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In this work, we show a deep revision of the viral vector vaccines that have been developed to counteract bluetongue

virus (BTV), an arthropod-borne disease that whips domestic and wild ruminants. We analyzed the main advantages and

disadvantages of every of them, as well as the immunological features and efficacy that these candidates provided in both

murine models and natural hosts.
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1. Introduction

Bluetongue virus (BTV) is a virus classified under the genus Orbivirus, within the family Reoviridae, and is transmitted via

biting midges of the genus Culicoides. BTV is the causative agent of bluetongue (BT), a noncontagious arthropod-borne

viral disease that affects both wild and domestic ruminants . Certain breeds of sheep, especially fine-wool European

breeds, and some species of wild ruminants, such as white-tailed deer, are the most commonly affected hosts, as they

can show significant mortality rates , whereas cattle, goats, and the majority of wild ruminant species are usually

asymptomatic. Nonetheless, cattle can be clinical upon infection (specially by BTV-8)  and, along with goats, can act as

reservoirs for virus transmission from infected animals to other susceptible ruminants.

BTV virion is a non-enveloped icosahedral particle composed of three concentric protein capsid layers that surround a

segmented genome . Ten linear double-stranded RNA genome segments (S1 to S10) encode for seven structural

(VP1–VP7) and five nonstructural proteins (NS1–NS5) . The outer capsid layer contains two major proteins, VP2 and

VP5, which are involved in cell attachment and membrane penetration, while the core is made up of the surface VP7 shell

and the underlying VP3 layer . Inside the core, there are transcriptase complexes formed by three minor enzymatic

proteins, VP1, VP4, and VP6 . The segmented nature of the BTV dsRNA genome enables the reassortment of

genome segments when different serotypes or strains infect the host cell simultaneously , playing an important role

in generating viral diversity. To date, 29 distinct serotypes of BTV, some of which are considered putative (serotypes 27–

29) , have been identified all over the world , except in Antarctica.

BTV causes severe economic losses that are associated with its considerable impact on animal health, both direct such

as weight loss, reduced fertility rate, reduced meat and milk production efficiency, and death, and indirect like lost revenue

and trade restrictions . To minimize these losses, vaccines have emerged as the most effective prophylactic

measure to control BT disease and to potentially interrupt the cycle from the infected animal to the hematophagous vector.

The focus of most current BTV vaccine research is on neutralizing antibody-based approaches; however, these are

serotype specific. In fact, the specificity of interactions between BTV outer capsid proteins and neutralizing antibodies

(Nabs) determines the identity of the BTV serotypes . Cytotoxic T lymphocytes (CTLs) also play an important role in

protective immunity against BTV; particularly, cell-mediated immune responses against nonstructural proteins are likely to

be crucial in protecting against heterologous BTV serotypes . However, antibody and CTL-based protection

largely depends upon the nature of the vaccine platform applied. Typically, inactivated and subunit vaccines stimulate

mainly antibody-based mechanisms, but they are poor stimulators of CTLs. On the other hand, live-attenuated and

vectored vaccines may be potent inducers of both antibodies and CTLs . Although inactivated vaccines are safer and

can limit BTV dissemination, they cannot address the need for cross-protection among the different serotypes and do not

allow for the distinction between infected and vaccinated animals (DIVA strategy). Live-attenuated vaccines (LAVs) have

been widely used to control BTV in the past . However, they are associated with teratogenicity, reversion to virulence,

viremia that allows transmission to the insect vector, and risk of reassortment events with virulent wild-type viruses, giving

rise to new virulent strains . Recently, new strategies such as LAV based on reverse genetics  and viral vector

vaccines have been designed to avoid these drawbacks.
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2. Viral Vectors for Vaccine Applications

Viral vectors are regarded as potential tools for gene therapy and vaccine development. Their utility is predominantly

based on the ability of viruses to infect cells, and the main advantages offered by viral vectors for vaccine development

can be summarized as follows: (a) highly efficient gene transduction, (b) highly specific delivery of genes to target cells,

(c) transient antigen expression, and (d) induction of robust immune responses, maintaining strong humoral immune

responses and enhancing cellular immunity . A successful presentation and delivery of antigens are crucial for inducing

immunity and lifelong protection. Recombinant viral vectors have a potential for prophylactic use because they enable

intracellular antigen expression and induce robust CTL response, leading to the removal of virus-infected cells. They are,

therefore, ideal shuttles for delivering foreign proteins and also induce immune response by mimicking natural infection

.

In addition, some attributes, such as the achievement of stable insertion of coding sequences into the genome, the

aforementioned induction of a protective immune response, a proven safety record, and the potential for large-scale

production, are required in order to qualify as a vaccine vector.

Multiple viruses have been used as vaccine viral vectors, ranging from very complex large DNA viruses such as

poxviruses, down to simple RNA viruses such as parainfluenza viruses  , where there are few restrictions imposed

by gene packaging limits. Viral vector vaccines have been applied extensively in veterinary medicine. An outstanding

example of this is Raboral V-RG (Merial), the first oral live vaccinia virus vector vaccine expressing the glycoprotein (GP)

of Evelyn-Rokitnicki-Abelseth rabies virus .

3. Poxviruses

3.1. Vaccinia Virus and Modified Vaccinia Virus Ankara

Vaccinia viruses (VVs) have been engineered to express foreign genes, turning them into powerful vectors for

recombinant protein expression. These were originated from highly efficacious vaccines for the eradication of smallpox

, serving as a highly appealing delivery system for heterologous viral antigens . The first approach to develop

recombinant VV against BTV was described by Lobato et al., using the Western Reserve (WR) VV strain to construct

recombinant VV expressing VP2 or VP5 of BTV-1, or coexpressing both BTV antigens  (Table 1). Notably, sheep

immunized with the recombinant VV coexpressing VP2 and VP5 were able to develop high titers of Nabs, but lower in

comparison with those sheep that received the LAV. Moreover, these two groups were not viremic, and animals did not

display pyrexia following a challenge. Despite the non-negligible results of this work, the virulence of VV strains,

particularly the WR strain, and the observation of a lower immunogenic profile compared with other highly attenuated VV

strains entailed an insurmountable obstacle for their use as vaccine vectors .

Table 1. Overview of viral vector vaccine candidates against BTV.
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dsDNA: double-stranded DNA; ssRNA(−): negative-sense single-stranded RNA

To overcome these issues, researchers focused their efforts on the development of safer and immunogenic vectors. One

of these highly attenuated strains, the modified vaccinia virus Ankara (MVA) strain, has been found to be immunogenic

and useful for the application of protection against a vast number of infectious diseases . Historical research focused

on MVA and its use as vaccine against smallpox has allowed the scientific community to establish an extraordinary safety

profile of this vector. This strain can be used under biosafety level 1 (BSL1) conditions because of its nature and its

deficiency to productively grow in mammalian hosts. In addition, this replication-deficient viral vector has intrinsic

capacities to induce both humoral and cellular immune responses. Historically, MVA was developed by serial tissue

culture passage in primary chicken cells of vaccinia virus strain Ankara, and clinically used to avoid the undesirable side

effects of conventional smallpox vaccination . Adapted to grow in avian cells, MVA lost the ability to replicate in

mammalian hosts and lacks many immunomodulatory genes that orthopoxviruses use to regulate the host cell

environment . Its ancestor virus is the vaccinia virus strain Ankara, which was originally propagated on the skin of

calves and donkeys for smallpox vaccine production at the Turkish Vaccine Institute in Ankara. In 1953, the vaccinia virus

strain Ankara was brought to Munich and added to the strain collection of the Institute for Infectious Diseases and Tropical

Medicine at the University of Munich, where Herrlich and Mayr grew the virus on the chorioallantois membranes of

embryonated chicken eggs and, therefore, named it as chorioallantois vaccinia virus Ankara (CVA) . After serial

passages in chicken (516th), it was renamed as modified vaccinia virus Ankara and given to the Bavarian State Institute

for Vaccines to test its suitability for smallpox vaccine production .

Comparison with the genome maps of CVA ancestor viruses revealed that the MVA genome harbors six major deletions

and mutations, resulting in the loss of ~30Kb of genetic material, which have altered virus–host interactions, as the

absence of the A-type inclusion body protein or truncations in the HA promoter sequence .

The most common method used to produce recombinant MVAs involves the insertion of foreign genes into the thymidine

kinase (TK) gene of the VV via homologous recombination . This is accomplished through the construction of a

recombination plasmid containing the gene of interest flanked by the VV TK gene. Afterwards, this plasmid is used to

transfect previously MVA-infected cells, in which recombinant MVAs carrying the foreign gene are obtained by marker

selection (Figure 1) .

Figure 1. Diagrammatic representation of one example of cloning strategy for the generation of recombinant poxviral

vector. A homologous recombination process takes place in the cytoplasm of eukaryotic cells simultaneously infected with

the virus vector and transfected with a plasmid vector encoding the BTV gene of interest (blue) along with a marker gene

(orange). Flank regions (green) allow for recombination and heterologous gene insertion into the viral genome. The BTV

genes cloned and the marker genes used in several works are listed above. Finally, after a selection process based on

the marker gene, the recombinant poxvirus expressing BTV genes is recovered.

The use of MVA as an expression vector for foreign genes was first described by Sutter and Moss, in which the

expression of foreign reporter proteins such as LacZ was tested . Since then, multiple recombinant MVAs have been

generated against a plethora of human diseases . The MVA vector has also been widely used against
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veterinary viral diseases . For BTV (Table 1), the recombinant MVAs were first used for vaccination studies

along with DNA vaccines, expressing the outer capsid proteins VP2 and VP5 from BTV-4. This regimen conferred a partial

protection with reduced levels of viremia in the IFNAR(-/-) mouse model, using recombinant MVAs as boosters. In the

same work, the authors demonstrated the key role of the viral antigen VP7, observing a sterile protective effect in mice

immunized with MVAs expressing these three antigens, suggesting the important role of Nabs induction (due to VP2) and

the IFN-γ-secreting T cell activation (triggered by VP2 and VP7). Similar analysis was performed against BTV-8, a

serotype with enhanced tropism for cattle that suddenly emerged in Northern-Central Europe in 2006 . MVA–MVA or

DNA–MVA prime-boost immunizations were performed, expressing VP2 alone, VP7 alone, or as a cocktail of MVAs

expressing VP2, VP5, and VP7. The authors showed the capacity of VP2 in conferring protection against a lethal

challenge of BTV-8 in the IFNAR(-/-) mouse model, whereas this level of protection was not achieved with VP7 alone.

As we already described, a myriad of different BTV serotypes have been reported. The approaches previously described

have demonstrated good results regarding protection against homologous infections. However, an ideal vaccine against

BTV would have to confer protection against multiple serotypes. To this end, researchers began to focus on those viral

antigens that are more conserved among different serotypes and are able to induce a robust immune response in the

host, when used as a vaccine candidate. Unlike VP2, which is the most genetically diverse antigen, the nonstructural

protein NS1 is the most conserved protein among serotypes, and it has been described as a strong inducer of cellular

immune response in both the mouse model and sheep . Following this rationale, NS1 antigen was introduced in the

vaccine composition along with VP2 and VP7, following a prime-boost immunization with DNA (prime) and MVAs (boost).

The protective capacity of this strategy was evaluated in mice against the homologous challenge with BTV-4, showing

sterile protection. Subsequently, this strategy was also probed against heterologous infections with BTV-1 and BTV-8,

showing 84% and 100% protection in immunized mice, respectively. A Nab response was achieved (VP2 mediated), as

well as a strong induction of the CD8+ T cell population, which was observed after stimulation of this cell subset with the

three antigens used in the vaccine composition. The broad protection observed against multiple BTV serotypes suggested

that the protective role of NS1 and the cellular immune responses could be critical to achieve multiserotype protection.

Thereafter, the multiserotype protective role of NS1 was confirmed, observing that only this nonstructural protein

vectorized in MVA in a homologous prime-boost immunization is necessary for conferring sterile protection against

different BTV serotypes, like BTV-1, 4, 8, and 16, as well as the reassortant BTV-4 Morocco strain (BTV-4/MOR09). This

study showed that mono- and multiserotype protection against BTV can be achieved in the complete absence of Nabs by

enhancing cytotoxic CD8+ cellular immune responses. This work also showed that the protective capacity of NS1 resides

in the N-terminal region (NS1-Nt), being dependent of a specific T cell epitope located in the amino acid position 152

(GQIVNPTFI) (peptide 152). The absence of this peptide in the NS1 amino acid sequence totally abrogates its protective

ability.

MVAs have also been found to be protective in combination with other vaccine platforms, such as antigen presenting

protein microspheres (µNS) carrying VP2, VP7, and NS1. In this case, this heterologous immunization strategy based on

BTV-4 antigens was able to protect IFNAR(-/-) mice against serotypes 1 and 4. Moreover, MVAs have been combined

with other viral vectors, like chimpanzee adenovirus Oxford 1 (ChadOx1), which will be discussed later. In this study, the

protective immune effect of MVA-NS1 was also evaluated in mice in a single-dose vaccination experiment, observing a

delay in mortality and partial protection against a lethal challenge of BTV.

Another interesting approach was the generation of MVAs developed to combat viral infectious diseases that overlap in

distribution or host and present a potential risk of expansion in nonendemic but close-to-endemic areas. This is the case

of engineered recombinant MVAs against BTV and Rift Valley fever virus (RVFV). RVFV is a zoonosis that affects

livestock, mainly sheep, and it is endemic in Africa and some regions in the Middle East. The appearance of outbreaks of

RVFV in nonendemic areas like Europe is a potential threat, as there are different species of competent mosquito vectors,

such as Culex and Aedes, already established in the area. Dual MVAs were generated in this study, cloning the GnGc

gene of RVFV and the segments that encode VP2, NS1, and NS1-Nt from BTV in the F13L and TK loci, respectively, and

under the control of VV early/late promoters. After a BTV challenge, all the immunized groups of IFNAR(-/-) mice showed

protection, especially those immunized with NS1 and NS1-Nt, where 100% sterile protection was observed.

Finally, prompted by the high vaccination efficacy observed in the mouse model, the effectiveness of some of these

promising candidates have been tested in the natural host. The dual MVA-GnGc-NS1 previously mentioned was tested

against BTV-4 in sheep, using two doses of 10  PFU per animal and observing very similar results in terms of rectal

temperature and viremia. Additionally, vaccinated sheep were aviremic for an RVFV challenge (except one animal at day

3 postinfection), maintaining stable biochemical parameters (aspartate transaminase, gamma-glutamyltransferase, lactate

dehydrogenase, and albumin), and had mild histological lesions compared with the nonvaccinated group, which indicated
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the bivalent character of the designed vaccine. A similar trend was observed when MVA-NS1 was used as a booster of

ChAdOx1-NS1 in a heterologous prime-boost immunization, as immunized sheep showed reduced levels of viremia and

lower temperatures than the control group.

Although these results pave the way for the development of multiserotype vaccines against BTV in ruminants, further

questions will need to be addressed, such as the exploration of other BTV viral antigens able to activate broad immune

responses, the assessment of the long-term efficacy elicited by these candidates, and their capacity to reduce viremia that

sufficiently avoids potential transmission by midge bites.

3.2. Other Poxviruses

Besides MVA, a variable set of other viruses belonging to the family Poxviridae, including capripoxviruses, avian

poxviruses, and myxomaviruses, has been proposed as alternative vaccine platforms against BTV, but to a lesser extent

(Table 1).

The genus Capripoxvirus (CaPV) comprises three closely related species (up to 97% nucleotide homology ) that are

restricted to ruminant hosts: sheeppox virus (SPPV), goatpox virus (GTPV), and lumpy skin disease virus (LSDV).

Attenuated capripoxviruses have been positively evaluated as vaccine vectors in ruminants , proving its safety

and immunogenicity, and are considered ideal viral vectors because of their thermostability, large genome size, and

ruminant host restriction, and because they are nonpathogenic to human hosts . Interestingly, inoculation of these

recombinant viral vectors induces a vector-specific immunity, which could eventually enhance the valence of the

attenuated CaPV vaccine or even offer the possibility of constructing bivalent vaccines against both the viral vector used

(CaPV) and the targeted viral agent . Nonetheless, this pre-existing immunity may constrain their potential as

vaccine vectors in ruminants, as it has been shown after the immunization of cattle with a recombinant CaPV encoding

heterologous antigens from rinderpest virus . Concerning BTV, a serotype cross-reactive, cell-mediated immunity was

elicited in sheep by the recombinant live-attenuated strain KS-1 of LSDV expressing VP7 of BTV-1, observing partial

protection against a heterotypic challenge with BTV-3 after a homologous prime-boost immunization regime. BTV-specific

ex vivo lymphocyte proliferation was also observed in goats after subcutaneous injection of a single dose of a

recombinant capripoxvirus (KS-1 strain) individually expressing VP2, VP7, NS1, and NS3 of BTV-2. Nonstructural proteins

of BTV are the predominant sources of antigens recognized by BTV-specific CD8+ CTLs , which have been described

as critical for the development of a long-lasting immunity in animals infected with BTV 

. However, mild protection was observed after a homotypic challenge in both sheep and goat, as animals displayed mild

clinical signs but detectable levels of viremia after a challenge despite the inclusion of nonstructural proteins in vaccine

design

.

To date, two avipoxviruses have been exploited as viral vectors against BTV: fowlpox (FPV) and canarypox viruses (CPV).

Recombinant FPV and CPV vaccines expressing foreign antigens have been proved safe and effective in mammalian

hosts . In addition to having a large cargo capacity of both viral vectors, these exhibit an

ideal safety profile due to their natural host range restriction to avian species and abortive replication in mammalian and

insect cells, which makes them a safer but effective alternative to other live virus vectors  . For BTV, a

recombinant FPV coexpressing genes encoding the VP2 and VP5 outer capsid proteins of BTV-1 administered in

combination with a DNA vaccine prime elicited humoral and BTV-specific T-cell responses in BALB/c mice and significant

and sustained levels of serum Nabs in sheep. However, the protective capability against BTV was not analyzed further.

Regarding CPV, serotype-specific protection was observed in sheep subjected to a homologous prime-boost vaccination

regime with a recombinant CPV coexpressing VP2 and VP5 proteins of BTV-17, as BTV particles were not isolated from

the blood of vaccinated sheep after challenge .

Myxomavirus (MYXV), a leporide-specific poxvirus, is also a potential nonreplicative vector for ruminant immunization.

Like FPV and CPV, MYXV abortively infects ruminant cells, allowing the expression of substantial amounts of foreign

genetic material . Furthermore, this viral vector has shown vaccine efficacy and safety in several mammalian

hosts, including sheep . With regard to BTV, VP2, individually or in combination with VP5, was vectorized in a

recombinant MYXV. After a homologous prime-boost immunization regime with the recombinant MYXV expressing VP2

alone, immunized sheep displayed higher levels of viremia and more severe clinical signs than sheep vaccinated with

inactivated BTV-8, but animals were better protected from a homotypic BTV-8 viral challenge than the non-immunized

control group . It has been described that VP5 enhances the protective immune response elicited by VP2 alone 

. Conversely, the protection conferred by the recombinant MYXV simultaneously expressing VP2 and VP5 was

similar to that of the negative control group, which could rely on a diminished expression of VP2 by the recombinant

vector and/or nuclear localization of VP5 observed, which could mismatch its likely conformational influence on VP2
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(mainly located in the cytoplasm) as pointed out by the authors, thus impairing the induction of a potent humoral immune

response. The immunogenicity of another recombinant MYXV (derived from the attenuated vaccine strain of MYXV SG33)

expressing the VP7 protein of BTV-2 has also been assessed, observing an induction of a VP7-specific CD4+ cell subset .

In summary, these poxviral vectors are a potential alternative to inactivated vaccines or LAVs as they are immunogenic

and naturally attenuated in ruminants. Moreover, these reviewed strategies could be further used in combination with MVA

to evade vector-specific immune responses, thus boosting the immunogenicity of recombinant MVAs. Nonetheless, further

research is needed to improve the efficacy of this poxviral vector in ruminant species, which will be important not only for

BTV but also for other relevant virulent veterinary diseases.
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