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Bluetongue prevalence 
Bluetongue has been described historically as a disease of sheep in southern 
Africa. The disease was reported for the first time in the late eighteenth century 
as ‘tong-sikte’ by Francois de Vaillant, while traveling in the Cape of Good Hope 
between 1781 and 1784. Spreull first described the clinical symptoms of the 
disease in 1905 and noticed fever, and lesions in the mouth and tongue. Since the 
tongue turned dark blue in most severe cases, he proposed the name Bluetongue 
(BT). Much more early BT research has indeed been performed in southern Africa. 
Remarkably, clinical manifestation was largely caused by the introduction of 
European sheep breeds imported in the African continent, which were apparently 
more susceptible than endemic ruminant species [5]. 
In 1943, the first BT outbreak outside of Africa was reported in Cyprus. In contrast 
to African outbreaks, a mortality of up to 70% was reported in sheep. In later 
years, BT also caused problems in Palestine, Turkey and Israel and in the 1950s, 
BT has been detected in North America [12], Portugal and Spain [13]. The 
outbreak in the Iberian peninsula lasted until 1960 and was extremely severe with 
over 179,000 sheep dying and a mortality rate of 75%. In 1977, BT was detected 
in Australia for the first time [14]. The global distribution was described to be 
worldwide by that time, but was in fact limited between 35° S and 40° N due to 
climatic favoured conditions for virus spread in these regions [13,15-17].  

BT is caused by the bluetongue virus (BTV) serogroup, consisting of at least 27 
different serotypes that show no or little cross protection. The first 12 serotypes 
(BTV1-BTV12) have been described by Howell (1960), serotype 13-16 by Howell 
(1970) and Erasmus has identified serotype 17-24 [18]. Very recently, serotypes 
25 [19], 26 [20] and 27 [21] have been described. Virulence of BTV strains can 
vary from avirulent and asymptomatic to highly virulent with high mortality. 
Virulence also depends on the ruminant host, since some sheep breeds are more 
susceptible than others. Multiple serotype situations exist in many countries, 
making BT control complicated, due to the lack of cross protection between 
circulating serotypes. BT has been added to List A of the World Organization of 
Animal Health (OIE) International Animal Health Code, due to the severity and 
fast spread of the disease. In addition, differential clinical diagnosis of BT and 
Foot-and-Mouth Disease can be very difficult. However, in the early 1990s, clinical 
losses by BT strongly declined and the significance of BT was supposed to be less 
important. But in 1998 a new BT outbreak started on the Greek islands, and 
spread to at least 16 Mediterranean countries, killing over one million sheep [22]. 
Since then, many outbreaks of BTV serotypes 1, 2 ,4, 9 and 16 have been reported 
in southern Europe. In 2006, an incursion of BTV serotype 8 by a so far 
unidentified route has been reported [23], invading Belgium, the Netherlands, 
Germany, Luxembourg and northern France, expanding enormously in the 
following years. Apparently, the virus managed to overwinter in this northern 
region with a moderate climate and caused new outbreaks as far north as 53° N 
in Denmark. This type of BTV8 was remarkably virulent, and also caused clinical 
disease in cattle [13,24,25]. 

Currently, circulation of different BTV serotypes is still ongoing and shows several 
changes, including involvement of other Culicoides species, newly discovered BTV 
serotypes and virus variants with genome segments originating from different 
viruses. For example, BTV1 spread in Italy in 2013 and BTV4 has caused problems 
in eastern Europe in the summer and autumn of 2014, with spread in Greece, 
Bulgaria, the former Yugoslavian republic and Romania [26] [27-29]. BTV5 has 
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recently been introduced into Australia [30]. BT outbreaks still cause huge 
economic losses, which are not only caused by production losses, such as 
morbidity and mortality in affected animals, but are mainly due to trade 
restrictions in these affected countries [22,31-33]. 
 
Bluetongue in the ruminant host 
Initially, BT has been described as a disease of sheep. All sheep breeds are 
virologically susceptible, but there are large differences in clinical manifestation 
between breeds [34], but also between animals of the same breed [35-37]. 
Furthermore, of each BTV serotype, virus variants can cause huge differences in 
severity of disease.  
BTV infects and replicates in all ruminants, although infection is often 
asymptomatic [38]. Some wild ruminant species, such as white tailed deer, can 
also develop severe clinical signs. Clinical signs in goats seem less severe and 
viremia is low [39,40]. Cattle are important for transmission of BTV by a high and 
long-lasting viremia, however, infection is usually asymptomatic. Infection by 
BTV8/net06 is a remarkable exception, showing severe clinical signs in cattle 
[41,42]. 

The most observed symptoms of acute BTV infection are fever, oedema of the 
face and neck, and oedema of the feet. Other symptoms are anorexia, general 
malaise, respiratory distress, excessive salivation, bloody nasal and ocular 
discharge, oral ulcers and erosions, lameness, hyperaemia and haemorrhage of 
the coronary band, vascular congestion and focal haemorrhages in the conjunctiva 
and skin and tissue infarctions (Figure 1). In fact, the swollen cyanotic tongue, 
that gave the disease its name, is rare. Mortality varies from 0 to 30% or 
sometimes even higher in certain breeds of sheep infected with highly virulent 
BTV strains [37,43].  

After inoculation, BTV is first detected in the draining lymph nodes of the 
inoculation site and afterwards in other lymphatic organs [44,45]. Later after 
infection, BTV can be detected in many organs, including the skin, lungs, liver, 
kidney, heart, tongue and muscles, resulting in a generalised viremia. Virus 
replication occurs mainly in the endothelial cells of blood capillaries in these organs 
[46,47]. 

The pathology of BT is in majority characterised by its haemorrhagic nature with 
microvascular endothelial cells being the major viral target [37,45,48]. Six to nine 
days post infection, at the peak of virus replication, BTV is also replicating in 
endothelial cells of larger blood vessels and lymphatic ducts. It has been 
suggested that the difference in pathology between ruminants and sheep is due 
to different susceptibility for infection of their endothelial cells [49,50]. Thereby, 
response to infection is different, with bovine cells being activated with increased 
transcription of amongst others inflammatory mediators and ovine cells only 
minimally activated [51,52]. 

Leucocytes, including neutrophils, monocytes, macrophages and lymphocytes, 
can also become infected. These cell types likely play a role in early phase of BTV 
dissemination throughout the body [47,53,54]. BTV associates with erythrocytes 
and persists within invaginations of the erythrocyte cell membrane. This likely 
facilitates prolonged viremia, characteristic of BTV infection [55,56]. 
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 The immunodominant BTV protein is middle-capsid viral protein (VP) 7 and 
group-specific antibodies directed against VP7 are detected by serological tests, 
such as competitive and indirect ELISAs [57-60]. These antibodies are however 
non-neutralising and their role, if any, in protective immunity is unclear. A role in 
antibody-enhanced cell-mediated cytotoxicity has not been shown [61]. 
Neutralising antibodies are in majority serotype specific and are associated to 
protection against a single serotype. These neutralising antibodies are mainly 
directed against outer-capsid proteins VP2 and in minority against VP5 [57,62,63]. 
Serotype broad protection can be induced after infection with several different 
serotypes, but BTV serotypes can replicate with different efficiency, which is of 
concern regarding several serotypes in polyvalent, live-attenuated vaccines 
[61,64,65]. 

BTV infection strongly induces IFN-I [66-69], but virus replication is partially 
resistant to this response and viremia endures beyond the IFN response [69]. BTV 
counteracts the innate immune response by at least two of its non-structural (NS) 
proteins: NS3 and NS4 [70-72]. NS4 was only recently discovered and functions 
in both blocking the IFN synthesis in infected cells and also contributes to host 
shut-off. NS3 interferes with the IFN-synthesis pathway downstream of RIG-I and 
upstream of TBK1/IKKɛ [73], but also counteracts the IFN-I response pathway by 
interfering with STAT1 phosphorylation and nuclear translocation and affecting the 
expression of TYK2 and JAK1 [74].  

Generally, the cell mediated immune response to viral infections is highly 
important for protection, but little is known about this immune response against 
BTV. BTV cytotoxic T-cells (CTLs) have been identified, with NS1 and VP2 being 

1 

Figure 1 BT clinical signs. Some of the bluetongue clinical signs commonly observed 
during animal experiments at CVI [1-3]. From left to right, upper row: Sheep with red 
swollen eyes, oedema in the head and depressed hunched appearance. Lower row: Cattle 
with excessive nasal discharge, oedema and coronitis in the feet and muzzle lesions in a 
newborn calf (Pictures by A. Backx and P.A. van Rijn). 
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the major CTL targets, and VP5, VP7 and NS3 being minor antigens for CTLs 
[75,76]. 

Bluetongue virus in the insect vector 
Hutcheon (1902) and Spreull (1902, 1905) were the first to suggest that BT is 
transmitted by insects [77-79]. They noticed that BT was most prevalent during 
late summer, especially following a wet season, and more common in areas at 
lower altitude. Further, they observed that sheep stabled during summer nights 
were not infected. Finally, BT outbreaks stopped rapidly after the first heavy frost. 
These observations together suggested that insects should be involved in 
transmission of disease. Du Toit (1944) was the first to succeed in transmitting 
BTV to sheep by injecting the virus in wild caught Culicoides species that were 
then allowed to feed on sheep [80]. Herewith BTV became the first viral pathogen 
proven to be transmitted by Culicoides species, later confirmed in several studies 
[81-83].  
 
Culicoides biting midges (Family Ceratopogonidae), with a length of 1-3 mm, are 
amongst the smallest blood sucking insects worldwide (Figure 2). More than 1400 
Culicoides species have been identified, inhabiting almost every area in the world, 
except for New Zealand, Iceland and the Hawaiian islands [17]. As for other 
arboviruses, BTV infection of adult Culicoides does not lead to obvious clinical or 
pathological effects, suggesting that infection is harmless for the insect vector 
[17,84].  

Only a very limited number of 
Culicoides species has been 
identified to vector BTV and in 
different areas, different species 
are responsible for virus spread 
(Figure 3). C. imicola has been 
identified as the most important 
vector in African countries and 
the Arabian peninsula with 
neighbouring Asian countries 
[85,86]. C. fulvus is the most 
efficient vector in Australia [87], 
whereas C. brevitarsis has been 
considered as the major vector 
due to its high abundance and 
wide distribution [88]. The BTV 
vector in North America is C. 
variipennis, recently discovered 
to actually consist of at least 
three species; C. variipennis, C. 
occidentalis and C. sonorensis, 
with C. sonorensis being the 
main vector [89-92]. In Central 

and South America, C. insignis is likely the main vector for BT spread. The African 
vector C. imicola is thought to be the main vector in southern Europe [22,93], 
although serotype 9 seems to be transmitted by a second Culicoides species on 
the Balkans. Still, the presence of C. imicola is believed to be an indicator for the 
risk on BT outbreaks by expansion from Africa. Indeed, likely due to climate 

Figure 2 Culicoides imicola female midges. 
Top left is an unfed midge, before any egg laying 
(nulliparous). Bottom left is nulliparous after the 
first blood meal. The midge at the top right has 
digested at least one blood meal and layed eggs 
(parous). Bottom right is parous and had another 
blood meal. Photo by Alan R. Walker  
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change, C .imicola has spread further northwards into Europe causing many 
incursions and outbreaks since 1998. However, C. obsoletus and C. pulicaris 
present in these areas also seem to be involved in BT outbreaks [16,22].  

The North-European outbreak of BTV8 has conclusively shown that other vectors 
than C. imicola, such as C. dewulfi, C. obsoletus, C. chiopterus and C. pulicaris, 
are involved in BTV transmission, C. imicola, was never caught in these regions 
[94-96].  

BTV is in principle non-contagious and bites by midges are the only important 
means by which transmission occurs. However, minor or rare transmission routes 
of BTV have been shown in experimental settings; horizontal transmission, in 
particular for BTV26, and vertical transmission for mainly vaccine viruses. 
Remarkably, both of these minor transmission routes have been described for 
BTV8/net06 [3], and it has been assumed by several experts that this virulent 
BTV8 strain is originating from vaccine virus [97]. Still, these minor transmission 
routes are considered to be of no relevance for BT epidemics, although they could 
be important to overcome an insect-free period, such as the winter period in a 
moderate climate [97]. Generally, the percentage of BTV infected midges is 
extremely low (<2%), but transmission from insect to ruminant is very efficient, 
with only one bite of an infected midge able to induce a full blown BTV infection 
[98]. Midge saliva seems to have a profound immunomodulatory effect on the 
mammalian cells, and has been suggested to be involved in this highly efficient 
process [99,100]. 

The ability of a midge to ingest virus by blood feeding on a viremic host, to 
replicate it, and to deliver infectious virus to a susceptible host, resulting in a 
reproductive virus infection, is defined as vector competence. Competence of a 
vector for a specific arbovirus is determined by viral genetics, vector genetics, gut 
microbiota, physiological barriers, salivary components, environmental 
temperature and vector immunity [17,89,101-104]. After a blood meal by a 
competent vector, the blood is digested and the virus titre first drops, and rises 
again by virus replication. C. sonorensis ingest approximately 10-4 ml blood. For 
blood with a virus titre of 106 TCID50 ml-1 the calculated uptake is 100 TCID50 of 
infectious virus particles per full blood meal. Virus propagation rises to 105-6 

TCID50 per midge. Midges remain lifelong infectious and 7-14 days after feeding, 
virus replicates in salivary glands and is transmitted with saliva to susceptible 

Figure 3 Global 
Culicoides and BTV 
prevalence. 
Worldwide distribution 
of BTV serotypes in 
2010 and Culicoides 
vector species 
associated with BTV 
spread in different 
geographical regions. 
Picture from [7]. 
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hosts by every next blood meal [101]. Semi-quantitative RT-PCR assays can be 
used to detect BTV in midges, however, to conclude that infection of the midge 
has occurred, the time between uptake and testing must be taken into account in 
order to demonstrate virus propagation [105]. At the present time, little is known 
about mechanisms and processes involved in vector competence as well as why 
certain Culicoides species are more competent than others. Physiological barriers 
that might prevent virus infection include the midgut infection barrier (MIB), 
midgut escape barrier (MEB), salivary gland infection barrier and salivary gland 
escape barrier [17,84,101]. The composition of the Culicoides saliva also 
influences transmission, by cleavage of the viral VP2 proteins [103]. 
 
The bluetongue virus; structure and replication cycle 
BTV has been studied for many years and therefore became the prototype virus 
species of the genus Orbivirus. Other well-known members of this genus in the 
family Reoviridae are African horsesickness virus (AHSV), enzootic haemorrhagic 
disease virus (EHDV) and equine encephalosis virus (EEV), but this genus contains 
at least 22 different virus species and at least 10 unclassified members [106]. 
Because of the long history of research, there is detailed knowledge about the 
structure and replication cycle of BTV (Figure 4). Recently, reverse genetics for 
BTV has been developed by which research on the role of viral proteins in the 
infected cell became feasible [107,108]. 
The BTV genome consists of ~19 kb double stranded RNA (dsRNA), divided over 
ten genome segments (Seg-1–10) with lengths of 0.8-3.9 kb. Except for Seg-9, 

Figure 4 BTV replication cycle. Virus entry is mediated by an unknown cellular receptor 
and VP2 via clathrin mediated endocytosis. In the endosome, acidic pH facilitates VP5 
mediated membrane permeabilisation and release of the viral core in the cytosol. Core 
particles transcribe and extrude mRNAs into the cytoplasm. Viral proteins are translated 
from the mRNAs. NS1 forms tubules and NS2 forms viral inclusion bodies (VIBs). In the 
VIBs, viral proteins and mRNAs are recruited to form new core particles and synthesise 
dsRNA. Cores egress from the VIBs and associate with VP5 and VP2 to form complete 
virus particles. NS3 recruits BTV to endocytotic vesicles, interacts with the 
annexin/calpactin pathways and Tsg101, and disturbs the cellular membrane in order to 
support virus release. Later after infection, mammalian cells will lyse and release more 
virus particles. Picture from [9]. 
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all segments encode one viral protein. Recently, it has been discovered that Seg-
9 expresses, in addition to VP6, the NS4 protein from a +1 open reading frame 
(Figure 5a) [70,71,109]. Seg-10 expresses NS3 and NS3a of which NS3a 
expression is initiated a the second in-frame start codon. 
 
BTV is an architecturally complex, non-enveloped virus particle of ~80 nm in 
diameter, composed of seven structural proteins organized in three capsid shells 
[110] (Figure 5b). Virions have an icosahedral shape with the outer capsid 
consisting of VP2 (Seg-2, 111 kDa) trimers with a triskelion structure [111] and 
VP5 (Seg-6, 59 kDa) trimers with a globular structure (Figure 5c). Both VP2 and 
VP5 are in contact with the middle capsid layer consisting of VP7 (Seg-7, 39 kDa). 
VP2 interacts with the VP7 top surface and VP5 with the VP7 trimer sides. The 
bottom domains of VP7 interact with inner capsid protein VP3 (Seg-3, 103 kDa). 
The replication complex consists of VP1 (Seg-1, 150 kDa) [112], VP4 (Seg-4, 76 
kDa) [113] and VP6 (Seg-9, 36 kDa) [114], and likely forms a flower-like structure 
protruding inwards from the inner side of the VP3 layer [109].  

VP2 mediates virus attachment to the cell and afterwards virus can be internalized 
in clathrin-coated vesicles by receptor-mediated endocytosis [115-117]. The 
cellular receptor for BTV binding and the exact mechanism of virus entry are still 
unknown. Virus entry in mammalian cells also differs from that of insect cells, 
since proteolytic cleavage of VP2 enhances infection of insect cells but not of 
mammalian cells. In addition, core particles (virus particles without VP2 and VP5) 
are as infectious for Culicoides cells as whole virus particles [118]. After 
internalisation, the clathrin coat is rapidly lost and vesicles fuse to form endocytic 
vesicles in which the outer virus coat is released by the acidic pH in these vesicles. 
In the early endosomes, VP5 mediates pH-dependent release of viral cores into 
the cytosol. The structure of VP5 is similar to fusion proteins of enveloped viruses 
[116,119].  

Once released in the cytosol, core particles synthesize capped, but non-
polyadenylated messenger RNAs (mRNAs) from all ten genome segments and 
extrude these into the cytoplasm [120]. The core particle protects the dsRNA from 
cellular antiviral detection. VP1 functions as the RNA dependent RNA polymerase 
and synthesize mRNAs and dsRNAs. In the early stage, minus strand RNA is used 
as a template for mRNA synthesis, whereas in a later stage recruited mRNAs were 
used as template to initiate and elongate minus strand RNA to generate new 
dsRNA [112,121]. VP4 is the protein that generates the type 1-like ‘cap’ structures 
of the BTV mRNAs [122-125], whereas VP6 functions as helicase to unwind dsRNA 
[114,126]. 

Assembly of new core particles starts with five dimers of VP3 forming VP3 
decamers, assembling into viral subcores.  On the inside of these VP3 scaffolding 
proteins, both VP1 and VP4 are able to bind [111,127]. The interaction of VP6 
with the other viral proteins is unknown, but likely, this protein assembles after 
the VP1/VP4 interaction with the VP3 decamers in the presence of RNA segments. 
Afterwards, VP7 trimers bind to the subcore particles to form core particles [128].  
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The mechanism by which one of each of the ten RNA segments are packaged has 
remained one of the most intriguing questions in the field of BTV research. It has 
been suggested that NS2 is involved in packaging, since it recognizes specific 
sequences of the viral RNA segments [129,130]. The development of a cell free 
assembly system, allowing in vitro packaging and capsid assembly gave the first 
clues of the specific recognition and packaging of ten different viral genome 
segments [131]. Important is the role of Seg-10 and the interaction of the UTRs 
of this segment. Likely, Seg-10 is first recruited and then recruits the other smaller 
RNA segments, followed by the larger segments. These probably form a complex 
or complexes that are then packaged as a whole into the subcore particle  [132]. 

Figure 5 BTV genome 
organisation and virion 
structure. (A) Constellation 
of the BTV genome, viral 
proteins and their size and 
function. Genome segments 
are monocistronic, except for 
Seg-9, which in addition to 
VP6 encodes NS4, using an 
internal +1 open reading 
frame [8]. Seg-10 encodes, in 
addition to NS3, the N-
terminal shortened NS3a 
protein using a second 
downstream in frame start 
codon. (B) BTV particle with 
relative position and 
organisation of the viral 
proteins (picture adapted 
from [10]). (C) Organization 
of the three trimeric outer 
capsid proteins VP2, VP5 and 
VP7 (picture from [11]). 
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The assembly of core particles is associated with viral inclusion bodies (VIBs) 
formed by NS2 (Seg-8, 41 kDa), which are also the principal sites of RNA synthesis 
[133-135]. NS2 associates with core particles and binds specifically ssRNA, and 
not dsRNA or DNA. NS2 also has a higher affinity for viral ssRNA than for cellular 
RNA [129,136-138]. Further, NS2 interacts with VP1, VP3, VP4 and VP6 proteins 
[135,139]. Ribosomes are usually not present within VIBs and BTV mRNAs need 
to be transported out of the VIB to be translated by host ribosomes. Ribosomes 
form large clusters around the VIBs. Release of core particles from the VIBs is 
thought to be regulated by the phosphorylation of NS2 by the protein kinase 
casein kinase II [139]. Only phosphorylated NS2 forms VIBs, making 
phosphorylation a likely way to ensure core particle release. After release of cores 
from VIBs, the VP2 and VP5 proteins are assembled on the VP7 layer, which 
abolishes transcription activity of the core, and newly assembled virus particles 
can now be released from the host cell (Figure 6c). NS1 (Seg-5, 64 kDa) forms 
tubule structures in BTV infected cells [140,141] (Figure 6a), which might be 
involved in virus trafficking, although the exact function of these tubules is still 
unknown.  
 
BTV is released from the host by different mechanisms. From insect cells, release 
is non-lytic, but in mammalian cells lytic release is possible [142]. However, also 
in mammalian cells that do show cytopathogenic effect, virus is already released 
before this stage. Early after infection (8-16h), particles can be seen to bud 
through the cell membrane and acquire a temporary envelope (Figure 6bc). At 
16-28 hours after infection, virus particles or groups of virus particles can be 
extruded from the cell, by disruptions in the cell membrane but this seems not to 
induce cell lysis immediately [142]. Finally, BTV is released after death and lysis 
of cells late after infection, which only occurs for mammalian cells. NS3 (Seg-10, 
26 kDa) is involved in virus release mechanisms of BTV [143,144]. NS3 and its 
N-terminal truncated form NS3a (24 kDa), which uses in in frame downstream 
startcodon, are glycosylated and associated to membranes [143,145,146] (Figure 
7). NS3/NS3a has a long N-terminal and a shorter C-terminal cytoplasmic domain. 
More in the centre of NS3, a short extracellular domain is flanked by two 
transmembrane (TM) regions [147]. NS3/NS3a is highly expressed in insect cells 

1 

Figure 6 Electron microscopy picture of BTV infected cells BSR cells infected with BTV1, 
fixed at 24 hpi (A) or 12 hpi (B,C) and visualised using electron microscopy. Viral inclusion 
bodies (VIB), NS1 tubules (arrows) and virus particles (arrowheads) were observed. Scale 
bar represents 0.5 µm (A) or 0.1 µm (B,C). Virus particles can be seen to underlie the plasma 
membrane (B) or bud from the cell membrane of infected cells (C) (Pictures from [4] (A) and 
[6] (B,C).  
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and to smaller amounts in mammalian cells, suggesting that the NS3 function in 
release from invertebrate cells is more prominent [146,148-151]. NS3 has been 
suggested as a viroporin-like protein, facilitating virus release by inducing 
membrane permeabilization [152]. At the ultimate N-terminus, NS3 interacts with 
the calpactin light chain p11 of the cellular annexin II complex [153,154], which 
is functional in membrane-related events and secretion [155]. NS3 also interacts 
with cellular Tsg101 by the conserved PSAP motif, involved in intracellular 
trafficking and release of a number of enveloped viruses [156]. NS3 also contains 
a PPXY late domain motif that is common in Tsg101 recruiting proteins, but the 
effectiveness of this domain in NEDD4-like ubiquitin ligase binding is questioned 
[156]. The C-terminal cytoplasmic domain of NS3 interacts with VP2 proteins 
[153], suggesting that NS3 supports virus release by linking virus to cellular 
transport mechanisms and by disruption of the cell membrane.  

 

Bluetongue control 
The chosen strategy to control BTV is case-dependent and follows on risk 
assessment, management decisions and a cost/benefit analysis. The strategy is 
also highly dependent on national and international legislation. The OIE provides 
detailed procedures for BT control for member states. A country is defined BTV-
affected by confirmation of BTV circulation during the past two years. A country 
can be declared free of BT when authorities declare BT notifiable and 1) the 
country is located north of 53° N or south of 34° S and not adjacent to an affected 
country or zone without BT-free status, or 2) when a surveillance programme has 
demonstrated the absence of BTV during two years, or 3) Culicoides vector species 

Figure 7 Schematic presentation of NS3/NS3a (A) The NS3/NS3a protein contains 
two transmembrane regions (yellow) and a short extracellular domain (orange) with a 
glycosylation site. The N-terminally located intracellular domain contains  a calpactin p11 
binding domain and a late domain. The C-terminal intracellular domain contains a VP2 
binding domain. (B) The topology of NS3/NS3a in the membrane.   
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are absent in the country. There are also strict rules for the importation of life 
ruminants from BTV-affected countries by BTV-free countries. According to EU 
legislation, suspected or confirmed cases of BT must be notified, therewith 
triggering a whole range of measures for prevention and control, such as set up 
of a surveillance program and movement restrictions. Laboratory diagnosis of BT 
should be performed by the national reference laboratory. The Dutch national 
reference laboratory is the Central Veterinary Institute of Wageningen UR, 
Lelystad (www.wageningenur.nl/cvi). The Pirbright Institute, Pirbirght, UK, is the 
European BT Reference Institute (www.pirbright.ac.uk) [157,158]. 
 
BTV strains show significant differences in pathogenicity that could reflect the 
measures needed to control BT outbreaks. The severity of an outbreak also 
depends on the local situation with respect to the presence and density of 
susceptible ruminant species and breeds, as well as on the competence of the 
insect vector. Nevertheless, low pathogenic strains can cause huge economic 
losses in non-endemic countries by restrictions on movement and trade of 
animals. All these facts have to be taken into account in order to install an 
appropriate and acceptable control strategy [157]. 
  
Many countries or zones are endemic for one or more serotypes of BTV. 
Expectedly, these are located in tropical areas with high temperatures during the 
entire year and therefore without vector free period [102]. Usually, multiple 
serotypes are present in these areas, and BT control is aiming to reduce direct 
losses by the severity and incidence of disease. For example, inhibiting spread of 
disease by insect bite reduction is a good method to lower the BT burden. 
Culicoides species can be reduced by destruction of their breeding sites, whereas 
housing of susceptible animals during vector activity or moving of animals to areas 
at higher altitude with low vector abundance reduces bite rates. A good example 
of acceptable and manageable control measures has been installed in Australia. 
In this huge country, sheep are primarily raised in the southern part where 
competent vector species are absent, whereas cattle are present in northern areas 
and only run asymptomatic infections. Movement restrictions from the affected 
area, but also within the affected area appeared a successful option, together with 
surveillance in the bordering area, to monitor spread of disease [157].  

Countries or areas with a temperate climate often have a vector free period during 
winter, and a peak in virus spread in late summer, due to high vector abundance 
and activity. Such conditions are often associated with incursions of a single 
serotype. Eradication could be considered by vaccination, but is dependent on the 
availability of vaccines of the respective serotype. In a milder climate outbreaks 
are limited and sometimes these are temporary expansions from earlier affected 
or endemic areas. Still, ruminant species in such areas have no acquired immunity 
and are thus completely susceptible. This means that incursions can lead to severe 
disease with rapid spread [157]. Often these outbreaks fade out naturally by 
changed conditions, like the winter period, or by natural immunity raised in the 
period of virus spread. Still, such temporary incursions cause significant losses, 
and control or prevention by vaccination could be considered. 

One BT control strategy that could be considered is stamping out. However, this 
has rarely been applied for BT, because of ethical reasons and high costs versus 
the low disease burden for ruminant species, such as cattle and goats. 
Furthermore, after confirmation of an incursion, the virus is already present in the 
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insect population in a large area, decreasing the success rate of stamping out. 
Stamping out might be successful after very early detection combined with rapid 
reduction of the vector population in the affected area [157].  

The most effective method to diminish losses by BT is vaccination [159]. In 
endemic areas, conventional live-attenuated vaccines are often used to reduce 
economic losses [5,65]. Live-attenuated vaccine are effective and production 
costs are low. Protection by these vaccines is serotype specific, but live-attenuated 
vaccines can potentially be combined to polyvalent vaccines that are protective 
for circulating serotypes. However, replicating or live vaccines have several  
disadvantages, such as: 1) viremia high enough for uptake and onward spread by 
the insect vector, 2) disease in more susceptible sheep breeds, 3) teratogenic 
effects, 4) reversion to virulence and  5) reassortment with virulent variants or, 
in case of polyvalent vaccines, with each other, to more pathogenic variants [160-
163]. Further, differentiation of infected from vaccinated animals (DIVA) is not 
possible, which hampers monitoring and trade. Inactivated vaccines are also 
commercially available and safe, compared to live-attenuated vaccines. These are 
therefore often preferred for use in BT control. However, production costs of 
inactivated vaccine are higher, and booster vaccinations are needed for complete 
protection [159,164,165]. Ability of DIVA using inactivated vaccines is uncertain, 
in particularly after re-vaccinations. Furthermore, effectiveness of polyvalent 
inactivated vaccines is questioned. More information about the BT vaccines and 
pre-clinical stage vaccine candidates is provided in the general discussion of this 
thesis. 
 
Scope of this thesis 
Vaccination is the most promising strategy to control and eradicate BT. As 
discussed above, safe and effective improved BT vaccines that overcome the 
drawbacks of current vaccines are needed. Reverse genetics of virulent and 
avirulent BTV strains has been developed [107,108] (Figure 8). This breakthrough 
in BTV research has opened possibilities for the development of improved 
vaccines. Recently, BTV mutants lacking NS3/NS3a expression by mutating the 
start codons has been described [166]. These mutants show slightly reduced 
growth in mammalian cell lines, but release from Culicoides cells is strongly 
disturbed. Reverse genetics has also been used to change virus serotype by 
exchange of genome segments encoding outer capsid proteins VP2 and VP5 [167-
169]. 
In this thesis, after introducing the BT disease, virus and control strategies 
(Chapter 1), the development of a novel BT vaccine using reverse genetics is 
described, which is based on knockout of NS3/NS3a expression by genome 
segment 10. In Chapter 2 the role of Seg-10 RNA sequences in virus replication 
has been studied. Small deletions in Seg-10 resulted in RNA inserts originating 
from other genome segments. Apparently, not only protein expression, but also 
the RNA sequence or structure is highly important for virus replication. The 
properties of the genome segments, needed for virus replication were further 
investigated in Chapter 3. Here, the NS3a sequence of different Orbiviruses was 
exchanged, the RNA sequence, but not the protein sequence was changed, or the  
 
sequence between different BTV serotypes was exchanged. This revealed that 
both protein sequence and RNA sequence are highly important for BTV and each 
time a balance between both is searched for. 
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One appropriate deletion in Seg-10 that abolishes NS3/NS3a expression was 
selected for further studies on vaccine development. In Chapter 4, BTVs different 
in virulence were equipped with this NS3 knockout mutation and with Seg-2 (VP2) 
of serotype 8. Sheep were vaccinated with these viruses and the NS3/NS3a 
knockout virus mutants did not induce clinical signs, elevated body temperatures, 
or detectable viremia. Seroconversion and protection against virulent BTV8 was 
associated with local replication of these NS3/NS3a knockout vaccine candidates. 
The candidate based on vaccine related virus BTV6/net08 was selected as the 
most promising vaccine candidate for further studies. Serotype specific protection 
and DIVA have been demonstrated in Chapter 5. From the results described in 
chapter 4 and 5, it can be concluded that the vaccine candidate 1) is completely 
avirulent, 2) replicates locally therewith minimizing uptake of vaccine virus by the 
vector, 3) enables DIVA based on the absence of NS3 directed antibodies; 4) 
protects against BT disease as early as three weeks post vaccination, and 5) 
induces serotype specific immunity, blocking onward spread of field virus. This 
vaccine candidate was named Disabled Infectious, Single Animal (DISA) vaccine, 
since the vaccine is infectious but blocked in transmission from one animal to the 
other. Chapter 6 describes the application of the DISA vaccine platform by VP2 
exchange for the different European serotypes. Since not all serotypes can be 
generated, incorporation of chimeric VP2 was used for a lethal serotype. In 
addition to the absence of viremia after vaccination, by which uptake by vectors 
is highly unlikely, propagation of DISA vaccine in colonized competent Culicoides 
sonorensis has been studied in Chapter 7. Although feeding experiments were 
not successful, injection of midges revealed that DISA vaccine is blocked in 
onward transmission by insect vectors. Finally, Chapter 8 gives a general 
discussion about pros and cons of the novel DISA vaccine compared to the current 
and other experimental vaccines for BT.  

1 

Figure 8 BTV reverse genetics. On day one, six expression plasmids, encoding 
VP1/VP4/VP6, VP3, NS1 and NS2 are transfected to BSR cells. Eighteen hours later, cells 
are  transfected again with all ten run-off RNA transcripts. Mutations in these run-off 
transcripts will be incorporated in the viral genome, resulting in mutant virus. After three 
days or more, recovered synthetic BTV is visible by CPE or immunostaining. 
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Abstract 
 

embers of the Reoviridae family are non-enveloped multi-layered viruses 
with a double stranded RNA genome consisting of 9 to 12 genome 
segments. Bluetongue virus is the prototype orbivirus (family Reoviridae, 

genus Orbivirus), causing disease in ruminants, and is spread by Culicoides biting 
midges. Obviously, several steps in the Reoviridae family replication cycle require 
virus specific as well as segment specific recognition by viral proteins, but detailed 
processes in these interactions are still barely understood. Recently, we have 
shown that expression of NS3 and NS3a proteins encoded by genome segment 10 
of bluetongue virus is not essential for virus replication. This gave us the unique 
opportunity to investigate the role of RNA sequences in the segment 10 open 
reading frame in virus replication, independent of its protein products. Reverse 
genetics was used to generate virus mutants with deletions in the open reading 
frame of segment 10. Although virus with a deletion between both start codons 
was not viable, deletions throughout the rest of the open reading frame led to the 
rescue of replicating virus. However, all bluetongue virus deletion mutants without 
functional protein expression of segment 10 contained inserts of RNA sequences 
originating from several viral genome segments. Subsequent studies showed that 
these RNA inserts act as RNA elements, needed for rescue and replication of virus. 
Functionality of the inserts is orientation-dependent but is independent from the 
position in segment 10. This study clearly shows that RNA in the open reading 
frame of Reoviridae members does not only encode proteins, but is also essential 
for virus replication.   
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Introduction 
The family of Reoviridae consists of non-enveloped viruses with a multi-layered 
capsid. They have a double stranded RNA (dsRNA) genome, consisting of 9 to 12 
genome segments, and one copy of each segment is efficiently recruited and 
incorporated into each virus particle [1]. 
Bluetongue virus (BTV, genus: Orbivirus) is one of the most extensively studied 
Reoviridae members, and is transmitted to ruminants by Culicoides biting midges. 
Clinical manifestations associated with BTV infections can course from subclinical 
to severe haemorrhagic disease, characterized by fever, lameness, coronitis and 
swelling of the head, particularly the lips and tongue [2,3]. Bluetongue (BT) is 
endemic in many tropical and subtropical regions and in some regions with a 
temperate climate, including large parts of the Americas, Africa, southern Asia 
and northern Australia [4]. There are at least 26 different BTV serotypes identified 
[5,6,7]. 
 
BTV virions (~80nm) consist of seven structural proteins (VP1 - VP7) forming an 
architecturally complex structure of an inner (VP3), middle (VP7) and outer (VP2 
and VP5) capsid layer. These layers encapsidate the viral polymerase (VP1) [8], 
capping enzyme (VP4) [9] and helicase (VP6) [10], as well as the 10 dsRNA 
genome segments (Seg-1 - Seg-10) [2]. In addition, the BTV genome encodes 
four non-structural proteins (NS1 - NS4) [11,12]. It is unknown how the RNA 
segments are exactly located within the virion. Most likely, these are highly 
ordered, in which several structural proteins (VP1, VP3, VP4, VP6), known for their 
ability to bind RNA, might be involved [8,13,14]. 
 
For successful virus replication, RNA segments are specifically recognized by viral 
proteins at different stages in the replication cycle, such as transcription, extrusion 
from core particles, translation, recruitment into viral inclusion bodies (VIBs), 
replication and assembly of new virus particles. The mechanism for selective 
packaging of the genome segments is still one of the most prominent and 
intriguing questions in this research field. 
 
In orbivirus replication, after cell entry and removal of the outer shell, core 
particles transcribe capped mRNAs originating from all viral segments, which are 
extruded into the cytoplasm. These mRNAs are recruited from the cytoplasm into 
VIBs formed by NS2. NS2 may has a role in the recruitment of RNA from the 
cytoplasm by binding to the 5’- and 3’-untranslated regions (UTRs). However, 
undefined RNA sequences in the open reading frame (ORF) are also recognized by 
NS2 [15,16]. Since dsRNA is only associated with virus particles, the recruitment 
of RNA likely occurs at the single stranded RNA level [17]. NS1 specifically 
enhances translation of viral mRNAs in the cytoplasm, likely by specific recognition 
of viral 3’-end sequences [18]. For mammalian orthoreoviruses, recognition 
signals for packaging in the 5’UTR have previously been identified [19], whereas 
for orbiviruses these recognition signals are mainly unknown. Since UTRs and, 
especially the 5’-UTRs, of BTV segments are extremely short (6-59 nucleotides) 
[20], and since RNA-protein interactions are important in numerous replication 
events, it is likely that coding sequences adjacent to the UTRs are also involved 
in recognition by proteins. Viral proteins have previously been recognized for their 
ability to specifically bind coding RNA [21,22]. For orbiviruses such recognition 
sequences in coding regions have not been identified.  
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Until recently, research on sequences in coding Reoviridae RNA important for virus 
replication was hampered by the dual function of this RNA in both translation and 
replication. Reverse genetics has been developed for several BTV strains [23,24] 
and mutants and reassortants of BTV have been generated [12,25,26,27,28]. BTV 
Seg-10 protein products NS3/NS3a were assumed to be essential for virus growth 
[25,26], but we have recently demonstrated that NS3/NS3a expression is not 
required for in vitro propagation of BTV [29]. NS3/NS3a are membrane proteins 
involved in virus release and IFN antagonism [25,26,30,31]. BTV without protein 
expression from Seg-10 enabled us to study the function of coding RNA in virus 
replication. In the present study, we show that RNA sequences in the BTV ORF 
are essential for virus replication, and that these RNA sequences can be 
complemented in cis by RNA inserts from several other genome segments. These 
findings are a first step to define RNA sequences involved in replication of 
Reoviridae members.  
 
Material and Methods  
Cell culturing 
BSR cells (a clone of baby hamster kidney (BHK) cells [32]) were kindly provided 
by Polly Roy (London School of Hygiene and Tropical Medicine) and maintained in 
Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) supplemented with 5% 
fetal bovine serum (FBS), 100 IU/ml penicillin/streptomycin (Gibco) and 2.5 µg/ml 
fungizone (Gibco).  
 
Plasmids with cDNAs of genome segments 
Plasmids containing cDNA of Seg-1 to Seg-10 of BTV1 (Genbank accession 
numbers FJ969719-FJ969728) and Seg-10 of BTV8 (AM498060) have been 
described [23,24]. Plasmids with mutated cDNA of Seg-10 were constructed by 
deletion or replacement of regions in the ORF (Figure 1) by standard cloning 
procedures using restriction enzymes or were synthesized by Genscript 
Corporation (Piscataway NJ, USA). Seg-10 with deletion ∆C was made using 
restriction enzymes BsaAI and BsmBI, ∆D using BsmBI and PsiI and ∆H using PsiI 
and Bsu36I (New England Biolabs). ∆D(S2)del had an additional NcoI-PsiI 
deletion. All other deletion Seg-10 mutants were synthetically generated. Only 
deletion ∆F and ∆G did not disturb the reading frame. Plasmids were transformed 
and maintained in DH5α E.coli competent cells (Invitrogen) and were isolated 
using the High Pure Plasmid Isolation Kit (Roche) or the QIAfilter Plasmid Midi Kit 
(Qiagen).  
 
In vitro RNA transcription  
Plasmid DNA was linearized by restriction enzymes as described earlier [23] and 
purified using standard phenol-chloroform extraction. One µg linear DNA was used 
as a template for in vitro RNA transcription using the MESSAGE mMACHINE T7 
Ultra Kit (Ambion) as described previously [23]. Synthesized capped RNA 
molecules were purified using the MEGAclear kit (Ambion), according to the 
manufacturer’s protocol and were stored at -80˚C.  
 
Rescue of BTV with mutated genome segment 10 
BTV mutants were generated using reverse genetics as previously described [23]. 
In short, 105 BSR cells were transfected in a 24-wells plate using 1.5 µl 
lipofectamin 2000 (Invitrogen) and 600 ng RNA in total, containing Seg-1, 3, 4, 
5, 8, and 9 in equimolar amounts, encoding VP1, VP3, VP4, NS1, NS2 and VP6 
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respectively. Eighteen hours post transfection, BSR monolayers were transfected 
again with in total 600 ng of all 10 RNA segments in equimolar amounts. All 
transfections were performed in duplicate. Wells were screened for cytopathogenic 
effect (CPE) at 48 h post transfection and one well was fixed with methanol:aceton 
and immunostained with α-VP7 monoclonal antibody (MAb) (American Type 
Culture Collection (ATCC)-CRL-1875) according to standard procedures [33]. 
When no CPE or stained plaques were visible as a sign of virus replication, the 
duplicate well was passaged to be able to rescue mutants with delayed growth 
characteristics. Passaging of transfected cells was repeated, depending on the 
presence or absence of visible CPE or immunostained plaques. If transient VP7 
expression was no longer detectable, the attempt to generate mutant BTV was 
considered as unsuccessful. Attempts were repeated at least two times to consider 
a certain mutation lethal. Transfected monolayers were passaged until at least 
50% of the cells either showed CPE or were positive in immunostaining. 
Subsequently, BTV mutants were harvested by freeze thawing twice at -80˚C. 
Then, fresh BSR monolayers were infected with these harvested cells in order to 
conclude that virus rescue was successful. Fresh BSR monolayers were infected 
three subsequent times to prepare virus stocks and to examine genetic stability 
of Seg-10.  
 
Sequencing of Seg-10 of BTV mutants 
Viral RNA was isolated from 200 µl of infected cell culture medium using the High 
Pure Viral RNA kit (Roche) according to manufacturer’s protocol and eluted in 50 
µl RNase-free water. Entire BTV Seg-10 was reverse transcribed and amplified 
using primers F-full-S10* (5’-GTTAAAAAGTGTCGCTGCC-3’) and R-full-S10 (5’-
GTAAGTGTGTAGTGTCGCGCAC-3’) and the one-step RT-PCR kit (Qiagen). Briefly, 
5 µl isolated RNA was added to 10 µl 5x Qiagen one-step PCR buffer, 2 µl dNTP 
mix, 0.6 mM of each primer and 2 µl enzyme mix in a total volume of 50 µl. 
Reverse transcription was performed for 30 min at 45˚C. After an activation step 
of 15 min at 94˚C, cDNA was amplified in 40 cycles of 1 min at 94˚C, 1 min at 
45˚C and 2 min at 72˚C, followed by a terminal extension step at 72˚C for 10 
min.  
The amplicon was separated on a 1% agarose gel by electrophoresis and isolated 
using the Zymoclean gel DNA recovery kit (Zymo Research) according to the 
manufacturer’s protocol. 
The sequence of amplicons was determined using appropriate primers and the 
BigDye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems) in an ABI 
PRISMH 3130 Genetic Analyzer (Applied Biosystems). The complete consensus 
sequence was assembled and determined using Lasergene SeqMan Pro Software 
(DNASTAR, version 7.2.1). 
 
Growth curves  of BTV mutants on BSR cells 
BSR cells in wells of a 24-wells plate were infected with a multiplicity of infection 
(MOI) of 0.1. Virus was attached to the cells for 1.5 h at 37°C.  By washing with 
medium, free circulating virus was removed and fresh medium was added. This 
time point was set as time point 0 (0 hours post infection, hpi). Incubation at 37°C 
was continued and supernatant from one of the wells was each time harvested at 
indicated time points between 0-54 hpi. An equal volume of fresh medium was 
added to the attached cells in the well of which the supernatant was harvested 
and virus in the cell fraction was harvested at the same time points after freeze 
thawing that well at -80°C. Virus titers of cell fractions and supernatants were 
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determined by end point dilution on BSR cells and expressed as tissue culture 
infectious dose per ml (TCID50/ml). Experiments were independently repeated 
four times and significant differences in virus titers were determined using a paired 
Student’s T-test, with p<0.05.  
 
Analysis of dsRNA of BTV mutants by polyacrylamide gel electrophoresis 
BSR monolayers were infected with mutant BTV. Medium was discarded at 24 hpi 
and 0.1 ml/cm2  Trizol was added to the cells and incubated for 5 min at room 
temperature. After harvesting, 0.2 ml chloroform/ml Trizol was added and the 
mixture was centrifuged for 10 min at 6,000 rpm. The water phase was isolated 
and 0.8 ml isopropanol/ml was added.  Precipitated RNA was centrifuged for 30 
min at 4°C and 13,000 rpm. The pellet was washed with 70% ethanol and 
dissolved in 100 µl RNase-free water. Fifty µl of 7M LiCl was added, followed by 
incubation for 30 min at -20°C to precipitate ssRNA. After centrifugation for 15 
min at 4°C and 13,000 rpm, dsRNA was purified from the supernatant using the 
RNA clean and concentratortm-5 kit (Zymo research) according to manufacturer’s 
protocol. Approximately 200 ng dsRNA was separated by 4-12% polyacrylamide 
gel electrophoresis (PAGE) and visualized by silver staining using the SilverXpress 
kit (Invitrogen).  

 

 

Figure 1 Deletion mutant Seg-10 used in reverse genetics for virus rescue. 
Deletions were made throughout the ORF of Seg-10. Mutant ∆A was not viable as 
indicated by a cross. Protein domains encoded by Seg-10 are indicated using different 
colours. BD=binding domain, LD=late domain, IC=intracellular, TM=trans membrane, 
EC=extracellular. Nucleotide positions are indicated with numbers. Segment length is 
indicated next to the illustrations. (A) Mutant segments with consecutive deletions 
throughout the original Seg-10. (B) Mutants based on segment ∆D, but with inserted 
viral sequences. Insertions of Seg-1 and Seg-2 are shown in purple and pink, 
respectively. The orientation of insertions are indicated by arrows. (C) ∆D(S2) segments, 
but with the insertion in a different location or orientation or with an additional deletion 
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Results 
Deletions in the ORF encoding NS3a do not prevent virus rescue 
Previously, we have shown that gene products NS3 and NS3a encoded by Seg-10 
are not essential for virus replication [29]. Firstly, we here confirmed that Seg-10 
RNA is essential for generating BTV from in vitro synthesized RNAs using reverse 
genetics (Figure 2). Then, small deletions throughout Seg-10 were made, but 
deletions in the 5’- and 3’- UTRs were not included in this study as these are 
considered essential for virus generation using reverse genetics (Figure 1A). BTV 
deletion mutants were generated using reverse genetics, however, passaging of 
transfected cells was often needed to recover mutant BTV. Furthermore, 
immunostaining of transfected cells was needed to monitor recovery of virus, since 
most mutant BTVs did not show obvious CPE. Virus mutants with all intended 
deletions were generated, except for mutation ∆A. Apparently, the RNA sequence 
between both start codons in Seg-10 is essential for BTV generation. Rescue of 
BTV mutants for a set of small deletions throughout the ORF of NS3a was 
successful. Representative results of virus rescue with deletions in the ORF of 
NS3a are shown for deletion mutants ∆E and ∆G in Figure 3.  
 

 

Figure 2 Seg-10 is 
essential for virus 
generation using reverse 
genetics. Transfected BSR 
cells 1dpt. CPE is visible in 
cells transfected with all ten 
BTV1 segments, whereas no 
CPE is observed in cells 
transfected with genome 
segments 1-9. At 2dpt almost 
all cells transfected with all 
ten BTV1 segments were 
immunostained with α VP7 
MAb, whereas cells 
transfected with segments 1-
9 showed transient 
expression only. Cells were 
passaged and stained at 
9dpt. Complete CPE was 
observed for cells transfected 
with all ten segments. 
Therefore all cells died and 
could not be stained 
anymore, as indicated by a 
cross. At 9dpt no transient 
expression was detected in 
the cells transfected with 9 
segments.  
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BTV deletion mutants contain RNA inserts in Seg-10 from other genome 
segments  
Deletions in Seg-10 of BTV mutants were confirmed by amplification of entire Seg-
10 followed by sequencing. After three consecutive virus passages, Seg-10 was 
amplified, but cDNAs were larger than the expected size based on the respective 
deletions, as was examined by gel electrophoresis of RT-PCR products, except for 
mutants ∆B and ∆H. Subsequently, Seg-10 of each passage was amplified and 
subjected to agarose gel electrophoresis (Figure 4a). Seg-10 of BTV mutants ∆B 
and ∆H appeared stable for three passages, whereas all other studied BTV 
mutants showed larger amplicons than the expected size in the later passages, 
but often also already in the first passage. The original deletion Seg-10 of each 
BTV mutant could still be identified. However, BTV mutants contained several 
larger amplicons, indicating that there are virus subpopulations present containing 
Seg-10 different from the original deletion Seg-10, which quickly overgrew the 
original mutant. Since the larger amplicons are often already present in the first 
virus passage, they are apparently already present after only a few replication 
cycles of the intended deletion mutant virus. 
dsRNA of BTV mutants of an additional passage on BSR cells clearly showed that 
Seg-1 to Seg-9 are identical in size to those of BTV1, but Seg-10 is not (Figure 
5). In agreement with RT-PCR amplification results (Figure 4a), only BTV mutants 
∆B and ∆H did not contain subpopulations of Seg-10. Note that RT-PCR 
amplification and dsRNA isolation is not completely comparable due to possible 
preferential amplification  by RT-PCR and use of different virus passages. We 
conclude that deletion of several regions in Seg-10 resulted in genetic unstable 
but viable mutant BTVs. 
Larger than expected Seg-10 amplicons indicated an insertion or duplication of 
RNA sequences. All designed deletions in Seg-10 were confirmed, but for each 
deletion mutant the sequence of at least one subpopulation with an insertion was 
also confirmed. All RNA inserts were from viral origin and were inserted in the 
positive orientation. However, inserts varied in length and originated from several 
genome segments. We found RNA inserts from genome segments 1, 2, 6, 8, 9 
and a partial duplication of remaining sequences in deletion Seg-10. Further, these 
viral RNA sequences seemed to be randomly inserted, since inserts were found at 
different positions in deletion Seg-10 (Table 1). Inserted sequences matched with 
the respective original segment by MegAlign (DNA star, Lasergene, version 7.2.1) 

Figure 3 Representative result of rescue of mutant BTV with a deletion in Seg-
10. BSR cells transfected with all segments of BTV1, BTV1 with Seg-10 ∆E or ∆G and 
untransfected control 2dpt stained with αVP7 MAb. Almost all cells transfected with the 
BTV1 segments were infected as was shown by immunostaining in purple. Smaller 
plaques of positive cells were visible in transfections with mutant Seg-10.  
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or Nblast (NCBI) (not shown). The insertions did not lead to recovery of NS3/NS3a 
protein expression. To examine possible similarities in RNA structure, RNA 
sequences were subjected to RNA structure predictions using Cylofold 
(http://cylofold.abcc.ncifcrf.gov/), RNASAlign 
(http://www.bio8.cs.hku.hk/RNASAlign/) and Alifold  
(http://rna.tbi.univie.ac.at/cgi-bin/RNAalifold.cgi) software. No obvious 
similarities in RNA structures were found, although many RNA structures could be 
predicted in all RNA inserts, and even the RNA insert of 67 base pairs originating 
from Seg-2 in ∆D contained a predicted RNA (pseudoknot) structure (not shown). 
We suggest that these inserts complement in cis for the deleted RNA sequence in 
Seg-10 by a yet unknown mechanism.  
 
 

 

Figure 4 Stability of 
Seg-10 mutant 
viruses. (A) Stability of 
all Seg-10 deletion 
mutants was examined 
during three successive 
passages. Complete Seg-
10 was amplified by RT-
PCR, and Seg-10 stability 
was examined by gel 
electrophoresis. wtBTV1 
was used as control. (B) 
Stability of Seg-10 of 
mutant virus ∆D(S2del) 
was confirmed for more 
than ten passages, by 
complete Seg-10 
amplification using RT-
PCR, gel electrophoresis 
and sequencing. (C) 
Stability of variants of 
Seg-10 mutant viruses 
with Seg-2 insertion 
during three successive 
passages. Seg-10 of 
∆D(S2) and 
∆D(S2reposition) were 
stable during three 
passages, whereas Seg-
10 of ∆D(S2inverted) 
was not. Amplicons of the 
original Seg-10 mutant 
and Seg-10 mutant with 
additional inserted viral 
sequences are indicated 
by a dot and asterisks, 
respectively. 
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Viral in cis RNA elements are essential for virus rescue  
We clearly showed that rescue of BTV with deletion Seg-10 results in virus 
mutants with additional RNA inserts. Two BTV mutants, ∆D(S2) with an insertion 
from Seg-2 (770-836, Table 1), and ∆D(S1) with an insertion from Seg-1 (333-
712, Table 1) (Figure 1B), were directly reproduced using reverse genetics. Thus, 
cDNA of Seg-10 of ∆D(S1) and ∆D(S2) with the Seg-1 or Seg-2 insertion already 
present were used for in vitro RNA synthesis and subsequently used for virus 
rescue. Two days post second transfection (dpt), plaques were already clearly 
visible by immunostaining (not shown). Since ∆D mutant production was less 
efficient, this demonstrates that inserts of viral sequences in deletion Seg-10 
increase the efficiency of virus rescue. Furthermore, except for ∆H (see 
discussion), deletion BTV mutants without quickly arising subpopulations 
containing inserts in Seg-10 could not be propagated, indicating that inserting 
these RNA inserts is essential for virus rescue. Genetic stability of newly rescued 
∆D(S2) was confirmed for at least three virus passages by dsRNA analysis (not 
shown), and RT-PCR amplification of Seg-10 (Figure 4C). 
Seg-10 of deletion BTV mutant ∆D(S2) was further shortened resulting in a Seg-
10 of 320 base pairs in length, named ∆D(S2del) (Figure 1C). BTV mutant 
∆D(S2del) was efficiently rescued without additional passages. Genetic stability of 
∆D(S2del) was confirmed by 11 consecutive virus passages (Figure 4B). This 
demonstrates that the large deletion in Seg-10 can be complemented in cis by the 
Seg-2 sequence of only 67 base pairs in length. 

Figure 5 dsRNA of Seg-10 
deletion mutant viruses. 
dsRNA was isolated from cells 
infected with passage 4 of all 
Seg-10 deletion mutant viruses. 
Black dots indicate the segments 
1-10 of BTV1, with Seg-5 and 
Seg-6 almost at the same 
position in the gel. A black dot 
also indicates the band with the 
expected size of Seg-10 based 
on the deletion, for the different 
mutant viruses. White dots 
indicate Seg-10 bands of mutant 
viruses, different from deletion 
Seg-10 of the expected size. All 
mutant viruses contain a band 
with the size of the original 
deletion Seg-10. All Seg-10 
deletion mutant viruses contain 
Seg-10 variants, except for ∆B 
and ∆H. Note that the ladder 
used is made of dsDNA, so the 
height in the gel of the dsRNA 
cannot be used to determine the 
exact size of the band. 
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* BTV mutant with the ∆A deletion in Seg-10 was not viable 
 
The same Seg-2 insert was further analysed. First, the Seg-2 insert was 
repositioned further downstream in the cDNA of ∆D, named ∆D(S2reposition) 
(Figure 1C). Second, the Seg-2 insert in ∆D(S2reposition) was inverted (negative 
orientation) resulting in ∆D(S2inverted) (Figure 1C). BTV mutant 
∆D(S2reposition) was rescued and appeared to be stable for at least three 
passages, whereas for ∆D(S2inverted) subpopulations of Seg-10 arose after one 
cell passage (Figure 4C). Apparently, the Seg-2 insert in the inverted orientation 
remained present, but was not functional in in cis complementation and 
advantageous sequences were quickly inserted similar to virus rescue for other 
deletions in Seg-10. These results show that the position of the viral insert is not 
important, whereas the orientation of the insert is crucial for its function in virus 

Mutant Seg-10 Stability Insertions Position of the  
insert in Seg-10 

∆A* - -  - 

∆B No Insertion of one adenine  61 

∆C No Seg-9 (45-627)  280 

∆D No Seg-1 (333-712), Seg-1 
(552-892), Seg-2 (770-836), 
Seg-8  (384-796) 

 193, 96, 60, 194 

∆E No Seg-1 (1278-1543), Seg-2 
(780-835) 

 58, 58 (after the 
Seg-1 insert) 

∆F No Seg-10 duplication (453-540)  453 

∆G No Seg-1 (1187-1557)  441 

∆H At least 3 
passages 

No additional modifications  - 

∆D(S2) At least 3 
passages 

No additional modifications  - 

∆D(S2del) At least 11 
passages 

No additional modifications  - 

∆D(S2reposition) At least 3 
passages 

No additional modifications  - 

∆D(S2 inverted) No Seg-6 (bp 467-693)  633 

∆D(S2delGFP) No Seg-6 (bp 863-1059)  41 

Table 1 Overview of Seg-10 deletion mutants with insertions. Stability of Seg-10 
deletion mutants during virus growth is indicated. For unstable mutants, changes in Seg-
10 are indicated and specified for segment number of origin and nucleotide numbering 
(between brackets) of the respective segment. The location of the insertion is indicated 
by the nucleotide number of full length Seg-10. 2 
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replication. We conclude that inserted RNA sequences are in cis RNA elements 
needed for virus replication and that these elements can originate from several 
genome segments.  
 
The large deletion in ∆D(S2del) might enable insertion of non-viral sequences. 
The ORF of green fluorescent protein (GFP) was therefore inserted (in frame) 
downstream of the Seg-2 element in the cDNA of ∆D(S2del) (Figure 1C). Mutant 
BTV expressing GFP, ∆D(S2delGFP), was generated and GFP expression was 
clearly visible in seven consecutive virus passages on BSR cells (Figure 6A). Then, 
subsequent virus passages showed a drastic decrease in GFP expression. Indeed, 
RT-PCR amplification of Seg-10 showed instability of ∆D(S2delGFP) after about 
six passages (Figure 6B). This relatively long period of Seg-10 stability again 
shows the benefit of the presence of the Seg-2 sequence. RT PCR showed that in 
the thickest of three bands appearing in the sixth passage, part of the GFP 
sequence was deleted, whereas the Seg-2 insert was steady present. A 
subpopulation with even larger deletions in the ORF of GFP was also detected, and 
it seemed that this population had an advantage over the other subpopulations, 
since it is the thickest band in the 11th passage. A subpopulation missing both a 
large part of GFP and the Seg-2 element was also identified. However, here the 
Seg-2 element was 
replaced by insertion of a Seg-6 RNA element. Again, Seg-10 subpopulations 
without additional viral sequence were not found, which strongly indicates that 
RNA elements from viral origin are essential for BTV replication. Further, foreign 
RNA sequences, such as the ORF of GFP, cannot compensate for deletions in Seg-
10. We conclude that several RNA regions in the ORF encoding NS3a are needed 
for virus replication. Although the mechanism of this is unknown yet, we further 
conclude that the function of these RNA sequences can be complemented in cis 
by inserting RNA sequences of other genome segments in the sense orientation.  
 
Phenotype of deletion BTV mutants  
Our group showed that BTV mutants without NS3/NS3a expression (AUG1+2 mut) 
show reduced CPE and reduced release of virus in culture medium [29]. 
Unexpectedly, BTV mutant ∆D(S2del) caused CPE even less prominent than the 
previously described NS3/NS3a knockout BTV mutants. This might be due to the 
deletion of RNA, that was still present in the ATG1+2 mut virus or due to possible 
protein expression by the ATG1+2 mut virus, prohibited in the deletion mutant. 
However, virus replication is clearly visible by immunostaining of infected cells 
(Figure 7A). Growth curves of BTV1 and mutant ∆D(S2del) on BSR cells showed 
that virus replication in infected cells is slightly reduced, whereas release of 
∆D(S2del) was more than 20 h delayed with respect to BTV1 and reached less 
high titers (Figure 7B).  
  
Discussion 
The Reoviridae genome is composed of 9-12 linear dsRNA genome segments. 
Single copies of each genome segment need to be incorporated in the virus 
particle to form infectious virus. The exact mechanism by which this is 
orchestrated is unknown. Protein-RNA interactions specific for the virus segments 
in general and specific for each individual segment play an important role to direct 
this process in an efficient way. For BTV as representative of the orbivirus genus, 
proteins VP1, VP3, VP4, VP6, NS1, and NS2 have RNA binding capacity, but the 
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exact RNA sequences involved in binding and segment recognition have not been 
elucidated [8,34,35,36,37,38,39,40]. 

Studies on RNA binding in coding regions have been limited to cell-free systems, 
due to interference of introduced mutations with translation of supposed essential 
viral proteins. We have recently found that translation of NS3/NS3a from BTV 
Seg-10 is not essential for BTV replication [29]. This finding was a unique chance 
to study the role of RNA sequences in virus replication, irrespective of translation.  

 

Figure 6 Stability of ∆D(S2delGFP) mutant virus. (A) ∆D(S2del) virus with the GFP 
sequence inserted (∆D(S2delGFP)) was generated. GFP expression was obvious during 
several successive virus passages in BSR cells, as shown for passage 6 and 7 (p6, p7). 
GFP expression was less obvious after subsequent passages, as shown for passages 8 
and 9 (p8, p9). (B) Genetic stability of Seg-10 of ∆D(S2delGPF) during ten passages was 
studied by RT-PCR amplification of Seg-10. The original Seg-10 of ∆D(S2delGFP) mutant 
virus was identified (.), but in subsequent passages additional smaller amplicons became 
more prominent (*). The middle small band has a deletion in the GFP sequence, the 
smallest amplicon has a larger deletion in the GFP sequence, and in the largest of the 
small amplicons, the Seg-2 insertion is also deleted, but a Seg-6 sequence is inserted 
instead.  
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Virus rescue without adding RNA of Seg-10 using reverse genetics has failed, 
indicating that sequences in Seg-10 are truly essential for virus rescue, as has 
been shown for Seg-9 [27]. Indeed, formation of virus particles lacking one or 
more genome segments, as possible for members of other virus families such as 
Bunyaviridae [41], is not described for Reoviridae. BTV mutants with deletions in 
Seg-10 were generated, but deletion of RNA sequences between both start 
codons, in fact the 5’-UTR of NS3a (mutant ∆A), appeared detrimental for virus 
rescue, showing its importance. This sequence is highly conserved as is shown by 

Figure 7 Phenotype and growth of wild type, AUG1+2 and ∆D(S2)del virus on 
BSR cells. (A) BSR cells, 1dpi, infected with MOI 0.1. CPE is clearly visible in BSR cells 
infected with BTV1. Upper row: Typical BTV1 CPE is indicated (arrows). Cells infected 
with the double ATG mutant (AUG1+2) also show CPE, but delayed. The ∆D(S2del) virus 
shows no CPE and infected cells look comparable to uninfected cells. Lower row: Infected 
monolayers were immunostained with αVP7 MAb. For BTV1 all cells are positive, AUG1+2 
shows less positive cells and ∆D(S2del) only shows immunostaining of single cells or 
small groups of cells. (B) Virus titers of infected cells were examined in medium and cell 
fractions at time points up to 54 hpi. Virus titers in cell fractions are not significantly 
different for both viruses, except for 22 hpi. However, virus release in medium is 
significantly delayed and reduced for ∆D(S2del) virus compared to BTV1. Error bars 
represent SEM and asterisks indicate a significant difference in virus titer between 
∆D(S2del) virus compared to BTV1 with p<0.05.  



 RNA elements essential for virus replication 

 

-45- 

its use in molecular diagnostics [42,43,44], difficulty to introduce point mutations 
in this region [45] and unsuccessful attempts by our group to generate mutant 
BTV with only eight silent mutations in this region [46]. 
Rescue of all other deletion mutants in the Seg-10 ORF was possible, but RNA 
inserts from several genome segments were found in deletion Seg-10, very 
quickly after virus rescue. The original deletion Seg-10 was still detectable, but 
detection was rapidly declining, whereas  detection of Seg-10 with an insertion 
was rising. Although there is apparently still a small subpopulation in the virus 
pool present that does not contain the insertion, the original deletion mutant can 
never form a virus pool not containing subpopulations with insertions. This shows 
that the RNA inserts are essential for virus replication, since no virus pools without 
insertions can be generated. 
The only mutant without additional insert was ∆H. BTV ∆H still expresses C-
terminal truncated NS3/NS3a, as was confirmed by IPMA (not shown). C-terminal 
truncated NS3/NS3a is still functional [25], which is here confirmed by CPE 
induced by BTV ∆H in BSR cells. RNA inserts in Seg-10 of this mutant would lead 
to loss of NS3/NS3a functions and this loss is likely the cause that insertions were 
not found for mutant ∆H. In Seg-10 of mutant virus ∆B, an insertion of only one 
adenine upstream from the second start codon was identified. This insertion 
restored the reading frame of NS3, and resulted in expression of 178 N-terminal 
amino acids of NS3. This insertion was likely selected because of the recovery of 
expression of truncated NS3, and not because of in cis complementation. Again, 
like for ∆H, this confirms that non-essential NS3 is highly beneficial for BTV 
replication.  
 
The RNA sequences were probably inserted by replicative recombination events. 
Such events are common in viral evolution [47,48,49]. dsRNA segments of 
bacteriophage Φ6 have also shown inserts after changing the sequence of one 
segment [50]. Intersegment recombination in rotavirus [51], but also in orbivirus 
[52], has been suggested based on sequence analyses and differences in 
homology between regions within segments. Since intersegmental recombination 
in wild type virus will disturb expression of functional proteins, such events are 
lethal or disadvantageous in virus replication. However, in our experiments, 
disturbance of functional NS3/NS3a protein expression was already induced by 
the deletions made in the open reading frame, and is not lethal. Recombination 
events in deletion Seg-10 did therefore not further disturb translation of 
NS3/NS3a, and are highly favourable for virus replication as was shown by 
efficient virus rescue using RNAs already containing such an RNA insert. This 
explains the high recombination incidence examined. Recently, similar events 
have also been shown for influenza virus [53].  
 
BTV deletion mutants have inserted RNA sequences exclusively from viral origin 
and exclusively in the positive orientation. Generally, viral RNA synthesis of 
Reoviridae members is compartmentalized and synchronized. Plus strand RNA 
synthesis to generate mRNA occurs only in core particles, synthesis of minus 
strand RNA to form dsRNA occurs only after assembly in newly formed virus 
particles. Therefore, template switch for replicative recombination will occur 
between strands of viral origin and of the same polarity. On the other hand, the 
rescue of mutant ∆D(S2inverted) showed that inserts in the inverted orientation 
are not functional and nonviral RNA inserts are not beneficial for virus replication 
as was shown by rescue of mutant ∆D(S2delGFP).  
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The RNA sequences seem to be inserted at random positions in Seg-10. Also, the 
rescue of mutant ∆D(S2reposition) showed that the inserts are still functional at 
another location in Seg-10. This indicates that the inserts are independent of 
adjacent sequences and function as distinct in cis RNA elements.  
Sequences of all found inserts were compared but no sequence or structure 
homologies were found. In a few occasions overlapping sequences or very similar 
inserts were independently found suggesting a preference of inserting these 
sequences. 
 
Additional to encoding proteins, viral RNAs contain functions important for a 
variety of processes, such as transcription, replication and recruitment for 
packaging in the virus particle. RNA secondary structures and in particular 
pseudoknots are associated with a remarkable range of functions often involved 
in initiation of translation and ribosomal frame shifting, but could also be binding 
sites for proteins or single-stranded loops of RNA [54]. Kissing-loop interactions 
between viral segments by pseudoknots was already shown for other virus species 
[55]. More research on these RNA inserts is needed to unravel their precise role 
in virus replication. For these studies, the Seg-2 insert is very attractive due to its 
small size (67 bp) and predicted RNA pseudoknot structure. 
 
Obviously, RNA inserts considerably enhance the efficiency of virus rescue using 
reverse genetics and are always found in deletion Seg-10 without expression of 
functional NS3. However, the mechanism in which these RNA sequences are 
involved is yet unknown.  
One possibility is the recognition by NS2. NS2 is involved in the formation of VIBs 
[56], but also binds BTV-RNA. NS2 does recognize BTV RNA by the UTR’s, but also 
by yet unidentified RNA structures in ORFs [15,16,37].  
The inserts can also be bound by VP6. It is suggested that VP6 binds to RNA for 
its helicase activity, but also plays a role in RNA packaging by a still unknown 
mechanism [57].  
Another possibility for insert necessity, is that the optimal length of Seg-10 might 
be advantageous for the stability of a virus particle, since it is known that RNA 
can direct the assembly of the capsid and sometimes enhances capsid stability 
(reviewed by [58]). However, many small deletions in Seg-10 were less stable 
than the ∆D(S2del) with the smallest Seg-10 of only 320 base pairs in length, 
which was stable for more than 10 virus passages. 
Genome segments of dsRNA in the virus particle are highly ordered. This ordering 
is partly due to interactions of dsRNA with VP3, but neighbouring RNA segments 
also seem to interact [13,14]. The exact interactions in the virus particle are still 
unknown, but the RNA inserts could stabilize these interactions.  
Although the found RNA inserts are needed for virus replication, their genetic 
stability is variable. A firstly generated virus variant with an insert in deletion Seg-
10 can be overgrown by a newly arisen virus variant. After extensive passaging 
of mutant ∆D(S2delGFP), the original Seg-2 insert eventually changed into an 
insertion of Seg-6. It will be interesting to continue passaging of virus mutants in 
order to find the most optimal RNA sequence of deletion Seg-10 without 
expression of NS3/NS3a proteins. With the same aim, growth competition 
experiments between independently generated BTV mutants only differing in Seg-
10 sequences could be performed.  
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Taken together, in addition to encoding proteins, RNA in BTV ORFs is also essential 
for virus replication itself. This system, in which RNA elements can be studied in 
virus replication without interference of translation, is a first step to elucidate the 
exact role and function of these RNA elements. The developed system with the 
protein-lacking genome segment 10 enables research on the role of RNA 
sequences in RNA replication, virus assembly, segment recognition and other 
processes in which RNA-RNA or protein-RNA interactions in the replication of 
dsRNA viruses are involved. Processes such as viral evolution and inter- and 
intragenic recombination can also be studied now.  
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Abstract 
 

rbiviruses are insect transmitted non-enveloped viruses with a ten-
segmented dsRNA genome of which the bluetongue virus (BTV) is the 
prototype. One of the viral non-structural proteins NS3/NS3a is encoded 

by genome segment 10 (Seg-10), and is involved in different virus release 
mechanisms. This protein induces specific release via membrane disruptions and 
budding in both insect and mammalian cells, but also the cytopathogenic release 
that is only seen in mammalian cells. NS3/NS3a is not essential for virus 
replication in vitro with BTV Seg-10 containing RNA elements essential for virus 
replication, even if protein is not expressed. Recently, new BTV serotypes with 
distinct NS3/NS3a sequence and cell tropism have been identified. Multiple studies 
have hinted at the importance of Seg-10 in Orbivirus replication, but the exact 
prerequisites are still unknown. Here, more insight is created in the needs for 
Orbivirus Seg-10 and the balance between protein expression and RNA elements. 
Multiple silent mutations in the BTV NS3a open reading frame destabilized Seg-
10, resulting in deletions and sequences originating from other viral segments 
being inserted, indicating strong selection at the level of RNA during replication in 
mammalian cells in vitro. The NS3a ORF of other Orbiviruses were successfully 
exchanged in Seg-10 of BTV1, resulting in viable chimeric viruses. NS3/NS3a 
proteins in these chimeric viruses were generally functional in mammalian cells, 
but not in insect cells. NS3/NS3a of the novel BTV serotypes 25 and 26 affected 
virus release from Culicoides cells, which might be one of the reasons for their 
distinct cell tropism.     
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Introduction 
Orbiviruses are ten-segmented double stranded (ds) RNA viruses that belong to 
the family Reoviridae. The genus Orbivirus contains 22 virus species with at least 
10 unclassified members [1]. Well known species are the bluetongue virus (BTV), 
African horsesickness virus (AHSV), epizootic haemorrhagic disease virus (EHDV) 
and equine encephalosis virus (EEV), which are all transmitted by Culicoides biting 
midges and cause disease in ruminants (BTV and EHDV) or equids (AHSV and 
EEV). Orbiviruses are non-enveloped architecturally complex viruses of ~80 nm 
in diameter, which are composed of structural proteins VP1-7 organized in three 
capsid shells [2]. In addition, at least four non-structural (NS) viral proteins are 
expressed after infection [3-7].  
 
NS3 (Seg-10, ~26 kDa) and its N-terminal truncated form NS3a (~24 kDa), 
expressed from a downstream in-frame start codon, function in virus release from 
infected cells [8,9]. These glycosylated membrane proteins are conserved among 
orbiviruses [10-12]. A long N-terminal and a shorter C-terminal cytoplasmic 
domain with a centrally located small extracellular domain flanked by two 
transmembrane (TM) regions can be recognized (Figure 1c) [8,13-15]. NS3 is a 
viroporin-like protein, facilitating virus release by membrane permeabilization 
[16]. It interacts with the calpactin light chain p11 of the cellular annexin II 
complex and with cellular Tsg101 at its N-terminus [17,18], which are involved in 
membrane-related events, secretion and intracellular trafficking [19,20]. BTV NS3 
also contains highly conserved PSAP and PPXY late domain motifs common in 
Tsg101 recruiting proteins [20]. The C-terminal cytoplasmic domain interacts with 
the outer capsid protein VP2 [17], suggesting that NS3 supports virus release by 
connecting virus to cellular transport mechanisms and by disruption of the cell 
membrane. NS3/NS3a expression is higher in insect cells than in mammalian cells, 
suggesting that the NS3 function in invertebrates is more prominent [14,21-24]. 
Release of BTV occurs by different mechanisms. In insect cells, release is non-
lytic, whereas release from mammalian cells can also be lytic [25]. Indeed, virus 
release from mammalian cells is already observed before onset of cytopathogenic 
effect (CPE). Virus release early after infection occurs via budding through the cell 
membrane, requiring a temporary envelope, whereas later after infection virus 
release occurs by disruptions of the cell membrane [25]. Finally, BTV NS3/NS3a 
is also an inhibitor of the induction of IFN-I [26,27].  
 
Previously, reverse genetics has been used for rescue of BTV mutants to study 
the role of NS3/NS3a in virus replication [28,29]. NS3/NS3a is not essential for 
virus replication in vitro, although NS3/NS3a knockout BTV showed a disturbed 
release in mainly insect cells [30]. However, NS3/NS3a is essential for viremia in 
the mammalian host as well as for virus propagation in Culicoides vectors in vivo 
[31,32].  
 
Seg-10 also plays an important role in packaging of all ten genome segments in 
a cell-free virus assembly system [33]. Mutations in the UTRs of Seg-10 abort 
virus replication, possibly by blocking RNA packaging [34]. Likely, Seg-10 is the 
first recruited segment, followed by the other small segments, which then 
probably form a complex or complexes with the larger segments that are then 
packaged as a whole into the subcore particle [35]. Recently, it has been shown 
that RNA elements in the open reading frame (ORF) of Seg-10 are essential for 
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virus rescue, irrespective of NS3 related expression [36]. However, the 
mechanism and exact required RNA sequences are still unknown.  
 
 The BTV serogroup consists of at least 27 different serotypes of which serotypes 
25-27 were recently identified [37-40]. BTV25 or Toggenburg orbivirus was 
identified in asymptomatic infections in goats, but not in other wild or domestic 
ruminants [41,42]. In goats, RNA was detected for a strikingly long period, 
whereas sheep showed minor symptoms and a very low viremia in experimental 
infections [43]. Despite different attempts, culturing of BTV25 in cells and 
embryonated chicken eggs was unsuccessful [42]. Thereby, field collected 
Culicoides species were not tested positive for BTV25 and feeding of 
C.nubeculosus with BTV25 positive blood did not lead to virus replication, 
however, this might have been due to a very low virus concentration [44]. BTV26 
or BTV Kuwait (Maan et al., 2011) was detected in sheep, causing mild clinical 
signs associated with a low and short viremia. Interestingly, BTV26 could be 
isolated on mammalian cells (BHK and Vero) but without causing CPE in Vero cells, 
and the virus could not be isolated on Culicoides cells (KC) [45]. This difference 
in tropism compared to other BTV strains, which are easily isolated on KC, BSR 
and Vero cells, suggests that BTV25 and BTV26 might be spread by an alternative 
vector species or are transmitted via other mechanisms [46]. NS3/NS3a of BTV25-
27 are more variable in some conserved regions, including a remarkable arginine 
to glycine mutation in the highly conserved late domain motif (PPRYAPSAP to 
PPGYAPSAP), which is not found in any other known BTV sequences. BTV27 was 
found in asymptomatic infections in goats on Corsica, France and does grow on 
BSR cells [47]. Further research is needed to be able to conclude more about cell 
tropism, species infectivity and transmission of this new serotype. 
 
Summarizing, multiple studies have hinted at the importance of Seg-10 RNA and 
its encoded NS3/NS3a protein in BTV replication. Here, the replication of BTV with 
different Seg-10 sequences in insect and mammalian cells has been studied. 
Further, Seg-10 of the new BTV serotypes 25 and 26 were investigated using 
single Seg-10 reassortants. A delicate balance was found between the 
requirement for protein expression and RNA sequences in Seg-10 for BTV 
replication in vitro. 
 
Results 
Selection on protein expression or RNA sequence after NS3 codon 
exchange 
Transient expression of NS3/NS3a by Seg-10(silent), which contains 180 silent 
mutations, was confirmed by transfection of BSR cells with Seg-10(silent) RNA 
and subsequent staining with NS3 monoclonal antibodies (MAbs) (not shown). 
Rescue of BTV1 with Seg-10(silent) was successful, although no CPE was 
observed, while VP7 staining indicated virus replication (Figure 1a). In the first 
passage after virus rescue two subpopulations of Seg-10(silent) were identified. 
One contained a 248 bp deletion (82-330) and another subpopulation of Seg-
10(silent) contained a replacement of 599 bp (78-677 of Seg-10) by 295 bp 
originating from Seg-2 (206-501). The original sequence of Seg-10(silent) was 
not found, suggesting that the intended virus BTV1[NS3]silent is not viable. 
Independently rescued virus with Seg-10(silent) followed by six subsequent 
passages confirmed the instability of BTV1[NS3a]silent (Fig. 1b). Again, the 
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original Seg-10(silent) sequence was not found. Instead, 215 bp (60-275) were 
deleted and replaced by 382 bp originating from Seg-1 (2025-2407) (Figure 1c).  

Exchange of the NS3a ORF of AHSV, EHDV and EEV in Seg-10 of BTV 
As expected, rescue of BTV reassortants with complete Seg-10 of AHSV or EHDV 
failed after repeated attempts (not shown). BTV1 based mutants with chimeric 
Seg-10 containing the NS3a ORF of AHSV, EHDV or EEV fused with BTV8 UTRs 
were successfully generated. BTV1[NS3a]ehdv and BTV1[NS3a]eev induced CPE 
similar to ancestor BTV1, and were immunostained with α-VP7 MAbs. 

Fig. 1 (a) BSR monolayers were infected with BTV1, BTV1[NS3a]silent, or were mock 
infected. Upper panel: CPE at 48 h post infection. Enlarged figures show apoptotic bodies 
characteristic for BTV CPE. Lower panel: VP7 immunostaining of infected monolayers. 
Bar represents 200 µm. (b) PCR amplification of Seg-10 of six subsequent passages of 
BTV1[NS3a]silent of two independent virus rescues (left and right panel). Bands that 
were sequenced are indicated by numbers corresponding to numbers in Fig. 1c. (c) 
Schematic representation of Seg-10 with recognized motifs and domains in NS3/NS3a 
indicated. Seg-10 of BTV[NS3a]silent with synonymous mutations in the NS3a ORF is 
shown in grey. Sequenced Seg-10 mutants that contain deletions and that were 
numbered in Fig.1b are also schematically presented, with nucleotide positions of the 
deleted RNA with respect to full length Seg-10. Insertions are indicated by dashed lines. 
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BTV1[NS3a]ahsv, however, did not induce CPE, although VP7 immunostaining 
indicated virus replication (Figure 2a).  
 
Seg-10 of each of the six passages was amplified to study stability of the chimeric 
segment. Seg-10 of BTV1[NS3a]ehdv and BTV1[NS3a]eev were stable (Figure 
3a), which was further confirmed by sequencing (not shown). Clearly, Seg-10 of 
BTV1[NS3a]ahsv was not stable, as smaller amplicons indicated deletions in this 
chimeric segment. Sequencing revealed an in-frame deletion from position 63 to 
288 (Figure 3b). Analysis of dsRNA confirmed a smaller Seg-10 for 
BTV1[NS3a]ahsv than for BTV1, BTV1[NS3a]ehdv and BTV1[NS3a]eev (Figure 
3c). 
 
To investigate coincidental modification of chimeric sequences, rescue of 
BTV1[NS3a]ahsv, BTV1[NS3a]ehdv and BTV1[NS3a]eev was repeated. Again, 
BTV1 with NS3a of EHDV and EEV showed CPE in BSR cells, whereas 
BTV1[NS3a]ahsv did not (not shown). BTV1[NS3a]eev was again stable (Figure 
3a). Seg-10 of the AHSV variant was now also stable during six passages, whereas 
Seg-10 of BTV1[NS3a]ehdv was not. This was confirmed by sequencing of Seg-
10, revealing an in-frame deletion of 231 bp (69-300) (Figure 3b). This deletion 
was also observed by examining the dsRNA of this virus (Figure 3c). Since 
BTV1[NS3a]ahsv did not induce CPE despite of a stable chimeric Seg-10 and thus 
putative protein expression, AHSV NS3/NS3a expression was examined (Figure 
2b). Immunostaining with AHSV NS3 specific MAbs was observed, indicating that 
expression of AHSV NS3/NS3a leads to a phenotype without CPE in the BTV 
background. 

Figure 2 (a) BSR monolayers were 
infected with BTV1[NS3a]ahsv, 
BTV8[NS3a]ehdv or BTV1[NS3a]eev. 
Upper panel: CPE at 48 h post infection. 
Enlarged pictures show apoptotic 
bodies characteristic for BTV CPE. 
Lower panel: VP7 immunostaining of 
infected monolayers. (b) BSR cells 
infected with BTV1[NS3a]ahsv or BTV1 
were immunostained with BTV VP7 
(upper panel) or with AHSV NS3 (lower 
panel) specific MAbs. Bar represents 
200 µm. 
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Fig. 3 (a) Seg-10 analysis of six subsequent passages of BTV1[NS3a]ahsv, 
BTV1[NS3a]ehdv and BTV1[NS3a]eev for two independent virus rescues. Indicated bands 
were isolated and sequenced. Bands indicated by * contained unchanged full length Seg-
10, and numbered bands contained mutated Seg-10 as shown in Fig. 3b. (b) Schematic 
representation of full length Seg-10 with NS3/NS3a domains indicated. The identified 
Seg-10 deletion mutants indicated by numbers corresponding to Fig. 3a are depicted 
below, with the size and location of the deletion indicated. (c) Deletions in Seg-10 were 
confirmed by dsRNA isolation from the sixth virus passage followed by gel electrophoresis 
analysis. Bands corresponding to Seg-10 with a deletion are indicated by *. 
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Growth and release of the stable BTV mutants with chimeric Seg-10 in both BSR 
and KC cells were determined to study in cis complementation of NS3/NS3a of 
different orbiviruses (Figure 4). In BSR cells, no obvious differences in growth 
between BTV1 and BTV1[NS3a]ehdv were shown. BTV1[NS3a]eev showed a slight 
but insignificant reduction of growth and release. The virus titer of 
BTV1[NS3a]ahsv in the cell fraction was also slightly but not significantly reduced. 
Release of this virus, however, was significantly reduced by >100 times at the 
end of the experiment compared to BTV1 (Figure 4a). 
  
In KC cells, all three chimeric viruses reached a significantly lower virus titer 
compared to BTV1 (p<0.05) in both the cell fraction and the medium (p<0.01) 
(Figure 4b). No significant difference between the chimeric viruses was measured. 

 

BTV reassortants with Seg-10 from BTV25 and BTV26  
BTV1 and BTV8 with Seg-10 from BTV25 and BTV26 were generated. These BTV 
reassortants were stable as checked by PCR amplification of entire Seg-10 after 
several virus passages (not shown). Infection of BSR cells induced obvious CPE 
which was very similar to CPE induced by the ancestor BTV (Figure 5a). However, 
the plaques seemed to be slightly smaller and denser for both BTV1 and BTV8 
based Seg-10 reassortants.  
 
Growth and release of the single Seg-10 reassortants were determined in both 
BSR (mammalian) and KC (Culicoides) cells, and compared to ancestor BTV and 
BTV without NS3/NS3a expression (Figures 5b-6e). BTV1[NS3]25 and 
BTV1[NS3]26 showed no significant differences in virus titers for both the cell and 
secreted fraction in BSR cells (Figure 5b). Virus titers for both fractions of KC cells 
were slightly but insignificantly lower for both BTV1 based reassortants during the 
course of the experiment (Figure 5c).  
 
In BSR cells, the growth of BTV8[NS3]25 and BTV8[NS3]26 was again not 
different from that of the ancestor virus BTV8. In this experiment, growth of the 
NS3/NS3a negative variant of BTV8 was also examined. This virus showed a 
significantly lower final titer compared to the other three viruses in the released 

Figure 4 Growth and release of BTV1, BTV1[NS3a]ahsv, BTV1[NS3a]ehdv and 
BTV1[NS3a]eev in BSR (a) and KC (b) cells. Dotted lines represent released virus and 
solid lines represent virus titer in the cell fraction. Error bars indicate standard error of 
the mean. 
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fraction (Figure 5d). Growth of all mutant viruses was clearly reduced in KC cells 
compared to growth of BTV8 (Figure 5e). The highest titer of BTV8[NS3]25, 
BTV8[NS3]26 and BTV8[NS3]min was significantly lower compared to BTV8, in 
both the cell fraction and the released fraction (p<0.05).     
 

 

 

Figure 5 (a) BSR cells infected with BTV8, BTV8[NS3]25 or BTV8[NS3]26 with an MOI 
of 0.01 at 36 h post infection. Enlarged pictures show apoptotic bodies characteristic for 
BTV CPE. Plaques induced by BTV8[NS3]25 and BTV8[NS3]26 were slightly smaller and 
denser compared to BTV8. Bar represents 200 µm. Growth and release of BTV1, 
BTV1[NS3]25 and BTV1[NS3]26 in BSR cells (b) and KC cells (c) were determined. 
Growth and release of BTV8, BTV8[NS3]25, BTV8[NS3]26 and BTV8[NS3]min were also 
measured in BSR cells (d) and KC cells (e). Solid lines represent growth in the cell 
fraction and dotted lines represent secreted virus. Error bars indicate standard error of 
the mean. 
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Discussion and conclusion 
Previously, it has been shown that NS3/NS3a is not essential for in vitro BTV 
replication by mutating both start codons [30]. RNA sequences within the NS3 
ORF were shown to be essential for virus replication in vitro, independent of 
protein expression. Deleted RNA sequences were compensated by RNA inserts 
from other viral segments during virus rescue without restoring NS3/NS3a 
expression [36]. Only small out-of-frame deletions in BTV Seg-10 were stable as 
long as NS3/NS3a related protein was expressed and mutations disturbing 
NS3/NS3a expression were restored by point mutations [30]. Clearly, there is a 
strong selection for expression of NS3/NS3a, while so far unidentified RNA 
elements are also essential for virus replication. Here, this phenomenon was 
investigated in more detail by the introduction of multiple silent mutations in the 
NS3a ORF, therewith maintaining the translation of unchanged NS3/NS3a protein. 
Independently rescued variants with Seg-10(silent) showed that in vitro selection 
for RNA sequences in Seg-10 is stronger than for NS3/NS3a expression, since RNA 
sequences were deleted at the expense of protein expression. Since NS3/NS3a is 
not essential, a stronger selection for RNA sequences  is explainable, also since 
selection on RNA takes place during packaging, which occurs before the selection 
on NS3/NS3a protein expression. 
 
NS3/NS3a is conserved among Orbivirus species [10-12] and their function is 
likely similar [48-51]. However, reassortants consisting of genome segments of 
different orbivirus species have never been isolated and virus rescue of such single 
Seg-10 reassortants using reverse genetics has failed. Likely, the highly 
conserved UTRs are specific for virus species and essential for RNA replication and 
recruitment of viral RNA for packaging. Indeed, BTV with Seg-10 containing point 
mutations in the UTRs is not viable [34,52,53]. To investigate in cis 
complementation of the NS3/NS3a function and conservation of the RNA sequence 
and structure between orbiviruses, BTVs with chimeric Seg-10 containing the 
NS3a ORF of AHSV, EHDV and EEV were rescued.  
 
Chimeric Seg-10 was not stable during virus passages, except for BTV1[NS3a]eev 
(Figure 3). Apparently, viral Seg-10 RNA sequences from other orbiviruses are not 
optimal and deletion mutants were therefore selected. No insertions from other 
segments were found, which suggests that RNA elements or structures in the 
NS3a ORF of EEV, EHDV and AHSV are functional in BTV replication, and are likely 
conserved for Orbiviruses. More research is needed to identify these elements or 
structures. 
 
Interestingly, both observed deletions in the chimera’s were in-frame and putative 
expression of TM regions and the C-terminal cytoplasmic region were maintained 
(Figure 3b). However, only BTV1[NS3a]ehdv and BTV1[NS3a]eev induced CPE 
and virus release in mammalian cells (Figures 2a and 4a). Moreover, 
BTV1[NS3a]ehdv with the in-frame deletion still induced CPE, which suggests that 
expression of TM regions is involved in CPE in BSR cells and this function of NS3 
is exchangeable between orbiviruses. In contrast, BTV NS3 is not exchangeable 
by AHSV NS3, since BTV1[NS3a]ahsv did not induce CPE and release in 
mammalian cells, even though AHSV NS3 expression was confirmed by 
immunostaining (Figure 2b). The more specific function of BTV NS3 in release 
from KC cells was however not retained, since virus release in these cells was 
significantly reduced for all three chimeric viruses (Figure 4b).  
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We conclude that there is a delicate balance between expression of NS3/NS3a and 
the presence of RNA sequences/structures in Seg-10 for Orbivirus replication in 
vitro. Apparently, both protein and RNA sequences have co-evolved in the field 
situation, and are both partly conserved. The function of NS3/NS3a in the non-
specific release from BSR cells [25] is highly conserved, whereas  virus release 
from Culicoides cells [14,21-24] is orbivirus specific. Likely, binding of NS3/NS3a 
to VP2 has differentiated and became specific for each orbivirus species. However, 
VP2 of serotypes of each orbivirus species also exhibit a high variability [54]. 
 
NS3/NS3a of BTV25 and BTV26 are clearly distinct from that of the classical 24 
BTV serotypes, including a remarkable amino acid difference in the highly 
conserved late domain (PPRYSPAP to PPGYPSAP). Virus growth of Seg-10 
reassortants based on lab-adapted BTV1 and virulent BTV8 showed remarkable 
differences. Exchange of Seg-10 affected growth and release of virus in Culicoides 
cells in the BTV8 background, but not in the BTV1 background (Figures 5b and 
5c). BTV1 is well adapted to cell culture, which could lead to loss of some wild 
type characteristics, such as virulence, as is often seen for cell culture adapted 
viruses. Therefore, the small effects of Seg-10 exchange could be less prominent 
in the lab adapted strain and remained unnoticed. Similarly, the effect of NS4 was 
not significant in the BTV1 background, whereas the effect was obvious in the 
background of virulent BTV8 [4]. Seg-10 reassortants of the virulent BTV8 
backbone did not affect virus growth in mammalian (BSR) cells. However, lower 
virus titers than for ancestor BTV8 were observed in Culicoides (KC) cells (Figure 
5d and 5e). This suggests that NS3/NS3a of BTV25 and 26 could be involved in 
the distinct characteristics, of these new BTV serotypes [42,44-46].  
 
The BTV Seg-10 mutants presented here show that Orbiviruses have evolved both 
on the function of expressed viral proteins and viral RNA sequence/structure of 
genome segments. Apparently, both are important for virus replication in vitro. 
Previously, is has been shown that NS3/NS3a is required for viremia in sheep and 
virus propagation in Culicoides [31,32]. Thus, NS3/NS3a is crucial in vivo for virus 
transmission between the insect vector and the ruminant host. However, 
NS3/NS3a protein is not essential for virus replication in vitro [30], whereas RNA 
elements in the Seg-10 ORF are essential for BTV replication [36]. Indeed, we 
here observed a strong selection on the Seg-10 RNA sequence at the expense of 
NS3/NS3a expression, when studying silent mutations in Seg-10. The functional 
Seg-10 RNA elements seem to be conserved among orbiviruses as these were 
exchangeable, shown by BTV chimeras with NS3a ORFs of other orbivirus species. 
The exact function of these RNA elements is still unknown and no obvious 
sequence or structure homology between inserted sequences could be recognized. 
Still, it might be possible that these RNA inserts contain packaging signals or will 
form RNA structures to enable packaging. More studies are needed to elucidate 
this phenomenon, since there is apparently a strong preference to insert these 
RNA sequences during rescue of BTV with Seg-10 (silent) or with small deletion 
in Seg-10 (Feenstra et al., 2104b). NS3/NS3a functions are only partially 
exchangeable between orbiviruses, since induction of CPE in mammalian cells was 
observed for some chimeras, whereas efficient release from insect cells was not 
observed. Seg-10 and NS3/NS3a sequences of two newly discovered BTV 
serotypes are probably involved in the distinct tropism of these viruses. More 
studies are needed to further elucidate the exact role of Seg-10 RNA as well as of 
its encoded NS3/NS3a protein in virus replication and virus release. 
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Materials and Methods 
Cell culture 
BSR cells (clone of BHK-21 cells [55]) were cultured in Dulbecco's modified Eagle's 
medium (DMEM, Invitrogen) containing 5% fetal bovine serum (FBS), 100 IU ml-
1 Penicillin, 100 µg ml-1 Streptomycin and 2.5 µg ml-1 Amphotericin B. KC cells 
[21] derived from embryos of colonized C.sonorensis [56] were grown in modified 
Schneider’s Drosophila medium with 15% FBS, 100 IU ml-1 Penicillin and 100 µg 
ml-1 Streptomycin at 27˚C. 
 
Viruses 
BTV1 (Genbank accession numbers FJ969719-FJ969727) with Seg-10 originating 
from BTV8 (FJ183383) and BTV8 (FJ183374–FJ183383) were used as virus 
backbones to generate BTV1 or BTV8 derivatives using reverse genetics as 
previously described [28,29]. In short, 105 BSR cells were transfected with 
plasmids expressing VP1, VP3, VP4, NS1, NS2 and VP6. Eighteen hours post 
transfection, BSR monolayers were transfected again with all 10 RNA transcripts. 
Virus rescue was performed in duplicate. Wells were screened for CPE and VP7 
expression by immunostaining of fixed monolayers with α-VP7 MAb (ATCC-CRL-
1875) (American Tissue Culture Collection) according to standard procedures 
[57]. Without signs of virus replication, cells in the duplicate well were repeatedly 
passaged to rescue virus mutants with delayed growth characteristics, until no 
VP7 expression could be identified anymore using immunostaining. Attempts were 
repeated at least twice to be able to conclude that a virus containing a certain 
mutation could not be rescued. Virus stocks were prepared by infection of fresh 
BSR monolayers at low multiplicity of infection (MOI), and harvest by freeze-
thawing when >50% of cells were immunostained or showed CPE in the duplicate 
well. Virus titers were determined by endpoint dilution assays on BSR cells and 
expressed as TCID50 ml-1. 
 
BTV8 without NS3/NS3a expression (BTV8[NS3]min) was generated by 
incorporation of BTV8 Seg-10 ∆C containing an out-of-frame deletion from 
position 102-263 [36]. BTV8 Seg-10 with 180 silent mutations in the NS3a open 
reading frame (ORF) was generated by GenScript corporation, Piscataway, USA 
(Seg-10(silent), supplemental figure 1). Virus with this mutated BTV8 Seg-10 was 
named BTV1[NS3a]silent. Seg-10 with sequences of AHSV, EHDV, and EEV were 
based on Genbank accession number KM820858, HM636906 and AY115878 
respectively and were also generated by GenScript. BTVs with Seg-10 containing 
the NS3a ORFs of AHSV, EHDV or EEV were named BTV1[NS3a]ahsv, 
BTV1[NS3a]ehdv and BTV1[NS3a]eev, respectively. BTV1 with Seg-10 from 
BTV25 and BTV26 (EU839846 and JN255162) were named BTV1[NS3a]25 and 
BTV1[NS3a]26. Note that the NS3 ORF of BTV25 was flanked by UTRs of BTV8 
Seg-10, since UTR sequences of BTV25 Seg-10 were not available. 
 
Analysis of mutants and reassortants by PCR, sequencing and 
immunostaining 
Stability of rescued virus mutants was investigated during six subsequent 
passages on BSR cells. RNA of passaged virus was isolated using the High Pure 
Viral RNA kit (Roche) according to manufacturer’s protocol. Entire Seg-10 was 
reverse transcribed and amplified using the one-step RT-PCR kit (Qiagen) with 
Seg-10 primers (F-full-S10* 5′-GTTAAAAAGTGTCGCTGCC-3′ and R-full-S10 5′-
GTAAGTGTGTAGTGTCGCGCAC-3′) as described previously [36]. Purified 
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amplicons were sequenced using the same primers and the BigDye Terminator 
v1.1 Cycle Sequencing Kit (Applied Biosystems) in an ABI PRISM 3130 Genetic 
Analyzer (Applied Biosystems). The complete consensus sequence was assembled 
and determined using Lasergene SeqMan Pro Software (DNASTAR, version 12). 
 
CPE of infected BSR monolayers was microscopically examined and infection was 
confirmed by immunostaining with VP7 specific MAb ATCC-CRL-1875. Expression 
of AHSV NS3a by infection with BTV1[NS3a]ahsv was similarly immunostained 
with AHSV NS3 specific MAb 4D3 (Ingenasa, Madrid, Spain). Transient expression 
of NS3 by Seg-10 with 180 silent mutations was confirmed by transfection of BSR 
cells with Seg-10(silent) RNA using lipofectamin 2000 (Invitrogen), followed by 
immunostaining using BTV NS3 MAbs 32B6 and 33H7 (Ingenasa, Madrid, Spain). 
 
Analysis of viral dsRNA 
Viral dsRNA was analyzed to detect significant changes in Seg-10 of mutant 
viruses in order to exclude PCR artefacts. BSR monolayers were infected with six 
times passaged mutant BTV. Medium was discarded at 48 hours post infection 
(hpi) and 0.1 ml/cm2 Trizol was added to the cells and incubated for 5 min at room 
temperature. Then, 0.2 ml chloroform/ml Trizol was added and the mixture was 
centrifuged for 10 min at 6,240 g. The water phase was isolated and RNA was 
precipitated with 0.8 ml isopropanol/ml, and centrifuged for 30 min at 16,000 g, 
4°C. The pellet was washed with 70% ethanol and dissolved in 100 µl RNase-free 
water. To precipitate ssRNA, 50 µl of 7M LiCl was added, and incubated for 30 min 
at -20°C. After centrifugation for 15 min (16,000 g, 4°C), dsRNA in the 
supernatant was further purified using the RNA clean and concentratortm-5 kit 
(Zymo research) according to manufacturer’s protocol. Approximately 200 ng 
dsRNA was separated by 4-12% polyacrylamide gel electrophoresis (PAGE) and 
visualized using the Silverexpress silver staining kit (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s protocol. 
 
Virus growth and release assays 
Monolayers of KC cells (5 x 106) or BSR cells (5 x 105) in 2 cm2 wells were infected 
with virus at an MOI of 0.01. Virus was attached for 1.5 h at 27°C or 37°C for KC 
and BSR cells, respectively. Unattached virus was removed by washing with PBS, 
and fresh medium was added. This time point was set as 0 hpi. Incubation was 
continued and cells and culture media were harvested at indicated time points. To 
release virus from cell fractions, cells were lysed by freeze thawing at -80 °C. 
Virus titers in cell and culture medium were determined using end point dilution 
in BSR cells. Assays were independently repeated four subsequent times with two 
independently generated virus stocks. The highest titers reached for different 
viruses in the cell fraction and the culture medium were compared using a one-
way ANOVA with post hoc Tukey’s test.  
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Abstract 
 

luetongue is a disease in ruminants caused by the bluetongue virus (BTV), 
and is spread by Culicoides biting midges. Bluetongue outbreaks cause huge 
economic losses and death in sheep in several parts of the world. The most 

effective  measure to control BTV is vaccination. However, both commercially 
available vaccines and recently developed vaccine candidates have several 
shortcomings. Therefore we generated and tested next-generation vaccines for 
Bluetongue based on the backbone of a laboratory-adapted strain of BTV1, 
avirulent BTV6 or virulent BTV8. All vaccine candidates were serotyped with VP2 
of BTV8 and did not express NS3/NS3a proteins, due to induced deletions in the 
NS3/NS3a open reading frame.  
Sheep were vaccinated once with one of these vaccine candidates and were 
challenged with virulent BTV8 three weeks after vaccination. The NS3/NS3a 
knockout mutation caused complete avirulence for all three BTV backbones, 
including for virulent BTV8, indicating  that safety is associated with the NS3/NS3a 
knockout phenotype. Viraemia of vaccine virus was not detected using sensitive 
PCR diagnostics. Apparently, the vaccine viruses replicated only locally, which will 
minimalize spread by the insect vector. Especially the vaccine based on the BTV6 
backbone protected against disease and prevented viraemia of challenge virus, 
showing the efficacy of this vaccine candidate. The lack of NS3/NS3a expression 
potentially enables the differentiation of infected from vaccinated animals, which 
is important for monitoring of virus spread in vaccinated livestock. The here 
presented Disabled Infectious Single Animal (DISA) vaccine for Bluetongue is very 
promising and will be subject of future studies.   
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Introduction 
Bluetongue (BT) is an economically important disease in ruminants caused by the 
bluetongue virus (BTV). Symptoms of BT can range from asymptomatic infection 
in cattle in enzootic regions, to high mortality for certain European sheep breeds. 
The pathogenesis of BT is mainly caused by damage to small blood vessels, 
causing fever, lameness, haemorrhage, ulcers in the oral cavity and upper 
gastrointestinal tract, muscle necrosis, coronitis and oedema of the lungs and 
head [1]. 
 
The BTV serogroup consists of at least 24 different serotypes showing a low level 
of cross neutralization, and several new serotypes have been proposed [2-4]. BT 
is endemic in many tropical, subtropical and some temperate regions, including 
large parts of the Americas, Africa, southern Asia and northern Australia [5]. From 
1998 on, serotypes 1,2,4,6,8,9,11,14 and 16 have been reported in Europe. In 
2006 there was a large BTV8 outbreak in North-West Europe, which spread as far 
northwards as Sweden in 2008 [6]. BT outbreaks have killed more than one million 
sheep in Europe and annual losses in the USA alone are estimated to be 125 
million US dollars [7]. 
 
BTV (family Reoviridae, genus Orbivirus) has ten dsRNA genome segments (Seg-
1 – Seg-10) encoding four non-structural proteins (NS1-NS4) [8];[9,10] and 
seven structural proteins (VP1-VP7) that form a complex structure of an inner 
(VP3), middle (VP7) and outer (VP2 and VP5) capsid layer. These layers 
encapsidate the viral polymerase (VP1) [11], capping enzyme (VP4) [12] and 
helicase (VP6) [13], as well as the ten genome segments [8].  
 
BT is a non-contagious, vector borne disease, spread by Culicoides biting midges. 
The most effective measure to control BT outbreaks is vaccination [14]. Currently, 
live-attenuated and inactivated vaccines are marketed for a limited number of 
serotypes (reviewed in [14-16]). Live-attenuated vaccines have been proven to 
be successful in controlling BT outbreaks in several areas [17]. Their use is 
however controversial due to possible teratogenic effects, under-attenuation, 
viraemia sufficient for onward vaccine virus transmission by vectors and the risk 
of virulent BTV variants by reversion to virulence or reassortment with field virus 
[18-21]. Furthermore, use of these vaccines hampers monitoring of ongoing 
outbreaks by the lack of differentiation of infected from vaccinated animals 
(DIVA). Inactivated vaccines are safe, regarding vaccine spread and are potential 
DIVA vaccines, if purified from non-structural proteins [22,23]. However, both 
production costs and the antigen dose required for protection are high due to 
stringent downstream processing of antigen, i.e. virus purification, inactivation 
and formulation with adjuvant. Furthermore, prime-boost vaccination and annual 
boosting for each serotype are needed for full protection, which further increases 
the costs per protected animal. 
 
A wide range of other vaccine candidates, such as subunits, vector vaccines, DNA 
vaccines, virus like particles and a trans-complemented or disabled infectious 
single cycle (DISC) vaccine, have been published [24-31]. However, each of these 
alternatives have one or more shortcomings, such as low immunogenicity, low 
stability, high production costs, the need of a complementing cell line for 
production or lack of DIVA. Currently there is no low-cost, safe, DIVA BT vaccine 
available that induces lifelong protection against multiple serotypes. Due to the 
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disadvantages of commercially available vaccines and shortcomings of currently 
investigated vaccine candidates, a next-generation BT vaccine is needed. The 
development of reverse genetics for BTV [32,33] makes it possible to rationally 
design a BT vaccine meeting the desired criteria.  
 
NS3/NS3a proteins are involved in release of BTV [34-37], and suppress the 
induction of the interferon response [38]. For the related orbivirus African 
horsesickness virus, it has been suggested that NS3/NS3a is involved in virulence 
[39,40]. Recently, we have shown that NS3/NS3a proteins are not essential for 
BTV replication in vitro by recovery of NS3/NS3a knockout BTV using reverse 
genetics [41,42]. The absence of NS3/NS3a proteins results in a strongly reduced 
induction of cytopathogenic effect (CPE) in mammalian cells and reduced virus 
release from mammalian, but mainly insect cells. These findings suggest that 
NS3/NS3a knockout virus could be safe in vivo and is a potential BTV vaccine 
candidate. We have also successfully exchanged outer shell proteins VP2 (encoded 
by Seg-2) and VP5 (encoded by Seg-6)  in vaccine-related BTV6/net08 and 
showed that this virus was protective against virulent BTV8 in vivo [43]. 
 
Here, we combined the NS3/NS3a knockout mutations and the exchange of Seg-
2 of serotype 8 in three BTV backbones derived from virus strains that differ in 
virulence. Virulence as well as protective capacity of these NS3/NS3a knockout 
BTV mutants were studied in sheep.  

Figure 1 Serotyped NS3/NS3a knockout BTV was generated. (A) BTV 1, 6 and 8 
backbones - with Seg-2 from serotype 8 and deletion Seg-10 - were confirmed using 
serotype specific PCR and complete amplification and sequencing of Seg-10. (B) Infection 
of BSR cells was detected by IPMA with α VP7 MAbs, but not with α NS3 MAbs, except 
for wild type BTV1. MAbs 33H7, 32H2, 31E9 and 32B6 were used and 31E9 is here shown 
as representative result.  
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Results 
NS3/NS3a knockout BTV mutants with Seg-2 of serotype 8 are viable 
Previously, we have shown that expression of NS3/NS3a can be abolished in BTV1 
by partial deletions in the NS3/NS3a open reading frame of Seg-10 [41]. Here, 
we introduced deletion Seg-10 in cell adapted BTV1 as well as in vaccine related 
BTV6 and virulent BTV8. Mutated Seg-10, ∆D(S2del), ∆C, and ∆DS2 lead to knock 
out of NS3/NS3a expression in BTV1, 6 and 8, respectively (see material and 
methods) [41]. These mutant segments were available at time of the sheep trial 
and all lead to complete knockout of NS3/NS3a expression and are consequently 
phenotypically identical in this respect. In addition, VP2 (encoded by Seg-2) of 
serotype 8 was successfully introduced in the outer shell of BTV1 and BTV6. This 
resulted in three different BTV backbones sharing the same serotype and the 
NS3/NS3a knockout phenotype, referred to as BTV1 backbone, BTV6 backbone 
and BTV8 backbone in the rest of this article Indeed, the presence of Seg-2 from 
serotype 8 was confirmed by BTV8 serotype specific PCR, whereas serotype 
specific PCR for serotype 1 was negative for all three viruses (Figure 1(a)).  
Seg-10 of all viruses was completely amplified and separated by gel 
electrophoresis. Amplicons of the expected smaller size than full length Seg-10 
were visible for the BTV6 and BTV8 backbone (Figure 1(a)). However, there were 
two Seg-10 amplicons detected for the BTV1 backbone. Sequencing of both bands 
showed a duplication of 74 base pairs (bp) (40-113) of part of the ∆D(S2del) 
sequence at position 114 (not shown). This resulted in an additional larger Seg-
10 amplicon, in accordance with figure 1(a). As described earlier by our group, 
such recombination events are common in Seg-10 deletion mutants, although this 
mutated Seg-10 was assumed to be genetically stable [41]. Still, all viruses were 
phenotypically stable and were not able to restore NS3/NS3a expression.  
BSR monolayers infected with NS3/NS3a knockout BTV mutants were not stained 
with different NS3 monoclonal antibodies (MAbs), whereas immunostaining with 
VP7 directed MAbs was positive. Lack of NS3/NS3a expression in all three BTV 
backbones was indeed confirmed by immunostaining.  Immunostaining of BSR 
monolayers infected with wild type BTV1 were positive for both VP7- and NS3 
directed MAbs (Figure 1(b)). No clear difference in virus growth was observed 
between the different BTV backbones. All showed delayed virus replication and a 
lower final virus titre compared to wild type BTV1 (Figure 2(a)). Further, the 
different BTV backbones, all with the NS3/NS3a knockout mutation, showed no 
clear CPE compared to the morphology of wild type BTV1, and all three only 
formed small plaques, visualized by immunostaining with α VP7 MAb (Figure 2(b)).  
 
Knockout of NS3/NS3a expression leads to avirulence and strongly 
reduced viraemia 
Groups of four sheep were vaccinated with a similar dose of BTV1, 6 or 8 
backbone, or with similar amounts of inactivated BTV8. A fifth group served as 
control group and received cell lysate. Virus titration of remaining aliquots of BTV 
mutants revealed that sheep received 2 x 1ml 105.1 50% tissue culture infectious 
dose per ml (TCID50 ml-1) BTV1 backbone, 104.0 TCID50 ml-1 BTV6 backbone and 
104.8 TCID50 ml-1 BTV8 backbone, whereas 105 TCID50 ml-1 was the intended dose. 
None of the sheep showed clinical signs after vaccination (not shown). At 3 days 
post vaccination (dpv), only a very small increase in body temperature was 
measured in the BTV8 backbone group (Figure 3(c)). Contrary, after challenge of 
control sheep with virulent wild type BTV8, both fever and severe clinical signs 
were observed (Figure 3). Also, BTV8 generated using reverse genetics has been 
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shown to be virulent in vivo in previous experiments [33]. Taken together, 
abolishing NS3/NS3a expression in virulent BTV8 results in a completely avirulent 
phenotype. Viraemia post vaccination was determined by RT PCR testing of EDTA 
blood samples. RT PCR testing targeting Seg-10 up to 21 dpv was completely 
negative for all groups (not shown), which was in line with the principle of genetic 
DIVA for these BTV backbones [44]. RT PCR testing based on Seg-1 up to 21 dpv 
was also negative, except for 6 dpv and 14 dpv for two different sheep in the 
backbone BTV6 group with high threshold cycle (Cp) values of 38.7 and 39.3. All 
other groups remained PCR-negative up to BTV8 challenge, showing that viraemia 
is strongly reduced due to NS3/NS3a knockout (Figure 4(a)).  
 
 

 

Figure 2 Growth characteristics of serotyped NS3/NS3a knockout BTVs on BSR 
cells. BSR cells were infected with BTV backbones - with VP2 of BTV8 and NS3/NS3a 
knockout mutation - with an MOI of 0.1. (A) Total virus titres were determined at 
indicated time points post infection and expressed as 10log TCID50 ml-1. (B) Infected 
monolayers at 2 dpi were immunostained using α VP7 MAb.  
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NS3/NS3a knockout BTV6 with VP2 of serotype 8 protects against clinical 
signs and abolishes viraemia after challenge with virulent BTV8 
After BTV8 challenge, none of the BTV6 backbone vaccinated sheep showed fever. 
Two sheep in the BTV8 backbone vaccinated group showed fever (>40 oC) for 1 
day and 3 days. This seems less severe and lasts shorter than in the control groups 
and is not much more severe than in the BTV6 backbone vaccinated sheep. 
However, due to the low number of animals used, differences could not be shown 
to be significant. 
All animals in the BTV1 backbone vaccinated group showed fever for at least 1 
day (at 5 days post challenge (dpc)), which even lasted up to 4 days for one 
animal (from 4-7 dpc). Both groups receiving inactivated BTV8 or cell lysate, 
developed fever for 3-4 days in the period from 5 to 11 dpc, except for one animal 
in the cell lysate group (Figure 3(c)). 
Regarding clinical signs, two animals in the group vaccinated with the BTV6 
backbone developed very mild clinical signs late after BTV challenge at 11 dpc. In 
the group vaccinated with the BTV8 backbone, two animals showed mild clinical 
signs earlier than in the BTV6 backbone vaccinated group. Five days after 

Figure 3 Clinical signs in the vaccination/challenge experiment in sheep with 
NS3/NS3a knockout BTV mutants. Groups of four sheep were s.c. vaccinated with 
2x1ml of approximately 105 TCID50 ml-1 BTV1, BTV6 or BTV8 backbone vaccine, equal 
amounts of inactivated BTV8 or cell lysate control. At 21 dpv sheep were challenged s.c. 
with 4x1ml virulent BTV8. (A) Clinical signs of animals were determined and the clinical 
score was cumulated for each group per day. (B) Most obvious clinical signs observed 
were oedema in the head, red eyes and heavy breathing. (C) Average body temperature 
per group was calculated for the indicated days.  
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Figure 4 Viraemia and antibody response in the vaccination/challenge 
experiment in sheep with NS3/NS3a knockout mutants. Groups of four sheep were 
s.c. vaccinated with 2x1ml of approximately 105 TCID50 ml-1 BTV1, BTV6 or BTV8 
backbone vaccine, equal amounts of inactivated BTV8 or cell lysate control. At 21 dpv 
sheep were challenged s.c. with 4x1ml virulent BTV8. (A) Viraemia in whole blood 
samples of sheep was determined using Seg-1 RT PCR. (B) The seroconversion  after 
vaccination and challenge was determined using the VP7 ELISA for BTV. ELISA signals 
were expressed as the blocking percentage, with >50% as threshold for seroconversion. 
(C) Titres of nAbs against serotype 8 were determined using an SNT with serum samples 
collected at 0 dpv, 21 dpv and 42 dpv/21 dpc. The serum dilution that prevented 
complete CPE formation in BSR cells is indicated. The assay was repeated and 
representative results are shown. 
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challenge, two animals in the group vaccinated with the BTV1 backbone had 
difficulties with breathing. One day later one animal in the group vaccinated with 
inactivated BTV8 suffered from lesions in the oral cavity. From 7 dpc, several 
animals in all groups, except from the animals receiving the BTV6 backbone 
vaccine, suffered from BTV symptoms, mainly breathing problems, facial oedema, 
red eyes (Figure 3(b)) and lesions in the oral cavity. The severity of clinical signs 
(score up to 4 in one animal) and the number of affected animals (3) in the group 
vaccinated with BTV1 backbone was remarkable (Figure 3(a)). 
 
Viraemia post virulent BTV8 challenge was determined by RT PCR testing of EDTA 
blood samples with both Seg-1 and Seg-10 panBTV PCR tests (Seg-10 PCR results 
not shown). At 3 dpc, all animals in all groups became PCR positive, except for 
the BTV6 backbone vaccinated group and one sheep in the BTV8 backbone 
vaccinated group. Surprisingly, the BTV6 backbone vaccination induced complete 
protection against viraemia, since virus replication of challenge virus could not be 
detected. Viraemia in the BTV8 backbone vaccinated animals post challenge was 
significantly lower than in the groups vaccinated with the BTV1 backbone, 
inactivated BTV8 or cell lysate (p<0.05). One animal in this BTV8 backbone group 
remained completely negative and none of the sheep showed Cp values lower 
than 32. This indicates that vaccination with the BTV8 backbone strongly reduced 
replication of challenge virus. One sheep in the BTV1 backbone vaccinated group 
was PCR positive one day earlier than the control animals and viraemia was 
slightly lower; however, this difference was not significant (p>0.05). In the cell 
lysate control group, one sheep was PCR positive at 1 dpc, negative at 2 dpc, 
positive again at 3 dpc, and remained positive until the end of the experiment. All 
animals in the BTV1 backbone, inactivated BTV8 and cell lysate groups became 
positive with low Cp values (Figure 4(a)).  
 
NS3/NS3a knockout BTV mutants induce seroconversion for VP7 
antibodies 
The antibody mediated immune response directed against VP7 was studied using 
a commercially available competition enzyme linked immunosorbent assay 
(ELISA) used for routine diagnostics for BT. At 7 dpv, two out of four sheep of the 
BTV6 backbone and BTV8 backbone group were seropositive (>50% blocking in 
the ELISA) for the first time and in both groups all sheep were seropositive at 9 
dpv (Figure 4(b)). Up to challenge, these remained ELISA positive, although two 
and one sheep showed a small decline in blocking percentage at 21 dpv in the 
BTV6 backbone and BTV8 backbone group, respectively. Seroconversion in the 
BTV1 backbone vaccinated group was slightly delayed. Two out of four animals 
were seropositive at 9 dpv for the first time, and a third sheep became positive at 
11 dpv. One sheep remained seronegative, but showed blocking in the ELISA, with 
the highest value being 38% at 9 dpv. Furthermore, the averaged ELISA signal 
declined faster than for the groups vaccinated with BTV6 and BTV8 backbone, and 
was negative at 21 dpv/0 dpc (Figure 4(b)). However, ELISA signal for all 
backbone vaccinated groups was significantly higher than in control groups 
(p<0.05). After challenge, ELISA signals rose quicker in vaccinated groups than 
in the control groups, as could be expected by the boosting effect in vaccinated 
animals. Remarkably, the averaged ELISA signal after challenge of the backbone 
BTV6 group was slightly lower than in all other groups. Although not significant, 
this lower booster effect might be due to the lack of viraemia of challenge virus in 
this vaccinated group.  
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NS3/NS3a knockout BTV6 with VP2 of serotype 8 induces neutralizing 
antibodies against BTV8  
The induction and quantitation of neutralizing antibodies (nAbs) was examined by 
a serum neutralization test (SNT) using BTV8 and sera collected at 0 dpv, 21dpv/0 
dpc, and 21 dpc. Titres of nAbs were expressed as the highest dilution of serum 
inhibiting CPE formation. At the start of the experiment all animals were negative 
for serotype 8 specific nAbs. At 21 dpv/0 dpc, three out of four sheep of the BTV6 
backbone group showed nAbs titres for serotype 8 between 8 and 32. One animal 
in both the BTV8 backbone and BTV1 backbone vaccinated groups had a low nAb 
titre of 4 and 2, respectively. At 21 dpc, all vaccinated and control sheep had high 
nAb titres (12-128) (Figure 4(c)).  
 
Discussion  
We here present NS3/NS3a knockout BT vaccine candidates that are avirulent and 
protect against virulent BTV challenge. NS3 antibody responses are induced after 
natural BTV infection and NS3 based ELISAs are therefore appropriate tools for 
DIVA testing, as described previously in combination with inactivated BT vaccines 
[23]. In addition to knockout of NS3/NS3a expression, VP2 of serotype 8 was 
introduced in the BTV backbones. Although VP5 could enhance the serotype 
specific antibody response [45], we only exchanged VP2 in the different BTV 
backbones. This implies that in future use in cocktail vaccines, vaccine viruses 
based on the same backbone only differ in VP2, and therefore cannot lead to new 
reassortants of vaccine viruses.   
 
Three vaccine candidates based on different BTV backbones were generated and 
their efficacy was tested in sheep. Candidates were based on cell adapted BTV1 
[32], avirulent BTV6/net08 [46] and virulent BTV8/net07 [6]. In a pilot 
experiment with two sheep, the BTV1 strain, generated by reverse genetics 
[32,33],  seemed strongly attenuated (not shown). Virulent rgBTV8, derived from 
BTV8/net07 [33], was included to study the effect of the NS3/NS3a deletion in a 
virulent backbone. BTV6/net08 was isolated in the Netherlands in 2008 but was 
not efficiently transmitted and induced hardly any clinical signs after natural and 
experimental infection [47,48]. Full genome sequencing has shown that 
BTV6/net08 is closely related to live-attenuated BTV 6 vaccine virus [46]. BTV6 
generated by reverse genetics showed only mild clinical signs and an elevation of 
the body temperature [33].  
 
All vaccine candidates were avirulent and the BTV6 and BTV8 backbone induced 
protection against virulent BTV8 in sheep. However, the BTV1 backbone was 
clearly less protective than the BTV6 and BTV8 backbones. Clinical signs in two 
out of four animals in this group had an earlier onset and were more severe 
compared to controls. However, since only four animals per group were used, and 
since BTV induced clinical signs are highly variable, it cannot be concluded that 
the BTV1 backbone enhances disease after virulent BTV infection. Further, 
enhancement of clinical disease after BTV vaccination is very unlikely and has 
never been described. The vaccine based on BTV6 was highly protective as no 
viraemia could be detected after challenge, despite an accidently 10 times lower 
vaccine dose than for the other BTV backbones. Apparently, the vaccine based on 
BTV6 is superior above the ones based on over-attenuated BTV1 and virulent 
BTV8. Especially the neutralizing antibody response induced by the BTV6 
backbone was clearly higher compared to the other vaccine backbones. Possibly 
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this is due to better local replication, since very high Cp values were detected in 
two of the four animals after vaccination. However, these results are not 
substantiated indications for this hypothesis and further research on this is 
needed. 
The BTV8 backbone did not induce fever and clinical signs in sheep. Similarly, the 
BTV6 backbone was even less virulent than BTV6 and did not increase the body 
temperature [33]; [33]. This shows that knockout of NS3/NS3a expression leads 
to complete attenuation of BTV. 
 
The NS3/NS3a knockout, serotyped BT vaccine viruses do replicate in sheep. 
Although viraemia was hardly detectable by sensitive RT PCR testing, the induced 
protection and seroconversion for all three vaccine candidates were much higher 
compared to injection with equal amounts of inactivated BTV8. We assume that 
NS3/NS3a knockout BTVs replicate only locally. Likely, this impaired virus 
replication in vivo is caused by the absence of NS3/NS3a, needed for virus release, 
which is in line with in vitro results (Figure 2 and [42]). These findings show that 
the BTV backbones are promising vaccine candidates that do replicate in vivo, but 
do likely not induce viraemia sufficient for transmission by the insect vector. 
NS3/NS3a knockout BTVs can therefore be considered as disabled infectious single 
animal (DISA) vaccines against BT. 
 
The protective dose of 2x1 ml 104 TCID50 ml-1 for the BTV6 backbone is very low 
compared to other replicating vaccines [26,29,30,49]. Still, the minimal protective 
dose has not been determined yet for many of these vaccine candidates, including 
the here presented BT DISA vaccine. BT DISA vaccines can be produced on 
established and validated production cell lines. Although virus growth on BSR 
monolayers is delayed, we assume that production can be optimized.  
Reassortment between live-attenuated vaccine and field virus is a serious concern 
for viruses with a segmented genome like BTV [19,21]. However, for the here 
presented vaccine candidates, exchange of mutated Seg-10 will result in 
avirulence of reassorted field virus, whereas unmutated Seg-10 in vaccine related 
BTV6 will still remain avirulent [48,50]. Furthermore, exchange of Seg-2 and 6 
encoding outer shell proteins of virulent BTV8 do not increase the virulence of 
BTV6 [43]. Finally and most importantly, infection of the same mammalian or 
insect cell by both BT DISA vaccine and field BTV at approximately the same time 
is necessary for reassortment, which is highly unlikely as BT DISA vaccine is not 
circulating throughout the body of the vaccinated animal. 
 
BT DISA vaccines do not express NS3/NS3a proteins as confirmed by 
immunostaining with NS3-directed MAbs. Therefore, infected animals can be 
differentiated from vaccinated animals using an NS3-ELISA [23,51]. Recently 
described genetic DIVA is also possible by deletions in Seg-10 [44], since PCR 
positivity after infection encompasses a much longer period than the infectious 
period [52,53]. The DIVA compliance is an important advantage of BT DISA 
vaccines [14,54].  
DIVA, DISA and avirulence are genetically coupled on genome segment 10 in the 
BT DISA vaccines. Consequently, exchange of Seg-10 by reassortment will result 
in exchange of all advantageous properties of these vaccine candidates. A similar 
coupling of advantageous properties has been suggested for an experimental 
DISC vaccine based on in trans complementation of VP6 [29]. However, no reports 
on host seroresponses directed against VP6 have been described and VP6 based 
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tests have not been developed yet. Furthermore, DISC vaccines still contain 
complemented VP6 protein during production and after virus purification, which 
potentially leads to false positive results, in particular after revaccinations.  
 
Here, protection was achieved at three weeks post single vaccination. This 
protection is likely not serotype specific, since protection against virulent BTV8 
was also achieved at three weeks post vaccination with BTV6-based vaccines with 
exchanged outer shell proteins of different serotypes as has been shown 
previously [43]. Further, the protective dose, duration of immunity and protection 
in other ruminant species are yet unknown and need further research. 
 
In conclusion, VP2-serotyped, NS3/NS3a knockout BTV mutants are viable, 
avirulent, highly protective and potential DIVA vaccines that can be produced in 
standard production systems. This BT vaccine platform will be explored for 
different serotypes by exchange of Seg-2 in one common BT vaccine backbone, 
which gives the opportunity to combine these in multivalent vaccines. The 
development of this Disabled Infectious Single Animal (DISA) vaccine for BT will 
be continued. 
 
Material and methods 
Cell culturing and viruses 
BSR cells (a clone of BHK-21 cells [55]) were cultured in Dulbecco's modified 
Eagle's medium (DMEM, Invitrogen) containing 5% fetal bovine serum (FBS), 100 
IU ml-1 Penicillin, 100 µg ml-1 Streptomycin and 2.5 µg ml-1 Amphotericin B. 
All virus stocks used for in vivo experiments were obtained by infection of BSR 
cells at low MOI and harvesting of these cells when 100% CPE was obtained or, 
by lack of CPE, when >50% of cells were immunostained using α VP7 MAb ATCC-
CRL-1875 in a duplicate infection. Challenge virus BTV8/net07 has been described 
previously [33], and was originally isolated from Holstein Frisian cow 
NL441689187 from Bavel, the Netherlands [56] on eggs and passaged three times 
on BHK-21 cells (BTV8/net07/e1/bhkp3). Virus titres were determined by 
endpoint dilution assays on BSR cells and expressed as TCID50 ml-1.  
 
NS3/NS3a knockout mutants of BTV1, BTV6 and BTV8 using reverse 
genetics 
Transfection experiments of BSR cells with T7-derived RNA transcripts from 
linearized plasmids were performed as described previously for BTV1, 6 and 8 
[33]. Mutated Seg-10, ∆D(S2del), ∆C, and ∆DS2 lead to complete and stable 
knock out of NS3/NS3a expression in BTV1, 6 and 8 respectively[41]. ∆D(S2del) 
contains a deletion from bp 59-634 and has a 67 bp Seg-2 sequence inserted. ∆C 
contains a deletion from bp 102-263. ∆DS2 contains a 263-634 deletion and has 
a 67 bp Seg-2 sequence inserted. In addition, Seg-2 originating from serotype 8 
[43] was introduced in BTV1 and BTV6, resulting in BTV1 backbone, BTV6 
backbone and BTV8 backbone. 
 
Characterization of NS3/NS3a knockout BTV mutants 
The serotype of Seg-2 and deletion Seg-10 were examined using PCR with 
serotype specific primers [48] and Seg-10 primers F-full-S10* and R-full-S10 
(Table 1). First, viral RNA was isolated using the High Pure Viral RNA kit (Roche) 
according to manufacturer’s protocol. Entire BTV Seg-10 or parts of Seg-2 were 
reverse transcribed and amplified using the one-step RT-PCR kit (Qiagen). 
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Amplicons were separated on agarose gel by electrophoresis and were isolated 
using the Zymoclean gel DNA recovery kit (Zymo Research) according to the 
manufacturer’s protocol. The sequence of amplicons was determined using 
appropriate primers and the BigDye Terminator v1.1 Cycle Sequencing Kit 
(Applied Biosystems) in an ABI PRISM 3130 Genetic Analyzer (Applied 
Biosystems). The complete consensus sequence was assembled and determined 
using Lasergene SeqMan Pro Software (DNASTAR, version 7.2.1). 
To confirm the absence of NS3/NS3a expression of all three vaccine viruses, BSR 
cells were infected and immunostained according to standard procedures using 
NS3 specific MAbs (33H7, 32H2, 31E9 and 32B6) (INGENASA, Spain), whereas 
infection was confirmed by immunostaining with VP7 specific MAb ATCC-CRL-
1875.  
 
Virus growth of NS3/NS3a knockout BTV mutants 
BSR cells were infected with a multiplicity of infection (MOI) of 0.1 in a single 
growth experiment. Virus was attached to the cells for 1.5 h at 37°C. Free virus 
was removed  and fresh medium was added. This time point was set as 0 hours 
post infection (0 hpi). After 21, 30, 45, 51 and 66 hpi, cells including medium 
were freeze–thawed, centrifuged and supernatants were stored at -80°C. Virus 
titres were determined by end point dilution on BSR cells and expressed as TCID50 
ml-1.  
 
Inactivation of BTV8 
BTV8/net07/e1/bhkp3 [33] was inactivated using Binary ethyleneimine (BEI) 
[57]. Equal volumes of 0.5 g ml-1 2-broommethylammoniumbromide and 0.12 g 
ml-1 NaOH were mixed and incubated for 30 min to form BEI. Eight ml l-1 BEI was 
added to a virus stock of 106 TCID50 ml-1 and incubated for 24 h at 37˚C. BEI 
inactivation was stopped by adding 0.03 M Thiosulphate. Virus inactivation was 
checked by infection of BSR cells with undiluted inactivated BTV8 and examining 
for CPE. The completely inactivated stock of BTV8 was ten times diluted in culture 
medium, which is an estimated amount of inactivated BTV8 equal to 105 TCID50 
ml-1 infectious BTV8.  
 
Vaccination/Challenge experiment in sheep 
All animal experiments were performed under the guidelines of the European 
Community and were approved by the Committee on the Ethics of Animal 
Experiments of the Central Veterinary Institute (permit number 2013.015). 
Twenty female Blessumer sheep of 6-24 months old were obtained from a Dutch 
farm and were free of BTV and BTV antibodies. Sheep were randomly allocated in 
five groups of four animals. After one week of acclimatization, sheep were 
vaccinated with 2x1 ml of 105 TCID50 ml-1 backbone BTV1, BTV6 or BTV8, a similar 
amount of inactivated BTV8 or cell lysate. Sheep were injected subcutaneously 
(s.c.) in the back between the shoulder blades at both sides of the spinal cord. At 
21 dpv, all sheep received s.c. 4x1ml 105 TCID50 ml-1 BTV8/net07/e1/bhkp3 [33]. 
At 21 dpc all sheep were sacrificed.  
 
Body temperature and clinical signs were daily examined from three days before 
to seven days after vaccination or challenge and every other day during the rest 
of the experiment (see results). Clinical signs were scored according to the score 
table for BTV8 animal trials (Table S1 [43]). Statistical differences in body 
temperature were calculated using a split plot ANOVA and maximal temperatures 
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were compared using a pairwise T-test with p<0.05 indicating significance. 
Samples of serum and EDTA blood were collected at indicated days of the 
experiment (see results). 
 
Table 1 List of primers and probes used 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
RT PCR testing 
 Samples of EDTA blood were examined for the presence of BTV by panBTV PCR 
tests targeting Seg-1 or Seg-10. The Seg-1 PCR test detects all BTV serotypes, 
including the here used vaccine candidate backbones. The Seg-10 PCR will not 
detect the BTV1 and BTV6 backbones, due to mutations in the region of the 
reverse primer.  
First, BTV-RNA was isolated using the MagNApure 96 DNA and viral NA Small 
Volume kit (Roche) by the MagNA Pure isolation robot (Roche) according to 
manufacturer’s protocol [52]. The real time reverse transcription (RT) PCR test 
for Seg-1 was performed using primer F-pan-S1, primer R-pan-S1 and probe P-
pan-S1 [58] according to the all-in-one method, including the predenaturation 
step, as described for the panBTV Seg-10 test [52] (Table 1). The panBTV RT PCR 
test for Seg-10 was performed using primer F-pan-S10 and R-pan-S10 and probe 
P-pan-S10 as described previously [52] (Table 1). Cp values of each PCR were 
calculated. Samples without calculated Cp value but showing a visible increase of 
the OD640/530 were interpreted as 40, whereas negative samples were set on 
45. PCR results were interpreted as described previously [52]. Statistical 
differences in Cp value were calculated using a split plot ANOVA and minimal Cp 
values of each animal were compared using a pairwise T-test with p<0.05 
indicating significance.   
 
 
 

Primer/Probe Sequence 

BTV1VP2/283-1F 5’-TTGTTGAAAGTACGAGACACAAGAG-3’ 

BTV1VP2/457-1R 5’-GTATCAGCCTTCTTTGAATCGATT-3’ 

BTV8VP2/1873-4F 5’-CGGAGACAGCGCAGTATGTA-3’ 

BTV8VP2/2097-4R 5’-CCTCGGTAGTATCCCTCACG-3’ 

F-full-S10* 5’-GTTAAAAAGTGTCGCTGCC-3’ 

R-full-S10 5’-GTAAGTGTGTAGTGTCGCGCAC-3’ 

F-pan-S1 5’-TTAAAATGCAATGGTCGCAAT-3’ 

R-pan-S1 5’-TCCGGATCAAGTTCACTCC-3’ 

P-pan-S1 5’-6-FAM-CCGTGCAAGGTGC-MGB-3’ 

F-pan-S10 5′-AGTGTCGCTGCCATGCTATC-3′ 

R-pan-S10 5′-GCGTACGATGCGAATGCA-3′ 

P-pan-S10 5′-6FAM-CGAACCTTTGGATCAGCCCGGA-XTamra-3’ 
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VP7 ELISA 
The commercial Bluetongue competition VP7 ELISA was used to detect VP7 
antibodies in serum samples according to the supplier’s instructions (ID.VET). The 
percentage of blocking was displayed as 100-value. Significant differences were 
calculated using the ELISA plate reader read-outs in a split plot ANOVA. Lowest 
read-out of each animal between day 0 and 21 were compared between groups 
using a pairwise T-test with p<0.05 indicating significance.  
 
Serum neutralization test 
SNTs were performed with serum from sheep at 0, 21 and 42 dpv, according to 
Haig [59]. Briefly, samples of serum were inactivated for 30 min at 56˚C. Fifty µl 
serum was added to 50 µl DMEM in a 96-well culture plate and was 1:1 diluted 
seven subsequent times. Fifty µl 100 TCID50 BTV8/net07/e1/bhkp3 virus was 
added to diluted sera and incubated for 1 h at 37˚C. Then, 2x104 BSR cells in 100 
µl were added to each well, and incubated for 5 days at 37˚C, and scored for CPE. 
All SNTs were performed in duplicate, and the concentration of nAbs was 
determined by the highest serum dilution showing less than 100% CPE. 
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Abstract 
 

luetongue virus (BTV) causes Bluetongue in ruminants and is transmitted 
by Culicoides biting midges. Vaccination is the most effective measure to 
control vector borne diseases, however, there are 26 known BTV serotypes 

showing little cross protection. The BTV serotype is mainly determined by genome 
segment 2 encoding the VP2 protein. Currently, inactivated and live-attenuated 
Bluetongue vaccines are available for a limited number of serotypes, but these 
each have their specific disadvantages, including the inability to differentiate 
infected from vaccinated animals (DIVA).  
BTV non-structural proteins NS3 and NS3a are not essential for virus replication 
in vitro, but are important for cytopathogenic effect in mammalian cells and for 
virus release from insect cells in vitro. Recently, we have shown that virulent BTV8 
without NS3/NS3a is non-virulent and viremia in sheep is strongly reduced, 
whereas local in vivo replication leads to seroconversion. Live-attenuated BTV6 
without NS3/NS3a expression protected sheep against BTV challenge. Altogether, 
NS3/NS3a knockout BTV6 is a promising vaccine candidate and has been named 
Disabled Infectious Single Animal (DISA) vaccine. 
Here, we show serotype specific protection in sheep by DISA vaccine in which only 
genome segment 2 of serotype 8 was exchanged. Similarly, DISA vaccines against 
other serotypes could be developed, by exchange of only segment 2, and could 
therefore safely be combined in multi-serotype cocktail vaccines with respect to 
reassortment between vaccine viruses.  
Additionally, NS3 antibody responses are raised after natural BTV infection and 
NS3 based ELISAs are therefore appropriate tools for DIVA testing accompanying 
the DISA vaccine. To enable DIVA, we developed an experimental NS3 ELISA. 
Indeed, vaccinated sheep remained negative for NS3 antibodies, whereas 
seroconversion for NS3 antibodies was associated with viremia after heterologous 
BTV challenge.  

B
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Introduction 
Bluetongue virus (BTV), a Culicoides borne orbivirus in the family Reoviridae, 
causes Bluetongue (BT) in ruminants, characterized by fever, oral and nasal 
erosions and discharge, oedema, coronitis, anorexia and death, due to damage of 
the vascular endothelium [1,2]. At least 26 serotypes, hardly showing cross 
protection, are known [3,4]. Historically, BT is endemic in regions with temperate 
and tropical climate, and more recently with moderate climate, related to the 
presence of competent vectors [5]. In Europe, outbreaks of BTV serotypes 1, 2, 
4, 8, 9 and 16 have been reported and serotypes 2, 10, 11, 13 and 17 are endemic 
in the USA [6], causing large economic losses [7,8].  
BTV has a ten segmented double stranded (ds) RNA genome encoding seven viral 
proteins (VP1-VP7) and four non-structural proteins (NS1-4) [9-11]. The outer 
capsid protein VP2, encoded by Seg-2, is the major serotype determining protein. 
Membrane associated NS3/NS3a, encoded by Seg-10, is important for virus 
release and is an inhibitor of the cellular interferon response [12-16]. 
Vaccination is effective in controlling BT outbreaks [17]. Currently marketed 
vaccines are either conventionally live-attenuated or chemically inactivated and 
each has specific disadvantages, such as incomplete protection and required re-
vaccinations for inactivated vaccines, and residual virulence, reassortment, and 
horizontal and vertical vaccine spread for live-attenuated vaccines [18-21]. 
Promising vaccine candidates have been described, but none of these are 
marketed yet [22]. In addition to efficacy and safety, the ability to differentiate 
infected from vaccinated animals (DIVA) is important to detect infections in 
vaccinated livestock [17].  
Recently, we described the rational design of the next-generation Disabled 
Infectious Single Animal (DISA) vaccine [23]. BT DISA vaccine is based on live-
attenuated vaccine virus BTV6/net08 [24,25], without NS3/NS3a expression and 
is serotyped by exchange of immunodominant VP2. NS3/NS3a knockout results 
in avirulence and strongly reduced viremia, whereas protection is dependent on 
local replication. Here we demonstrate that exchange of only VP2 induces serotype 
specific protection at nine weeks post vaccination in sheep, and we show the 
ability of DIVA with an experimentally developed NS3 ELISA. 
 
Material and methods 
Cell culture and viruses 
BSR cells (a clone of BHK-21 cells [26]) were cultured in Dulbecco's modified 
Eagle's medium (DMEM, Invitrogen), containing 5% fetal bovine serum (FBS), 100 
IU ml-1 Penicillin, 100 µg ml-1 Streptomycin and 2.5 µg ml-1 Amphotericin B. 
DISA vaccine for serotype 8 has been described previously [23]. Briefly, it is based 
on live-attenuated BTV6/net08 with Seg-2 from BTV8/net07 generated using 
reverse genetics [27], and with a deletion in Seg-10 [28] leading to an NS3/NS3a 
negative phenotype. 
DISA vaccine was produced by infection of BSR cells at low multiplicity of infection 
(MOI). When >50% of cells were immunostained positive for BTV VP7 in a 
duplicate well using anti-VP7 monoclonal antibody (MAb) ATCC-CRL-1875, DISA 
vaccine was harvested by freeze thawing and centrifugation. Vaccine in clarified 
supernatant was used for vaccination. 
Challenge virus BTV8/net07 [29] was isolated on eggs and passaged three times 
on BHK-21 cells (BTV8/net07/e1/bhkp3) [27]. BTV2 challenge virus (BTV-
2/SAD2001/01) was isolated from sheep (Pirbright Institute, UK) and was grown 
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for one passage in embryonated chicken eggs, two passages on BHK-21 cells and 
three passages on KC cells (BTV2/SAD01/01/e1/bhkp2/kcp3). 
Virus titres were determined by endpoint dilution on BSR cells and expressed as 
50% tissue culture infectious dose per ml (TCID50 ml-1). 
 
Animal experiment 
All animal experiments were performed under the guidelines of the European 
Community and were approved by the Committee on the Ethics of Animal 
Experiments of the Central Veterinary Institute (permit number 2013.016). 
Sixteen female Blessumer sheep of 6-24 months old were obtained from a Dutch 
farm and were free of BTV and BTV antibodies. Sheep were randomly allocated in 
four groups of four animals. After one week of acclimatization, sheep were 
vaccinated with 2x1 ml of 105 TCID50 ml-1 DISA vaccine. Sheep were injected 
subcutaneously (s.c.) in the back between the shoulder blades at both sides of 
the spinal cord. At 21 days post vaccination (dpv) animals received a booster 
vaccination. At 84 dpv, one vaccinated and one non-vaccinated group were 
infected s.c. with 4x1ml 105 TCID50 ml-1 BTV8/net07/e1/bhkp3 or 
BTV2/SAD01/01/e1/bhkp2/kcp2. At 21 days post challenge (dpc) all sheep were 
sacrificed.  
Body temperature and clinical signs were examined and EDTA blood and serum 
were collected at indicated days (Figure 1 and 2). Clinical signs were scored 
according to the clinical score table for Bluetongue in sheep (Table S1 [25]). 
Statistical differences in body temperature were calculated using a split plot 
ANOVA and maximal temperatures were compared using a pairwise T-test with 
p<0.05 indicating significance.  
 
Detection of BTV RNA 
Samples of EDTA blood were examined for BTV RNA by panBTV real time reverse 
transcription (RT) PCR testing targeting Seg-1. After isolation of BTV-RNA using 
the MagNA Pure isolation robot (Roche) [30], Seg-1 RT PCR was performed using 
primers F-pan-S1, R-pan-S1, and probe P-pan-S1 [31] according to the all-in-one 
method for the panBTV Seg-10 RT PCR [30] (Table 1). Crossing point (Cp) values 
were calculated, and samples without Cp value showing increase of the 
OD640/530 were interpreted as 40 and negative samples were set at 45. 
Statistical differences in Cp value were calculated using a split plot ANOVA and 
minimal Cp values of each animal were compared using a pairwise T-test with 
p<0.05 indicating significant differences.  
 
VP7 ELISA 
The Bluetongue competition VP7 enzyme linked immunosorbent assay (VP7 
ELISA) was used to detect VP7 antibodies in serum samples according to the 
supplier’s instructions (ID.Vet). The percentage of blocking was displayed as 100 
minus value.  
 
Experimental NS3 ELISA 
Optimal dilutions of coated NS3 antigen, serum, mouse MAb 33H7, and 
conjugated rabbit anti-mouse MAb were determined in advance by a brief 
validation with positive and negative control sera (not shown). E. coli produced 
BTV NS3 antigen was dissolved in coating buffer (100 mM bicarbonate/carbonate, 
pH9.6) and bound overnight at 4˚C to Nunc maxi sorp plates. After incubation for 
1 h at 37˚C with dilution buffer (PBS 0.1% Tween 20 and 5% FBS), 100 µl of 
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serum samples (1:2 in dilution buffer) were incubated in coated wells for 1 h at 
37˚C. After washing, wells were incubated with 100 µl 1:1000 MAb 33H7 
(Ingenasa, Madrid, Spain) for 1 h at 37˚C. After washing, 100 µl 1:5000 rabbit 
anti-mouse MAb (DAKO, P0260) was added and incubation was continued for 1 h 
at 37˚C. After washing, wells were incubated at room temperature with TMB 
substrate (ID.Vet) for 10 min. Colouring was stopped by stop solution (ID.Vet). 
OD450 was determined and percentage blocking was displayed as 100 minus value. 
Seroconversion cut off is 30%, based on the mean blocking percentage of negative 
samples plus three times the standard deviation. 
 
Serum neutralization test 
Serotype specific neutralizing antibody (nAb) titres were determined by serum 
neutralization tests (SNTs) with serum from 0, 21, 42, 84 and 105 dpv according 
to Haig [23,32] using BTV8/net07/e1/bhkp3 and 
BTV2/SAD01/01/e1/bhkp2/kcp2. 
 
Results 
Temperature and clinical signs 
After the first and booster vaccination, none of the animals experienced clinical 
signs or fever, indicating that the DISA vaccine is non-pathogenic. At one day and 
four days after booster vaccination (22 dpv and 26 dpv), two different sheep 
developed a slightly elevated body temperature (not shown).  
After challenge, sheep in both control groups showed elevated body temperatures 
of >39.5°C at 4 dpc (Figure 1A). After four consecutive days, temperature 
declined to normal in all control animals, except for one sheep challenged with 
BTV8. This sheep had fever of >40°C for seven successive days, and eventually 
died due to BT-specific clinical signs. The highest temperature measured in both 
control groups was not significantly different.  
Vaccinated sheep challenged with BTV8 did not show elevated body temperature, 
whereas BTV2 challenge resulted in an elevated body temperature of >39.5°C for 
all animals. The period of elevated body temperature lasted shorter and elevation 
was significantly lower than for control animals challenged with BTV2.  
 
Sheep in both control groups showed mild clinical signs of 1 point per animal from 
5 dpc (Figure 1B). For the BTV2 challenge this lasted for 9 days and 2-4 animals 
showed clinical signs, related to the upper respiratory tract. Sheep in the BTV8 
challenge control group showed similar signs from 5-10 dpc. Problems in the upper 
respiratory tract became worse for one sheep and this animal died at 13 dpc. 
Vaccinated sheep challenged with BTV8 showed no clinical signs. In contrast, BTV2 
challenge of vaccinated sheep resulted in difficulties with breathing at 5 dpc for 
one animal, which lasted for 4 days and another sheep had problems in the upper 
respiratory tract at 6 and 10 dpc. 
 
Viremia by PCR testing 
After the first vaccination, no Seg-1 PCR signal was detected, indicating the 
absence of viremia of vaccine virus (Figure 2A). One and three days after booster 
vaccination, one animal in each of the vaccinated groups showed a very weak PCR 
signal with a Cp value of 40 (Figure 2A). These sheep were not the same as the 
ones showing slightly elevated body temperatures.  
After challenge with BTV2 or BTV8, all sheep in control groups showed viremia by 
PCR starting at 3 dpc, and Cp values were <40 for 4-8 days. Both panBTV Seg-1 
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and Seg-10 PCR (not shown) were performed. Cp values of positive samples were 
about 5 cycles higher in the Seg-1 PCR compared to the Seg-10 PCR, but viremia 
of infected animals was detected from 3 to 21 dpc by both tests. No PCR signal 
was detected in vaccinated animals challenged with BTV8. BTV2 challenge of 
vaccinated sheep resulted in viremia at 4 dpc, with Cp values <40 for 1-5 days. 
Viremia was significantly lower (higher Cp values) than in the BTV2 challenge 
control group, suggesting partial protection against heterologous BTV2 challenge 
by vaccination with DISA vaccine for serotype 8.  

 

Humoral immune responses 
VP7-ELISA 
The humoral immune response was initially examined for VP7 antibodies using an 
ELISA (Figure 2B). All vaccinated animals showed >50% blocking at 7 dpv. 
Although percentage of blocking was declining from 10 dpv, blocking was still 
>50% at 21 dpv. VP7 seroconversion peaked one week post booster vaccination, 
but never reached 100% and declined again. At 42 dpv, the first animal showed 
a blocking <50%, and at 84 dpv/0 dpc, five out of eight animals showed <50% 
blocking. 
BTV challenge resulted in >96% blocking at 7 dpc for vaccinated animals. Non-
vaccinated control animals were slightly later (at 9 dpc). After BTV challenge, no 
obvious decline in blocking was observed up to 21 dpc in both control and 
vaccinated groups. Although BTV8 challenge virus was undetectable by PCR in 
vaccinated animals, it still strongly boosted the VP7 antibody response.  
 
 

Figure 1 Two groups of four sheep were vaccinated s.c., and boosted three weeks later 
with 2x1ml of 105 TCID50 ml-1 DISA vaccine, serotyped for BTV8. Nine weeks after booster 
vaccination, vaccinated sheep and unvaccinated control groups were challenged s.c. with 
4x1 ml virulent BTV8 or BTV2. (A) Average body temperature per group was calculated 
for the indicated days. (B) Clinical signs of animals were determined and clinical score 
was cumulated for each group per day. Only one control animal challenged with BTV8 
died 13 dpc. 
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Differentiation of infected from vaccinated animals by NS3 ELISA 
Since DISA vaccine is not expressing NS3/NS3a, all animals remained negative 
for NS3 Abs by an experimentally developed NS3 ELISA up to challenge, with 
blocking percentages <10%. At 11 dpc, control animals challenged with BTV2 or 
BTV8 showed >30% blocking, except for one sheep with 23% blocking. These 
blocking percentages further increased rapidly to 52-86% and remained high until 
21 dpc, the end of the experiment (Figure 2C). In contrast, vaccinated sheep 
challenged with homologous BTV8 remained negative for NS3 Abs (blocking 
<18%) (Figure 2C). In vaccinated sheep challenged with heterologous BTV2, 
blocking percentages for NS3 Abs increased slightly quicker than in control 
animals and reached even slightly higher blocking percentages. Two animals 
showed >30% blocking at 9 dpc. At 11 dpc, three animals showed >30% blocking, 
and at 14 dpc all four animals were seropositive for NS3 Abs (61-84% blocking). 
The blocking percentage further increased and remained positive (66-83%) until 
the end of the experiment. Apparently, DISA vaccine for serotype 8 is not 
protective for serotype 2, and consequently replication of BTV2 challenge virus 
resulted in induction of NS3 Abs as detected by the NS3 DIVA test. 
 
Serum neutralization tests 
SNTs were performed using homologous (BTV8) and heterologous (BTV2) virus, 
with sera from vaccinated/challenged sheep collected at 0, 21, 42, 84 and 105 
dpv (Figure 3). Sera of 0 dpc and 21 dpc of control animals were also examined. 
SNTs for both serotype 2 and 8 were negative at 0 dpv for vaccinated groups and 
at 0 dpc for control groups. 
At 21 dpv, nAb titres of 2-4 for serotype 8 were detected in all vaccinated sheep, 
except for one showing no detectable nAbs (Figure 3A). The nAb titre increased 
to 6-24 in all animals three weeks after booster vaccination (42 dpv), but declined 
at 84 dpv, with nAb titres of 2-16. Challenge with BTV8 led to high nAb titres of 
16-128, specific for serotype 8, in both vaccinated and non-vaccinated sheep. As 
expected, challenge of non-vaccinated sheep with BTV2 showed a very low cross 
neutralization titer for serotype 8 of 0-8. Both challenge with homologous BTV8 
or heterologous BTV2 led to high nAb titres against BTV8 in vaccinated sheep at 
21 dpc. 
 
No nAb titres specific for serotype 2 were detected after primary vaccination, and 
after booster vaccination only one sheep induced a nAb titre of only 2 at 42 dpv, 
which is likely a very low cross neutralization (Figure 3B). As expected, BTV2 
challenge of control sheep raised high nAb titres specific for serotype 2 (32-128), 
but BTV8 challenge of control animals led to a nAb titre of 4 in only one sheep at 
21 dpc. Challenge of vaccinated sheep with homologous BTV8 did not result in 
detectable nAbs against serotype 2. In contrast, BTV2 challenge of vaccinated 
sheep resulted in serotype 2 specific nAb titres of 64-128 which is similar to titres 
found for control sheep challenged with BTV2.  
 
Discussion and conclusion 
Recently, we have shown that a single dose of BT DISA vaccine with VP2 of 
serotype 8 protects against virulent BTV8 challenge, despite a low nAb titre at the 
day of challenge [23]. Previous studies showed that protection at three weeks 
after a single vaccination is not serotype specific [25]. This might be due to the 
strong induction of serotype non-specific cytotoxic T-lymphocyte (CTL) levels at 
7-21 dpv [33-35]. Here we show that protection is serotype specific at nine weeks 
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after prime-boost vaccination, since heterologous BTV2 challenge induced fever, 
clinical signs, viremia, and seroconversion for NS3 Abs, whereas vaccinated sheep 
are completely protected against homologous BTV8 challenge. Therefore, it is 
important to challenge later than three weeks post vaccination to study serotype 
 specific protection. Although DISA 8 vaccinated animals were not protected 
against BTV2 challenge virus, challenge did strongly booster the BTV8 specific nAb 
response. This phenomenon has also been shown for AHSV life-attenuated 
vaccines [36].  

Figure 2 Two groups of four sheep were vaccinated s.c., and boosted three weeks later, 
with 2x1ml of 105 TCID50 ml-1 DISA vaccine, serotyped for BTV8. Nine weeks after booster 
vaccination, vaccinated sheep and unvaccinated control groups were challenged s.c. with 
4x1 ml virulent BTV8 or BTV2. (A) Viremia in whole blood samples of sheep was 
determined using Seg-1 RT PCR. (B) Seroconversion was determined using BTV VP7 
ELISA. ELISA signals are expressed as blocking percentage with >50% as threshold for 
seroconversion. (C) Presence of seroconversion for NS3 antibodies was examined using 
an in-house experimentally developed NS3 competitive ELISA. ELISA signals are 
expressed as blocking percentage with >30% as threshold for NS3 seroconversion. 
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Previously, protection of ‘serotyped’ BT vaccine candidates with both VP2 and VP5 
exchanged using reverse genetics, has been demonstrated [25,37]. Here, we 
show that serotype determining VP2 is sufficient to generate serotype specific 
protection. The majority of nAbs are directed against VP2 [38] and single VP2 
subunit vaccines can be protective. However, addition of VP5 enhances protection 
of subunit vaccines [39-42]. Possibly, heterologous VP5 in replicating DISA 
vaccine will further enhance protection as well. 

The VP7 Ab blocking percentage declined after both the first and second 
vaccination with the DISA vaccine, to about 50% at day of challenge. Further, the 
nAb titre against BTV8 was much lower after DISA vaccination (vaccinated groups 
at 21 dpv) than after BTV infection (control groups at 21 dpc). Although viremia 
was undetectable in the blood by PCR, BTV8 challenge induced a strong booster 
of serotype 8 specific nAbs in vaccinated animals. Likely, replicating DISA vaccine 
strongly triggers the cellular immune response leading to serotype specific 
protection, whereas the humoral immune response is much lower than after BTV 
infection. Neutralizing antibodies against BTV are able to confer protection, 
although the nAb titre is not always correlated to protection [43]. There is only 
limited knowledge about the cellular immune response against BTV, although CTLs 

Figure 3 Two groups of four sheep were vaccinated s.c., and boosted three weeks later, 
with 2x1ml of 105 TCID50 ml-1 DISA vaccine, serotyped for BTV8. Nine weeks after booster 
vaccination, vaccinated sheep and unvaccinated control groups were challenged s.c. with 
4x1 ml virulent BTV8 or BTV2. Titres of nAbs against BTV8 (A) and BTV2 (B) were 
determined using an SNT with serum samples collected at 0 dpv, 21 dpv, 42 dpv, 84 dpv 
and 105 dpv/21dpc. The serum dilution that prevented complete CPE formation in BSR 
cells is indicated. Representative results are shown. 
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have been shown to contribute to protection [35,44] and BTV specific T-helper 
cells have been identified [45]. Mainly NS1, but also VP2, seems to contain most 
CTL epitopes [34,45,46]. We assume that the cellular immune response directed 
to VP2 is involved in serotype specific protection. Interestingly, NS3/NS3a 
suppresses the induction of interferon [47], and the absence of this suppression 
after DISA vaccination might result in a stronger induction of the anti-viral 
immune response. More research is needed to elucidate the importance of the 
different aspects of immune responses upon BTV infection, and in particular after 
vaccination with DISA vaccine. 
 
DIVA testing is a main advantage for control of disease in livestock. In addition to 
the induction of a protective immune response, the DISA vaccine also enables 
DIVA based on the NS3/NS3a antibody response, as has been described in 
combination with inactivated vaccines [48]. Importantly, the NS3 humoral 
response after BTV infection is fast and lasts longer than the infectious period [48-
52]. For inactivated vaccines, very stringent downstream processing will be 
needed to remove non-structural proteins in order to enable DIVA based on one 
of these proteins. Conventional live-attenuated vaccines do not have DIVA 
possibilities. We here demonstrate DIVA potential for replicating DISA vaccine 
with an experimentally developed NS3 cELISA. Still, this serological DIVA test 
needs extensive validation to determine diagnostic sensitivity and specificity. 
Additionally, serological DIVA can be combined with genetic DIVA, since DISA 
vaccine is not detected by panBTV PCR testing on Seg-10 [53].  
 
All known BT vaccines, including the here described DISA vaccine candidate, 
induce serotype specific protection, a major disadvantage to combat multi-
serotype situations, as present in many parts of the world. In South Africa, three 
penta-serotype, conventional live-attenuated BT vaccines (15 different BTV 
serotypes in total) are used in a defined and strict order, to induce broad 
protection (described in [54]). However, the safety of these cocktails is 
controversial due to under-attenuation, reversion to virulence or reassortment 
events [19,20,55]. BT DISA vaccines for different serotypes will contain the 
common vaccine backbone of nine identical genome segments and differ only for 
Seg-2. Consequently, BT DISA vaccines cannot reassort with one another and can 
thus safely be combined in multi-serotype cocktail vaccines. Further, DISA 
vaccines will all contain mutated Seg-10 that harbors attenuation, DISA and DIVA. 
BT DISA vaccines for other serotypes are currently under development.  
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Abstract 
 

luetongue is a disease of ruminants caused by the bluetongue virus (BTV). 
Bluetongue outbreaks can be controlled by vaccination, however, currently 
available vaccines have several drawbacks. Further, there are at least 26 BTV 

serotypes, with low cross protection. A next-generation vaccine based on live-
attenuated BTV without expression of non-structural proteins NS3/NS3a, named 
Disabled Infectious Single Animal (DISA) vaccine, was recently developed for 
serotype 8 by exchange of the serotype determining outer capsid protein VP2. 
DISA vaccines are replicating vaccines but do not cause detectable viremia, and 
induce serotype specific protection. Here, we exchanged VP2 of laboratory strain 
BTV1 for VP2 of European serotypes 2, 4, 8 and 9 using reverse genetics, without 
observing large effects on virus growth. Exchange of VP2 from serotype 16 and 
25 was however not possible. Therefore, chimeric VP2 proteins of BTV1 containing  
possible immunogenic regions of these serotypes were studied. BTV1, expressing 
1/16 chimeric VP2 proteins was functional in virus replication in vitro and 
contained neutralizing epitopes of both serotype 1 and 16. For serotype 25 this 
approach failed. We combined VP2 exchange with the NS3/NS3a negative 
phenotype in BTV1 as previously described for serotype 8 DISA vaccine. DISA 
vaccine with 1/16 chimeric VP2 containing amino acid region 249-398 of serotype 
16 raised antibodies in sheep neutralizing both BTV1 and BTV16. This suggests 
that DISA vaccine could be protective for both parental serotypes present in 
chimeric VP2. We here demonstrate the application of the BT DISA vaccine 
platform for several serotypes and further extend the application for serotypes 
that are unsuccessful in single VP2 exchange.  
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Introduction 
Bluetongue (BT) is a notifiable disease of ruminants caused by the bluetongue 
virus (BTV) and is spread by Culicoides biting midges. BT is endemic in tropical 
regions, but is expanding to regions with a moderate climate due to emerging 
vector species [2,3]. BT outbreaks can cause large economic losses due to 
diseased animals and trade restrictions [4,5].  
 
BTV (family Reoviridae, genus Orbivirus) has a ten-segmented (Seg-1–10), 
double stranded (ds) RNA genome. The non-enveloped virus particle contains a 
triple layered capsid of viral proteins VP2, 3, 5, and 7. VP2 is the most 
immunogenic and the major serotype determining protein, inducing neutralizing 
antibodies (nAbs) [8]. There are at least 26 BTV serotypes, defined by neutralizing 
antibodies and confirmed by VP2 phylogenetic analyses [9,10]. In addition to the 
replication complex consisting of VP1, 4, and 6 [11-13], BTV expresses four non-
structural (NS) proteins [14-16]. Although NS3/NS3a is important for virus 
release from infected cells [17-19], expression is not essential for virus replication 
in vitro [20,21]. 
 
Control of BT outbreaks is hardly possible without vaccination [22]. Vaccination in 
African countries occurs with conventionally live-attenuated BT vaccines [23], but 
the safety of these vaccines is questionable [24-26]. Safe and effective inactivated 
BT vaccines have been developed [27], however, protection might not be long 
lasting, and annual re-vaccination is recommended. In Europe, BTV serotypes 1, 
2, 4, 8, 9 and 16 are currently present [28]. 
Recently, we developed BT Disabled Infectious Single Animal (DISA) vaccines for 
serotype 8 [29] (Feenstra, 2014c,10.1016/j.vaccine.2014.10.033). DISA vaccine 
8 consists of the backbone of vaccine-related BTV6/net08 [30] without NS3/NS3a 
expression, and VP2 of serotype 8. DISA vaccine 8 is avirulent, replicates locally 
without causing detectable viremia, induces serotype specific protection against 
virulent BTV8, and enables the differentiation of infected from vaccinated animals 
(DIVA) based on NS3-directed antibodies. 
 
Exchange of outer capsid proteins has been described for several BTV serotypes 
[31,32], but is not possible for all 26 serotypes [33]. VP2 interacts with VP5 and 
VP7 and is involved in cell entry [34]. However, the regions involved in cell entry, 
and which are thus exposed to the outer part of the virion, as well as VP2 regions 
interacting with VP5 and VP7 have not been mapped. The VP2 sequence is highly 
variable between serotypes and there are only some conserved cysteine residues 
and two more conserved areas described [1]. Neutralizing epitopes are more 
prevalent in two regions in VP2, but are also scattered throughout the protein 
[6,35-37]. A protein structure has been proposed for VP2 of the related African 
horse sickness virus (AHSV), and the outer tip domain of AHSV VP2 triskellions 
has been mapped to amino acid (AA) region 279-368 of BTV VP2 [7]. 
 
The BT DISA vaccine platform was here applied for BTV serotypes currently 
present in Europe by exchange of VP2, but rescue of virus with VP2 of serotype 
16 was not possible. Therefore, chimeric VP2 genes encoding proposed 
immunogenic regions of BTV16 VP2 were expressed on BTV1 and BTV1 without 
NS3/NS3a expression. The serotype specific immunogenicity of both parental 
serotypes was examined in vitro and in vivo by neutralization assays and 
vaccination of sheep.  
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Material and Methods 
Cells and viruses 
BSR cells (a clone of BHK-21 cells [38]) were cultured in Dulbecco's modified 
Eagle's medium (DMEM, Invitrogen), containing 5% fetal bovine serum (FBS), 100 
IU ml-1 Penicillin, 100 µg ml-1 Streptomycin and 2.5 µg ml-1 Amphotericin B.  
BTV1 generated by reverse genetics (Genbank accession numbers FJ969719-
FJ969728) was used as virus backbone to rescue BTV1 derivatives as previously 
described [39,40]. Seg-2 originating from strain BTV2 (JN255863), BTV4 
(AJ585125), BTV8 (AM498052), BTV9 (AJ585130), BTV16 (AJ585137) and BTV25 
(EU839840) were used for VP2 exchange. Seg-10 originating from BTV8 
(AM498060) with the out-of-frame deletion ∆C was used to generate NS3/NS3a 
knockout BTV (DISA vaccine platform) [20]. Chimeric VP2 genes were partly 
synthesized by Genscript Corporation (Piscataway NJ, USA) and inserted in BTV1 
Seg-2 using standard procedures with appropriate restriction enzymes (Figure 1). 
Virus stocks were produced by infection of BSR cells at low multiplicity of infection 
(MOI), and were harvested by freeze thawing when >50% of cells were 
immunostained with α VP7 monoclonal antibody (MAb) ATCC-CRL-1875, in a 
duplicate well, or when >50% of cells showed cytopathogenic effect (CPE). Virus 
in clarified supernatant was used for plaque assays, growth kinetics and the 
animal experiment. Seg-2 and Seg-10 were confirmed by serotype specific PCR 
testing with primers targeting Seg-2, or using PCR with Seg-10 primers followed 
by sequencing (Table 1). Virus titres were determined by endpoint dilution on BSR 
cells and expressed as 50% tissue culture infectious dose per ml (TCID50 ml-1). 
 
Table 1 List of primers. Primers were used for amplification by RT-PCR to identify Seg-2 
and Seg-10 of rescued BTV mutants and BTV1-based DISA vaccines.  

Primer Sequence 

BTV1 Seg-2 F 5’ – TTGTTGAAAGTACGAGACACAAGAG – 3’ 

BTV1 Seg-2 R 5’ – GTATCAGCCTTCTTTGAATCGATT – 3’ 

BTV2 Seg-2 F 5’ – TCAAAGATGAGGGGATACGG – 3’ 

BTV2 Seg-2 R 5’ – AAGCGGCTGTTGATCCATAC – 3’ 

BTV4 Seg-2 F 5’ – TGTCCCACAATGGAGGAGTT – 3’ 

BTV4 Seg-2 R 5’ – CATCCACTTAGCATCCGTCATA – 3’ 

BTV6 Seg-2 F 5’ – AGGAACAGTCGGCTTATCAC – 3’ 

BTV6 Seg-2 R 5’ – TTCGCTAATGTGCTTCTCCAT – 3’ 

BTV8 Seg-2 F 5’ – CGGAGACAGCGCAGTATGTA – 3’ 

BTV8 Seg-2 R 5’ – CCTCGGTAGTATCCCTCACG – 3’ 

BTV9 Seg-2 F 5’ – ACGTTGATYGCWRCRGAATG – 3’ 

BTV9 Seg-2 R 5’ – TSCCWTSDTCRTGAAAGAGT – 3’ 

F-full-S10* 5’ – GTTAAAAAGTGTCGCTGCC – 3’ 

R-full-S10 5’ – GTAAGTGTGTAGTGTCGCGCAC – 3’ 
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Virus growth and plaque morphology 
BSR cells in wells of a 24-wells plate were infected with an MOI of 0.001. Virus 
was attached to the cells for 1.5 h at 37°C. Unattached virus was removed by 
washing with PBS, and fresh medium was added. This time point was set as 0 
hours post infection (hpi). Incubation at 37°C was continued and cells were 
harvested by freeze thawing at -80°C at indicated time points between 0-56 hpi. 
Virus titres were determined and growth experiments were independently 
repeated three times. To examine plaque morphology, cell monolayers were 
infected with 10-fold dilutions of virus stocks. After attachment for 1.5h at 37˚C, 
cells were washed and DMEM containing 1% methylcellulose was added, and 
incubation at 37˚C was continued for 48h. Then, methylcellulose was removed 
and monolayers were fixed and immunostained using α VP7 MAb ATCC-CRL-1875. 
 
Animal experiment 
The animal experiment was performed under the guidelines of the European 
Community and were approved by the Committee on the Ethics of Animal 
Experiments of the Central Veterinary Institute (permit number 2014.025). BTV1-
based DISA vaccine with 1/16 chimeric VP2, in which 150 amino acids (AA) from 
position 249-398 were exchanged, was used for vaccination (Figure 1). Four 
female Blessumer sheep of 6-24 months old were free of BTV and BTV antibodies 
and were vaccinated subcutaneously in the back between the shoulder blades at 
both sides of the spinal cord with 2x1 ml of 105 TCID50 ml-1. Body temperature 
and clinical signs were examined daily from three days before to seven days post 
vaccination (dpv) and every other day during the rest of the experiment. Serum 
was collected frequently in the first two weeks after vaccination, and at 21, 28, 
34 and 42 dpv.  
 
Neutralization assays 
Anti-BTV1 serum was collected at 42 days post infection from a sheep 
experimentally infected with synthetic BTV1 (experiment 2011.003 at CVI). Anti-
BTV8 serum was from goat 887 from a field infection. Anti-BTV16 serum was from 
a naturally infected sheep (UN95, Pirbright Institute, UK). Serum from sheep 
vaccinated with DISA vaccine with 1/16 chimeric VP2 150AA was collected at 21 
dpv. 

Figure 1 Schematic overview of BTV VP2 and the studied chimeric VP2 proteins  
(A) Schematic representation of BTV VP2 with conserved regions (AA 357-398 and 946-
961) (green) [1], serotype determinants (AA 199-213 and 321-338) (red) and 
neutralizing epitopes (AA 199-654) (grey) [6]. The predicted tip domain of VP2 (AA 279-
368) based on VP2 of AHSV [7] is indicated in striped blue. (B) Regions of BTV1 VP2 that 
were exchanged for these of serotype 8, 16 or 25 are indicated. BTV1 and BTV1-based 
DISA vaccines were generated with Seg-2 expressing some of these chimeric VP2 
proteins (Table 2).  
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Virus stocks were prediluted to 104 TCID50 ml-1. Then, virus was diluted twelve 
subsequent times 1:1 in a volume of 100 µl, and 50 µl 1:2.5 anti-BTV serum in 
medium was added to virus dilutions. Virus-serum mixtures were incubated during 
one hour at 37˚C, and added to BSR monolayers in 96-wells plates with 50 µl 
medium per well. Virus without serum was used as negative control for 
neutralization. After two days incubation at 37˚C with 5% CO2, wells with the 
highest virus dilution still showing CPE were determined. Single neutralization 
assays were independently repeated three subsequent times due to limited 
amounts of available serum. Neutralization assays using serum from sheep 
vaccinated with DISA vaccine with 1/16 chimeric VP2 150AA were performed in 
triplicate and repeated four independent times. 
Virus titres were determined according to Spearman and Kärber. nAb titres in sera 
were calculated by the difference in 2log titre with and without addition of serum 
(neutralization index). Wells were immunostained using α VP7 MAb to visualise 
inhibitory effects by serum on virus growth. 
 
Results 
Exchange of entire VP2 in BTV of serotypes currently present in Europe 
BTV1 with VP2 of serotype 2, 4, 8 or 9 was generated by use of reverse genetics. 
Exchange of single VP2 of proposed BTV serotype 25 (Toggenburg orbivirus) [41] 
did not result in viable virus (Table 2), whereas exchange of both VP2 and VP5 of 
serotype 25 was successful (not shown). For serotype 16, exchange of single VP2 
(Table 2), or of both VP2 and VP5 did not result in virus rescue (not shown).  
Exchange of VP2 was combined with Seg-10 deletion ∆C (NS3/NS3a knockout) to 
generate BTV1-based DISA vaccines for ‘European’ serotypes 2, 4, 8 and 9 (not 
shown).   
 
Incorporation of chimeric VP2 proteins in BTV 
Different chimeric VP2 genes were constructed to change the BTV serotype 
without disturbing VP2 protein folding and functionality. First, the predicted tip 
domain [7] of AA 279-368 (90AA) of serotype 8, 16 and 25 were exchanged in 
BTV1 VP2. Rescued viruses were named Chimera 8 90AA and Chimera 16 90AA, 
but Chimera 25 90AA could not be rescued. Then, the exchanged region was 
enlarged for serotype 8 and 16 to the 450AA region (AA 200-650) where 
neutralizing epitopes are known to be located [6]. However, BTV1 with these 
chimeric VP2 proteins could not be rescued. Finally, intermediate enlargements of 
serotype 8 and 16 were studied; chimeric VP2 containing AA region 249-398 
(150AA) or AA region 219-428 (210AA). Both chimeric viruses were generated for 
serotype 8 (Chimera 8 150AA and Chimera 8 210AA), whereas for serotype 16 
only Chimera 16 150AA could be rescued (Figure 1 and Table 2).  
BTV1-based DISA vaccine for serotype 16 was rescued by 1/16 chimeric VP2 
150AA in combination with Seg-10 deletion ∆C (DISA chimera 16 150AA).  
 
Virus growth and plaque morphology 
To study virus replication of BTV1 with exchanged VP2, plaque size and virus 
growth were determined and compared with wild type BTV1. No large differences 
in virus growth and plaque size were examined. Virus growth of BTV1 with VP2 
from serotype 2 was slightly reduced (Figure 2A) and BTV1 with VP2 from serotype 
4 formed slightly larger plaques (Figure 2B). Interestingly, expression of chimeric 
VP2 on BTV1 did not influence virus growth or plaque size (Figures 2A and 2B). 
Virus growth of BTV1 DISA vaccines with exchanged VP2 proteins was also studied 
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(Figure 2C). Again, exchange of most VP2 proteins did not affect virus growth 
compared to the original BTV1 DISA vaccine virus. BTV1 DISA vaccine with VP2 
from serotype 2 showed however a lower virus titre which is in agreement with 
the slightly reduced virus growth of BTV1 with VP2 from serotype 2. Expression 
of VP2 from serotype 8 did also negatively influence the virus titre. Expression of 
chimeric VP2 did again not influence virus growth. 
 
Table 2 BTV1 with exchanged VP2 proteins. Rescue of BTV1 with exchanged VP2 or 
with chimeric VP2 containing proposed immunogenic regions of different serotypes is 
indicated by “+”, no virus rescue by “-“, and not done by “nd”.  

 
Chimeric VP2 proteins contain neutralizing epitopes of both parental 
serotypes 
BTV1, BTV8, BTV16, Chimera 8 90, 150 and 210AA and Chimera 16 90 and 150AA 
were studied in neutralization assays with anti-BTV1, anti-BTV8 and anti-BTV16 
serum to determine serotype specific neutralization (Figure 3). Serotype specific 
neutralization of BTV1, 8 and 16 was clearly observed with their respective serum. 
Weak cross-neutralization was observed between serotype 1 and 8 (Figure 3A), 
whereas serotype 1 and 16 did not show any cross neutralization (Figure 3B). 
Chimera 8 90, 150 and 210AA were neutralized by both anti-BTV1 and anti-BTV8 
serum (Figure 3A). Chimera 16 90 and 150AA were neutralized by both anti-BTV1 
and anti-BTV16 serum, although neutralization is very low for Chimera 16 90AA 
with anti-BTV16 serum. Chimera 16 150AA is however clearly neutralized by anti-
BTV16 serum, which shows that 1/16 chimeric VP2 150AA contains more serotype 
16 specific neutralization epitopes than 1/16 chimeric VP2 90AA (Figure 3B). 
Although CPE was often still visible, indicating that neutralization was not 
complete, addition of serum obviously reduced CPE as was shown by 
immunostaining of plaques. CPE in wells without serum still showing complete CPE 
was compared to wells of the same virus dilution in which serum was added 
(Figures 3C and D). Obviously, BTV1, 8, and 16 were neutralized by their 
respective serum. BTV with 1/8 chimeric VP2 or with 1/16 chimeric VP2 proteins 
were neutralized by both anti-BTV1 and anti-BTV8 serum, or by both anti-BTV1 
and anti-BTV16 serum, respectively (Figures 3C and D). Summarizing, 
incorporation of chimeric VP2 proteins resulted in exchange of serotype specific 
neutralizing epitopes, including for 1/16 chimeric VP2 proteins for which exchange 
of entire VP2 was not possible. Furthermore, all studied viruses expressing 
chimeric proteins contain neutralizing epitopes of both parental serotypes. 
 

 2 4 8 9 16 25 

Entire VP2 + + + + - - 

Chimera 90 AA nd nd + Nd + - 

Chimera 150 AA nd nd + Nd + nd 

Chimera 210 AA nd nd + Nd - nd 

Chimera 450 AA nd nd - Nd - nd 
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Figure 2 Virus growth and plaque morphology of BTV with exchanged VP2 
(A) Virus growth of BTV1 with exchanged VP2 of serotype 2, 4, 8, 9 and Chimera 16 
150AA was studied and compared to growth of BTV1. Growth of BTV1 with VP2 of 
serotype 2 was slightly reduced (B) Plaque size of BTV1 with exchanged VP2 of serotype 
2, 4, 8, 9 and Chimera 16 150AA was studied and compared with BTV1 at 48 hpi. 
Expression of VP2 from serotype 4 led to slightly larger plaque size, but further no large 
differences were examined. Bars represent 400 µm. (C) Virus growth of BTV1-based 
DISA vaccines with exchanged VP2 proteins of serotype 2, 4, 8, 9 and Chimera 16 150AA 
were studied and compared with growth of BTV1 DISA vaccine. Virus growth of DISA 
vaccine with VP2 of serotype 2 was strongly retarded, and expression of VP2 from 
serotype 8 also led to less high virus titers. All other mutant viruses, including the one 
expressing chimeric VP2, showed growth characteristics similar to that of BTV1 DISA 
vaccine. Experiments were repeated three independent times and error bars represent 
standard error of the mean (SEM). 
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DISA vaccine with 1/16 chimeric VP2 induces nAbs against serotype 1 
and 16 
DISA chimera 16 150AA was used to vaccinate sheep. None of the sheep showed 
fever or clinical signs, and no viremia was detected after vaccination (not shown). 
All four sheep seroconverted for VP7 directed antibodies, which indicates that 
DISA chimera 16 150AA replicates in vivo (not shown). Preliminary results showed 
some variability between sheep for nAb titres (not shown), and serum from one 
sheep at 21 dpv with the highest neutralization index was selected for further 

Figure 3 Neutralization of BTV expressing chimeric VP2 proteins. Anti-BTV1, BTV8 
and BTV16 sera were used to neutralize BTV1, BTV8, BTV16, Chimera 8 90AA, 150AA 
and 210AA, and Chimera 16 90AA and 150AA. The difference between the 2log virus titre 
with and without serum is the neutralization index. Single neutralization assays were 
repeated three times and error bars represent SEM. For comparison, BSR monolayers 
infected with the same virus dilutions still showing complete CPE without serum, and with 
serum, stained with α VP7 MAb are shown. (A) Chimera 8 90AA, 150AA and 210AA are 
neutralized by anti-BTV1 and anti-BTV8 serum. (B) Chimera 16 90AA and 150AA are 
neutralized by anti-BTV1 and anti-BTV16 serum. (C) Plaque formation of Chimera 8 
90AA, 150AA and 210AA is inhibited by both anti-BTV1 and anti-BTV8 serum. (D) Plaque 
formation of Chimera 16 90AA and 150AA  is inhibited by both anti-BTV1 and anti-BTV16 
serum. Bars represent 400 µm. 
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neutralization assays. This serum clearly neutralizes BTV1 and Chimera 16 150AA, 
and also BTV16, but with lower neutralization index (Figure 4A). Weak cross 
neutralization was also detected for BTV8. These results confirm that DISA 
chimera 16 150AA expresses neutralizing epitopes of both parental serotypes, as 
confirmed by immunostaining (Figure 4B). Apparently, DISA chimera 16 150AA 
induced a low nAb titre against BTV8, which seemed to be higher than the amount 
of anti-BTV8 nAbs present in BTV1 serum (Figure 3A and 3C). 

Discussion 
Previously, we described the development of the BT Disabled Infectious Single 
Animal (DISA) vaccine for serotype 8 [29,42]. Here, we investigated the broader 
application of this DISA vaccine platform for ‘European’ serotypes 2,4,8,9 and 16 
by exchange of entire VP2 in BTV1 without NS3/NS3a expression. DISA vaccine 
with VP2 of serotype 2,4,8 and 9 were generated and virus growth and plaque 
size were in most cases similar to BTV1 DISA vaccine. Exchange of VP2 of serotype 
16 in the BTV1 backbone was not possible, which limits the application of the DISA 
vaccine platform for all BTV serotypes. Exchange of serotype determining VP2 is 
apparently limited, suggesting that interactions between outer capsid proteins VP2 
and VP5, but likely also with inner capsid protein VP7, are important for BTV 
rescue. Nunes et al. (2014) have extensively studied the exchange of outer capsid 
proteins using the BTV1 backbone, and found that VP2 and VP5 of some serotypes, 
like BTV16, cannot be exchanged [33]. In further agreement with these authors, 

Figure 4 DISA vaccine with 1/16 chimeric VP2 induces neutralizing antibodies 
against both parental serotypes. Serum from sheep vaccinated with BTV1-based 
DISA vaccine expressing 1/16 chimeric VP2  150AA was used to neutralise BTV1, BTV8, 
BTV16, and Chimera 16 150AA. (A) The difference between virus titre with and without 
serum is the neutralization index. Neutralization assays were performed in triplicate and 
were repeated four times. Error bars represent SEM. (B) For comparison, BSR 
monolayers infected with the same virus dilutions still showing complete CPE without 
serum and with serum, stained with α VP7 MAb are shown. Bars represent 1000 µm. 
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BTV1 with both VP2 and VP5 of serotype 25 could be generated (not shown), 
although exchange of solely VP2 was impossible. 
 
To apply the DISA vaccine platform for serotypes that were unsuccessful for VP2 
exchange, we investigated the incorporation of chimeric VP2 in BTV1, and included 
several 1/8 chimeric VP2 genes, as controls. BTV1 with 1/8 chimeric VP2 (AA 
position 220 – 429) was recently described, and is neutralized by both anti-BTV8 
and anti-BTV1 serum [33]. Indeed, in our studies 1/8 chimeric VP2 proteins with 
exchanged serotype 8 specific sequences of 90, 150 or 210 AA in length could be 
successfully incorporated into BTV1. In contrast, enlargement of the serotype 8 
specific region to 450AA (from AA position 200 - 650) arrested virus rescue. This 
was remarkable, since BTV1 with entire VP2 from serotype 8 could be generated. 
We hypothesize that this 1/8 chimeric VP2 is not functional due to protein 
misfolding/malfunction within VP2 or between VP2 proteins in the VP2 triskellions 
[7], instead of non-functional interactions between the different capsid proteins.  
Efficiency of rescue of BTV1 with chimeric VP2 varied considerably and was 
dependent on the exchanged region as well as on the serotype (Table 2). Chimeric 
VP2 with a maximum of 210AA originating from serotype 8 or a maximum of 
150AA originating from serotype 16 was functional, whereas exchange of VP2 with 
only 90AA from serotype 25 did not result in viable virus. Apparently, regions that 
can be exchanged are not conserved among serotypes, which complicates the 
development of chimeric VP2 genes.  
 
Complete VP2 of BTV16 could not be incorporated into BTV1, but BTV1 expressing 
chimeric 1/16 VP2 protein is neutralized by sera raised against both parental 
serotypes. We therefore show here, for the first time, a possible solution for the 
inability of generating vaccines of certain serotypes in a vaccine platform. 
Enlargement of the exchanged region of serotype 16 did result in a higher 
neutralization index by anti-BTV16 serum, suggesting that neutralizing epitopes 
are scattered throughout regions of VP2 [6]. Detailed mapping of neutralizing 
epitopes, a detailed structure of BTV VP2 and more studies on protein-protein 
interactions between VP2, VP5 and VP7 are needed to rationally design chimeric 
VP2 genes and DISA vaccines for serotypes of which exchange of entire VP2 is not 
possible. 
 
DISA chimera 16 150AA was used to vaccinate sheep. We demonstrated that BTV 
with chimeric VP2 is functional in virus replication in vivo, and induces serotype 
specific nAbs against both serotypes. Although nAb titres are not necessarily 
related to protection [43], sheep vaccinated with DISA vaccine 8 are completely 
protected early and late after vaccination despite low nAb titres [29] (Feenstra, 
2014c, 10.1016/j.vaccine.2014.10.033). Yet, it is unknown whether DISA chimera 
16 150AA is protective. Vaccination/challenge experiments, are needed to 
elucidate the level of serotype specific protection by DISA vaccine expressing 
chimeric VP2. 
 
DISA vaccines for different serotypes might be used to formulate cocktail 
vaccines. Cocktails of traditionally live-attenuated vaccines have been used to 
induce a broad protection [23], but are questionable with respect to safety by 
potential rise of virulent reassortants or reversion to virulence. Broad protection 
could be safely achieved by combining DISA vaccines for different BTV serotypes, 
since there is no risk of reassortment between vaccine viruses as these share nine 
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out of ten genome segments. There is also a very low risk on reversion to virulence 
since NS3/NS3a expression is stably blocked by a deletion in Seg-10. 
In this study, reverse genetics derived BTV1 [39,40] was used to rescue DISA 
vaccines for different BTV serotypes. Recently, we have shown that vaccine-
related strain BTV6/net08 [30,44,45] is the preferred vaccine backbone for the 
DISA vaccine platform [29]. Development of BTV6-based DISA vaccines for 
different serotypes is in progress in order to perform vaccination/challenge 
experiments in ruminants. 
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Abstract 
 

ackground: Bluetongue virus (BTV) causes non-contagious haemorrhagic 
disease in ruminants and is transmitted by Culicoides spp. biting midges. 
BTV encodes four non-structural proteins of which NS3/NS3a is functional 

in virus release. NS3/NS3a is not essential for in vitro virus replication. However, 
deletion of NS3/NS3a leads to delayed virus release from mammalian cells and 
largely reduces virus release from insect cells. NS3/NS3a knockout BTV in sheep 
causes no viremia, but induces sterile immunity and is therefore proposed to be 
a Disabled Infectious Single Animal (DISA) vaccine candidate. In the absence of 
viremia, uptake of this vaccine strain by blood-feeding midges would be highly 
unlikely. Nevertheless, unintended replication of vaccine strains within vectors, 
and subsequent recombination or re-assortment resulting in virulent phenotypes 
and transmission is a safety concern of modified-live vaccines.  
Methods: The role of NS3/NS3a in replication and dissemination of BTV1, 
expressing VP2 of serotype 2 within colonized Culicoides sonorensis midges was 
investigated. Virus strains were generated using reverse genetics and their growth 
was examined in vitro. A laboratory colony of C. sonorensis, a known competent 
BTV vector, was fed or injected with BTV with or without expressing NS3/NS3a 
and replication in the midge was examined using RT PCR. Crossing of the midgut 
infection barrier was examined by separate testing of midge heads and bodies.  
Results: Although the parental NS3/NS3a expressing strain was not able to 
replicate and disseminate within C. sonorensis after oral feeding, this virus was 
able to replicate efficiently when the midgut infection barrier was bypassed by 
intrathoracic injection, whereas the NS3/NS3a knockout mutant was unable to 
replicate. This demonstrates that NS3/NS3a is required for viral replication within 
Culicoides. 
Conclusion: The lack of viremia and the inability to replicate within the vector, 
clearly demonstrate the inability of NS3/NS3a knockout DISA vaccine strains to 
be transmitted by midges. 
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Background 
Arthropod-borne viruses (arboviruses) have a significant social and economic 
impact on both human and animal health. A majority of all emerging and re-
emerging infectious diseases are vector-borne or zoonotic [1, 2]. Combating 
arboviral diseases requires an interdisciplinary approach, possibly including vector 
control, surveillance programs and outbreak containment, with prevention of 
disease by vaccination likely the most promising [3]. Bluetongue virus (BTV, 
family Reoviridae, genus Orbivirus) [4] and Schmallenberg virus (family 
Bunyaviridae) [5] are examples of emerging arboviruses in countries with a 
moderate climate, which are transmitted by Culicoides (Diptera: 
Ceratopogonidae) biting midges [6-8]. BTV infection results in a haemorrhagic 
disease of domestic and wild ruminants called Bluetongue (BT). In cattle, BT is 
typically subclinical, but infection in sheep can result in severe disease with high 
mortality [9]. Due to the wide host range, prolonged viremia with often less-
severe disease symptoms, and virus spread by midges, outbreak control is difficult 
using control measures other than vaccination [3]. 
 
BTV is a non-enveloped virus with a complex triple-layered capsid containing the 
ten-segmented double stranded (ds) RNA genome and the replication complex. In 
addition to seven structural proteins (VP1-7), BTV encodes four non-structural 
(NS) proteins [10-12]. The virus release mechanism differs for mammalian and 
insect cells, with insect cells showing non-lytic release, whereas cell lysis is the 
prominent release mechanism in mammalian cells [13]. Virus particles can leave 
the cell by budding, acquiring a temporary envelope, but also via disruption of the 
cell membrane [13, 14]. 
 
NS3 and N-terminal truncated NS3a are viroporin-like membrane proteins [15, 
16], functional in virus release [17, 18]. NS3/NS3a is expressed in larger amounts 
in insect cells and is hypothesized to be mainly important for the non-lytic release 
from these cells [19-23]. NS3/NS3a comprises a long N-terminal domain, two 
transmembrane domains with a short extracellular domain in between, and a 
shorter C-terminal cytoplasmic domain [24]. Interaction with the p11 cellular 
calpactin complex subunit and recruitment of the ESCRT-I TsgI protein [25-27], 
highlights involvement in membrane trafficking/modification and virus release. 
Recently, we showed that expression of NS3/NS3a is not essential for BTV 
replication in vitro. However, release of NS3/NS3a knockout mutants from 
mammalian cells is significantly delayed and release from insect cells is strongly 
reduced [28].  
 
By inducing an out of frame deletion in BTV Seg-10, encoding NS3/NS3a, using 
reverse genetics, knockout BTV viruses were generated. A BTV vaccine strain with 
such a Seg-10 deletion has been described to be a very promising vaccine 
candidate, named the disabled infectious single animal (DISA) BT vaccine. Sheep 
have been vaccinated with this virus, and no clinical signs after vaccination were 
induced. Vaccine virus replicated only locally and sterile protection to virulent BTV 
infection was induced [29-31]. Since vaccination did not result in detectable 
viremia of BT DISA vaccine virus, oral uptake of the vaccine by insect feeding is 
highly unlikely. 
 
Oral infection of midges with BTV and subsequent virus transmission to the 
ruminant host is complex and differs even between individuals of one Culicoides 
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species. This leads to variable proportions of individuals within a midge population 
being susceptible to oral virus infection or capable of virus transmission. Vector 
arthropods present several ‘barriers’ which could prevent infection, dissemination, 
or transmission of the arbovirus to the susceptible host. For the Culicoides vector, 
a midgut infection barrier (MIB), a midgut escape barrier (MEB) and a 
dissemination barrier have been identified (Figure 1) [32-34]. Since NS3/NS3a 
has a prominent role in virus release in insect cells in vitro, we now considered 
whether propagation of DISA vaccine virus, not expressing NS3/NS3a, would be 
significantly diminished or blocked in BTV-competent Culicoides biting midges in 
vivo. This blockade would improve the safety of replicating BT DISA vaccine by 
minimizing the risk on uncontrolled vaccine spread. Therefore, we here 
investigated the propagation of a DISA vaccine based on BTV1, expressing VP2 of 
serotype 2, after oral infection and intrathoracic injection of in Culicoides 
sonorensis (formerly Culicoides variipennis sonorensis) [35], a species known to 
vector several BTV serotypes including U.S. BTV2 [36]. 

 
Methods 
Cells and Viruses 
BSR cells (a clone of BHK-21 cells [37]) were cultured in Dulbecco's modified 
Eagle's medium (DMEM, Invitrogen), with 5% fetal bovine serum (FBS), 100 IU 
ml-1 Penicillin, 100 µg ml-1 Streptomycin and 2.5 µg ml-1 Amphotericin B, at 37˚C 
with 5% CO2. KC cells [19] derived from embryos of colonized Culicoides 
sonorensis Wirth & Jones [38] were grown in modified Schneider’s Drosophila 
medium with 15% FBS, 100 IU ml-1 Penicillin and 100 µg ml-1 Streptomycin at 
27˚C. 
 
BTV1 generated by reverse genetics (Genbank accession numbers FJ969719-
FJ969727) with Seg-10 originating from BTV8 (AM498060), was used as virus 
backbone to generate BTV1 derivatives using reverse genetics as previously 
described [39, 40]. cDNA of Seg-2 of BTV2 (JN255863) was used for single Seg-
2 exchange (BTV1[VP2]2). cDNA of Seg-10 originating from BTV8 with the out-
of-frame deletion ∆C (bp 102-263) was used to generate NS3/NS3a knockout BTV 
with VP2 of serotype 2 (DISA 2) [41]. The positive control field strain of BTV11 
was isolated from the spleen of a white-tailed deer from Texas in 2011, passaged 

Figure 1 Culicoides midge with 
the several different body parts; 
head, thorax and abdomen, 
indicated. Salivary glands (1) are 
located in the head/thorax. The 
digestive tract contains the 
forgut (2) and midgut (3), where 
food is digested and the hindgut 
(4), where faeces forms. 
Important dissemination barriers 
are located at the level of the 
midgut and salivary glands. 
Figure partly adapted from Alan 
R. Walker (Veterinary Research 
Laboratory, Kenya). 
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once in embryonated chicken eggs, and four times in BHK-21 cells before use in 
midge feeding/injecting. 
Virus stocks were produced by infection of BSR cells at low multiplicity of infection 
(MOI), and were harvested by freeze-thawing when >50% of cells immunostained 
as BTV-positive with α VP7 monoclonal antibody (MAb) ATCC-CRL-1875 in a 
duplicate well, or when >50% of cells showed cytopathogenic effect (CPE). Virus 
in clarified supernatant was concentrated using 3K centrifugal filters (Amicon 
Ultracel-3K) and centrifugation for 30 min at 4,000 rpm. Seg-2 was confirmed by 
serotype specific PCR testing with primers targeting Seg-2 (BTV2 Seg-2 F 5′-
TCAAAGATGAGGGGATACGG-3′ and BTV2 Seg-2 R 5′-AAGCGGCTGTTGATCCATAC-
3′), and Seg-10 using PCR with Seg-10 primers (F-full-S10* 5′-
GTTAAAAAGTGTCGCTGCC-3′ and R-full-S10 5′-GTAAGTGTGTAGTGTCGCGCAC-
3′) followed by sequencing as described previously [31]. 
 
Virus titers were determined by endpoint dilution on BSR cells and expressed as 
50% tissue culture infectious dose per ml (TCID50 ml-1). The titer of the 
BTV1[VP2]2 virus stock was 106.4 TCID50 ml-1, DISA 2 had a titer of 105.8 TCID50 
ml-1(intended dose for insect experiments was 106 TCID50/ml). Wild type BTV11, 
used as a positive control, had a titer of 108.2 TCID50ml-1. 
CPE and protein expression of BTV1[VP2]2 and DISA 2 virus were determined 
using immunostaining of infected BSR monolayers with α VP7 MAb ATCC-CRL-
1875 or with α NS3 MAb 31E9 (Ingenasa, Madrid, Spain) using standard 
procedures [42]. 
 
In vitro virus release assay 
Monolayers of KC cells (5 x 106) or BSR cells (5 x 105) in 2 cm2 wells were infected 
with an MOI of 0.01. Virus was adsorbed for 1.5 h at 27°C or 37°C for KC and 
BSR cells respectively. Unattached virus was removed by washing with PBS, and 
fresh medium was added. This time point was set as 0 hours post-infection (hpi). 
Incubation was continued and cells and culture media were harvested at indicated 
time points. Cells were lysed to be able to study the intracellular BTV fraction, by 
freeze thawing at -80 °C. Virus titers were determined and growth experiments 
were independently repeated. 
 
Insect feeding and sampling 
Colonized 3-4 day old female C. sonorensis midges from the Arthropod-Borne 
Animal Diseases Research Unit, Manhattan, KS, USA [43] were offered a blood 
meal, consisting of 1:1 (v/v) defibrinated sheep blood and virus stock at highest 
titer available, in an artificial feeder using a parafilm membrane[44]. Midges were 
allowed to feed for 2 hours, removed from the blood source, anesthetized for 10-
15 sec with CO2, removed from the feeding cage, and sorted as to blood-feeding 
status on a CO2 fly pad (Diamed Lab Supplies, Inc., Mississauga, Ontario, CA). 
Engorged females were put in cardboard cages with cotton-plugged vials 
containing 10% sucrose and held at 26°C. At 0, 7, 10 (BTV11 control only) and 
14 days post feeding (dpf), 50 midges were anesthetized with CO2and heads were 
separated from bodies using ultra-fine tweezers (EMS Hatfield, PA, USA) and a 
dissecting microscope (SMZ 1500; Nikon Instruments, Melville, NY, USA). Heads 
and bodies were separately placed in 100µl RNAlater (Qiagen, Germantown, MD, 
USA), and stored at 4°C. 
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Insect inoculation 
Colonized 3-4 day old female C. sonorensis midges were injected intrathoracically 
with 46nl of virus stock using the Nanoject II microinjector (Drummond Scientific, 
Broomall, PA, USA) under a dissecting microscope (Nikon Instruments). This 
volume was based on hemocoel injection capacity of the midges, highest rate of 
consistency, complete fluid retention, and maximum post inoculation survival. 
Total virus injected per midge, based on highest starting virus stock titers 
possible, was 101.5 TCID50 of DISA 2 and 102.1 TCID50 of BTV1[VP2]2 virus. 
Inoculated midges were placed in cardboard cages with cotton-plugged vials 
containing 10% sucrose and held at 26°C. At 0, 7, and 10 days post inoculation, 
25 midges were anesthetized, decapitated and stored in RNA later (Qiagen) at 
4°C as described above. Time 0 samples were taken from 1 to 4 hours post-
injection. This variation was due to the time-intensive nature of microinjecting 
large numbers of midges needed to ensure adequate numbers of surviving midges 
for each time point. 
 
RNA isolation and PCR 
PBS (400 µl) and one 5mm stainless steel ball (Qiagen) were added to midge 
bodies and heads in RNA later in micronic tubes. Tubes were shaken for 3 min at 
50 Hz in a tissue lyser (85600, Qiagen). After centrifugation, 200 µl of supernatant 
was used for RNA isolation using the MagNApure 96 DNA and viral NA Small 
Volume kit (Roche) by the MagNApure isolation robot (Roche) according to the 
manufacturer’s protocol [45]. The real-time RT-PCR test for Seg-1 was performed 
using primer F-pan-S1 (5′-TTAAAATGCAATGGTCGCAATC-3′), primer R-pan-S1 
(5′-TCCGGATCAAGTTCACTCC-3′) and probe P-pan-S1 (5′-6-FAM-
CCGTGCAAGGTGC-MGB-3’) [46] according to the all-in-one method, including the 
pre-denaturation step, as described for the pan BTV Seg-10 PCR test [45]. 
Crossing point (Cp) values of each PCR were calculated, and negative results were 
arbitrarily set as 45 to allow these to be included in the analysis. Due to the 
maximum of 45 cycles, the highest Cp value that could still be calculated was 40. 
Statistical differences in Cp values were calculated using a one way ANOVA and 
subsequent Tukey’s multiple comparison test, with p<0.001 indicating significant 
differences between days or groups. 
 
Results 
NS3/NS3a is required for release from Culicoides cells in vitro 
Similar to previous results with NS3/NS3a knockout mutant viruses [28], DISA 2 
did not induce CPE in BSR cells. Immunostaining of VP7 indicated BTV replication, 
but NS3/NS3a expression could not be detected. In contrast, BTV1[VP2]2 parental 
virus induced CPE and was immunostained with both VP7 and NS3 MAbs (Figure 
2a). Sequencing of Seg-10 of DISA 2 confirmed the ∆C deletion, and thus the 
absence of NS3/NS3a expression by DISA 2. No additional insertions or deletions 
in Seg-10 of DISA 2 were identified (not shown). In agreement to previous results 
[28], release of DISA 2 from BSR cells was slightly delayed compared to the parent 
virus, with clear increase examined at 48h post infection, compared to 16h post 
infection for BTV1[VP2]2 (Figure 2b). The virus titer in the cells was higher for 
BTV1[VP2]2 (107.2 TCID50 ml-1) compared to DISA 2 (104.9TCID50 ml-1) at the end 
of the experiment at 72h post infection. Release of virus was also reduced for 
DISA 2 (103.1 TCID50 ml-1) compared to the parental virus (106.5TCID50 ml-1). 
Growth in KC cells was highly attenuated, with ten-fold lower virus titer in both 
the cell fraction and the released fraction for DISA 2 at the end of the experiment. 
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DISA 2 virus release was diminished, with 102.1 TCID50 ml-1 at 0 dpi and still only 
102.6 TCID50 ml-1 at 120 dpi, the end of the experiment (Figure 2c). 
 
C. sonorensis midges can be infected orally with BTV11, but not with 
BTV1[VP2]2 
BTV11-fed midges were harvested at day 0, 7, 10 and 14 dpf. For each day of 
sampling, heads and bodies of 25 midges were harvested and were tested 
individually. Viral RNA was isolated for PCR testing and semi-quantitated by Cp 
values (Figure 3).Directly after feeding (day 0), all bodies were PCR positive 
(mean Cp: 25.3, range 27-23.9), whereas heads were negative (13 out of 25) or 
had very high Cp values (mean Cp:39.5). As blood meals are digested after 3 dpf, 
the Cp value at 7dpf in the bodies (mean Cp: 30.5, range 45-22.3), was slightly 
higher, but decreased significantly until day 10 (mean Cp: 26.7, range 40-22.5) 
(p<0.001), indicating virus replication in the midge.  From day 10 to 14 (Cp: 26.1, 
range 45-22.7), no significant difference was found, suggesting no further 
increase of the virus titer in midge bodies. To study the ability of BTV11 to cross 
the midgut barrier and to replicate in the midge, viral RNA in the heads was 
determined. Cp values were significantly lower at day 7 (mean Cp: 34.5,range 
45-26.1), day 10(mean Cp: 31.4,range 45-27);and day 14 (mean Cp:29.9,range 
40-26.7) compared to day 0 (p<0.001) and were declining in time. This clearly 
demonstrated midgut escape and virus replication in colonized C. sonorensis by 
BTV11. 
 
Similarly, 50 BTV1[VP2]2 fed midges were harvested at day 0, 7 and 14, and 
tested by PCR. At day 0, directly after feeding, bodies showed Cp values (mean 
Cp: 26.1, range 27-23.5) not significantly different from that of bodies of BTV11 
fed midges. At day 7, 40 out of 50 bodies were PCR negative, and at day 14 post 
feeding only 6 out of 50 bodies had a Cp value of 40. All heads were PCR negative 
at day 0, 7 and 10, except for one head at day 0 and 7 (Cp:40). These results 
indicated that BTV1[VP2]2 was unable to infect the midgut epithelium and was 
unable to escape the midgut barrier in C. sonorensis. Feeding with DISA 2 virus 
was also performed, but harvested heads and bodies were not further processed 
because of the negative results of the BTV1[VP2]2 parental strain. 
 
NS3/NS3a is required for propagation of artificially disseminated BTV in 
C. sonorensis 
Intrathoracic injection of virus into the hemocoel of midges can lead to replication 
of virus unable to naturally escape the midgut following oral uptake [32, 47]. 
Therefore, to study virus propagation in the absence of a midgut barrier, midges 
were injected with the parent strain BTV1[VP2]2 and its NS3/NS3a knockout 
derivative DISA 2. Groups of 25 injected midges were harvested at day 0, 7, and 
10 post injection. Viral RNA in heads and bodies was individually tested and semi-
quantitated by PCR (Figure 4). 
 
On day 0, RNA was detected in all bodies for BTV1[VP2]2 (mean Cp: 31.3, range 
40-30) and DISA 2 (mean Cp: 32.7, range 36.1-31). There was no significant 
difference between both groups. Injected virus was also detected in the heads of 
23 out of 25 midges on day 0 due to dissemination throughout the hemocoel. At 
both day 7 and 10 post injection of BTV1[VP2]2, mean Cp values in the bodies 
were 23.7 and 23.2 (range: 26.5-21.9 and 24.4-20.3 respectively), indicating 
significantly higher RNA levels than that of input virus. 
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 Figure 3 Colonized C. sonorensis were fed with blood containing BTV11 or BTV1[VP2]2. 
Viral RNA was detected and semi quantitated by PCR expressed in Cp values for 
individual heads and bodies at day 0 (light grey dots), day 7 (dark grey squares), day 
10 (open diamonds) and day 14 (light grey triangles) post feeding. The mean Cp values 
(black line) and significant (p<0.001) different Cp values from the respective day 0 value 
(*) are indicated. 
 

Figure 2 BSR monolayers were infected with BTV1[VP2]2 or DISA 2 and immunostained 
with α NS3 or VP7 MAbs. Clearly, VP7 is expressed in both infections (red colour), 
whereas NS3/NS3a is only detectable in the BTV1[VP2]2 infected cells (A). Release of 
BTV1[VP2]2 and DISA 2 virus on BSR cells (B) and KC cells (C) was also examined. Both 
virus in the cell fraction (black) and released virus (grey) was measured. Experiments 
were performed in duplicate and error bars represent SEM. 
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In addition, Cp values of tested heads on these days were also significantly lower 
(p<0.001) (28.5 and 28.2 with a range of 31.5-26.4 and 29.9-26.5, respectively) 
compared to day 0 (mean Cp: 36.1). These results clearly indicate virus 
propagation of BTV1[VP2]2 throughout injected C. sonorensis midges.  
In contrast, DISA 2 injected midges did not show significantly lower Cp values in 
the bodies in time, with mean Cp values of 32.7, 33.5 and 33.9 for day 0, 7, and 
10, respectively. In the heads of DISA 2 injected midges, Cp values were 
significantly lower (p<0.001) at day 7 (mean Cp: 37.5, range 45-31.8) compared 
to day 0 (mean Cp: 40.5 range 45-35.6). However, at day 10, the mean Cp value 
was not significantly different from day 0 (mean Cp: 39.3, range 45-32.1). 
Remarkably, even at the day 0 time point (1-4 hpi), DISA 2 injected midges had 
a higher mean Cp value of 40.5 (range: 45-35.6) in their heads compared to 
BTV1[VP2]2 (mean Cp: 36.1, range: 45-32.7). Unlike the parent BTV1 [VP2 ]2 
virus strain, DISA 2 was unable to propagate after injection of colonized C. 
sonorensis. Because these viruses only differ in NS3/NS3a expression, we 
conclude that NS3/NS3a proteins play a crucial role in virus propagation in the 
insect vector.  

Discussion  
Recently, we have shown that NS3/NS3a is not essential for virus replication in 
vitro [28]. A novel BT vaccine candidate based on live-attenuated BTV lacking 
NS3/NS3a expression has been developed and is named the disabled infectious, 
single animal (DISA) vaccine [28-31, 41]. NS3/NS3a expression is more 
prominent in insect cells [19-23], and important for virus release from cultured 

Figure 4 Colonized C. sonorensis were injected with BTV1[VP2]2 or DISA 2.Viral RNA 
was detected and semi quantitated by PCR expressed in Cp values for individual heads 
and bodies indicated at day 0 (light grey dots), day 7 (dark grey squares) and day 10 
(open diamonds) post injection. The mean Cp values (black line) and significant 
(p<0.001) different Cp values from the respective day 0 value are indicated (*). 
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midge cells in vitro [28]. Here, the role of NS3/NS3a in virus propagation was 
studied in vivo in midges. 
 
We compared a reverse genetics derived parent strain BTV1[VP2]2 (BTV1 
expressing VP2 of serotype 2) with the same virus containing a deletion in Seg-
10, which abrogates NS3/NS3a expression (DISA 2). Virus growth of DISA 2 in 
mammalian cells (BSR) is inhibited by the NS3/NS3a knockout mutation, and is 
delayed (Figure 2b). Both release and growth of DISA 2 in Culicoides cells is 
strongly attenuated by the NS3/NS3a knockout mutation (Figure 2c). BTV1[VP2]2 
and DISA 2 grow to lower titers in BSR cells, compared to similar viruses with 
other serotypes, as already observed in earlier studies [30]. So apparently, 
serotyping with VP2 from serotype 2 influences in vitro growth in a negative 
manner, likely by disturbing infection. 
 
Initially, we compared oral infection of C. sonorensis with BTV1[VP2]2 and an 
American BTV11 isolate. This BTV11 isolate was included to confirm ‘normal’ 
feeding behaviour of this specific midge colony and was fed with a very high dose 
of 108.2 TCID50 ml-1, since this dose led to virus replication in numerous previous 
experiments (not shown). Unfortunately, the BTV1[VP2]2 strain was not able to 
escape the midgut barrier as evidenced by the lack of viral RNA in the heads. The 
results of day 0 post feeding suggests a similar starting dose in the midguts of 
both groups by PCR testing. However, the blood meal for BTV1[VP2]2 contained 
100 times less infectious virus than that of BTV11 as determined by titration. This 
might be explained by the presence of non-infectious particles in the BTV1[VP2]2 
virus stock, although this needs further investigation. The lower dose could explain 
the negative results for BTV1[VP2]2, but a similar dose of about 106 TCID50 ml-1 
of BTV1, as used in our study for BTV1[VP2]2,has been used already successfully 
in several vector competence studies using C. sonorensis [32, 33, 48, 49]. 
Therefore, it is highly unlikely that the used dose is too low to be able to infect 
the midges and it is not expected that a higher dose would have led to BTV1[VP2]2 
replication. In further support of this conclusion, intrathoracic injection of only 46 
nl of the same virus stock resulted to similar Cp values at day 0, proficient for 
virus replication, while it is estimated that fully engorged C. sonorensis midges 
ingest approximately 50-100 nl of blood (personal communication B. Drolet, U.S. 
Department of Agriculture). This volume correlates to 50-100 TCID50 of virus per 
blood meal when feeding with viremic blood containing 106 TCID50 of BTV ml-1. 
 
Only a very few Culicoides species have been shown as transmission-competent 
vectors for various serotypes of BTV [32, 50-53]. Vector competence for a specific 
arbovirus is affected by multiple factors during the virus-vector interaction, 
including viral genetics, vector genetics, gut microbiota, physiological barriers, 
salivary components, environmental temperature, and vector innate immunity 
[32, 33, 54-57]. Physiological barriers include the MIB, MEB, salivary gland 
infection barrier and salivary gland escape barrier. For bite transmission of virus 
after ingestion of BTV1[VP2]2 or DISA2 strain, viruses must exit the midgut (with 
or without infection), enter the hemocoel, disseminate, and then infect and escape 
the salivary glands. Based on the PCR results of bodies and heads of orally infected 
midges,BTV1[VP2]2could not overcome the MIB or MEB, since no virus replication 
in the bodies and no dissemination to heads was observed. This strongly indicates 
that, C. sonorensis is not competent for this recombinant virus. No propagation of 
parental NS3/NS3a expressing strains in the midge vector could make the DISA 
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vaccine even safer regarding vaccine virus spread in the field. Intrathoracic 
inoculation was performed to circumvent the midgut barriers and to study the 
ability of disseminated BTV1[VP2]2 and DISA 2 to propagate within Culicoides. 
 
Replication of BTV is likely after intrathoracic injection, even for viruses that do 
not replicate in the midge after oral uptake [32]. Indeed, in contrast to oral 
uptake, BTV1[VP2]2 propagated in injected midges. As expected, DISA 2 virus 
was detected in the heads directly after injection due to dissemination in the 
hemocoel. The amount of DISA 2 virus RNA was significantly less in heads 
(p<0.001) (higher Cp), compared to BTV1[VP2]2 at day 0. This might be due to 
possible variations in exact sampling times post inoculation for the day 0 time 
point (1-4 hpi) or differences in amount of virus delivered in the 46 nl injection 
(101.5 vs. 102.1). Less time between injection and decapitation could lead to 
incomplete dissemination of virus to the head via the hemolymph. Significantly 
higher DISA 2 RNA levels (lower Cp value) were measured in the heads at day 7 
compared to day 0, which is likely due to full dissemination of injected virus at 
this time point. Indeed, the Cp value at day 10 was higher again compared to day 
7, suggesting degradation of viral RNA. A few individual bodies and heads of DISA 
2 fed midges showed a Cp value lower than the average at day 7 and 14. This 
might indicate a low level of replication in these midges. However, compared to 
BTV1[VP2]2 fed midges, Cp values are still high, and spread via the salivary 
glands to the ruminant host is highly unlikely. 
 
Conclusion 
In conclusion, NS3/NS3a knockout strongly reduces virus release and propagation 
in the midge after injection, once the midgut barrier has been passed. This is likely 
due to the strongly reduced virus release, also seen Culicoides cells. It is also 
possible that the delayed release of DISA 2 from the cell results in faster virus 
clearance by intracellular innate immunity such as RNAi [58, 59], Toll-Imd, Jak-
STAT, NfkB, and autophagy [60]. 
 
The virus backbone used in DISA vaccines is based on non-virulent BTV and is 
safe with respect to fever and clinical signs [61]. Currently, the DISA principle is 
based on the absence of viremia in the vertebrate host, thereby preventing uptake 
by insect vectors [29]. Here, the safety of the DISA principle is supported by the 
absence of DISA 2 propagation in C. sonorensis. 
 
Live-modified vaccines for orbiviruses potentially imply several risks, such as 
reversion to virulence, re-assortment events and uncontrolled spread of vaccine 
virus. An elegant method to combat these major disadvantages is to target 
functions that are specific and essential for virus propagation in the insect vector, 
and for virus transmission between host and vector. Most likely, similar NS3/NS3a 
deletion mutants for other orbiviruses will have similar characteristics [62], 
whereas targeting functions essential for vector transmission in other arboviral 
pathogens will also result in safe vaccine candidates. 
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Abstract 
 

luetongue virus (BTV) causes the haemorrhagic disease Bluetongue in 
ruminants. The best way to control outbreaks is vaccination. Currently, 
conventionally modified-live and inactivated vaccines are commercially 

available, which have been successfully used, but nonetheless have their specific 
shortcomings. Therefore, there is a need for improved BT vaccines.  
The ideal BT vaccine is efficacious, safe, affordable, protective against multiple 
serotypes and enables differentiation of infected from vaccinated animals. 
However, different field situations require specific vaccine profiles. Single serotype 
outbreaks in former BT-free areas need rapidly induced protection against viremia 
of the respective serotype.  Endemic multiple serotype situations require long 
lasting protection against all circulating serotypes. The ideal BT vaccine for all field 
situations does not exist and balancing between vaccine properties is needed. 
Many new vaccines candidates, ranging from non-replicating subunits to 
replicating next-generation reverse genetics based vaccines have been developed. 
Some have been tested extensively in large numbers of ruminants, whereas 
others were developed recently and have only been tested in vitro and in mice 
models. Most vaccine candidates are promising, but have their specific 
shortcomings and advantages. In this review, all (candidates of) BT vaccines are 
discussed in the light of the prerequisites for different field situations. 
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Bluetongue occurrence and control 
Bluetongue virus (BTV, family Reoviridae, genus Orbivirus) causes the 
haemorrhagic disease Bluetongue (BT) in both wild and domestic ruminants and 
is one of the main veterinary diseases worldwide [1,2]. In principle, BTV is non-
contagious and is transmitted by bites of certain species of Culicoides midges [3]. 
At least 27 BTV serotypes are known [4-7] with widespread geographic 
distribution [8], causing sometimes significant economic losses [9-11]. The 
disease is emerging and outbreaks in former BT-free areas [12], or outbreaks by 
other serotypes are regularly reported [5,6]. In addition, new serotypes have been 
identified recently [5-7]. Historically, BTV is prevalent in tropical and subtropical 
regions, but outbreaks have now been reported as far as 45°N. This emergence 
could be caused by climate change, since a high temperature contributes to both 
distribution and competence of the insect vector [13,14]. BTV8 has caused huge 
losses in north western Europe in 2006-2008, which was historically BTV-free. 
Here, BTV8 was spread by an endemic insect vector [15-17]. BTV4 caused 
problems in eastern Europe in the summer and autumn of 2014 [18], and BTV5 
has recently been reported in northern Australia as an additional new serotype 
[19]. Upcoming expansions and incursions to other areas by known serotypes, or 
by new serotypes are therefore expected and preparedness for BT outbreaks 
should be of high priority. 
 
Control and eradication of BT by conventional methods such as movement 
restrictions or stamping out is hardly possible, due to asymptomatic infections, 
prolonged viremia in cattle, and virus persistence in the midge population. 
Therefore, vaccination with effective vaccines against the right serotype is the 
preferred method to control BT [20-22]. Indeed, BT vaccination campaigns have 
contributed to control outbreaks in the past [23-25]. Since available modified-live 
and inactivated vaccines have their specific drawbacks, there is a need for 
improvement. Recently, reverse genetics for BTV has been developed [26], which 
has boosted BTV research, resulting in various types of next-generation vaccine 
candidates. Still, none of these vaccine candidates have been introduced to the 
market yet. Here, we describe the prerequisites, and the pros and cons of 
currently marketed vaccines and non-replicating and replicating vaccine 
candidates, with regard to the  different field situations that occur (Tables1 and 
2). 
 
Vaccine prerequisites 
In general, vaccines must be efficacious, safe and affordable. In addition, 
differentiation of infected from vaccinated animals (DIVA) is supportive for 
veterinary vaccines to adequately monitor and control outbreaks. 
 
The ideal BT vaccine  protects against disease and blocks viremia of multiple 
serotypes in all ruminant species and also enables DIVA. The ideal vaccine is cheap 
to produce and only a single and low dose is required. Protection against viremia 
prevents vertical transmission in the pregnant animal and horizontal transmission 
by the vector. Immunity must be quickly induced and long lasting. The ideal BT 
vaccine does not revert to virulence or reassort/recombine with field virus. Market 
registration must also be feasible. Such an ideal vaccine is difficult to achieve and 
therefore BT vaccines will balance between efficacy and duration of immunity, 
safety for the vaccinated animal and the environment, costs, applicability for 
multiple serotypes and possibility for DIVA. 
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Table 1 Properties of currently marketed BT vaccines. Currently marketed BT vaccines 
have been scored for different important vaccine characteristics. Not fulfilling  the criteria is 
indicated by -, partial fulfilling by + or ++, and if a vaccine clearly meets the described 
criteria, this is indicated by +++. 

 
Immunity 
Both cellular and humoral immunity contribute to protection against BTV infection 
[27,28] and an effective vaccine should therefore aim to induce both.  
 
The neutralising antibody (nAb) response has been extensively investigated and 
is often described to be an important determinant of protection. NAbs are raised 
against outer-capsid protein VP2, while VP5 enhances the VP2 directed nAb 
response [29-32]. NAbs are highly serotype specific, but significant cross 
protection can be induced after multiple vaccinations against different serotypes 
or after vaccination with multivalent vaccines [33]. However, modified-live 
vaccines for different serotypes do not replicate equally well, being of concern 
when applied as a cocktail vaccine [34-36]. Until three weeks after immunisation 
with one serotype, serotype broad protection can be present in sheep, which 
becomes serotype specific  after nine weeks [37,38]. The mechanism of this short 
lasting broad protection is unknown. Obviously, studies on serotype specific 
protection should be performed after this period. Broadly protective vaccines are 
not available yet, which is one of the main challenges in the field of BT vaccine 
development.  
 
The role of cellular immunity in BT protection is largely unknown, although some 
reports are claiming that the T-cell response is closer correlated to protection than 
the antibody response [20]. BTV cytotoxic T-cells (CTLs) have been identified, 
with NS1 and VP2 being the major targets and VP5, VP7 and NS3 being minor 
antigens [39,40]. Some efforts on induction of broadly protective CTLs have been 
performed, but no broad protection in the ruminant host has been shown after 
the serotype broad protective period of three weeks. 
 
BTV is a potent inducer of interferon (IFN), therewith activating the innate immune 
system of the host after infection [41,42]. However, viral non-structural (NS) 
proteins NS3 and NS4 have been described to be IFN antagonists [43-45]. Lack 
of these proteins in a vaccine might lead to better induction of immunity. The 
function of VP2 and VP5 in humoral immunity and VP2 and NS1 in CTL response 
indicates that these proteins are important to induce immunity against BT. 
 
 
 
 
 
 
 
 
 

 Onset of 
Immunity  

Duration of 
Immunity  

Animal 
safety 

Environmental 
safety 

DIVA Costs/dose 

MLV +++ +++ + - - +++ 
Inactivated + ++ +++ +++ + + 
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Table 2 Properties of BT vaccine candidates. Several different BT vaccine candidates 
have been described. Some have already been tested in small groups of ruminants, but 
others were only tested in vitro and mice models. Since none are near to market 
introduction, vaccine characteristics can only be estimated, based on preliminary data and 
immunological and molecular knowledge of similar vaccine types in use for other viral 
diseases. Predicted scores for important vaccine characteristics are indicated. Not fulfilling 
the criteria is indicated by -, partial fulfilling by + or ++, and if it is predicted that a vaccine 
meets the described criteria, this is indicated by +++. 

 
Field situation 
The objective of BT vaccination differs for different field situations. Vaccination 
could aim at prevention of morbidity and mortality in the vaccinated animal, 
reduction of virus spread in the field, and eradication of BTV to allow safe 
movement between BT-affected and BT-free zones. Vaccination objectives are 
also influenced by the presence of predominant ruminant species in particular 
areas. Asymptomatically infected animals such as goats and cattle are vaccinated 
to control BT spread to more susceptible ruminants, but susceptible sheep breeds 
are vaccinated to reduce morbidity and mortality. The most extreme field 
situations that exist are: BT-free regions, sometimes adjacent to an endemic area, 
former BT-free countries affected by an outbreak of only one serotype, and 

 Protected 
animal 
models 

Onset  
of 

immunity  

Duration 
of  

immunity 

Animal 
safety 

Environ-
mental 
safety 

DIVA Costs
/dose 

Serotyped 
inactivated 

Small 
groups of 

sheep 

+ ++ +++ +++ + + 

Subunit Small 
groups of 
sheep and 

cattle 

+ + +++ +++ +++ - 

VLP Large 
groups of 

sheep 

++ ++ +++ +++ +++ - 

DNA 
vaccine 

IFNAR(-/-) 
mice 

combined 
with vector 
vaccines 

+ + +++ +++ +++ ++ 

Vector 
vaccine 

IFNAR(-/-) 
mice with 
often only 

partial 
protection 
in small 

groups of 
sheep 

++ ++ ++ ++ +++ ++ 

Serotyped 
live 

Small 
groups of 

sheep 

+++ +++ + + - +++ 

DISC Small 
groups of 
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endemic multiple serotype situations. For these different field situations with 
accompanying vaccination objectives, vaccines with different profiles are needed, 
and tailor made vaccines should therefore be available (Figure 1). 

Efficacy of BT vaccines is of course always important. When vaccination is used to 
rapidly stop transmission after an incursion, onset of immunity is more important 
than duration of immunity. Safety of BT vaccines is more important for preventive 
vaccination of a healthy population at risk compared to rapid protection in an 
emerging situation, or in an endemic situation with enormous losses. Preferably, 
a vaccine should never lead to any side effects, such as abortions, reduced growth 
of livestock or milk drop. However, minor side effects are acceptable when disease 
morbidity and mortality are high and when the infection burden can be reduced. 
Modified-live vaccines could be of risk due to uncontrolled vaccine spread by the 
insect vector. However, in endemic situations aiming to reduce losses, this is a 
minor concern, whereas uncontrolled spread could be very problematic if 
eradication of BT and regaining the BT-free status is the final goal. In general, 
veterinary vaccines should be cheap, because of the often low economic value of 
livestock, such as sheep and goats. In the developed world, with a high density 
of high-value cattle, vaccination costs can be higher, especially when aiming at a 
BT-free status. In poor, developing countries, a low vaccine price is of course very 
important. DIVA-compliant vaccines enable trade between free and affected 
countries, but also surveillance during outbreaks by preventing serological 
blindness following vaccination. However, in endemic situations, DIVA is of less 
concern. Finally, in multiple serotype situations, vaccines should protect against 
all circulating serotypes in the area. 
 
South Africa is an example of one of the many countries where multiple serotypes 
are endemic [46]. Spread of modified-live vaccines is therefore not a major 
concern. However, vaccines must protect against multiple serotypes. Therefore 
multivalent modified-live vaccines are used. Countries in north-western Europe 
with a BT-free status may want to introduce preventive vaccination. Spread of 
modified-live vaccines would then have a large impact on animal trade and is not 
realistic. DIVA and vaccine safety are then the main concerns. Emergency 
vaccination in a former BT-free country occurred for example in the UK in 2008, 
one year after BTV incursion. Vaccination reduced losses and was certainly cheap 
compared to the expected economic impact  [9-11]. In such a situation, costs of 
vaccines is less important, and since vaccine spread is highly unwanted inactivated 
vaccines were used. 

Figure 1 Different field situations require specific vaccine profiles.  
Vaccine properties and their importance in different BTV field situations. Unimportant  
(-), minor importance (+), important (++) and main importance (+++) are indicated. 
For each field situation, an example of a promising vaccine candidate is mentioned. 
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Commercially available vaccines 
Modified-live vaccines 
The first live-attenuated or modified-live BT vaccine (MLV) originates from 1906, 
and was a BTV isolate of serotype 4, passaged limited times in sheep, and has 
been used in South Africa for >40 years. Later on, MLVs were developed in South 
Africa by passaging for >100 times in embryonated chicken eggs to improve the 
attenuation. At that time, it was noticed that protection is serotype specific, while 
many BTV serotypes were circulating. A vaccine containing 14 BTV serotypes was 
therefore developed, however, no adequate protection was induced in sheep 
(reviewed by [47] and [35]). Currently used MLVs have been generated by serial 
passaging of field isolates in embryonated chicken eggs and subsequently in tissue 
culture. Viruses have often been passaged for >50 times in eggs and subsequently 
a couple of times in BHK21 cells. The only widely used MLVs which are currently 
available are produced by Onderstepoort Biological Products (OBP), Pretoria, 
South Africa. The broad protective approach consists of three pentavalent 
vaccines. Bottle A consists of serotype 1, 4, 6, 12 & 14; bottle B of serotypes 3, 
8, 9, 10 & 11; and bottle C of serotypes 2, 5, 7, 13 & 19. The vaccine must be 
administered at three-week intervals in the correct order with annual booster 
vaccination. The most attenuated strains are included in bottle A, thereby 
preventing clinical signs and negative interference by better replicating strains, 
whereas under-attenuation of certain MLVs in the next bottles will not result in 
clinical signs due to previously induced partial protection. After two or three years, 
sheep are protected to all included serotypes, and are even protected to some 
more heterologous BTV serotypes. Pregnant ewes should not be vaccinated with 
these MLVs, since foetuses may develop teratogenic defects. Further, temporary 
infertility in ewes and rams after the first vaccination has been reported. Still, this 
vaccination strategy demonstrates only limited side effects in sheep in South 
Africa, which commonly includes a transient febrile reaction (reviewed by [47] and 
[48]). Although the OBP vaccine has not been registered for use in cattle, vaccine 
formulations containing MLVs for serotype 2, 4, 9 and 16 have been used in cattle 
in southern Europe and the Middle East showing little adverse effects (reviewed 
in [49]). Monoserotype MLVs can be ordered at OBP, however, under-attenuation 
of MLVs of bottle B or C, and residual virulence for non-African sheep breeds could 
cause clinical signs. Hammoumi et al. determined that the protective dose of MLV 
for serotype 2 is 104.3 TCID50/ml in sheep [50], and the minimal recommended 
dose by OBP of this vaccine is 104 TCID50 [51]. 
 
MLVs are relatively cheap and highly effective due to the induction of both humoral 
and cellular immune responses using a low dose. Vaccination prevents clinical 
signs, and strongly reduces BTV circulation [52,53]. After the incursion of BTV 
into Mediterranean Europe, Spanish, French, Italian and Portuguese authorities 
have mandated compulsory vaccination campaigns with MLVs of OBP in 2000. 
Their use is however controversial due to the above described disadvantages. 
MLVs often show a viremia with a virus titer >103 TCID50 ml-1, which is sufficient 
for onward transmission by midges [54-57]. Indeed, local transmission of MLVs 
for serotype 2 and 16 has been demonstrated [58]. Virulent BTV variants as a 
result of reversion to virulence or reassortment with field virus have been reported 
[56,58-60]. For example the MLV for serotype 2 used in 130,000 animals in 
Corsica and 400,000 in Italy caused no adverse reactions [61], whereas the MLV 
for serotype 16 used in Corsica in 2004 induced clinical signs and the vaccination 
campaign was terminated immediately. MLV for serotype 16 also caused problems 
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in Sardinia (reviewed by [49]). Abortions and stillbirths have also been reported 
as well as lower milk production after vaccination with MLVs. Officially, MLVs for 
other serotypes were never used in Europe but have been detected, and are likely 
introduced via unknown introduction routes [62,63]. In several parts of the world, 
such as the USA, Turkey, Africa  and India, MLVs are still used to protect the 
ruminant population against BT [64,65]. However, uncontrolled spread of MLVs is 
not desired if BT eradication is the ultimate goal. 
 
Inactivated vaccines 
Inactivated BT vaccines have been developed in the 1970s and 1980s, but were 
not commercially available at that time [66-69]. The emergence of BT in Europe 
has led to the development of more and commercialized inactivated BT vaccines. 
These became the preferred type of vaccine in Europe, primarily because they are 
completely safe, although the completeness of inactivation has sometimes been 
questioned. The first commercially available inactivated BT vaccine was against 
serotype 2. Later, inactivated vaccines against serotype 4 and the bivalent vaccine 
against 2 and 4 have been used in southern Europe [70]. Heterologous protection 
by inactivated BT vaccines can be induced, but cross protection is difficult to 
predict. Further, cross protection has often been investigated at three weeks after 
vaccination when there is still serotype broad immunity that disappears later on 
[71].  
 
These inactivated vaccines were produced at industrial scale by Merial and used 
saponin/aluminium hydroxide as adjuvant. Inactivated vaccines against serotype 
1, 8 and 9 were later marketed by the same company [49] (reviewed in [72]). 
Mass vaccination in several countries against serotype 1, 2, 4 or 8 have resulted 
in complete eradication demonstrating the success of inactivated BT vaccines 
(reviewed in [49]). 
 
Vaccination with inactivated vaccines against serotype 8 started in spring 2008 in 
north western Europe, two years after the first detection of BTV8 in the 
Netherlands in August 2006 [24,73]. This devastating outbreak has highly 
contributed to the rapid production of inactivated vaccines by different companies. 
Several aluminium hydroxide/saponin adjuvanted BTV8 vaccines were used: 
BLUEVAC® 8, CZ Veterinaria, Spain; BTVPUR® AlSap 8, Merial, France; Bovilis-
BTV-8, Intervet, the Netherlands and Zulvac® 8 Ovis or Bovis, Fort Dodge, the 
Netherlands. For most of these vaccines, details of production and formulation  
have not been published. The inactivated BT vaccines for serotype 8 are all highly 
effective, and have significantly contributed to the eradication of BTV8 in European 
countries [74-78]. Protection against clinical signs and viremia after virulent BTV8 
challenge has also been shown at 12 months post vaccination in sheep and cattle 
[75,76]. Booster vaccination induced higher antibody responses compared to 
single vaccinations, and especially in cattle repeated vaccination and a high dose 
is considered necessary for long term protection [79]. The dose of antigen of the 
BTVPUR® AlSap 8 Merial vaccine is for example equal to 107.1 TCID50 for sheep 
and the double for cattle [80]. NAbs persist for > 3 years in cattle and for > 2.5 
years in sheep [81,82]. Thus, the use of inactivated vaccines to control BT needs 
high doses, but is very effective. 
Potentially, inactivated BT vaccines enable DIVA based on the absence of non-
structural proteins. However, stringent virus purification is required to remove 
traces of non-structural proteins. ELISA tests detecting NS1 or NS3 antibodies 
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have been described (ID Screen Blue Tongue DIVA, IDVET, France) [83,84], but 
have not yet been used in practice.   
 
Experimental vaccines 
A large variety of approaches have been investigated to develop BT vaccines in 
order to solve problems of the currently marketed vaccines. The enhanced interest 
in BT vaccine development was driven by BT emergence, and new possibilities by 
use of reverse genetics for BTV. Some candidates have been tested extensively, 
whereas others are just recently developed, or not tested in the ruminant host 
yet. In general, non-replicating vaccine candidates are very safe but more 
expensive and less effective, whereas replicating vaccine candidates are more 
effective and cheaper, but could face hurdles with respect to safety and market 
acceptance. 
 
Non-replicating vaccines 
Serotyped inactivated vaccines 
One of the problems with currently available inactivated vaccines is that they are 
only applicable for a few serotypes. When new serotypes would emerge, 
completely new vaccines should be developed. The availability of the reverse 
genetics system for BTV [26], allows the use of one vaccine production platform 
for different serotypes by exchange of the serotype determining proteins only. 
This could significantly reduce the time needed for vaccine production, and  might 
accelerate market introduction. All other aspects are similar to these of existing 
procedures for the production of inactivated BT vaccines.  
 
Nunes et al. have demonstrated the broad application of a production platform 
based on BTV1 by exchange of VP2 and VP5 for 16 out of 26 serotypes, including 
heterologous combinations of VP2 and VP5 [85]. Similar to the commercially 
available inactivated BT vaccines, these strains were inactivated and adjuvanted, 
and protect against homologous challenge in sheep. BTV with chimeric VP2 
proteins of serotype 1 and 8 was neutralized by monoserotype sera for both 
serotypes. This suggests that inactivated BT vaccine with chimeric VP2 can induce 
a neutralizing responses against both serotypes. 
 
Subunit vaccines 
Inactivation of BTV prevent spread in the field and reversion to virulence, 
however, the application of DIVA has not been demonstrated. Subunit vaccines 
would be a solution for this by omission of the antigen of the DIVA test. It has 
been demonstrated that VP2 alone is sufficient to elicit protective immune 
responses in sheep [32], whereas the target of commercial tests is VP7. 
 
In 1985, Huismans et al. isolated VP2 proteins from purified BTV using chemical 
methods. Vaccination with purified VP2 induced nAbs and protected against 
homologous BTV challenge in sheep, but purification of VP2 is not feasible at large 
scale [32,86]. In line with these promising results, the VP2 gene was therefore 
cloned using recombinant DNA technology [87]. Later, Roy et al. developed a VP2 
subunit vaccine based on the baculovirus expression system [88,89]. Booster 
vaccination of sheep with S. frugiperda cell lysates containing VP2 induced 
protection against homologous BTV serotypes regarding clinical signs and viremia. 
The protective dose was 100 µg of VP2, and addition of 20 µg VP5 lowered this to 
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50 µg VP2 [90]. Addition of Freund’s adjuvant or other BTV proteins was not 
enhancing the protective immunity [90]. 
 
Recently, a baculovirus and E.coli produced subunit vaccine, containing 150 µg 
purified VP2, NS1 and NS2 proteins with AbISCO-300, an immunostimulating 
complex based adjuvant, have been tested in cattle. Good cellular and humoral 
immunity were induced after booster vaccination. T-lymphocytes were mainly 
raised against NS1 and were cross reactive amongst different serotypes [91]. This 
vaccine protected calves against BTV8 challenge three weeks after booster 
vaccination. It is proposed that the cellular response to NS1 and NS2 can be the 
basis of an adaptable vaccine with varying VP2 serotypes [92]. 
 
Another subunit vaccine is based on two domains of VP2 (aa 63–471 and 555–
956), VP5 lacking the first 100 amino acids, and VP7. These have been produced 
in bacteria as soluble fusion-proteins with glutathione S-transferase. Immunised 
IFNAR(-/-) mice expressed neutralizing antibodies and survived homologous 
challenge without clinical signs after booster vaccination with 15 µg of the VP2 
domains and 25 µg of VP5. Addition of VP5 protein enhanced the immunity but 
VP7 did not [93]. This subunit vaccine has not yet been tested in ruminants. 
 
Another approach to develop a BT subunit vaccine is based on expression of VP2, 
VP7 and NS1, which are incorporated in avian reovirus muNS-Mi microspheres. 
BTV proteins were tagged with a muNS region and are included in inclusions made 
by the muNS scaffolding protein [94]. An advantage of production in these 
inclusions by use of the baculovirus expression system is the easy method of 
purification and their potent adjuvant activity [95]. IFNAR(-/-) mice immunized 
with these particles without additional adjuvant induced both humoral and cellular 
immune responses, and mice were protected against lethal challenge.  
 
VP2 has also been fused to the antigen presenting cell homing (APCH) molecule, 
which is a single-chain variable fragment (scFv) that specifically recognizes an 
invariant epitope of the MHC II DR molecule on the surface of antigen-presenting 
cells [31]. APCH fusion has been demonstrated to be very efficient in improving 
the immune responses induced against many different antigens. Again these were 
produced by use of the baculovirus expression system, and were formulated with 
oil adjuvant Montanide ISA50. This vaccine candidate showed a good humoral 
immune response in cattle with a minimal dose of 0.9 µg, but a BTV   challenge 
has not been performed. IFNAR(-/-) mice have also been vaccinated with APCH 
fused VP2 and specific CD4+ and CD8+ T cells producing IFNγ following virus 
stimulation were observed, whereas lower levels were recorded for animals 
immunized with VP2 only. This showed that the cellular response in mice was 
enhanced by fusion of VP2 to the APCH protein. 
 
Part of the VP2 gene has also been expressed using Pichia pastoris. High level of 
secreted expression was achieved, and the produced proteins were immunogenic 
in rabbits, but have not yet been tested in the natural BTV host [96]. 
 
Virus like particles 
Virus like particles (VLPs) are empty virus particles, containing the structural 
proteins needed to enter host cells, however, virus replication and gene 
expression cannot occur due to the lack of genetic material. Conformation and 
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intracellular location of VLPs is similar to that of BTV, and therefore better 
protection compared to subunit vaccines will likely be induced. Core like particles 
of BTV consisting of the inner capsid proteins VP3 and VP7 have been produced 
by baculovirus expression and were tested as vaccine candidate, but these did not 
induce protective immunity [97,98], likely due to the lack of VP2 expression. 
 
BTV VLPs have been generated by expression of all four capsid proteins (VP2, VP5, 
VP3 and VP7) in insect cells using baculovirus expression [99]. VLPs revealed an 
icosahedral structure of 86 nm in diameter with the same features as native BTV 
particles [100]. DIVA in combination with VLP vaccines should be possible, based 
on absence of non-structural proteins, or the missing structural proteins VP1, 4 or 
6. At first, multiple baculovirus expression vectors were used to produce VLPs. 
Ten µg (containing approximately 1-2 µg VP2) in conjunction with ISA-50 
adjuvant elicited nAbs and fully protected sheep against virulent homologous 
challenge. Assuming that VP2 plays the primary role in protection, these results 
imply that 25-50 fold less VP2 is sufficient for protection if presented by VLPs, 
compared to VP2 or VP2/VP5 subunit vaccines [101]. Later, multiple gene 
baculovirus expression vectors have been used, which express all four BT capsid 
proteins by one baculovirus leading to more efficient VLP production [102,103]. 
VLPs have been generated for multiple serotypes and cocktails of serotype 1, 2, 
10, 13 and 17 have been tested. Booster vaccination with this cocktail vaccine 
protected against homologous challenge to all five serotypes after 4 and 14 
months post vaccination and partially against some heterologous serotypes [104]. 
When testing a cocktail of VLPs of serotype 1 and 4, however, some interference 
in protective response for serotype 4 was measured [105]. Large animal 
experiments to test the efficacy of VLPs have been undertaken with 50-200 sheep 
per trial. Each time, VLP vaccination afforded protection against homologous 
challenge [106].  
 
Despite of all these efforts with baculovirus expressed VLPs in >20 years of time 
with very promising results in large animal experiments, VLPs have not been 
marketed. The exact reason for this has not been described in literature, but it is 
likely that the production method is not cost effective to compete with the 
currently marketed inactivated vaccines. An alternative method for VLP production 
is the use of the Nicotiana benthamiana plant and the cowpea mosaic virus based 
HyperTrans plant transient expression vector system. Plants have become an 
increasingly popular alternative host for heterologous expression of complex high-
value proteins, and might become cost effective [107]. VLPs for serotype 8 have 
been generated using this method by transfection of four plasmids expressing the 
capsid proteins into Agrobacterium tumefaciens, followed by inoculation of plants 
with this bacterium. Plant leafs were harvested after 8-9 days, and VLPs were 
purified using extraction, filtration and centrifugation. Particles were purified by 
several density gradient centrifugation steps. Sheep were booster vaccinated with 
50 µg of adjuvanted VLPs. Five weeks post vaccination sheep were challenged 
with virulent BTV8 and were protected against clinical signs, but viremia was not 
examined [98]. 
 
Subunit vaccine and VLP approaches provide opportunities to develop safe and 
effective vaccines, with the potential of DIVA. However, the challenge is the 
production of these vaccines for an affordable price for veterinary application.  
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DNA vaccines  
A DNA vaccine usually consists of a DNA plasmid expressing one or more antigens 
after inoculation of the animal. The endogenous production of a foreign protein 
with natural conformation and post-translational modification favours the 
induction of neutralizing antibodies and a balanced cellular immune response. 
Advantages of this vaccination strategy are rapid manufacturing, high stability at 
ambient temperatures and potent induction of Th1 responses. However, inefficient 
delivery often reduces the reliability and effectiveness of DNA vaccines and use 
on a global scale is therefore still limited (reviewed in [108]). This vaccination 
strategy has been used for BT in a prime-boost combination with vector vaccines, 
as described below. 
 
Replicating vaccines 
Vector vaccines  
Viral vector-based vaccines use infectious viruses to express desired antigens, 
and different viruses have been proposed as suitable vector for this approach. An 
obstacle of vector vaccines is however the pre-existing immunity to the vector, in 
particular when used to successively vaccinate against different diseases, or in 
case booster vaccination or annual revaccination is required (reviewed in [109]). 
Priming by DNA vaccination (see above) followed by vaccination with a vector 
vaccine can partially overcome this disadvantage of vector vaccines. For BTV, this 
prime-boost strategy has been examined by several research groups. Another 
advantage of vector vaccines is the ability of DIVA. 
Li et al. tested a BTV1 pCAGGS DNA vaccine and a recombinant fowlpox virus 
(rFPV) vector vaccine in different combinations for VP2, VP5, or both proteins. The 
strategy combining the DNA vaccine prime followed by the rFPV boost induced the 
highest nAb titer and T-cell response in BALB/c mice, but no challenge was 
performed. Sheep were vaccinated with 500 µg pCAG-VP2+VP5 and 107 PFU rFPV 
VP2+VP5, and nAbs were induced, but again no challenge was performed[110]. 
 
Calvo-Pinilla et al. tested a similar strategy with a combination of plasmids 
encoding VP2, VP5 and VP7, and modified vaccinia virus Ankara (rMVA). IFNAR(-
/-) mice were primed intramuscularly with 50 µg of each plasmid, and boosted 
with 107 PFU rMVA intraperitoneally after two weeks. Mice showed protection 
against a lethal dose of BTV4 two weeks after the booster vaccination [111]. A 
similar vaccination strategy with NS1 instead of VP5 has also been tested. A better 
T-cell response and induction of heterologous immunity was reported. 
Heterologous booster vaccination with DNA and rMVA was compared to 
homologous rMVA booster vaccination and gave similar efficacy in IFNAR (-/-) 
mice. Expression of only VP2 also gave similar protection to homologous challenge 
compared to expression of VP2, VP5 and VP7 together [112]. This prime-boost 
strategy was however not tested in ruminants [113]. 
 
Canarypox virus expressing both VP2 and VP5 were tested in sheep. Prime boost 
vaccination with 2 x 1 ml 6.3 x 108 TCID50 ml-1 induced sterile immunity to virulent 
BTV at 34 days after booster vaccination [114]. An advantage of this vector is 
that several vaccines for other veterinary pathogens have already been marketed. 
Capripox virus expressing VP2, VP7, NS1 and NS3 were also tested in goat and 
sheep. Partial protection against virulent BTV challenge was induced by inoculation 
of 2 x 106 TCID50 of each virus at three weeks post vaccination [115]. 
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Another poxvirus used to express VP2 or both VP2 and VP5 in sheep is the 
myxomavirus. Booster vaccination with the variant expressing VP2 only, protected 
partially against BT in sheep [116]. 
Bovine herpes virus expressing VP2 targeted to the cell membrane has also been 
studied. Booster vaccination with 106 PFU induced partial protection against 
virulent BTV in IFNAR(-/-) mice [117]. Two immunizations of IFNAR(-/-) mice with 
106 PFU of Equine herpes virus expressing both VP2 and VP5 with a three weeks 
interval protected against mortality at three weeks post booster vaccination but 
mild clinical signs were still observed [118]. 
 
Serotyped modified-live vaccines 
The availability of the reverse genetics system for BTV [26,119] has opened 
endless possibilities for fundamental and applied BTV research, including the use 
of one vaccine backbone for different serotypes by exchange of the serotype 
determining proteins. Using a backbone of a safety proven MLV reduces the risk 
on emergence of more virulent variants by reassortment with field virus. Further, 
reassortment between ‘serotyped’ vaccine viruses can not lead to new, more 
virulent variants. Similar to inactivated serotyped vaccines, time needed for 
launching vaccines for emerging serotypes can be significantly reduced and might 
accelerate market introduction. Van Gennip et al. applied this strategy for the 
modified-live BTV6/net08 backbone [120], with VP2 and VP5 of serotype 1 or 8 
[37]. NAbs against the respective serotypes were specifically raised. Three weeks 
post vaccination, sheep were protected against BTV8, irrespective of the used 
serotyped vaccine. Feenstra et al. have investigated BTV expressing chimeric VP2 
proteins, to generate serotyped vaccines for which exchange of entire VP2 was 
not possible [121]. These ‘serotyped’ vaccine viruses with chimeric VP2 raised 
nAbs against both serotypes, suggesting protection against both serotypes.  
 
Disabled infectious single cycle (DISC) vaccine 
Disabled infectious single cycle (DISC) virus particles are infectious virus particles 
that are able to infect cells only once due to a deletion of an essential gene. DISC 
virus for BTV using reverse genetics must be rescued on a complementary cell 
line expressing the essential viral helicase VP6 [122], which is deleted in BTV DISC 
particles. DISC BTV induces an aborted infection resulting in expression of viral 
proteins at the natural sites of infection. This vaccine candidate therefore 
combines the efficacy of MLVs with the safety of inactivated vaccines.  
 
DISC vaccine based on BTV1 has been serotyped by exchange of VP2 and VP5 of 
serotype 8. Sheep were vaccinated twice with a three weeks interval with crude 
cell lysate containing 108 plague forming units (PFU). No viremia of vaccine virus 
was detected. Three weeks after booster vaccination, sheep were protected 
against BVT8 and did not show clinical signs nor viremia. Single vaccination with 
108 PFU/sheep and booster vaccination with 5 x 107 PFU also protected against 
challenge virus [122]. 
These DISC vaccines have also been tested in cattle. Six weeks after booster 
vaccination with unknown dose, cows were protected against both clinical signs 
and viremia [123]. 
DISC vaccines have been generated for serotypes 2, 4, 8, 10, 13, 21 and 24 and 
tested as cocktail vaccines in sheep, but the dose was not described. DISC vaccine 
was detected by PCR in blood after vaccination. After booster vaccination, all 
animals had nAbs against all included serotypes and no interference between 
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serotypes was detected. Vaccinated sheep were protected against clinical signs 
after challenge with homologous viruses and no viremia of challenge virus was 
detected [123]. 
 
BT DISC vaccines are very promising and efficacy and safety has been 
experimentally proven. Since all viral proteins are present in the DISC vaccine, 
the ability of DIVA is unlikely, in particular after revaccinations. The need of a 
complementary cell line for culturing of DISC vaccine is disadvantageous for large 
scale vaccine production. Finally, the protective dose seems to be high, although 
single vaccination was protective against challenge and the minimal protective 
dose has not been determined yet. 
 
Disabled infectious single animal (DISA) vaccine 
A novel approach for vaccine development using reverse genetics is the disabled 
infectious single animal (DISA) vaccine, generated by deletion of NS3/NS3a 
expression [124,125]. NS3/NS3a is involved in virus release, in particular from 
Culicoides cells [126-129], and is also an IFN antagonist [130]. Van Gennip et al. 
showed that NS3/NS3a expression is not essential for BTV replication in vitro 
[124], meaning that DISA virus grows on the same cell lines as used for MLV 
production. The virus titer is however slightly lower, which will increase production 
costs. DISA vaccines are based on the backbone of BTV6/net08, a well-known 
BTV strain related to a MLV for serotype 6 [63,120],  with a deletion in Seg-10 
abolishing NS3/NS3a expression [131]. By exchange of VP2, DISA vaccines for 
different serotypes can be generated.  
 
A single dose of 2x105 TCID50 DISA vaccine for serotype 8 completely protected 
sheep against virulent BTV8 at three weeks post vaccination [38,125]. Booster 
vaccination after three weeks using the same dose induced serotype specific 
sterile immunity at nine weeks post vaccination in sheep [38,125]. DISA vaccine 
candidates have been made available for all European serotypes (1, 2, 4, 8 and 
9), except for serotype 16. For this serotype, DISA vaccine candidates expressing 
chimeric VP2 of serotype 1 and 16 have been generated [121]. This chimeric DISA 
vaccine induced neutralizing antibodies against both serotypes in sheep but 
protection has not been studied. DISA vaccines are proposed to run multiple 
rounds of infection in the animal, but no viremia of vaccine virus was detected 
after vaccination. Likely, replication of DISA vaccine occurs locally at the site of 
injection. At present, DISA vaccines have not been tested in cattle or in cocktail 
formulations. 
 
The major risk of replicating vaccines is uncontrolled spread of vaccine virus, and 
consequently the risk of reversion to virulence and reassortment with field virus. 
However, the absence of viremia of DISC and DISA vaccines prevents spread by 
bites of blood feeding Culicoides midges. Further, DISA vaccine virus is not 
released from insect cells in vitro [124], and the NS3/NS3a knockout mutation 
appeared to block in vivo propagation of DISA vaccine virus after injection in 
competent midges [132]. Knockout of NS3/NS3a  leads to complete attenuation 
of virulent BTV [125] and reversion to virulence of DISA vaccine by restoring of 
NS3/NS3a expression through small mutations is excluded by a significant 
deletion in Seg-10. Regarding reassortment between DISA vaccine and field virus, 
the BTV6 vaccine backbone with wild type Seg-10 is still non-pathogenic [63]. 
Therefore, Seg-10 exchange by reassortment is of no risk. The outcome of 
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exchange of other genome segments is unknown, although exchange of VP2 and 
VP5 of virulent serotype 8 in the BTV6 vaccine backbone does not enhance 
virulence [37]. Reassortants between virulent and avirulent BTV have shown that 
virulence is related to multiple segments and raise of higher virulent variants than 
the ancestor viruses have not be found [133,134]. Taken together, the chance on 
reassortment events resulting in virulent reassortants with segments from BT 
DISA vaccine virus is negligible.  
 
BT DISA vaccines are not expressing immunogenic NS3/NS3a, and an indirect 
NS3 ELISA could be used for serological DIVA [38,84]. Recently, a competitive 
NS3 ELISA has also been developed [132].  
 
Concluding remarks 
Drawbacks of currently available BT vaccines, BT emergence with outbreaks in 
former BT-free northern European countries, and the development of a BTV 
reverse genetics system has boosted the field of BT vaccine development. A whole 
range of different vaccine candidates in different stages of development have been 
described (Table 2). Promising levels of efficacy and safety have been shown, 
however, none are near to market introduction. This is likely caused by marketing 
issues, the non-vaccination policy in Europe and the acceptance of endemics in 
many parts of the world versus the costs of vaccination. However, BTV will likely 
emerge again sooner or later and since vaccination is the best way to control 
outbreaks, suitable vaccines should be developed in advance in order to be 
instantly available. 
 
For different field situations, vaccine candidates with suitable vaccine profiles are 
now available at lab scale. In case of preventive vaccination in a BT-free area at 
risk, cheap, safe, and broad protective vaccines that enable DIVA should be used. 
A good option for this would be cocktails of vector vaccine or of DISA vaccine, 
inducing broad protection. In an outbreak situation in a former BT-free area, 
vaccines should be instantly available for the introduced  serotype, inducing 
immunity as quick as possible. The vaccine should not be able to spread, to regain 
the BT-free status. A vaccine for such a situation could be a serotyped inactivated 
vaccine, since such a vaccine could be quickly available. However, a vector vaccine 
or DISA vaccine are also options, with the advantage of DIVA and likely faster 
onset of immunity. In endemic multiple serotype situations in which eradication is 
not the primary goal, long-lasting protection against all involved serotypes with 
the lowest costs could be reached using tailor made cocktails of ‘serotyped’ MLVs 
(Figure 1). However, more research on all vaccine candidates is needed to 
adequately proof efficacy and safety in livestock in these field situations.  
 
At present, there are ample examples of novel lab-scale BT vaccines that could 
meet vaccine profiles required for different field situations. Therefore, there is 
currently no need for development of new vaccine types. Instead, further 
development and licensing of suitable existing vaccine candidates for market 
utilisation is needed in order to be prepared for future BT outbreaks. 
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Summary 
Bluetongue (BT) is a disease of wild and domestic ruminants, caused by the 
bluetongue virus (BTV). BTV is noncontagious and virus transmission mainly 
occurs by bites of competent Culicoides midge species. The most observed 
symptoms of BTV infections are fever, oedema of the face and neck and oedema 
of the feet. The swollen cyanotic tongue that gave the disease its name is rarely 
observed. These symptoms are due to the haemorrhagic nature of the disease 
with microvascular endothelial cells in several organs as the main target for virus 
replication. Mortality in sheep usually varies from 0 to 30%, but can be higher in 
susceptible breeds of sheep or in wild deer species infected with highly virulent 
virus strains. The disease is however often asymptomatic in cattle and goats. 
  
BTV (family Reoviridae, genus Orbivirus) has a ten-segmented dsRNA genome of 
~19 kb in length. The virus particle is non-enveloped and has an architecturally 
complex triple layered icosahedral capsid of ~80 nm in diameter. The outer capsid 
consists of VP2 and VP5 trimers of which VP2 is involved in cell entry and is the 
main serotype determining protein. VP5 is involved in release from endosomes. 
The middle VP7 capsid layer interacts with the inner VP3 capsid layer. The 
replication complex consists of VP1 (polymerase), VP4 (capping enzyme) and VP6 
(helicase), located as a complex at the inner side of the VP3 layer. BTV also 
encodes at least four non-structural (NS) proteins, of which NS3 and its N-terminal 
truncated form NS3a (Seg-10) are viroporin-like membrane associated proteins 
involved in virus release mechanisms and suppression of the IFN-I response. 
 
Historically, BT has been described as a disease of sheep in southern Africa. At 
present, it  has a worldwide prevalence with regular outbreaks in former BT free 
areas and incursions of new serotypes in endemic areas. The disease has been 
added to list A of the World Organization of Animal Health (OIE), due to the 
severity and fast spread, but also because of the similarity of clinical symptoms 
with those of foot-and-mouth disease, which hampers differential clinical 
diagnosis. There are at least 27 different BTV serotypes, showing no or little cross 
protection. Since 1998, BTV serotypes 1, 2 ,4, 9 and 16 have been recurrently 
reported in southern European countries. In August 2006, BTV8 was introduced 
in north-western Europe, causing a huge outbreak with an affected area 
expanding as far north as 53° N in Denmark. Vaccination with inactivated vaccines 
controlled the outbreak and even eradicated BTV8 in several countries. However, 
this virus recently re-emerged in France and several other BTV serotypes are still 
circulating in southern Europe. 
 
BT outbreaks induce large economic losses caused by morbidity, mortality and 
production losses in infected animals, but mainly by trade restrictions in affected 
countries. The most effective method to diminish losses by insect-borne diseases 
such as BT is vaccination. Currently, live-attenuated and inactivated BT vaccines 
have been marketed, but although effective, these have several shortcomings. 
Live-attenuated vaccines could be unsafe by insufficient attenuation resulting in 
disease and uncontrolled spread of vaccine virus. Inactivated vaccines are safe 
but are expensive and need booster vaccination for complete protection. For both 
types of vaccine, differentiation of infected from vaccinated animals (DIVA) is not 
possible. This hampers surveillance, control of outbreaks, movement, and 
(inter)national trade of vaccinated animals. Therefore there is a need for next-
generation types of BT vaccines with improved vaccine profiles. The development 
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of such a novel BT vaccine meeting safety, efficacy, costs, and DIVA is described 
in this thesis. 
 
Previously, NS3/NS3a has been shown to be nonessential for BTV replication in 
vitro, by mutating the start codons using reverse genetics. Here, these findings 
were confirmed by inducing small deletions in the NS3a ORF of Seg-10, abolishing 
NS3/NS3a expression. Deletion of these RNA sequences, however, resulted in 
additional modifications each time when NS3/NS3a expression was aborted. Viral 
RNA sequences originating from several genome segments appeared to be 
spontaneously inserted in Seg-10, but NS3/NS3a expression was not restored. 
This shows that certain RNA sequences in the ORF of Seg-10 are essential for 
virus replication irrespective of translation. Further studies on the needs for Seg-
10 in BTV replication, by changing NS3/NS3a codon usage, revealed that selection 
on Seg-10 RNA is stronger than on NS3/NS3a expression in vitro. Apparently, the 
function of RNA sequences in virus replication is partly conserved among 
orbiviruses, since exchange of NS3a ORF sequences from other orbivirus species 
in BTV did not result in compensating RNA inserts. Further, the NS3/NS3a function 
appeared to be partly conserved among orbiviruses. This extended knowledge on 
the requirements of Seg-10 RNA sequences was used to develop a stable 
NS3/NS3a knockout BTV as promising vaccine platform, applicable for different 
serotypes (Figure 1). 
 
Sheep were vaccinated with three different vaccine candidates, with virus 
backgrounds based on lab adapted strain BTV1, vaccine related BTV6, and virulent 
BTV8. All three virus backgrounds were equipped with a deletion in Seg-10 
abolishing NS3/NS3a expression and with Seg-2 encoding serotype determining 
VP2 from serotype 8. All three vaccine candidates were avirulent in sheep, 
including the one based on virulent BTV8, demonstrating that deletion of 
NS3/NS3a leads to complete attenuation. Further, vaccination did not result in 
viremia, whereas seroconversion was dependent on vaccine virus replication. This 
suggests that BTV without NS3/NS3a replicates only locally.  
The BTV6 and BTV8 based vaccine candidates induced complete protection against 
clinical signs and viremia, whereas the BTV1 based vaccine induced only partial 
protection.  
 

 

Figure 1. BT vaccine 
platform based on 
vaccine related BTV 
with a deletion in 
Seg-10 abolishing 
NS3/NS3a expression 
(left). Application for 
other serotypes can 
be achieved by 
exchange of serotype 
determining Seg-2 
(VP2) from other 
serotypes (right). 
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In a second vaccination experiment in sheep, complete protection against 
homologous BTV8 infection was achieved at nine weeks after booster vaccination 
using the BTV6 based vaccine. Protection against heterologous BTV2 infection was 
incomplete. This does not only show serotype specific vaccine efficacy longer after 
vaccination, but is also a good model to test serotype specific protection, not 
possible at three weeks post vaccination. 
 
A competitive NS3 ELISA test was developed to differentiate infected from 
vaccinated animals based on the presence of NS3 antibodies after BTV infection, 
whereas these are absent after vaccination. The absence of NS3 seroconversion 
after vaccination with NS3/NS3a knockout BTV demonstrates the high potential 
of NS3/NS3a knockout BTV as DIVA vaccine in combination with this ELISA.  

The NS3/NS3a knockout vaccine candidate was also adapted for other serotypes, 
starting with the ones circulating in Europe. Exchange of Seg-2 from serotype 1, 
2, 4, 8 and 9 was successful, but incorporation of Seg-2 from serotype 16 was not 
possible. BTV1 mutants with the NS3/NS3a knockout mutation and chimeric VP2 
of serotype 1 and 16 were therefore rescued. Vaccination of sheep with such a 
virus raised neutralizing antibodies against both serotype 1 and 16. This finding 
suggests protection against both serotypes, although no challenge was performed. 
These results indicate that use of chimeric VP2 will broaden the application of the 
vaccine platform for more serotypes. 

BTV without NS3/NS3a expression replicates only locally, and viremia could not 
be detected using a sensitive PCR test. Consequently, uptake of vaccine virus by 
midges and subsequent spread to other ruminants is highly unlikely. Therefore, 
our vaccine candidate has been named the Disabled Infectious, Single Animal 
(DISA) vaccine. In order to further reinforce the safety of the DISA vaccine, 
propagation was studied in midges. Competent Culicoides sonorensis midges were 
injected with BTV with and without NS3/NS3a expression. In contrast to BTV with 
NS3/NS3a expression, replication of the DISA vaccine was abrogated. This means 
that spread of DISA vaccine by midges is blocked at the level of uptake, due to 
absence of viremia, but also at the level of virus propagation in the vector. These 
findings further strengthen the safety of the DISA vaccine.  

The in vitro and in vivo data described in this thesis show the development of BT 
DISA vaccines, which have improved characteristics compared to currently 
marketed BT vaccines. DISA vaccines do not induce clinical signs, are highly 
protective, do not spread between animals, can be used as multivalent vaccines, 
grow on standard cell lines and enable DIVA  (Figure 2).  
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Figure 2. The vaccine profile of BT DISA vaccine. The BT DISA vaccine virus can be 
cultured in standard cell lines (cheap), is avirulent (safe), is protective (efficacious), 
cannot be spread by midges (safe), and enables DIVA. 
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Samenvatting 
Blauwtong (BT) is een ziekte in zowel wilde als gedomesticeerde herkauwers, 
veroorzaakt door het blauwtong virus (BTV). BTV wordt van dier naar dier 
verspreid via beten van specifieke knuttensoorten van het geslacht Culicoides. De 
meest voorkomende ziekteverschijnselen zijn koorts en oedeem in de kop, nek en 
poten. Een zeldzaam verschijnsel is cyanose in de tong, waar de naamgeving van 
de ziekte vandaan komt. Deze symptomen worden veroorzaakt door virusinfectie 
van het microvasculaire endotheel in verschillende organen, met haemorrhages 
tot gevolg. De mortaliteit varieert doorgaans van 0 tot 30%, maar kan hoger zijn 
in bepaalde vatbare schapenrassen of wilde hertensoorten die geïnfecteerd zijn 
met zeer virulente virusstammen. De ziekte is meestal asymptomatisch in 
runderen en geiten.   

BTV (familie Reoviridae, geslacht Orbivirus) heeft een ~19 kb dubbelstrengs  RNA 
genoom dat is opgedeeld in tien segmenten. Het virusdeeltje is niet 
geënvelopeerd, maar bevat een complexe driedelige capsidelaag van ~80 nm in 
diameter. De buitenste capsidelaag bestaat uit VP2 en VP5 trimeren. VP2 bepaalt 
het BTV serotype en is betrokken bij binding aan en infectie van cellen. VP5 is 
betrokken bij het vrijkomen uit endosomen. De middelste capsidelaag bestaat uit 
VP7-eiwit en heeft interactie met zowel de buitenste als de binnenste capsidelaag 
die uit VP3-eiwit bestaat. Aan de binnenzijde van deze VP3-laag is het 
replicatiecomplex gelokaliseerd, bestaande uit VP1 (polymerase), VP4 (capping 
enzym) en VP6 (helicase). BTV codeert bovendien voor tenminste vier niet-
structurele eiwitten, waarvan NS3 en de N-terminaal getrunceerde vorm NS3a 
(Seg-10) betrokken zijn bij het vrijkomen van virusdeeltjes uit de geïnfecteerde 
cel en bovendien de interferon respons onderdrukken. 

In het verleden werd BT beschouwd als een ziekte in schapen in Zuid-Afrika. 
Tegenwoordig is de ziekte echter wereldwijd verspreid en uitbraken in nieuwe 
gebieden of met serotypes die voorheen niet voorkwamen in endemische 
gebieden komen regelmatig voor. BT is een lijst A ziekte van de Wereld 
Organisatie voor Diergezondheid (OIE), vanwege de ernst en snelle verspreiding, 
maar ook omdat de kliniek moeilijk te onderscheiden is van die van mond-en 
klauwzeer. Er zijn tenminste 27 verschillende BTV serotypes, die weinig tot geen 
kruisbescherming opwekken. Sinds 1998 zijn de serotypes 1, 2, 4, 9 en 16 
herhaaldelijk gesignaleerd in het zuiden van Europa. In augustus 2006 werd  voor 
het eerst BTV waargenomen in Noordwest-Europa. Deze introductie van BTV 
serotype 8 had een enorme uitbraak tot gevolg die zich opvallend ver noordelijk 
uitbreidde, tot aan 53°N in Denemarken. Vaccinatie met geïnactiveerd vaccin 
zorgde voor de controle van deze uitbraak en het virus kon uiteindelijk zelfs 
uitgeroeid worden in verschillende landen. Recent is hetzelfde virus echter weer 
opgedoken in Frankrijk en andere BTV serotypes circuleren nog steeds in Zuid-
Europa. 
 
BT-uitbraken veroorzaken grote economische schade vanwege de morbiditeit, 
mortaliteit en productieverlies in geïnfecteerde dieren, maar met name vanwege 
de handelsbeperkingen tussen landen. De meest effectieve manier om de 
verliezen ten gevolge van een uitbraak te beperken is vaccinatie. Op dit moment 
zijn er zowel levend-afgezwakte  als geïnactiveerde vaccins beschikbaar. Hoewel 
deze in het verleden effectief zijn gebleken in de bestrijding van BT kleven er ook 
een aantal nadelen aan het gebruik van deze vaccins. Zo kunnen levend-
afgezwakte vaccins onveilig zijn door onvolledige afzwakking, met virulentie en 
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verspreiding van vaccinvirus als mogelijk gevolg. Geïnactiveerde vaccins zijn 
weliswaar veilig, maar duur en vaak is jaarlijkse hervaccinatie nodig voor volledige 
bescherming. Het differentiëren tussen geïnfecteerde en gevaccineerde dieren 
(DIVA) is voor beide vaccintypes niet mogelijk. Dit bemoeilijkt de monitoring en 
controle van uitbraken en de internationale handel van gevaccineerde dieren. 
Hierdoor is er een sterke behoefte aan nieuwe, verbeterde BT-vaccins. In dit 
proefschrift wordt zo’n nieuw type vaccin met gunstige eigenschappen wat betreft 
veiligheid, effectiviteit, kosten en DIVA beschreven. 
 
Door start codons te muteren met de reverse genetics technologie is recent al 
aangetoond dat de expressie van het NS3/NS3a-eiwit niet essentieel is voor BTV 
replicatie in vitro. Deze vindingen zijn hier bevestigd door kleine deleties in Seg-
10 aan te brengen, waardoor geen NS3/NS3a expressie meer mogelijk was. 
Echter, deleties in het Seg-10 RNA resulteerden in inserties die afkomstig waren 
van andere virale RNA segmenten, hoewel NS3/NS3a expressie niet hersteld kon 
worden. Dit toont aan dat RNA sequenties aanwezig zijn in het coderende gedeelte 
van Seg-10 die, onafhankelijk van eiwit expressie, blijkbaar essentieel zijn voor 
virusreplicatie. De benodigde RNA-sequentie van Seg-10 is verder onderzocht 
door het codon gebruik te verstoren. Hieruit bleek dat selectie op de RNA-
sequentie van Seg-10 in vitro sterker is dan die op NS3/NS3a expressie. Door 
NS3a van BTV te verwisselen voor NS3a van andere orbivirussen kon 
geconcludeerd worden dat de essentiële RNA elementen gedeeltelijk 
geconserveerd zijn, aangezien het RNA wel deels gedeleteerd werd, maar niet 
werd vervangen door inserties. De functie van NS3/NS3a is slechts gedeeltelijk 
geconserveerd tussen verschillende orbivirussen. De kennis over Seg-10 en het 
gecodeerde NS3/NS3a die op deze manier werd verkregen is vervolgens gebruikt 
voor de ontwikkeling van BTV zonder NS3/NS3a expressie als een veelbelovend 
vaccinplatform, dat toepasbaar is voor verschillende serotypes (Figuur 1).  

Een studie in schapen werd uitgevoerd met drie verschillende vaccinkandidaten, 
gebaseerd op laboratoriumstam BTV1, vaccin gerelateerd BTV6 en virulent BTV8 
om de effectiviteit van BTV zonder NS3/NS3a te onderzoeken. NS3/NS3a 
expressie werd uitgeschakeld door een deletie in Seg-10 en alle vaccinkandidaten 
werden voorzien van VP2 van serotype 8. Alle vaccinkandidaten bleken avirulent, 
zelfs de BTV8 gebaseerde variant, waaruit geconcludeerd kan worden dat 
uitschakelen van NS3/NS3a expressie leidt tot volledige attenuatie in vivo. 
Viremie van vaccinvirus kon niet aangetoond worden met een gevoelige PCR-test, 

Figuur 1. BT vaccin 
platform gebaseerd 
op BTV vaccin virus 
zonder NS3/NS3a 
expressie door een 
deletie in Seg-10. Dit 
vaccin platform kan 
voor meerdere 
serotypes toegepast 
worden door VP2 
(Seg-2) van andere 
serotypes tot 
expressie te brengen. 



 

-164- 

terwijl seroconversie afhankelijk is van replicatie van de vaccinkandidaat. Dit laat 
zien dat BTV zonder NS3/NS3a alleen lokaal in de schapen kan repliceren. 
De vaccinkandidaten gebaseerd op BTV6 en BTV8 zorgden voor volledige 
bescherming van schapen tegen viremie en ziekteverschijnselen ten  gevolge van 
infectie met virulent BTV8. Het BTV1 gebaseerde vaccin wekte slechts 
gedeeltelijke bescherming op. 
 
In een tweede vaccinatie-experiment in schapen werd volledige bescherming 
opgewekt tegen homologe BTV8-infectie op negen weken na een herhaalde 
vaccinatie met het BTV6 gebaseerde vaccin. De bescherming tegen heteroloog 
BTV2 was niet volledig. Dit laat niet alleen zien dat de bescherming serotype-
specifiek is langer na vaccinatie, maar ook dat dit een goed model is om serotype-
specifieke bescherming te kunnen testen. Iets dat nog niet mogelijk is op drie 
weken na vaccinatie. 
 
Een competitieve NS3 ELISA test werd ontwikkeld om geïnfecteerde van 
gevaccineerde dieren te kunnen onderscheiden. Deze test is gebaseerd op de 
aanwezigheid van NS3 antilichamen na BTV-infectie en de afwezigheid van deze 
antilichamen na vaccinatie met BTV zonder NS3/NS3a. De afwezigheid van NS3 
seroconversie na vaccinatie laat zien dat BTV zonder NS3/NS3a potentie heeft als 
DIVA vaccin in combinatie met de ontwikkelde ELISA. 
 
BTV zonder NS3/NS3a expressie werd aangepast voor andere serotypes, 
beginnend met de serotypes die in Europa circuleren. Uitwisseling van Seg-2 van 
serotype 1, 2, 4, 8 en 9 was succesvol. Seg-2 van serotype 16 kon echter niet 
ingebouwd worden met reverse genetics. Daarom werden chimere VP2-eiwitten 
ontwikkeld  met een BTV1 en een BTV16 gedeelte. BTV1 dat dit chimere VP2 tot 
expressie brengt kon wel gegenereerd worden. Vaccinatie van schapen met dit 
virus wekte neutraliserende  antilichamen op die gericht zijn tegen zowel serotype 
1 als serotype 16. Hoewel de bescherming tegen virulent virus niet is getest, geeft 
dit wel aan dat het gebruik van chimeer VP2 mogelijkheden biedt om het 
vaccinplatform uit te breiden naar meerdere serotypes. 
 
Het ontbreken van viremie in dieren die zijn gevaccineerd met BTV zonder 
NS3/NS3a zal opname van vaccinvirus door knutten nagenoeg onmogelijk maken. 
Verspreiding van vaccinvirus naar andere herkauwers wordt dus erg 
onwaarschijnlijk. Daarom wordt het hier beschreven vaccinplatform “Disabled 
Infectious Single Animal” (DISA) vaccin genoemd. Om de blokkade in verspreiding 
van DISA-vaccin tussen dieren verder te bekrachtigen is de vermeerdering van 
DISA-vaccinvirus in knutten bestudeerd. Competente knutten werden 
geïnjecteerd met BTV met of zonder NS3/NS3a expressie. In tegenstelling tot BTV 
met NS3/NS3a expressie kon het DISA-vaccinvirus niet in de knut repliceren. Dit 
betekent dat verspreiding van DISA-vaccin is geblokkeerd op het niveau van 
opname, door de afwezigheid van viremie, maar ook op het niveau van 
virusreplicatie in de knut. Deze bevindingen versterken de veiligheid van het 
DISA-vaccin. 

De in vitro en in vivo data beschreven in dit proefschrift laten de ontwikkeling van 
het BT DISA-vaccin zien. Dit vaccin heeft verbeterde eigenschappen ten opzichte 
van de vaccins die op dit moment op de markt zijn. DISA-vaccins veroorzaken 
geen klinische verschijnselen, wekken volledige bescherming op, worden niet 
verspreid naar andere dieren, kunnen gebruikt worden voor meerdere serotypes, 
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kunnen repliceren in gestandaardiseerde cellen voor productie en kunnen ook als 
DIVA-vaccin ingezet worden (Figuur 2). 

 

Figuur 2. Profiel van het BT DISA-vaccin. Dit vaccin kan geproduceerd worden in 
gestandaardiseerde productiecellijnen (goedkoop), is avirulent (veilig), beschermt tegen 
virulent BTV (effectief), wordt niet verspreid door knutten (veilig) en kan ingezet worden 
als DIVA-vaccin. 
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en gezellige aanwezigheid in het team. Heel erg bedankt voor het meelachen, maar 
zeker ook het meehuilen. En fijn dat je samen met René mijn paranimf wilt zijn. 

Mirriam, als laatste lid van ons onderzoeksgroepje was jij ook van groot belang voor 
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perikelen en was je zijdelings betrokken bij mijn onderzoek. Bedankt voor alle tips en 
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ELISAs was van enorme waarde voor dit project. Dit heeft veel bijgedragen aan 
hoofdstuk 5.  

Janny, Mirjam en Myrte zijn de drie studenten die hebben bijgedragen aan 
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hebben. Ik zeker wel van jullie. Bedankt daar voor! 

In de high containment unit op de Houtribweg werken nog een aantal andere 
geïnteresseerde, hulpvaardige en gezellige mensen. Olav, Christine, Aldo, Bart en 
alle anderen, bedankt voor alles! Erik, zonder jouw hulp met de opmaak waren alle 
afbeeldingen in dit proefschrift onleesbaar geworden. Mijn dank is groot! Jeroen en 
Ben wil ik graag bedanken voor de participatie in mijn ‘guidance committee’ en voor 
de tips en interesse. Ook van de Vecom leden van de Edelhertweg heb ik het een en 
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Bedankt voor deze nieuwe inzichten. DB en de service groep, bedankt voor het 
faciliteren van mijn experimenten. 

I very much enjoyed the organization of the yearly young EPIZONE networking event. 
Josie, Susie, Toon, Tom, Sara, Ulrik, Johanne, Marc, Claire, Haijin and Julie, 
thank you for the nice meetings in Brighton, Brussels, Copenhagen and Montpellier. 
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during several internships, under the supervision of a whole army of great people: 
Nicolette, Nancy, Kim, Arijan, Jos, Mieke, Robin, Olga, Gorben, Sjo and Daniel, 
thanks a lot!   

I would also like to thank Barbara Drolet from the UDSA for all the feeding 
experiments described in chapter 7. It is amazing how you are able to inject midges 
that are only 1 mm in size. And I will never forget, midges are no testtubes! 

Michiel, bedankt voor het aanhoren van al mijn gezeur. Ik beloof dat ik nooit meer 
iets over eiwitten zal proberen te vertellen. 

Weekendjes weg, zonnige terrasjes, festivals, strand, etentjes, sportieve gezelligheid, 
maar zeker ook opbeurende woorden zijn voor mij essentieel gebleken om mijn thesis 
te kunnen volbrengen. Sanne, Annemarie, Erik, Sytske, Anouk, Anne, Agnes, 
Lisette, Marika, Kim, Natasja en Mia, enorm bedankt!    
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Rinke en Jouke. Het is enorm leuk om te merken dat we alle vier, variërend van 
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Even thuis komen op Spiker 35 heeft dit proefschrift dan ook indirect enorm positief 
beïnvloed. Bedankt!  
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