4* T cells or cytokine preparations maintained the helper function only for immune,
not naive, CTL cells (93],

Possible vaccine candidate antigens specific for CD8* T cells have been identified in T. parva RS8N ang nine
promising epitopes in six T. parva antigens were identified, together with their respective BoLA MHC class | restriction
elements [92]. Among these antigens, Tpl and Tp2 are hypothetical proteins of unknown function, Tp7 is an Hsp90, Tp4
is the € subunit of T-complex protein 1 and Tp5 and Tp8 have been identified as the elongation translation initiation factor
1A and a cysteine protease, respectively. Some of these antigens, in particular in Tpl and Tp2, show a polymorphic
variability [281891200] Tp7 jnoculated in cattle promoted survival at lethal doses of the pathogen and increased percentages
of memory lymphocytes, confirming a promising role of this antigen for subunit vaccine development 2011,
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