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Summary

Over the last three decades, a variety of approaches have been investigated to develop new types of bluetongue
virus (BTB) vaccines, ranging from baculovirus-expressed subunit vaccines to live vector vaccines. DNA vaccines
against BTV consist of DNA plasmid expressing different BTV proteins after inoculation of the animals. The
recombinant viral vector vaccines against BTV are based on recombinant viruses that express desired BTV
antigens in the host upon inoculation. Viruses such as vaccinia, modified vaccinia Ancara (MVA), capripox,
canarypox, herpes, myxoma and fowlpox viruses have been used as vectors of BTV genes. The reverse genetics
(RG) systems for BTV are useful tools for BTV vaccine development. Disabled infectious single-cycle (DISC)
vaccines make it possible to restore virus replication and can be used for differentiating infected from vaccinated
animals (DIVA). These vaccines are based on the production of a modified virus with a deletion in one or more
genes that are essential for virus replication. Another approach for BTV vaccine development using RG is the
disabled infectious single-animal (DISA) vaccine, generated by deletion of NS3/NS3a expression. DISC and
DISA vaccines can mimic the natural tropism of the virus and can express BTV proteins at the site of infection.
Important advantages of these new generation vaccines over the conventional BTV vaccines are their high
efficacy as well as the possibility of applying them for DIVA. At present, there are a number of novel laboratory-
scale BTV vaccines that could meet vaccine profiles required for different field situations. However, further
development and licensing of these vaccine candidates for many BTV serotypes is needed in order to prepare
for future BT outbreaks. To date, all novel BTV vaccines described in this paper are still under laboratory
testing. They are not available commercially, and the time of their application in the field is still indefinite.
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Bluetongue (BT) is an economically important, non-
contagious disease of domestic and wild ruminants
transmitted by Culicoides biting midges (49). It is
caused by the bluetongue virus (BTV), which is a mem-
ber of the genus Orbivirus within the family Reoviridae
(25). To date, twenty-seven immunologically distinct
serotypes of BTV have been identified worldwide (54).
BTV is a small (about 90 nm in diameter) icosahedral
virus with a genome of approximately 19200 base pairs
composed of ten linear segments of double-stranded
RNA (dsRNA) (26) which encode ten distinct virus
proteins (48). Seven of these (VP1 to VP7) are structural
components of the icosahedral virus capsid, while three
are non-structural proteins (NS1-NS3), which play dif-
ferent key roles during the viral replication cycle (34).

BT is endemic in most countries in the tropics and
sub-tropics between latitudes 40°S and 53°N of the
Americas, Australia, Africa and some regions of Asia
(52). In the summer of 2006, BTV crossed latitude 50°N
for the first time, and BT outbreaks caused by BTV sero-
type 8 occurred unexpectedly in north-western Europe,
whereas in 2007-2008 BT V-8 spread rapidly throughout

much of Europe (38, 43). The occurrence of BTV-8 in
northern Europe caused considerable economic losses,
comprising not only direct losses from mortality and re-
duced production, but also indirect losses due to ensuing
bans on the trade of ruminants between BT V-infected
and non-infected areas. By 2000, the control strategy
of BT in the European Union (EU) was consistent with
Directive 92/119/EEC of 17 December 1992 and was
essentially based on the stamping-out strategy. This
situation was modified rapidly in the autumn of 2000
with Directive 2000/75/EC, as it became obvious that
the stamping-out was absolutely inadequate in dealing
with vector-borne diseases, such as bluetongue, and
the slaughter of all susceptible animals in the entire
infected and at-risk areas was not considered an alterna-
tive. According to this directive, the primary strategy
for BT control should be based on the straightforward
control of the transfer of susceptible animals from
zones considered infected. Under Commission Decision
2008/655/WE, the strategy for BT control also includes
vaccinations aimed at reducing the spread of the virus in
the environment and measures to ensure safe movement
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of susceptible animals between affected and free zones.
More detailed information on the BT control strategy
in Europe is presented in our review article published
in 2015 (29).

Vaccination with efficacious vaccines against BTV
is one of the most effective approaches to control the
disease. However, vaccination can be problematic due
to the plurality of BTV serotypes, coupled with appar-
ent serotype-specific immunity of livestock (53). Thus,
effective vaccines must potentially be developed for
all 27 currently recognized BTV serotypes. In general,
vaccines must be efficacious, safe and affordable. BTV
vaccination campaigns have contributed to the control
of outbreaks in the past (42). Modified live (attenuated)
virus (MLV) vaccines were the first vaccines developed
for prophylactic immunization of livestock against BTV
infection (49) and were routinely used to prevent BT
among sheep in the United States, South Africa and
Israel, and for compulsory vaccination of cattle and
sheep in Italy following the incursion of BTV into that
country in 1999 (5). MLV vaccines are relatively cheap
and highly effective in preventing clinical BT disease
because even a low dose induces both humoral and
cellular immune responses (42). However, the use of
MLV vaccines is controversial due to disadvantages,
such as a significant reduction in milk production in
lactating sheep, abortions, stillbirths and teratogenesis in
offspring when used in pregnant females (21). Another
risk associated with the use of MLV vaccines is their
potential of infecting vectors with possible reversion to
virulence or reassortment of MLV genes with those of
wild-type virus strains (2). Inactivated BTV vaccines
were developed in the 1970s and 1980s, but were not
commercially available until 2005, when they were
used in the field to vaccinate sheep in Corsica (France)
(41). These vaccines have become the preferred type of
vaccines in Europe because they do not result in infec-
tion and viraemia of vaccinated animals and therefore
are inherently safer. If properly manufactured, they
cannot be responsible for infection of vectors, rever-
sion to virulence or reassortment with field strains of
BTV. However, inactivated BTV vaccines suffer from
a relatively slow onset of immunity, as compared to
MLV vaccines, and the lack of commercial products
for most BTV serotypes (14, 42). After the incur-
sion of BTV serotype 8 into north-western Europe
in 2006, several inactivated BTV-8 vaccines became
commercially available early in 2008, and vaccination
programmes were rapidly initiated throughout most of
affected areas. Many inactivated vaccines for sheep and
cattle received positive opinion after assessment by the
Committee for Medicinal Products for Veterinary Use
(CVMP) and were authorized nationally for emergency
use. The long-term efficacy of commercially avail-
able inactivated vaccines against BTV-8: Bluevac 8
(CZ Veterinaria, Spain), Zulvac 8 (Fort Dodge, the
Netherlands), BTVPUR Alsap 8 EU (Merial, France)
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and Bovilis-BTV-8 (Intervet, the Netherlands), were
evaluated in a seroprevalence study and challenge ex-
periments (50). The implementation of BT compulsory
vaccination programmes in Europe in spring 2008 re-
sulted in reduction of BTV-8 cases from about 50 000
in 2007-2008 to 350 in 2009 and 19 in 2010. The last
case of BT caused by BTVS8 was reported in May 2011
in northern Sardinia (Italy). However, after a four-year
break, on 11 September 2015, an outbreak of BTV-8
was confirmed in central France (40), and by the end
of July 2017 a total of 2365 outbreaks of the disease
caused by virus serotype 8 were reported throughout
France (http://www.oie.int). The conventional BTV
vaccines and the history of prophylactic vaccination in
Europe have been described in our previous publica-
tions (28, 30).

Because commercially available MLV and inactivated
vaccines against BTV have their specific disadvantages
and lack differentiation of infected from vaccinated
animals (DIVA), it was necessary to improve them and
overcome the limitations of the currently marketed vac-
cines. Over the last 3 decades, a variety of approaches
have been investigated to develop a new type of BTV
vaccines for a broad range of BTV serotypes. Different
strategies have been explored to develop novel recom-
binant vaccines for BTV, ranging from baculovirus-
expressed subunit vaccines to live virus vector vaccines.
Many new experimental vaccines, from non-replicating
subunits to replicating reverse genetics-based vaccines,
have been developed. Subunit vaccines, as an example
of non-replicating vaccines, are based on a single pro-
tein or a combination of various proteins used in the
same vaccine to elicit protective immune responses
in animals, e.g., VP2 structural protein induced virus-
neutralizing antibodies and protection against a virulent
homologous challenge in sheep (15). Roy at al. (37)
developed a subunit vaccination strategy based on
the expression of BTV proteins, using a recombinant
baculovirus system. These proteins were administered
in different combinations and doses to sheep, and pro-
tection was evaluated against a homologous challenge
with virulent BTV-10. A minimal dose of 100 pug of VP2
was needed to protect sheep against infection. However,
when used in combination with 20 pg of VP5, a 50 pg
dose of VP2 was sufficient to elicit equivalent virus-
neutralizing antibody titres and to protect sheep against
aBTYV challenge (37). Another baculovirus and E. coli-
produced subunit vaccine containing purified VP2, NS1
and NS2 proteins with an immunostimulating complex-
based adjuvant was tested by others (1). Good cellular
and humoral immunities were induced after booster
vaccination, and this vaccine protected animals against
BTV-8 infection three weeks after the booster. The next
subunit vaccine was based on two fragments of VP2 (aa
63-47 and 555-956), VPS5 lacking the first 100 aa, and
VP7 produced in bacteria as soluble fusion-proteins
with glutathione S-transferase (27). After immuniza-
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tion with this vaccine of adult mice deficient in type I
interferon (IFN) receptor (IFNAR(—/-)), an expression
of neutralizing antibodies was found, and the animals
survived a homologous challenge without clinical signs
after booster vaccination with VP2 domains and VPS5.
A BTV subunit vaccine based on microspheres of avian
reovirus (ARV) muNS-Mi containing BTV-4 VP2, VP7
and NS1 proteins was developed by Marin-Lopez at al.
(23). The authors showed that immunization of [FNAR
(—/—) mice with these microspheres and without adju-
vants generated significant levels of neutralizing anti-
bodies specific to BTV-4. Immunized mice were fully
protected against a homologous challenge with a lethal
dose of BTV-4 and partially cross-protected against
a heterologous challenge with a lethal dose of BT V-1
(23). Another subunit vaccine against BT V-4 was based
on VP2 capsid protein expressed alone or fused to the
antigen presenting cell homing (APCH) molecule, in
the baculovirus insect cell expression system (17).
APCH fusion has been demonstrated to be very effec-
tive in improving the immune response induced against
many different antigens. This subunit vaccine showed
a good humoral immune response in cattle and cellular
response in IFNAR (—/—) mice enhanced by the fusion
of VP2 to the APCH protein.

Virus-like particles (VLPs) an empty BTV particles
are also useful as BTV vaccines. VLPs were first de-
veloped for BTV-10 (35), and since then this approach
has been used to produce VLPs from a variety of BTV
serotypes. VLPs have been generated for multiple BTV
serotypes, and a cocktail of serotypes BT V-1, 2, 10, 13
and 17 has been tested in vaccination studies and raised
specific neutralizing antibodies and a protective re-
sponse in sheep against homologous infection. Booster
vaccination with this cocktail vaccine protected against
homologous challenge with all five BTV serotypes at
4 and 14 months post-vaccination and partially against
some heterologous serotypes (36).
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thamiana plants, using the cowpea mosaic virus-based
HyperTrans plant transient expression vector system
(46). No clinical manifestations were produced in sheep
vaccinated with these VPLs and then challenged with
virulent BT V-8 five weeks post-vaccination. Generally,
VLP approaches provide opportunities to develop
safe and effective vaccines with a potential for DIVA.
However, the basic requirement is to produce these vac-
cines at an affordable price for veterinary application.
DNA vaccines against BTV consist of a DNA plasmid
expressing different BTV proteins after the inoculation
of animals. Partial protection against BT V-4 infection of
mice deficient in IFN receptor was observed after vac-
cination with plasmids expressing VP2, VP7 and NS1
BTV-4 proteins. Although there was no clinical protec-
tion, vireamia was delayed in DNA-BTV immunized
mice in comparison with non-immunized animals (7).
DNA vaccines can be useful in priming the immune
system when used in a heterologous vaccination regime
in combination with recombinant viruses as boosting
agents (7, 16). Advantages of these vaccines are rapid
manufacturing, high stability at ambient temperatures
and potent induction of Thl lymphocyte responses.
However, the use of DNA vaccines on a global scale
is still limited due to their insufficient availability. The
recombinant viral vector vaccines are based on recom-
binant viruses that express desired BTV antigens in the
host upon inoculation. Immunity induced by these vac-
cines depends on the capacity of the viral vector to ex-
press BTV genes at high levels within cells of the host.
The viral vectors used are attenuated to the host and
therefore inherently safe, and the risk of gene segment
re-assortment with field BTV strains is limited. The
vaccinia, canarypox, capripox and herpes viruses have
been tested as potential vectors for BTV vaccination
with different levels of success (3, 7, 13, 51) (Tab. 1).
Recently, the myxoma virus and fowlpox virus have

Tab. 1. Recombinant viral vector vaccines against BTV tested in sheep and IFNAR

A later study found that VLPs (—/~) mice
from BTV-8 Welje able .to afford Protection against | Protection against
complete protection against a ho- Viral vector Proteins expressed homologous heterologous
mologous viral infection in sheep challenge challenge
(45). Another experiment with Sheep
baculovirus-expressed antigen Capripox virus (CPV) VP7 BTV-1 Not analyzed Partial
showed that co-expression of VP3 Capripox virus (CPV) VP2, VP7, NS1, NS3 BTV-2 | Partial Not analyzed
d VP7 tei lted in th Fowlpox virus (FPV) VP2, VP5 BTV-1 Not analyzed Not analyzed
an . pro fms resu € 1'n g Canarypox virus (CNPV) VP2, VP5 Complete Not analyzed
generation of “core-like particles Myxomavirus (MYXV) VP2 BTV-8 Partial Not analyzed
Vaccinia virus (VACV) WR strain | VP2 Partial Not analyzed
(CLPS)'. These .CLPS were Fested Vaccinia virus (VACV) WR strain | VP2, VP5 BTV-1 Partial Not analyzed
as vaccine candidates, but did not | mogified Vaccinia Ankara (MVA) | VP2, VP7, NS1 BTV-4 Notanalyzed | Partial
induce protective immunity (42). IFNAR (/) mice
VLP vaccines are not available ) ) _
iall d the r ni Bovine herpes virus VP2 BTV-8 Partial Not analyzed
commercially, an C ICason 18 | gquine herpes virus VP2 BTV-8 No Not analyzed
probably that the production meth- | Equine herpes virus VP2, VP5 BTV-8 Partial Not analyzed
; _ : Modified Vaccinia Ankara (MVA) | VP2, VP5 BTV-4 Partial Not analyzed
Od is not cost-effective Compared Modified Vaccinia Ankara (MVA) | VP2, VP5, VP7 BTV-4 Complete Complete
with the currently marketed inacti- | modified Vaccinia Ankara (MVA) | VP7, NS1 BTV-4 Partial Partial
vated vaccines. VLPs of BTV were Modified Vaccinia Ankara (MVA) | VP2, VP5, VP7 BTV-8 Complete Not analyzed
also produced in Nicotiana ben- Modified Vaccinia Ankara (MVA) | VP2 BTV-8 Complete Not analyzed
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also been used as BTV vectors (18, 47). Several experi-
mental recombinant vaccines have been described, and
they clearly have numerous inherent benefits, includ-
ing a rapid onset of immunity, lack of transmissibility,
a potential for DIVA, and even for a polyvalent strategy
(20, 31). A recombinant vaccinia virus that expressed
both VP2 and VP5 of BTV-1 induced variable titres of
neutralizing antibodies in sheep and ensured protection
against homologous challenge (19). The recombinant
modified vaccinia virus Ankara (rMVA) strain has also
been used to construct many vectored vaccines express-
ing different proteins from different BTV serotypes
(22). Furthermore, combinations of DNA and rMVA
vaccines were used in a heterologous prime boost vac-
cination strategy (DNA/rMVA), providing protection
against BTV in a mouse model system (42). DNA/
rMVA expressing VP2 and VPS5 proteins (DNA/rMVA-
-VP2, -VP5) as well as VP2, VP5, and VP7 proteins
(DNA/fMVA-VP2, VP5, VP7) or VP7, NS1 BTV-4
have been described (6, 7). It was shown that IFNAR
(—/-) mice vaccinated with these DNA/TMVA were
protected against lethal challenge with BTV-4, and the
vaccination induced neutralizing antibodies and T-cell
mediated immunity. Since the massive BTV-8 outbreak
in north-western Europe, potential MVA vaccines based
on proteins from this serotype have been constructed
and tested (16). The efficacy of homologous rMVA/
rMVA and heterologous DNA/rM VA prime-boost vac-
cination regimes was compared in the IFNAR (—/-)
mouse model. These studies used vaccine constructs
expressing VP2 alone, VP7 alone or a combination of
VP2, VP5 and VP7 from BTV-8 (16). Moreover, a re-
combinant capripoxvirus expressing VP7 was shown
to provide partial protection against heterologous BTV
challenge (51), but its development has apparently been
discontinued, like that of the recombinant vaccinia BTV
vaccine. Finally, a recombinant canarypox virus vaccine
co-expressing genes encoding the VP2 and VP3 outer
capsid proteins of BTV that induced high level protec-
tion in sheep has been developed (3). This vaccine has
amajor inherent advantage in that the existing competi-
tive ELISA assay would distinguish vaccinated from
naturally infected animals. It uses an expression vector
that is incorporated in several vaccines already in use
in the European Union (EU) and elsewhere, although
not in ruminant livestock. In general, vector vaccines
expressing BTV VP2 have been the most successful,
eliciting protective immune responses in animals (sheep
or mice) against homologous challenge, which is con-
sistent with the results obtained from protein-based
vaccines. Bovine and equine herpes viruses have also
been used to construct recombinant vectored vaccines
against BTV-8, achieving partial protection in IFNAR
(—/—) mice in vaccination-challenge experiments (38,
51) (Tab. 1).

The reverse genetics (RG) system has facilitated
the creation of targeted mutant virus strains that elicit
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protective antibody responses but avoid the undesirable
side effects of conventional attenuated vaccines (4). In
recent years, a number of new types of BTV vaccines
have been developed using reverse genetics of BTV. The
serotype-specific replication-deficient BTV vaccines
(i.e., disabled infectious single-cycle [DISC] vaccines)
make it possible to restore virus replication and can be
used for differentiating infected from vaccinated animals
(DIVA). These vaccines are based on the production of
a modified virus with a deletion in one or more genes
that are essential for virus replication. DISC vaccines
induce an aborted infection, resulting in the expression
of viral proteins at natural sites of infection. To generate
a potential DISC vaccine, an RG system was used to
rescue defective virus strains with large deletions in an
essential BTV gene that encodes the VP6 protein of the
internal core (24). In this method, a lethal mutation in
one of the genes essential for replication was introduced.
A BTV-1 DISC virus was used to construct a defective
reassortant by replacing the segments encoding for VP2
and VP5 with those from BTV-8. Vaccination of sheep
with a combination of BT V-1 and BTV-8 DISC viruses
induced a virus-neutralizing antibody response against
each of the BTV serotypes represented in the vaccine,
and after challenge with the virulent strains at 21 days
post-vaccination, immunized animals showed neither
any clinical signs nor viraemia (24). Other DISC vac-
cines have been generated for BTV serotypes 2, 4, 8, 10,
13, 21 and 24, and were tested as cocktail vaccines in
sheep and cattle. After a booster, all animals had virus-
neutralizing antibodies against all BTV serotypes used,
and the vaccinated animals were protected against clini-
cal signs after challenge with the virulent strains at 21
days post-vaccination with homologous BTV viruses,
and no viraemia was detected (8). The high efficacy,
safety and genetic stability of BTV DISC vaccines were
demonstrated (9). Moreover, the optimal storage con-
ditions for vaccines, including additives, temperature,
and desiccation, were determined, and their protective
features in animals were confirmed. Groups of sheep
vaccinated with a cocktail of vaccines were completely
protected from challenge with individual virulent BTV
serotypes, both early in the challenge and after 5 months
of the challenge, without any clinical disease. There
was no interference in protection between the different
vaccines (9). Since all viral proteins are present in the
DISC vaccine, the possibility to differentiate infected
from vaccinated animals is unlikely, especially after
revaccinations. The protective dose of DISC vaccines
seems to be high, although a single vaccination was
protective against challenge, and the minimal protective
dose has not yet been determined.

A new approach for BTV vaccine development us-
ing RG is the disabled infectious single-animal (DISA)
vaccine, generated by deletion of NS3/NS3a expression
(11). Because NS3/NS3a expression is not essential
for BTV replication in vitro, DISA vaccines can be
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produced on the same cell line as the one used for MLV
production. DISA vaccines are based on live-attenuated
vaccine virus BT V-6 without expression of dispensable
NS3/NS3a protein (33). Due to the deletion of virulence
determinants (e.g., deletions in the open reading frame
of segment 10), these vaccines demonstrate both an
avirulent phenotype and significantly reduced viraemia,
making them unlikely to be transmitted in the field
(12). DISA vaccines for different BTV serotypes can be
developed by the exchange of VP2 of BTV serotypes.
The exchange of only VP2 induces serotype-specific
protection of sheep 3 weeks after a single-dose immu-
nization with a DISA vaccine for serotype 8 and nine
weeks after booster vaccination using the same dose
(2 x 10° TCID,,) of vaccine. These DISA vaccines
enable DIVA based on NS3-directed antibodies and
sequences of genome segment 10 (10). An important
risk of replicating vaccines is an uncontrolled spread of
the vaccine virus, and consequently the risk of reversion
to virulence by genetic drift or by reassortment with the
field virus (genetic shift). However, the possible rever-
sion of DISA vaccines to virulence by the restoration of
NS3/NS3a expression through small mutations during
genetic drift is excluded by this significant deletion in
Seg-10. Regarding reassortment between DISA vac-
cines and the field virus, the BT V-6 vaccine backbone
with wild type Seg-10 is still non-pathogenic (33). This
means that genetic shifting by Seg-10 exchange through
reassortment is of no risk, and the probability of the
mixing of genetic material between DISA vaccines, or
between a DISA vaccine and field BTV, resulting in
virulent reassortants, is negligible. DISA vaccines do
not express immunogenic NS3/NS3a, and an indirect
NS3 ELISA could be used for serological DIVA (10).
Recently, the optimal route and dose for DISA vaccines
in sheep have been studied (32). The results indicate
that intramuscular vaccination is the optimal route, and
a standardized protective dose of 2 x 1 ml 10° TCID,  for
sheep was established. To summarize, DISA vaccines
are non-pathogenic replicating vaccines, they do not
cause viraemia, enable DIVA and are highly protective.

In conclusion, a variety of vaccine strategies are
potentially available for immunization of ruminant
livestock against BTV infection. However, only MLV
vaccines and inactivated vaccines have been produced
commercially and used widely to prevent the spread of
BTV in the environment. In order to overcome the dis-
advantages of attenuated and inactivated BTV vaccines,
many different effective recombinant vaccines have
been developed. These vaccines, expressing conserved
protective antigens to generate an effective multivalent
vaccine, would reduce the number of multiserotype
vaccinations required. However, despite the promising
level of efficacy and safety of these vaccines, none are
commercially available. This is probably due to market-
ing issues, the voluntary vaccination policy in Europe
and the acceptance of endemics in many parts of the

381

world because of the cost of vaccination. As a result,
all the new generation BTV vaccines described here
are available only at laboratory scale. For preventive
vaccination in a BT V-free area at risk, safe and broadly
protective vaccines that enable DIVA should be used.
This laboratory-scale vaccine for field situations could
be an RG-based, serotype inactivated vaccine, since
such a vaccine could be quickly available. There are
a number of novel laboratory-scale BTV vaccines that
could be useful for different field situations. However,
further development and licensing of these vaccines
for many serotypes is needed to prepare for future BT
outbreaks. The experimental vaccines can be useful
tools to better understand the immune mechanisms ac-
tivated in animals to neutralize BTV. Therefore, studies
on the new generation vaccines against BTV should be
continued and intensified.
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