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Abstract — Bluetongue (BT) virus, an orbivirus of the Reoviridae family encompassing 24 known
serotypes, is transmitted to ruminants via certain species of biting midges (Culicoides spp.) and causes
thrombo-hemorrhagic fevers mainly in sheep. During the 20th century, BTV was endemic in sub-tropical
regions but in the last ten years, new strains of BTV (serotypes 1, 2, 4, 8, 9, 16) have appeared in Europe
leading to a devastating disease in naive sheep and bovine herds (serotype 8). BTV enters into insect cells via
the viral inner core VP7 protein and in mammalian cells via the external capsid VP2 haemagglutinin, which
is the major determinant of BTV serotype and neutralization. BTV replicates in mononuclear phagocytes
and endothelial cells where it induces expression of inflammatory cytokines as well as apoptosis. BTV can
remain as nonreplicating entities concealed in erythrocytes for up to five months. Homologous protection
against one BTV serotype involves neutralizing antibodies and T cell responses directed to the external VP2
and VPS5 proteins, whereas heterologous protection is supported by T cells directed to the NS1 non structural
protein and inner core proteins. Classical inactivated vaccines directed to a specific serotype generate
protective immunity and may help control current epidemic situations. New recombinant vaccine strategies
that allow differentiating infected from vaccinated animals and that generate cross protective immunity are
urgently needed to efficiently combat this worldwide threatening disease.

bluetongue / orbivirus / arbovirus / viral haemorrhagic disease / ruminants

Table of Contents

1T INtrOdUCHION . . ..ot et 2
2 Epidemiological situation from 1900 to 2008 ...........ouiiiiiiiiiiiiiii e 2
T 1 0TS 2 0 B T 3
3.1, BTV Structural PrOtEINS .. ..ccuuueeeinntttettt ettt et e e e e e e e e 3
3L L. VP 3

3L 2 VP 4

3.1.3. The major core proteins VP3 and VP7 ....... ... i 4

3.1.4. The three minor core proteins VP1, VP4 and VP6 (transcription complex)............ 4

* Corresponding author: isabelle.schwartz@jouy.inra.fr

Article available at http://www.vetres.org or http://dx.doi.org/10.1051/vetres:2008023



http://www.vetres.org
http://dx.doi.org/10.1051/vetres:2008023

Vet. Res. (2008) 39:46

I. Schwartz-Cornil et al.

3.2. BTV non structural proteins NS1, NS2, NS3 and NS3A ... 5
32 L. N S o 5

322 N S 5

323, N S 5

330 BTV I CYCIE ettt e e e e 5

4 BTV pathogenesis in TUMINANTS ... ...eeenttttettt ettt et ettt e e e e e et e e niaeens 6
4.1, CHNICAL SIZNS. ..ottt e 6
4.2.  Cell tropism, dissemination and TESETVOIT ... ....eevuuuteeennitte it e et e eaieeenans 7
4.3, Cellular response to BTV ..o e 7
431, Celldeath ... 7

4.3.2. Cytokines and prostanoid indUCLION ............ceiviuiitiiiieiii i 8

5 Immune responses against BTV ... ... e 8
5.1. Humoral immunity against BTV ... 8
5.2, Cellular immunity against BTV ... ... e 9
5.2.1. Cytotoxic T cell response in mice and sheep ..., 9

5.2.2. “Helper’ T Cell TSPOMSES. .. uuutttennttte ettt et et e e e 9

6 Vaccines against BTV ..o oo e 10
6.1, ALENUALEd VACCITIES ....'utttttntttt ettt ettt e et e e ettt et e e et e et e e e e e eaaaes 10
6.2.  Inactivated VACCINES ...........couiiiuiiiti it e 10
6.3, VIrus lKe PartiCles .. ....ooueiin ettt e 10
6.4, ReCOMDINANE VECTOIS ... .uuttttttttt ettt ettt e et e e e e et e et e e e e eaaee 11

7 Concluding T@MATKS . ....oonutit it 11

1. INTRODUCTION

Bluetongue virus (BTV), an economically
important orbivirus of the Reoviridae family,
causes a haemorrhagic disease mainly in
sheep and occasionally in cattle and some
species of deer [70]. BTV is transmitted
between its mammalian hosts by certain
species of biting midges (Culicoides spp. —
Diptera: Ceratopogonidae) and it can infect
all ruminant species. Although BTV is an
arbovirus, it can occasionally be transmitted
via seminal fluid and across the placenta [77].
Overall, 24 serotypes have been reported
around the world, generating only low levels
of cross-protection and complicating vacci-
nation strategies. Due to its economic impact,
BT is an Office International des Epizooties
(OIE)-listed disease. Economic losses asso-
ciated with BTV infection are caused directly
through reductions in productivity and death
and more importantly indirectly through trade
losses due to animal movement restrictions,
restrictions on the export of cattle semen [3]
and the costs of implementing control mea-
sures, including diagnostic tests. The recent
European outbreaks of BT started in 1998
with the arrival of BTV-9 in Greece. Since
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then, the epizootic situation regarding BTV in
and around Europe has changed dramatically,
with incursions of new serotypes into existing
endemic zones and the emergence of the virus
in previously disease-free areas, affecting
immunologically naive herds and generating
important economic losses.

2. EPIDEMIOLOGICAL SITUATION FROM
1900 TO 2008

BT was first described in an imported
Merino sheep in South Africa in the 19th
century [72]. In 1902, the disease was men-
tioned as ““a malarial catarrhal fever of sheep”
but was named as “bluetongue” in 1905 [72].
During the beginning of the 20th century, BT
spread in Africa along with introduction of
non indigenous sheep breeds that are highly
susceptible to the disease [72]. BTV infection
was subsequently recognized as an enzootic
disease in areas between latitude 40°S and
53°N in almost all continents, i.e. America,
Africa, Australia and Asia [62], causing
worldwide losses that were estimated in 1996
at US$ 3 billion per year [93]. Prior to 1998,
occasional short-lived incursions of BTV
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occurred in southern Europe (Spain, Portugal,
Greece and Cyprus [62]). However, since
1998, at least eight distinct BTV strains from
six different serotypes (types 1, 2,4, 8,9, 16)
have invaded Europe, including many northern
European countries (serotype 8)' [79,85].

During August 2006, BTV-8 was detected
initially in the Netherlands, before spread-
ing to Germany, Belgium and north-eastern
France, generating a total of 2297 north-
ern European BT cases during 2006. After
the winter season, the viral infection showed
a strong recrudescence and dramatically
extended its European distribution in 2007,
leading to 40931 cases in total®. In France,
for instance, the spread of BTV-8 affected 60
departments out of 95 with 15253 reported
cases sparing only the southern parts of the
country. It also reappeared in 2007 in Belgium
(6661 cases), Germany (11487 cases) and the
Netherlands (5798 cases), and it spread to
Luxemburg (1315 cases), Denmark (1 case),
Switzerland (5 cases), the Czech Republic
(1 case) and the UK (65 cases). During
2007, significant numbers of animals infected
with BTV-8 were imported into Italy. During
January 2008, animals infected with BTV-8
were detected in Spain, and the virus entered
Northern Ireland, via importation of infected
animals from mainland Europe but it was
quickly eliminated by slaughter of all infected
and in-contact animals. In 2006, BTV-1 was
detected in North Africa and in Sardinia and
in 2007, it was found initially in Spain then in
the French Pays Basque®.

The evolution of BTV infection in Europe
is threatening especially when considering
the speed and extent of spreading of several
serotypes that may favor the emergence of new
variants by reassortment [85].

The change of the vector distribution in
southern Europe (Culicoides imicola) due

I www.reoviridae.org/dsRNA_virus_proteins/ReolD/

BTV-mol-epidem.htm [consulted 28 April 2008].
2 http://ec.europa.eu/food/animal/diseases/adns/index

_en.htm [consulted 28 April 2008].
3 http://ec.europa.eu/food/animal/diseases/control

measures/index_en.htm. [consulted 20 March
2008].
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to climate change may partially explain the
extension of the bluetongue virus distribution
to new geographical areas, such as to Corsica
(France) [79, 85]. However, C. imicola has
not been found in northern Europe where
BTV-8 was transmitted very efficiently, nor
in the Balkan areas of Europe where BTV-9
occurred. Novel vector species of Culicoides,
belonging to the C. obsoletus and C. pulicaris
complexes of species, are probably involved in
BTV transmission in such areas [63].

The recent detection of eight additional
BTV serotypes in the USA strongly suggests
that the changes in BT distribution first
detected in Europe may be a worldwide
phenomenon, perhaps as a consequence of
climate change* [50].

3. THE BTV VIRUS

Bluetongue virus (density 1.337 g/cm?
[65]) is a non enveloped virus with a
genome of approximately 19 200 base
pairs composed of ten linear segments of
double-stranded RNA (dsRNA), containing
57% AU and 43% GC, with conserved 5
and 3’ terminal sequences (GUUAAA at
5/, and ACUUAC at 3’ ends of the positive
strand [64]). The 10 dsRNA segments are
packaged within a triple layered icosahe-
dral protein capsid (approximately 90nm
in diameter) [31, 39, 74]. The virus parti-
cle has been extensively studied at high
resolution by cryo-electro-microscopy and
X-ray crystallography techniques [31, 74].
The outer shell is composed of two structural
proteins, 60 trimers of VP2 (111 kDa) and 120
trimers of VP5 (59kDa). The intermediate
layer consists of the major immunodominant
VP7 structural protein (38 kDa), organized
in 260 trimers forming a T = 13 icosahedral
lattice covering the subcore [74, 82]. The
subcore consists of the 12 decamers of the
VP3 protein (100kDa), one centered on
each of the five fold axes of the icosahedral
particle structure [31]. The 120 molecules of

4 Johnson D., Identification of new United States
bluetongue virus types, Proc. Annu Meet. US Anim.
Health Assoc. (2007) in press.
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VP3 can be considered as a ‘pseudo T =2’
icosaedral lattice, which houses the viral
genome segments and three minor proteins
involved in transcription and replication,
namely the RNA-dependent RNA polymerase
(VP1, 149kDa), the RNA capping enzyme
(VP4, 76 kDa) and the dsRNA helicase (VP6,
36kDa) [74]. VP7 forms the outer layer of
the transcriptionally active virus ‘core’ [65].
Non-structural proteins (NS1, NS2, NS3 and
NS3A) probably participate in the control of
BTV replication, maturation and export from
the infected cell. Unlike most single stranded
RNA (ssRNA) viruses, the orbiviruses are
genetically and antigenically stable through-
out infection; point mutations do not appear
to arise in vivo, at least at the high frequency
noted with many non-segmented ssRNA
viruses [16].

3.1. BTV structural proteins (Fig. 1)
3.1.1. VP2

The trimers of the VP2 form ‘triskelion’
motifs (three interlocked spirals) on the outer
layer [31]. VP2 is responsible for receptor
binding, hemagglutination and eliciting
serotype-specific neutralizing antibodies [35,
82]. Recombinant VP2 has a strong affinity for
glycophorin A, a sialoglycoprotein component
of erythrocytes, an interaction that could be
involved in BTV binding to erythrocytes [35].
Furthermore, VP2 and glycophorin can
inhibit BTV attachment to susceptible cells,
suggesting that the BTV receptor involves
VP2 interaction with a cell surface glycopro-
tein [35]. Inside the cell, VP2 associates to
vimentin, which allows the proper sub-cellular
localization of the protein and the interaction
of mature BTV particles to intermediate
filaments [8]. Disruption of the VP2/vimentin
interaction by pharmacological inhibitors
leads to blockade of the virus egress [8].

VP2 is the major determinant of BTV
serotype, with a minor role for VPS5 [66].
Phylogenetic comparisons of VP2 from the
24 reference strains [58] show a perfect
correlation between sequence variation in
genome segment 2 (Seg-2), coding for VP2,
and BTV serotype. Sequences of seg-2
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Figure 1. Representative scheme of BTV structural
proteins and dsRNA segments. (A colour version of
this figure is available at www.edpsciences.org.)

from the 24 BTV types cluster as ten distinct
evolutionary lineages, identified as nucleo-
types A-J. The inter-serotype VP2 nucleotide
sequences varied from 29% (BTV-8 and
BTV-18) to 59% (BTV-16 and BTV-22).
Sequencing and phylogenetic comparisons
of VP2 also revealed significant variations
between strains of the same serotype that were
derived from different geographical areas,
with a maximum of 30% nucleotide sequence
variation [58] within the same serotype. These
geographical variations define eastern and
western VP2 topotypes within individual
serotypes. Oligonucleotide primers can be
designed targeting Seg-2, that can be used in
RT-PCR assays to facilitate typing of BTV
field and vaccine isolates of each serotype and
topotype [69]. Despite the overall sequence
variability, some features of VP2 appeared to
be conserved across serotypes, including the
hydrophobicity profile, charge distribution and
the position of certain cysteine residues [58].

3.1.2. VP5

In contrast to VP2, VPS5 is significantly
more conserved but shows some degree of
variations that reflects the geographic ori-
gin [88]. Trimers of VP5 form the globular
motifs of the outer layer of the BTV virus par-
ticle [74]. VPS5 has recently been shown to be
a membrane penetration protein that mediates
release of viral particles from endosomal com-
partments into the cytoplasm [34]. Analysis
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of the VPS5 sequence using secondary struc-
ture prediction algorithms indicates that this
protein is predominantly o-helical, with an
amphipathic helical domain at the N terminus
followed by a coiled coil domain, thus shar-
ing structural features with class I fusion pro-
teins of enveloped viruses [74]. Furthermore,
VPS5 undergoes pH-dependent conformational
changes that allow membrane fusion and syn-
cytium formation [25]. The syncytium forma-
tion by VPS5 is inhibited in the presence of
VP2 when expressed in a membrane-anchored
form.

3.1.3. The major core proteins VP3 and VP7

VP3 and to a lesser extent VP7 [102]
are conserved proteins and are hydropho-
bic in nature. They play an important role
in the structural integrity of the virus core.
They express group-specific antigenic deter-
minants defining several distinct phylogenetic
groups [4].

Importantly, cores are poorly infectious or
even non-infectious in different mammalian
cells but they are at least 100 fold more
infectious for adult Culicoides midges or a
Culicoides cell line (KC cells) [61, 67]. VP7
can mediate attachment and penetration of
insect cells in the absence of either VP2
or VPS5, a process that may involve an
arginine-glycine-aspartate (RGD) tripeptide
motif present at amino acid residues 168 to
170 on the outermost surface of the VP7
trimers on the BTV core [97]. VP7 can bind
to glycosaminoglycans, although it appears
likely that other specific receptors are also
involved in cell attachment and penetration.

The VP3/VP7 complex protects the viral
dsRNA genome from intracellular surveil-
lance, thus preventing activation of type I
interferon (IFN) production via cytoplas-
mic sensors such as cytosolic helicases, or
interactions with dicer and RNA silencing
mechanisms.

3.1.4. The three minor core proteins VP1, VP4
and VPG6 (transcription complex)

VP1 is present in a low molar ratio
(approximately 12 copies per particle) within
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the virion [41, 91]. VP1 can extend RNA
synthesis from oligo(A) primers and acts as
the BTV replicase that synthesizes dsRNA
from a viral plus-strand RNA template [11].
VP1I has an optimal activity at 27 °C to 37 °C,
allowing efficient replication in both insect and
mammalian cells.

The early BTV mRNA are capped. The
cap (methylguanosine connected to the first
nucleoside) stabilizes the mRNA and allows
efficient translation. In cells, capping requires
the action of four distinct enzymes. In
BTV, all four reactions are catalyzed by the
single VP4 protein, whose crystal structure
shows an elongated modular architecture that
provides a scaffold for an assemblage of active
sites [92].

The VP6 protein has ATP binding activity
and displays RNA-dependent ATPase and
helicase functions. It unwinds duplexes of
dsRNA and could assist mRNA synthesis from
the genomic dsRNA template [89].

3.2. BTV non structural proteins NS1, NS2,
NS3 and NS3A

The two larger BTV non structural proteins,
NS1 and NS2, are the first and second
most highly expressed proteins in infected
cells [41], whereas the two closely related
minor proteins NS3 and NS3A are barely
detectable in mammalian cells. However,
NS3 and NS3a are synthesised in much
larger amounts in insect cells, suggesting that
their role may be primarily related to BTV
replication and dissemination within the insect
vector [32].

3.2.1. NS1

Electron microscopic analysis of thin
sections of BT V-infected cells have revealed
a large number of virus-specific tubules
(52.3nm diameter and 1000 nm long) com-
posed of multimers of the NSI protein, a
striking intracellular morphological feature
of BTV infection. Expression of an scFv
to NS1 reduced the cytopathic effects of
BTV, suggesting that NS1 has a role in BTV
cytopathogenesis [75]. In addition, recombi-
nant NS1 expressed in insect cells, which is
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highly immunogenic and easy to purify, has
been used as a scaffold for exogenous peptides
to generate heterologous recombinant protein
vaccines against foot and mouth disease and
influenza [29] and HIV [55].

3.2.2. NS2

NS2 is the major constituent of the viral
inclusion bodies (VIB) seen in infected cells
mainly in the vicinity of the nucleus. NS2
binds to viral ssRNA [105] and hydrolyses
nucleotide triphosphates to nucleotide mono-
phosphates [37]. These two properties imply
that NS2 might be involved in some way in
selection and condensation of the BTV ssRNA
segments prior to genome encapsidation. NS2
expression in cells is sufficient for formation
of inclusion bodies and it recruits VP3, sug-
gesting that NS2 is a key player in virus
replication and core assembly [53].

3.2.3. NS3

NS3 and its shorter form, NS3A, which
lacks the N-terminal 13 amino acids of NS3,
are the only membrane proteins encoded
by orbiviruses. Interestingly, NS3 and NS3A
appear to be associated with smooth intra-
cellular membranes, although they are also
present at the plasma membrane. NS3 func-
tions as a viroporin, facilitating virus release
by inducing membrane permeabilization [33].
In addition, NS3 binds to the cellular protein
Tsgl01 [104], allowing BTV particles to also
leave host cells by a budding mechanism, sim-
ilarly to retroviruses. This budding mechanism
might be involved in BTV egress from insect
cells in which BTV does not induce signifi-
cant cytopathic effect, whereas the viroporin
mechanism would be more prominent in mam-
malian cells.

3.3. BTV life cycle

BTV interacts with the target cell surface
via VP2 trimers binding to cell surface glyco-
proteins and possibly to other receptors. BTV
core particles can also bind to cells (particu-
larly insect cells) via VP7 trimers. The BTV
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particle is then internalized in endosomes via a
clathrin-dependent endocytosis pathway [26].
VP2 dissociates from the outer capsid layer in
early endosomes. Acidification induces VP5
fusion with the endosomal membrane [25],
delivering the transcriptionally active core into
the cell cytoplasm. Like other members of the
Reoviridae family, BTV replicates within the
cytoplasm of infected cells. Within the BTV
core, the VP1 molecules transcribe positive
sense sSRNA copies from each of the ten BTV
genome segments [11]. These mRNA mole-
cules are capped by the guanylyl-transferase
and transmethylase activities of VP4 [92] and
leave the particles via channels situated at the
five fold axes of the core particle [68]. The
viral mRNA serve as templates for translation
in viral proteins, starting within two hours
post infection [20]. Viral positive RNA are
directed to VIB where the correct encapsi-
dation of the different segments (nature and
numbers) within the VP3 shell may involve
interactions with the helicase VP6 [89], the
ssRNA binding NS2 protein [53], and the
VP1 and VP4 proteins. VP1 then synthe-
sizes the negative strand RNA to produce
dsRNA [11]. It has been proposed that each
dsRNA segment independently associates
with a different transcription complex (VP1,
VP4 and VP6) located at the inner side of VP3
along a five fold axis, making a ‘flower shape’
in cryoelectromicroscopy [74].

Exchanges of dsSRNA segments can occur
when two different BTV (serotypes or strains)
infect the same cells, contributing to the
evolution of BTV through the process of
reassortment. The process of reassortment
may involve fusion of VIB formed with
different viral particles. For unknown reasons,
some segments are more often exchanged than
others [30].

The VP3 subcores are relatively fragile
and unstable structures [82] that serve as
a scaffold for the addition of VP7 trimers,
giving rise to more rigid and stable cores.
The outer capsid proteins VP2 and VPS5
appear to be added to the progeny core
particle surface at the periphery of the VIB
as they enter the host cell cytoplasm. Mature
progeny virus particles are transported within
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the cytoplasm on microtubules involving
VP2/vimentin interactions [8]. Release of
virions from the infected cell occurs via cell
membrane destabilization mediated by the
NS3 viroporin activity [33], in some cases via
budding, or as a result of cell death and lysis.
Production of mature particles is exponential
during the 8th and 24th hours post infection.

4. BTV PATHOGENESIS IN RUMINANTS

4.1. Clinical signs

In temperate climates in enzootic zones,
outbreaks of BTV occur seasonally in asso-
ciation with high populations of the adult
Culicoides vectors and can affect domestic
and wild ruminants [7, 93]. Cattle, which
are susceptible to BTV infection usually do
not develop overt clinical signs, but they can
manifest an IgE-mediated hypersensitivity
reaction [1]. However, cattle are important
in transmission, acting as reservoirs for the
virus [1]. The strain of BTV serotype 8
that has invaded northern Europe is unusual
because a large number of infected cattle also
developed clinical signs [22]. Sheep and some
wild ruminants display a variety of clinical
manifestations, ranging from subclinical
infections or mild disease, to acute or even
fatal disease. Viraemia is usually detectable
around 3-5 days post infection in sheep [27].
Clinical signs include pyrexia, tachypnoea and
lethargy. Gross pathological alterations are
characterized by widespread oedema, haem-
orrhages especially in the lymph nodes, lungs,
heart and skeletal muscles and/or necrosis of
the mucosal surfaces in the oro-nasal and ali-
mentary systems [12]. Lungs, the shock organ
in ruminants [71], are especially susceptible
to permeability disorders of the vasculature
induced by BTV. Microscopic lesions include
endothelial hypertrophy, vascular stasis and
thrombosis with tissue infarction. Animals that
survive acute infection may develop chronic
dermatitis, and vesicular and erosive lesions
at interdigital and mucosal surfaces [13]. A
panleukopenia reaches its maximum at day
seven to eight post infection and affects all
lymphocytes, especially CD8 T cells [23].
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The severity of the disease induced by BTV
varies with host age and health status [76].
Immunodeficiency due to concurrent infec-
tions can strongly exacerbate disease manifes-
tations [13], as well as exposure to strong solar
radiations.

4.2, Cell tropism, dissemination and reservoir

After initial replication in the lymph
nodes draining the sites of inoculation, BTV
disseminates to secondary sites, principally
the lungs and spleen, where it replicates in
endothelium and mononuclear phagocytes [6].
BTV can disseminate via lymph [6] or/and
via blood [13]. BTV infects monocytes both
in vivo and in vitro. In vivo, infectious BTV
can be retrieved transiently (< 1 week) from
monocytes (minimum 10° cells) [13, 100].
Monocytes also express BTV antigens in vivo
at low frequency (four NS2 antigen-positive
monocytes per 2 x 103 peripheral blood mono-
nuclear cells [100]). In vitro, around 15% of
monocytes express BTV VP7 after 36 h in
culture [5] and they produce low amounts of
infectious BTV in vitro [100]. Conversely,
resting T lymphocytes are not efficient at
supporting BTV replication [100] unless they
are activated by mitogens [5]. Interestingly, v
T cell lines can be productively infected in
vitro [96] and blood yd T cells from infected
sheep (3—13 days post infection) have been
induced to produce infectious BTV when co-
cultivated with skin fibroblasts [96]. However,
it is unclear how monocytes and possibly blast
T cells are involved in vivo in the pathogenesis
of BTV. Last but not least, infectious BTV can
also be detected in the intracellular vesicles of
erythrocytes, in which it does not replicate but
persists in invaginations of cell membrane [60,
100]. The association of infectious BTV
with erythrocytes is detected very early after
infection (24 h) [13] and persists throughout
viraemia [60, 87].

Consequently, BTV infection in ruminants
is characterized by a prolonged cell-associated
viraemia that can persist in the presence of
high titres of neutralizing antibody, although
recovered animals are immune to re-infection
with the homologous serotype of BTV. In
sheep and cattle, infectious BTV can be
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detected in the blood for 35 to 60 days [6]
and viral structures for up to 160 days [54].
It has been proposed that particles associated
with erythrocytes are protected from early
immune clearance. Furthermore, detection of
BTV RNA up to 145 days after infection
is remarkably similar to the lifespan of
the ruminant erythrocytes, suggesting that
erythrocytes are likely to be the critical
mechanism that allows cattle to serve as
natural reservoir hosts of BTV [12]. Some
other work indicated that BTV RNA can be
detected even up to 222 days [9].

In enzootic areas, BT usually appears in
late autumn after long periods of quiescence
(8-12 months), a phenomenon called over-
wintering [96]. However, conventional mod-
els for the transmission of BTV suggest that
if adverse winter conditions last for more than
100 days, the virus should be unable to sur-
vive from one year to the next. Persistence of
BTV in the larvae of vector Culicoides is con-
sidered to be highly improbable [61] although
it cannot be ruled out [101]. Some authors
have postulated that persistently infected yd T
cells, recruited by midge biting, could facil-
itate the transmission of BTV for periods as
long as nine weeks post infection in Dorset
sheep [96]. However, this finding was not con-
firmed in another study using a different sheep
breed (Merino sheep) [57].

4.3. Cellular response to BTV

Viral haemorrhagic diseases are not only a
consequence of direct viral damage to the cells
but also the result of intense and sometimes
deregulated inflammatory processes. BTV
reduces endothelial electrical resistance in
vitro associated to p38 MAP kinase-dependent
cytoskeletal rearrangements [14]. In addition,
BTV infections induce cell death in many
cell types and an important inflammatory cell
response.

4.3.1. Cell death

In mammalian cells, BTV induces cell
death (apoptosis and/or necrosis) in cell
lines [73], microvascular ovine and bovine
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endothelial cells [18], monocytes [5] and in
WCl-activated yd T cells [96]. In mam-
malian cell lines, uncoating of BTV, but not
BTV replication, is required to trigger apopto-
sis [73]. Extracellular treatment with a combi-
nation of the viral outer capsid proteins VP2
and VPS5, and the cell penetration protein VP5
is sufficient to trigger apoptosis, involving
activation of NF-«xB [73]. However, some cell
types that support the replication of the virus
do not demonstrate a cytopathic effect to BTV,
such as insect cells [73], o T cell lines [96]
and activated blood lymphocytes [5]. The
budding versus the viroporin-mediated viral
exit mechanism might partially explain this
difference [104].

4.3.2. Cytokines and prostanoid induction

Infection of bovine and ovine microvas-
cular endothelial cells induces the transcrip-
tion of interleukin 1 (IL-1), IL-8, IL-6,
cyclooxygenase-2, and inducible nitric oxide
synthase [19]. These mediators have been
involved in the pathogenesis of severe viral
haemorragic fevers. Infection of sheep and cat-
tle with BTV induces a plasmatic increase of
prostacyclin and thromboxane [19]. Throm-
boxane is a strong pro-coagulant factor
whereas prostacyclin is a potent vasodilatator
and inhibitor of platelet aggregation. There is
a much higher prostacyclin/thromboxane ratio
in cattle, which may explain the lower sensi-
tivity of cattle to BTV induced microvascular
injury and thrombosis [19].

BTV is also a strong inducer of type I
IFN in vivo, in sheep [27], cattle [59] and
mice [43]. A strain of BTV serotype 8 was
shown to be an extremely potent inducer in
vivo in mice, even when UV-irradiated [43].
Strains of many BTV serotypes have been
reported as IFN inducers but they may differ
in their ability to induce IFN depending on
the cell context [28]. A wide variety of cells
produce type I IFN after BTV stimulation
in vitro, including mouse embryo cells [38],
human leucocytes [42], leucocytes from adult
sheep [80]. Double stranded RNA from BTV
also induced IFN in mice [21]. However,
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the exact viral component involved in the
induction is unknown.

5. IMMUNE RESPONSES AGAINST BTV

Transfer of antibodies [48] and T cells [49]
in monozygotic sheep have shown that
both humoral and cellular immune effector
mechanisms are able to protect sheep against
BTYV infection and disease.

5.1. Humoral immunity against BTV

Passive serum transfer studies have shown
that BTV specific antibodies can confer
protection in a serotype specific manner, sug-
gesting an in vivo role for antibody-mediated
viral neutralization [48]. However, exactly
how antibodies interfere with BTV infection
in vivo is unknown. Attempts to demon-
strate the existence of antibody-dependent
cell-mediated cytotoxicity (ADCC) and
complement-facilitated  antibody-dependent
cell-mediated cytotoxicity in both cattle
and sheep, using a variety of systems, have
consistently failed [47].

VP2 and VPS5 are the only BTV proteins
shown to induce neutralizing antibodies
[56, 81] with VP2 being the major protein
involved in serotype specificity (see above
and [39, 66]). Sheep inoculated with VP2,
either isolated from intact particles or gener-
ated by in vitro expression, produced virus-
neutralizing antibodies and were resistant
to challenge with the homologous BTV
serotype [40, 81]. Two hydrophylic domains
in VP2, AA 199-213 (region 1) and AA
321-346 (region 2), contain multiple
conformation-dependent neutralization epi-
topes [17]. Mutations in neutralization escape
mutants clustered in these two regions [17],
where the lowest level of AA identity between
serotypes was also found [58]. Interestingly
mutations in the region 1 of the VP2 protein of
the same original BTV serotype 17 generated
two co-circulating strains that displayed
distinct neutralization characteristics [103].

Co-expression of VP2 with VPS5, or in
combination with core proteins to form
double-shelled virus-like particles, enhanced
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the neutralizing antibody response of inocu-
lated sheep as compared to VP2 alone [56,
81, 83, 84]. VPS5 improved the neutraliza-
tion of BTV, possibly through its con-
formational influence on VP2 [15, 66]. In
addition VP5 may directly induce neutral-
izing antibodies [56] although neutralizing
monoclonal antibodies to VP5 have not been
described.

Neutralizing antibodies generally protect
only against homologous virus, although serial
infections of sheep with two serotypes can
protect the animals against challenge with a
third serotype [46]. Depending on serotypes,
the antibodies can protect against the infection
by a limited number of other serotypes,
associated to similarities of sequences in
VP2 [58]. Since the level of neutralizing
antibodies elicited by VP2 greatly varies
between sheep [81], an outbred species, vac-
cine strategies would benefit from inclusion of
both VP2 and VPS5 antigens.

5.2. Cellular immunity against BTV

The level of neutralizing antibodies does
not always correlate with the degree of pro-
tection after vaccination with live BTV [48]
and some inactivated vaccine preparations
can confer protection in the absence of
detectable levels of neutralizing antibod-
ies [90]. Furthermore adoptive transfer of
BTV-specific cytotoxic T lymphocytes (CTL)
to monozygotic sheep has been shown to
confer partial protection [48, 49], indicating
that CTL participate in protection.

5.2.1. Cytotoxic T cell response in mice and sheep

Evidence that the cross-protective immune
response to BTV involves CTL has been
obtained both in laboratory mouse models
[45,51] and sheep [49,94].

In mice, statistical analysis of the CTL
response indicated that non structural pro-
tein peptides are the predominant source of
homotypic and heterotypic CTL recognition,
followed by the minor core inner capsid pro-
tein VP3 and finally the inner capsid protein
VP7 and the outer capsid proteins VP2 and
VPS5 [51]. The outer capsid proteins VP2 and
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VPS5 that vary considerably between serotypes
were not recognized by heterotypic CTL [51].
Furthermore, Baculovirus expressed NS2,
NS1, NS3, VP1, V4 and VP6 induced a
CTL response in mice, which was partially
protective against a vaccinia virus expressing
the homologous protein only in the case of
NS2 [52].

In sheep, BT V-specific cross-reactive CTL
have been described [49] and CTL lines have
been shown to inhibit viral replication in
skin fibroblasts infected with homologous and
heterologous virus types [94]. Recombinant
vaccinia viruses expressing BTV antigens
demonstrated that VP2 and NS1 are major
CTL immunogens and that NS1-specific, but
not VP2-specific CTL are cross-reactive [2].
Furthermore, the non-structural protein NS1
was recognized by CTL from all Merino
sheep immunized with recombinant vaccinia
viruses, while VP2, VP3, VP5 and VP7
were recognized by CTL from only some
sheep [44]. The other proteins (NS2, NS3,
VP4, VP6) did not appear to contain CTL
epitopes, whereas NS2 induced CTL in
mice [52]. Thus, important variations in
the protein targets of CTL exist between
individuals and host species.

5.2.2. ‘Helper’ T cell responses

Major ‘helper’ serotype-specific determi-
nants are present in VP2 and some in VPS5,
while major serotype cross-reactive determi-
nants are located within the core structural pro-
teins [95]. When sheep were vaccinated with a
capripox virus encoding for VP7, clinical pro-
tection was obtained against heterotypic chal-
lenge, although the virus still replicated [99].
The immune effectors involved in the VP7
induced protection were probably CD4 T cells,
but their direct functional contribution was
not evaluated. Besides, VP7 is immunodomi-
nant during antibody production using in vitro
priming techniques, but the antibodies are not
neutralizing and probably not protective?.

3 Collen T., Mertens P.P.,, Burroughs J.N., Butcher
R.N., Anderson J., Windsor M., Takamatsu H.,
Monoclonal antibodies produced against blue-
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6. VACCINES AGAINST BTV

Much effort has been devoted to the devel-
opment of vaccines against BT. The protective
vaccines against BT in ruminants that are
currently available commercially can be either
attenuated or inactivated. Their protective
activity is serotype-specific, probably due to
the key role of the outer protein VP2 in the
B and T cell mediated protective immunity.
Thus, in endemic areas where multiple BTV
serotypes may be present, efficient vaccines
against several serotypes may be necessary.
Furthermore, vaccines against BT need to be
safe and should allow differentiating between
vaccinated and infected animals (DIVA vac-
cines), in order to facilitate trade. Due to these
three requirements (multi-serotypes, safety
and DIVA properties), vaccination against
BTV can be a difficult and controversial issue.
Below, we summarize the findings of a recent
review [86] on the pros and cons of inactivated
and attenuated vaccines.

6.1. Attenuated vaccines

Attenuated vaccines produced by Onder-
stepoort Biological Products (South Africa)
have long been used to control BT in sheep in
southern Africa, and more recently in Corsica,
the Balearic Islands and Italy. These vaccines
provide robust protection after one injection
for at least one year and they are cheap to
produce [86]. However, these vaccines are not
always safe, especially in some susceptible
breeds [98]. Indeed their attenuation is diffi-
cult to control. They can generate mild clinical
signs after injection, abortions, transiently
depressed milk production and decreased
semen quality [86]. Moreover, as the vaccine
virus can elicit a viraemia of over two weeks
in vaccinated sheep [98], they can be spread
to vectors with the potential for reversion to

tongue and African horse sickness viruses by in
vitro immunization show a bias for structural pro-
tein VP7, In: Walton T.E., Osburn B.I. (Eds.),
Bluetongue, African Horse Sickness and related
Orbivirus, Proceedings of the 2nd International
Symposium, CRC Press, Boca Raton, FL, USA,
1992, pp. 416-422.
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virulence and/or reassortment with genes of
the wild-type virus giving rise to novel BTV
strains with modified virulence [86]. Finally,
attenuated vaccines are not DIVA vaccines.
For all these reasons, other vaccine strategies
are required.

6.2. Inactivated vaccines

Inactivated vaccines can generate a safe and
protective immunity if properly prepared [86].
However, a single vaccination may induce
only the transient detection of neutralizing
antibodies and it is usually insufficient to
provide an immunity that lasts for several
months (particularly in cattle). Nonetheless, a
strong and long-term immunity can be elicited
by two injections [86]. DIVA inactivated
BT vaccines are theoretically possible but
have not yet been developed. Although
inactivated vaccines are expensive to produce
and their use is constraining, they are
the best currently available safety/efficacy
compromise. The European Food Safety
Authority has recommended that countries
use killed vaccines [24] and they have been
used since 2005 in some European countries
(including France and Italy) [86]. However,
the available inactivated vaccines are directed
to only few serotypes.

6.3. Virus like particles

BTV structural proteins can be produced
as recombinant proteins encoded by Bac-
uloviruses in insect cells, in which they
auto-assemble as virus like particles (VLP),
presenting BTV antigenicity without BTV
genetic information [83]. They are thus
considered to be naturally safe and they
do not require any process of inactivation,
although a recent study pointed out that
laboratory-produced VLP batches included
large quantities of Baculoviruses [36]. Clinical
batches should be carefully checked for the
presence of Baculovirus and the potential risk
of their replication in insect vectors in the
field. Regardless, VLP are promising vaccine
tools with which to generate multivalent
BT vaccines, since VP2 from several viral
strains can be included [84]. VLP have been
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shown to be efficacious in protecting against
homologous BTV challenge and partially pro-
tecting against heterologous BTV challenge in
laboratory trials [83, 84]. Further studies are
awaited to evaluate their structural long-term
stability, their cost of production/purification
and their efficacy in the field.

6.4. Recombinant vectors

Recombinant vectors could be developed as
future vaccines, if they are safe, inexpensive,
DIVA, flexible for multi-serotype inclusions
and if they provide long-term protective
immunity in one shot. Although the road
is still long to achieve these goals, some
preliminary and promising laboratory studies
have been published using poxvirus-derived
vectors. Indeed, initial work showed that
co-injection of vaccinia virus encoding for
VP2 and VPS5 proteins (three injections, 21
days apart) could confer protective immunity
in sheep [56]. More recently, a canarypox-
based vector that expressed optimized syn-
thetic genes for VP2 and VPS5 (two injections,
22 days apart) elicited high levels of neutral-
izing antibodies, a differential reactivity to
VP7 as compared to sera from infected sheep
(DIVA), and strong protection against homol-
ogous challenge (BTV-17); such a non replica-
tive canarypox vector is extensively and safely
used over the world in other recombinant
vaccines [10]. Finally, a replicative capripox
encoding for VP2, VP7, NS1 and NS3 (one
injection) was partially protective in sheep
[78, 99]. Thus, recombinant vectors can
provide protective immunity with DIVA prop-
erties but their efficacy barely reaches that
of inactivated vaccines, still requiring several
injections for efficient long-term protection.
Recombinant vectors providing high levels of
exogenous protein synthesis and generating a
strong anamnestic cross protective immunity
are awaited to be qualified for a reasonable
development for field applications.

7. CONCLUDING REMARKS

The worrying epidemiological map of BTV
infections in Europe illustrates the risk to the
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entire world of emerging microbial diseases
that were previously confined to specific geo-
graphic areas, spreading due to global warm-
ing and increased trade. It also reveals that
many questions remain regarding the physio-
pathological mechanisms of the BTV induced
thrombo-haemorrhagic disease, the species/
breeds/individual genetic bases of sensitivity
to BT disease, the molecular basis of BTV
virulence, the insect and mammalian reser-
voirs, and the immune effectors involved in
cross protective immunity. Although classical
vaccination theoretically can control BT,
major economical constraints may prevent
its effectiveness, due to the huge vaccine
supplies necessary to insure a > 80% coverage
in ruminants, the costs inherent in the use of
inactivated vaccines, the lack of cross serotype
protection in face of possible new serotype
invasions and the different policies applied in
neighboring countries.
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