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ABSTRACT 

Bluetongue virus (BTV) is an important arthropod-borne virus that causes viral 

haemorrhagic disease in European adapted sheep. Scientific investigation of the 

pathogenic processes involved in bluetongue (BT) disease manifestation has been 

compromised by limitations in two key areas: (i) the detection of BTV antigens by 

immunohistochemistry (IHC) in formalin-fixed tissues has frequently proved to be 

problematic; and (ii) the choice between animal-derived virus or cell culture-passaged 

virus for use in experimental infection of animals remains contentious.  

In this study, BTV-specific antibodies NS1, NS2 and NS3/3a and VP7 were evaluated for 

use in IHC on formalin-fixed paraffin-embedded (FFPE) tissue specimens. It was shown 

that there was cross-reactivity between some of these antibodies with a range of BTV 

serotypes and other orbivirus species. BTV IHC methods developed as part of this 

evaluation were then employed to study BTV pathogenesis and pathogenicity using the 

embryonated chicken egg (ECE) as an alternative animal model. Using a pathogenic 

isolate of a reference BTV serotype 3 (BTV-3; isolated during the Cyprus 1943 outbreak) 

contained in the blood collected from an infected sheep, BTV-infected ECE demonstrated 

both endothelio- and neurotropic properties. Furthermore, the pathogenicity of BTV-3 

derived from infectious sheep blood and cell-culture-passaged virus were compared in 

the ECE. BTV propagated in cell culture showed attenuated pathogenicity that was 

associated with a reduction in genetic diversity in BTV RNA genome Segment 7, 

encoding the viral structural protein VP7. 

A representative BT disease model in Australian Merino sheep was established through 

infection with the pathogenic BTV-3 derived from infectious sheep blood that was used 

in the ECE. In the sheep model, peak viraemia was observed at day 4 post-infection and 

this was associated with transient lymphopenia and onset of pyrexia. In addition, 

thrombocytopenia and prolongation of prothrombin time were detected during BTV 

infection, as well as the development of typical BT lesions at clinical end-point between 

6 to 10 days post-infection. Immunohistochemical analysis demonstrated microvascular 
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endotheliotropism of BTV in various organs, such as lung, tongue, lips, pulmonary artery 

and the coronary band; immunolabelling of mononuclear inflammatory cells were 

observed in lymphoid organs. Based on histopathological assessment, the findings of this 

study suggested that the development of vascular injury-related lesions, such as in the 

lung and tongue, could be associated with the recruitment of monocytes into alveolar 

septum and the submucosa of the tongue.  

To further understand the pathogenesis of BT disease in sheep, RNA-Sequencing was 

performed on peripheral blood mononuclear cells (PBMCs) and lungs derived from 

infected sheep collected at various time-points. Transient host responses were detected 

from the PBMCs and were associated with lymphopenia and peak viraemia. Upregulated 

differentially expressed genes in the PBMCs were involved in encoding chemokines and 

antiviral gene products. In the lungs, the host response increased progressively over the 

course of infection, which involved upregulation of genes associated with the monocyte-

macrophage system, antiviral responses and vascular homeostasis. Importantly, 

upregulation of macrophage gene encoding CD163 in lung from BTV-infected sheep was 

confirmed by immunohistochemical analysis whereby the increased CD163+ pulmonary 

intravascular macrophages correlated with the development of pulmonary lesions. 

Similarly, activation of macrophages was associated with the pathological changes in the 

tongue. Based on the mechanistic analysis of BTV infection in sheep, BT disease is 

hypothesised to be a consequence of overt macrophage activation.  
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1.1 History of bluetongue disease 

Bluetongue virus (BTV) is arthropod-borne and is transmitted through the bites of 

hematophagous midges (Culicoides spp.). BTV causes vascular disease in ruminants, 

particularly sheep. It was first described in South Africa during the late nineteenth century 

when the disease first emerged among imported European sheep breeds such as Merino 

sheep (Spreull, 1905). The disease was initially named “epizootic catarrh” and “malarial 

catarrhal fever” as the affected animals often presented with fever and copious nasal 

discharge. The disease was subsequently termed “bluetongue” (BT) or “blaauwtong” in 

Afrikaans in reference to the cyanotic tongue, despite this clinical sign being infrequently 

presented among affected sheep (Hutcheon, 1880, Spreull, 1905). It is thought that BTV 

has been circulating among indigenous ruminants in sub-Saharan Africa for hundreds of 

years in the absence of overt disease, possibly as a result of inherent immunity of the 

native animals (Coetzee et al., 2012). 

As the indigenous ruminants throughout Africa failed to exhibit clinical disease from 

BTV infection, BT disease attracted little attention from the African community prior to 

the introduction of European sheep breeds for wool and mutton industries in the South 

Africa colony (Neitz, 1948, Coetzee et al., 2012). BT disease was initially mistaken for 

another disease caused by an intracorpuscular parasite (Hutcheon, 1880) but this was later 

disproved by Sir Arnold Theiler who demonstrated the ability of a non-contagious 

filterable agent to induce BT disease in sheep (Theiler, 1906). It was also known that 

blood and spleen homogenate harvested from viraemic animals were particularly 

infectious when inoculated into immunological naïve sheep (Spreull, 1905). The 

investigators also noted that protective immunity was conferred onto sheep that recovered 

from BT disease and this led to the production of the Theiler vaccine strain through serial 

passage in sheep (Theiler, 1908). As BT outbreaks occurred seasonally and were 

coincident in areas with high biting insect activity, an arthropod vector was proposed for 

disease transmission (Spreull, 1905). Aedes sp. mosquitoes were initially thought to be 

the vector for BTV transmission, however, du Toit eventually identified Culicoides sp. 
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biting midges as the responsible vector from a series of transmission studies (Bedford et 

al., 1934, Du Toit, 1944, Foster et al., 1963).  

In the early BT studies, the ability to fully characterise BTV was constrained by the lack 

of appropriate in vitro tools to isolate the virus. BTV was first successfully isolated in the 

laboratory using embryonated chicken egg (ECE) (Mason et al., 1940). Even though the 

propagation of BTV in cell culture was developed a decade later (Haig et al., 1956), the 

ECE has remained the gold standard as recommended by the Office International des 

Epizooties (OIE) given its high efficiency to isolate BTV (OIE, 2018). The plurality of 

BTV was recognised in the early days of BT research when the use of Theiler vaccine 

was not always successful in providing immunological protection in sheep (Theiler, 1908, 

Neitz, 1948). Antigenic diversity of BTV as a result of heterologous cross-protection 

between particular BTV strains were recognised through challenging vaccinated sheep 

with homologous or heterologous BTV strains (Neitz, 1948). Further studies using 

serological and immunoprecipitation techniques eventually implicate the external capsid 

virus protein (VP) 2 as the target for antibody-mediated virus neutralisation (Huismans 

and Erasmus, 1981). This finding subsequently led to the identification of up to twenty-

four individual BTV serotypes (Huismans and Erasmus, 1981, Gard et al., 1987a). Further 

advancements in genomic sequencing technology has allowed the further identification 

of novel serotypes such as BTV-25, 26 and 27 (Hofmann et al., 2008b, Maan et al., 2011b, 

Schulz et al., 2016) and other atypical isolates that are yet to be classified (Sun et al., 

2016, Savini et al., 2017). 

BT-like disease was documented outside of South Africa in the 1920s in Cyprus (Sellers, 

1975), however the aetiological agent was not identified until a later disease epidemic 

occurred in 1943 involving BTV-3 (Gambles, 1949). This event prompted the 

introduction of the Theiler vaccine to control the further spread of disease but this was 

unsuccessful (Sellers, 1975). Following the outbreak in the Mediterranean, BT disease 

was also reported in Israel (Komarov and Goldsmit, 1951), the United States of America 

(USA) (Hardy and Price, 1952, McKercher et al., 1953, Hourrigan and Klingsporn, 1975), 
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Spain, and Portugal (Manso-Ribeiro et al., 1957). Under the perception that BT disease 

had newly emerged in various continents, additionally in recognition of its impact on 

livestock industries and trade, the OIE classified BTV as an “A” list disease within the 

single OIE list of notifiable terrestrial and aquatic animal diseases (Coetzee et al., 2012, 

OIE, 2019b). Several disease outbreaks occurred within the Mediterranean between 1998 

and 2001 (Nomikou et al., 2004). Significant outbreaks of BT disease of similar or greater 

scale were then not reported until 2006, when massive outbreaks of BT disease involving 

BTV-1, 4, 6 and 8 occurred in western and northern Europe, primarily in sheep but cattle 

and goats were affected as well (Thiry et al., 2006, Darpel et al., 2007). The introduction 

of other serotypes such as BTV-9, 11, 14 and 16 into Europe occurred in the following 

years (Nomikou et al., 2015) and BTV-8 re-emerged in 2015 (Sailleau et al., 2017). The 

expansion of BT disease into temperate climates as a consequence of regional climate 

change and the redefined distribution ranges of potential Culicoides vector species (Samy 

and Peterson, 2016) has meant that BT remains an important livestock disease, with a 

dynamic epidemiology that will likely continue to evolve in the years ahead.  
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1.2 Virus characteristics 

BTV is a non-enveloped, icosahedral, segmented double-stranded RNA (dsRNA) virus 

classified under the family Reoviridae (ICTV, 2012). The doughnut-like feature of the 

capsomere – or orbs, gave rise to the genus name Orbivirus (Borden et al., 1971). Within 

the genus, 22 virus species have been documented and are recognised as arthropod-borne 

viruses transmitted by vectors including midges, mosquitos, ticks and sand-flies (Table 

1) (Attoui and Mohd Jaafar, 2015, Belaganahalli et al., 2015). Apart from BTV, 

orbiviruses that are of high impact to animal health and international trade, as listed by 

the OIE, include African horse sickness virus (AHSV) and epizootic haemorrhagic 

disease virus (EHDV) (OIE, 2019b). 

Figure 1. Sequential assembly of a BTV particle. The polymerase complex (VP1, VP4, 

VP6) (a) is situated underneath the VP3 decamers (b) at the five-fold axis that is overlaid 

with T=13 icosahedral arrangement of VP7 (c) followed by VP5 (d) and VP2 (e) to form 

a complete virion (Roy, 2017). 

  

a b c d e 
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Table 1. Orbiviruses and their vectors. ICTV-recognised orbiviruses (bold), proposed 

orbiviruses (non-bold), zoonotic potential (red) (Attoui and Mohd Jaafar, 2015, 

Belaganahalli et al., 2015). 

Orbivirus Vector 

Bluetongue virus 

African horse sickness virus 

Epizootic haemorrhagic disease virus 

Equine encephalosis virus 

Eubenangee virus 

Warrego virus 

Wallal virus 

Palyam virus 

Orungo virus 

Mitchell River virus 

Pata virus 

Heramatsu virus 

Tibet orbivirus 

Culicoides spp. 

Peruvian horse sickness virus 

Umatilla virus 

Yunnan orbivirus 

Wangoor virus  

Corriparta virus 

Leri virus 

Japanaut virus 

Orungo virus  

Lebombo virus  

Sathuvachari virus 

Breu Branco virus 

Mobuck virus 

Mosquito 

Chobar George virus 

St. Croix River virus 

Chenuda virus 

Wad Medani virus 

Great Island virus 

Maturecare virus 

Kemerovo virus 

Tick 

Changuinola virus Sandfly 
  



Chapter 1 Literature Review 

 24 

1.2.1 Bluetongue virus genome and structure 

The BTV particle is composed of seven structural proteins, with the major structural 

proteins forming the inner (VP3 and VP7) and outer (VP2 and VP5) virus capsids (Patel 

and Roy, 2014) (Fig. 1). The inner capsid or the core-like particle consists of a spherical 

lattice of VP3 decamer (Hewat et al., 1992a, Kar et al., 2004) that is overlayed with 260 

trimers of VP7 at T=13 icosahedral symmetry (Prasad et al., 1992). Three minor structural 

proteins, VP1, VP4 and VP6, are contained within the core particle attached underneath 

the shallow grooves of VP3 at the five-fold axes (Verwoerd and Huismans, 1972, Van 

Dijk and Huismans, 1988, Loudon and Roy, 1991, Mertens and Diprose, 2004, Nason et 

al., 2004). The VP2 trimers form triskelion structures on the surface of the inner capsid 

with three tips branching from a central domain (Zhang et al., 2010). The globular motifs 

of VP5 are located underneath VP2 and interact closely with the leg projections of VP2, 

forming a non-icosahedral shape (Zhang et al., 2010). The outer capsid proteins VP2 and 

VP5 interact extensively, yet weakly with the inner capsid VP7 to allow necessary 

conformational changes during entry into cells (Nason et al., 2004). 

The BTV genome consists of approximately 19,000 base pairs (bp) (Fukusho et al., 1989) 

and the dsRNA molecules are organised around the transcription complex (VP1, VP4 and 

VP6) (Gouet et al., 1999). Conserved hexanucleotides (5’-GUUAAA and ACUUAC-3’) 

are present among the termini of the dsRNA segments, however, poly(A) tails are absent 

from the 3’ ends of the viral transcripts (Mertens and Sangar, 1985, Boyce et al., 2012). 

Each of the ten individual RNA segments are capable of being transcribed into individual 

messenger RNAs (Verwoerd and Huismans, 1972) that combined, translate into seven 

viral structural proteins (VP) and four non-structural (NS) proteins, with a putative open 

reading frame in Seg-10 that may express a potential fifth NS protein (Mertens et al., 

1984, Ratinier et al., 2011, Stewart et al., 2015). A summary of the proteins encoded by 

the genome segments and the functions are listed in Table 2.  
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Table 2. RNA segments and corresponding viral proteins and functions (Patel and 

Roy, 2014, Stewart et al., 2015). 

Genome 
Segment 

Protein(s) 
Encoded 

Function 

Seg-1 VP1 RNA dependent RNA polymerase 
Seg-2 VP2 Receptor binding and cell entry 
Seg-3 VP3 Sub-core structural protein, localises viral polymerase 

complex 
Seg-4 VP4 Capping enzyme 
Seg-5 NS1 Viral protein translation enhancer 
Seg-6 VP5 Membrane permeabilisation protein 
Seg-7 VP7 Core structural protein, receptor binding for Culicoides cells 
Seg-8 NS2 Concentrator of core components, viral inclusion body  
Seg-9 VP6 

NS4 
Helicase 
Viral fitness to interferon (IFN) response 

Seg-10 NS3/NS3A 
S10-ORF2 

Adaptor protein for virus egress, interfere with type I IFN 
Functional significance unknown 

 

1.2.2 Bluetongue virus replication cycle 

During the virus attachment, the external capsid protein VP2 binds to an unidentified 

mammalian host cell receptor and sialic-acid co-receptor (Hassan and Roy, 1999, Zhang 

et al., 2010). This trigger clathrin-dependent endocytosis and a micropinocytosis-like 

mechanism to facilitate virus entry into the mammalian cell (Forzan et al., 2007, Stevens 

et al., 2019). The zinc finger motif (CCCH) present between the body and hub of VP2 

senses reduction of pH (6.5-6.0) in the early endosome and this results in the detachment 

of VP2 from the outer shell (Wu et al., 2019). The VP5-coated viral particles are then 

trafficked to late endosomes that have a lower pH (5.5). The zinc finger in the anchoring 

domain of VP5 then promotes the binding of VP5 onto the endosomal membrane. 

Subsequent unravelling of VP5 via the two amphipathic helices at the N-terminal leads 

to the fusion and release of the core viral particles into the cytoplasm (Eaton et al., 1990, 

Hassan et al., 2001, Nason et al., 2004, Du et al., 2014, Zhang et al., 2016, Wu et al., 

2019). In contrast to the cellular entry mechanism in a mammalian host, the removal of 

the outer capsid is mediated by the proteolytic action of Culicoides saliva during vector 
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infection (Mertens et al., 1996, Darpel et al., 2011). The exposed core particle then binds 

to midge cells through the arginine-glycine-aspartate (RGD) tripeptide motifs present on 

the upper domain of VP7 (Tan et al., 2001).  

Within the virus core particles, the viral dsRNA interacts closely with the capsid protein 

VP3 to prevent the release of dsRNA into the cellular cytosol that could otherwise trigger 

the host defence system (Diprose et al., 2002). The transcription complex is situated 

beneath the VP3 lattice (Roy, 2017). In the presence of nucleoside triphosphates and 

magnesium, the transcriptional machinery becomes active where VP6 helicase protein 

unwinds the dsRNA from the 3’ direction (Stauber et al., 1997). During viral entry, the 

energy released from the global movements of the inner capsid shell and conformational 

changes to the inner capsid VP3, leads to the priming of the RNA-dependent RNA 

polymerase (RdRp) VP1 for transcription (He et al., 2019). Positive single strand mRNA 

(ssRNA) is synthesised by RdRp VP1 by selectively targeting viral RNA that consists of 

the 5’ cap structure and 3’ dinucleotides (Urakawa et al., 1989, Grimes et al., 1998, Boyce 

et al., 2004, Matsuo and Roy, 2011). The viral mRNA is subsequently capped by VP4 to 

produce cap1 structure (7mGpppGm) and is methylated within the core particles 

(Martinez-Costas et al., 1998, Ramadevi et al., 1998, Matsuo and Roy, 2011)., The 

exposed aqueous channels at the threefold axes of the VP3 lattice, as a consequence of 

outward movement of VP3 and VP7, permits the subsequent extrusion of viral mRNA 

into the cytosol (Verwoerd and Huismans, 1972, Prasad et al., 1992, Gouet et al., 1999).  

Viral proteins are synthesised within infected cells as early as two hours post-infection. 

Among the non-structural proteins, the NS1 and NS2 are the largest fractions of viral 

peptides that are produced, forming viral-specific tubules and viral inclusion bodies 

(VIB), respectively (Huismans, 1979, Van Dijk and Huismans, 1988, Eaton et al., 1990). 

The presence of cysteine residues at positions 337 and 340 of NS1 monomers 

(Monastyrskaya et al., 1994), in addition to the connection at the C-terminal arm, 

contributes to the formation of NS1 tubules that measures approximately 500-580 Å 

(Kerviel et al., 2019). In the infected cell, the viral tubules may be associated with 
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intermediate filaments (Hewat et al., 1992b) and are thought to be involved in virus 

trafficking and cell lysis (Owens et al., 2004). Using a mammalian cell line that expressed 

a NS1-specific recombinant antibody, intracellular inhibition of NS1 formation resulted 

in budding of virus particles, similar to the virus replication cycle in Culicoides cells 

(Owens et al., 2004). Even though NS1 is dispensable for virus replication, the presence 

of NS1 enhances virus translation by recognising the untranslated region of BTV mRNA 

and discriminating 3’ poly(A) tail mRNA from host mRNA, likely through the zinc-

finger-like motifs within motif 2 of NS1 (Boyce et al., 2012, Matsuo and Roy, 2013, 

Kerviel et al., 2019). 

During virus replication, VIB are formed through the phosphorylation of the NS2 

monomers (Modrof et al., 2005). This forms the site for the synthesis and assembly of 

core virus particle components (Brookes et al., 1993, Kar et al., 2007). In addition, NS2 

also binds preferentially to BTV RNA transcripts, protects virus transcripts from 

ribonuclease cleavage, and hydrolyses nucleoside triphosphate to regulate genome 

trafficking and packaging (Lymperopoulos et al., 2003, Mumtsidu et al., 2007). In the 

process of virus core particle formation, the C-terminal region of VP6 interacts directly 

with VP3 to facilitate its recruitment to the VIB and the proteins VP1, VP3, VP4 and VP6 

then recruit ssRNA (Lourenco and Roy, 2011, Matsuo et al., 2018). Following that, VP1 

then contributes to the synthesis of progeny dsRNA genome (Matsuo and Roy, 2011). 

The decameric VP3 forms the subcore particle while the transcription complex VP1, VP4 

and VP6 are packaged directly underneath the core (Kar et al., 2004). Subsequently, 13 

copies of VP7 coat the VP3 subcore particles to form the icosahedral outer core layer to 

complete the core structure (Grimes et al., 1995, Grimes et al., 1998, Lourenco and Roy, 

2011). The assembled virus core particles are then released upon dephosphorylation of 

NS2 (Kar et al., 2007). The addition of the outer capsid occurs during the exocytic 

pathway where VP2 is associated with vimentin, whereas VP5 is associated with lipid 

raft domains (Bhattacharya et al., 2007, Kar et al., 2007, Bhattacharya and Roy, 2008).  
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Depending on the host cell type, the temporal events of BTV infection, and the production 

ratio of NS1 and NS3, progeny virus can be released from the cell through budding, such 

as in an insect cell, or cellular lysis which predominantly occurs in the mammalian cell 

(Hyatt et al., 1989, Hyatt et al., 1991, Hyatt et al., 1993, Owens et al., 2004, Bhattacharya 

and Roy, 2008). The NS3 and its truncated form NS3a are transmembrane viral proteins 

localised at the plasma membrane and Golgi apparatus (Bansal et al., 1998, Van Dijk and 

Huismans, 1988, Han and Harty, 2004). Even though NS3/NS3a are not essential for virus 

replication in vitro, the absence of this protein can affect the egress of progeny virus, 

especially in insect cells (van Gennip et al., 2014). In order to facilitate BTV egress by 

budding, NS3/3a serves as a bridge to enable interaction with the host protein annexin II 

complex via calpactin light chain p11 at the N-terminal, whilst VP2 interacts at the 

conserved region at the C-terminal of NS3 (Beaton et al., 2002, Celma and Roy, 2009) 

and the endosomal sorting complexes required for transport-I (ESCRT-I) protein Tsg101 

(Wirblich et al., 2006). Apart from a role in virus egress, the glycoprotein NS3 has also 

been shown to have viroporin-like properties that can contribute to cytotoxicity in vitro 

(Han and Harty, 2004) and the ability to interfere with the induction of type I IFN 

(Chauveau et al., 2013).  

The nucleolar non-structural protein NS4 encoded by RNA segment-9 (Seg-9) within the 

open reading frame of VP6 has also been identified as playing a role in BTV replication 

in mammalian and Culicoides cells (Ratinier et al., 2011). NS4 can disrupt mammalian 

cellular IFN response by downregulating IFN-b and interferon stimulating genes (ISG) 

(Ratinier et al., 2016). Initially thought to be mono-cistronic, an additional putative 

nucleolar protein (putative NS5) was identified within the second open reading frame of 

Seg-10 (Seg-10-ORF2) (Stewart et al., 2015). Currently the function of Seg-10-ORF2 

remains unclear. 

1.3 Epidemiology 

The diversity of BTV first demonstrated by Neitz (1948), with subsequent studies by 

South African, USA and Australian researchers, led to the eventual characterisation of 
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the 24 serotypes (Howell et al., 1960, Barber, 1979, St George, 1985). It was not until the 

21st century, with the advantage of genomic sequencing technology, that additional 

serotypes 25, 26 and 27 were characterised (Hofmann et al., 2008b, Maan et al., 2011b, 

Schulz et al., 2016). The genomic characteristics and evolutionary history of BTV has 

allowed the delineation of unique geographical “origins” of BTV into western and eastern 

topotypes. Eastern topotype BTV includes viruses found in Australia, Indonesia, Papua 

New Guinea, India, Malaysia, Taiwan, Japan and China. Western topotype BTV are 

predominantly present in Europe, Africa, the middle East, North and South America, and 

the Caribbean (Maan et al., 2008, Nomikou et al., 2015, Wilson et al., 2015b, White et 

al., 2019). In terms of distribution of BTV globally, it was previously assumed to be 

limited to regions between the latitudes 40˚N and 35˚S but this has since changed after 

the incursion of BTV-8 into northern Europe in 2006 (Wilson and Mellor, 2009). 

1.3.1 Africa and the Mediterranean 

The most well studied endemic BT country in Africa is the Republic of South Africa. 

Twenty-two serotypes have been reported from South Africa, of which the commonly 

isolated serotypes are 1-6, 8, 11 and 24 (Coetzee et al., 2012). Transmission is primarily 

by C. imicola and C. bolitinos (Venter et al., 1996). Clinical disease is often detected 

among European wool and mutton sheep breeds that are commercially farmed in South 

Africa (Coetzee et al., 2012). Most indigenous African sheep breeds do not show clinical 

BT disease and therefore BTV is not considered to be of major concern in many sheep 

rearing rural communities in the country (Barnard, 1997). In the African continent, BTV 

is endemic throughout sub-Saharan and north African countries, including Kenya, 

Ethiopia, Zimbabwe, Nigeria, Cameroon, Libya, Morocco, Algeria, Tunisia, Sudan and 

Egypt, and the prevalent vector is C. imicola (Herniman et al., 1983, Ekue et al., 1985, 

Baylis et al., 1997, Touil et al., 2012, Toye et al., 2013, Adam et al., 2014, Lorusso et al., 

2014, Slama et al., 2015, Gordon et al., 2017, Mahmoud et al., 2017, Abera et al., 2018, 

Mahmoud et al., 2019).  
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The historically significant BTV disease outbreak among sheep flocks north of Africa 

occurred in Cyprus during 1943 due to BTV-3 (Gambles, 1949). A decade later, BTV-10 

appeared in Spain and Portugal, causing mortality of approximately 180,000 sheep 

(Manso-Ribeiro et al., 1957). In the late 1970s, BTV-4 caused disease among local sheep 

flocks on the Greek islands of Lesbos and Rhodes and Cyprus (Polydorou, 1978, 

Mastroyanni et al., 1981, Nomikou et al., 2004). Between 1998 to 2005, BTV became 

more prevalent in the Mediterranean basin with multiple incursions of BTV serotypes 1, 

2, 4, 9 and 16 via Morocco-Spain, Tunisia-Sicily and Turkey-Greece/Bulgaria routes 

(Wilson and Mellor, 2008). The introductions of BTV-1, 9 and 16 were attributable to the 

movements of ruminants along the “Eurasian ruminant street” that extends from South 

Asia to the Mediterranean basin (Slingenbergh et al., 2004). Molecular analysis of Seg-3 

genes also supported the notion that BTV-1, 4, 9 and 16 entered Greece and Bulgaria 

from the east, most likely Turkey (Bréard et al., 2007, Nomikou et al., 2009). Different 

from the strain detected in Greece, another strain of BTV-4 emerged in the Iberian 

Peninsula in 2004 and was believed to be introduced from Morocco. Additionally, BTV-

2 was reported in Portugal with high molecular identity to a BTV-2 vaccine strain from 

South Africa (Barros et al., 2007, de Diego et al., 2014). A Tunisian-origin BTV-2 was 

later detected on the island of Sardinia, on the Spanish islands of Majorca and Minorca 

and the French island of Corsica (Zientara et al., 2002).  

At the same time, expansion of the geographical range of Culicoides imicola into Europe 

was also reported to precipitate these outbreaks (Miranda et al., 2003, Sarto i Monteys et 

al., 2005). The BTV-4 outbreaks in Spain during 2004 were limited to areas where C. 

imicola were present (Calvete et al., 2009). High genetic identity between C. imicola 

collected from southern France and in Corsica, Sardinia and Algeria, in addition to 

atmospheric dispersion modelling indicated wind-borne incursion of the vector species 

(Jacquet et al., 2016). Similarly on the Iberian peninsula and Balearic islands, an incursion 

of BTV-2 was suspected to be due to wind-borne Culicoides midges via Tunisia in the 

east or Morocco in the west, as genetically similar viruses were first reported in these 

north African nations (Alba et al., 2004, Hammami, 2004, de Diego et al., 2014). This 
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was also supported by entomological and virological findings that BTV serotypes that 

emerged in Mediterranean Europe and the Iberian peninsula had genetic profiles identical 

to those of northern African origin (Miranda et al., 2003, Calistri et al., 2004, Barros et 

al., 2007, Lorusso et al., 2014). However, the absence of C. imicola during the BT 

outbreak in Italy confounded the accepted understanding of the disease epidemiology 

(Caracappa et al., 2003). This was resolved when BTV was isolated in Palearctic species 

of Culicoides that included the obsoletus complex (Savini et al., 2005) and pulicaris 

(Caracappa et al., 2003). These Palearctic Culicoides species were subsequently shown 

to be competent for BTV transmission (Foxi et al., 2016).  

1.3.2 Europe 

The epizootic outbreak of BTV-8 in continental Europe was first reported in Maastricht, 

the Netherlands in 2006 where the diagnosis was delayed due to unfamiliarity with BT 

disease (Elbers et al., 2008b). This was followed by reports from Belgium, Germany, 

France and Luxemburg in the subsequent months (Thiry et al., 2006, Elbers et al., 2008b). 

The number of cases reported dwindled over the winter months between 2006-2007 

(Wilson et al., 2008) but increased during the warmer months of 2007. This led to a 

significant BT disease expansion into Denmark, Switzerland, Spain, Czech Republic, 

United Kingdom, Italy and Portugal. In the following years, BTV spread further into 

Austria, Greece, Sweden, Hungary, Ireland, and as far as Norway (53˚N) (Sviland and 

Kjeang, 2011). Under strong vaccination campaigns, BTV-8 was effectively controlled 

by 2010 (Courtejoie et al., 2018). During this epidemic, other serotypes were reported in 

Europe, such as BTV-1 in northern Spain, (Garcia-Lastra et al., 2012), BTV-6 in the 

Netherlands and Germany (Eschbaumer et al., 2010, Maan et al., 2010), BTV-14 in 

Poland and eastern Europe (Orlowska et al., 2016), BTV-4 in Corsica (Sailleau et al., 

2018) and BTV-3 in the Mediterranean Basin, (Lorusso et al., 2018). After several years 

of inactivity of BTV in continental Europe attributed to strict biosecurity measures and 

vaccination programs, BTV-8 re-emerged in central France in 2015. The 2015 BTV-8 

isolate had high nucleotide identity to the earlier BTV-8 isolates but was reported to affect 



Chapter 1 Literature Review 

 32 

only a small population of ruminants (Bréard et al., 2016, Courtejoie et al., 2018). Lower 

levels of viraemia were observed in sheep experimentally infected with the 2015 isolates 

(Flannery et al., 2019).  

Despite the use of inactivated vaccines during the 2006 BTV-8 outbreak (Hilke et al., 

2019), modified live vaccines (MLV) previously used in southern Europe in the early 

2000s by legal or illegal means (Nomikou et al., 2015) have presented some problems for 

BT epidemiology in Europe, such as genomic re-assortment with the prevailing field 

strains (Batten et al., 2008, Nomikou et al., 2015, Orlowska et al., 2016). In addition, it 

was thought that the epizootic BTV-8 adapted to native ruminant species and vectors, 

which suggested that wildlife in Europe have played a role in maintaining low level BTV-

8 circulation in Europe (Caporale et al., 2014, Sailleau et al., 2017). Despite extensive 

epidemiological studies undertaken to interrogate the initial incursion of BTV into 

northern Europe, the exact pathway has remained inconclusive. Potential explanations 

included movement of viraemic animals from endemic areas, or the air-borne dispersal 

of infected BTV competent midges (Carpenter et al., 2009). The re-emergence of BTV-8 

in France in 2015 and the emergence of BTV-4 in 2017, in addition to the high cost for 

mass vaccination campaigns from previous outbreaks, has led to the change of BTV-free 

to enzootic status in France (Kundlacz et al., 2019a).  

1.3.3 The Americas 

Serological evidence suggests BTV is endemic in most countries in South America 

(Portela Lobato et al., 2015) and the predominant midge species is Culicoides insignis 

(Carvalho and Silva, 2014). In recent years, BTV-1, 4, 12 and 17 have been reported to 

cause disease and significant mortality in sheep in Brazil (Clavijo et al., 2002, Balaro et 

al., 2014, Guimaraes et al., 2017). The impact on livestock health has prompted further 

serological surveillance in Brazil, which revealed neutralising antibodies against a 

diversity of BTV serotypes 1 to 4, 9, 12, 17, 19, 21, 22 and 26 (da Silva et al., 2018). 

Ecuador has reported the presence of BTV-9, 13 and 18 among cattle (Verdezoto et al., 
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2018) whereas BTV-1, 2, 6, 10, 12, 13, 17 and 24 were isolated in cattle from French 

Guiana (Viarouge et al., 2014). 

In the 1980s, the Regional Bluetongue team and the Inter-American Bluetongue team 

performed serological surveillance in the Central America and Caribbean regions. There 

was evidence of BTV circulation in Mexico, Guatemala, El Salvador, Honduras, Costa 

Rica, Nicaragua, Panama, Trinidad and Tobago, Barbados, Puerto Rico, Jamaica, French 

Martinique Island, French Guadeloupe island and Dominican Republic (Gibbs et al., 

1992, Greiner et al., 1993, Mo et al., 1994, Martinez et al., 1999, Legisa et al., 2014). As 

indicated by serological evidence, the serotypes circulating in this region included BTV-

1, 3, 4, 6, 8, 11, 12, 14 and 17 (Legisa et al., 2014). Recent molecular serotyping of BTV 

isolated from cattle in Trinidad revealed additional serotypes 2 and 5 (Brown-Joseph et 

al., 2017). BTV has been isolated from vector species C. insignis, C. pusillus and C. 

fillarifer (Mo et al., 1994) and sentinel cattle are often seropositive when C. insignis are 

abundant in the environment (Greiner et al., 1993).  

Given the geographical proximity of Central America and the Caribbean with North and 

South America, BTV strains in this region are also often present on both continents. The 

BTV-2, 10 and 17 isolates from French Martinique shared similar Seg-10 nucleotide 

sequences with North American isolates (MacLachlan et al., 2007), whereas an 

Argentinian BTV-4 showed close phylogenetic relationship with the western topotype 

viruses isolated in North and Central America and the Caribbean, based on Seg-3 analysis 

(Legisa et al., 2013). Despite the lack of significant geographical barriers and movement 

of ruminants between regions, the predominant BTV serotypes present in North and 

South America exhibit similar evolutionary relationships and are thought to exist as stable 

and unique episystems (MacLachlan et al., 2007). 

In North America, the first epizootic BT outbreak in sheep occurred in the early 50’s in 

Texas (Hardy and Price, 1952). This was quickly followed by reports of outbreaks in 

California involved BTV-10 (Hardy and Price, 1952, McKercher et al., 1953). BTV-11, 

13 and 17 were also subsequently identified (Barber, 1979). Within USA, BTV exists as 
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two distinct episystems where BTV-10, 11, 13 and 17 are endemic in the western states, 

and serotypes 1-6, 9-14, 17, 19, 22 and 24 are only present in the southern and eastern 

states (Barber, 1979, Gibbs et al., 1983, Maclachlan, 2010). Apart from cattle and sheep, 

BT disease is an important disease of white tailed deer (WTD; Odocoileus virginianus) 

and pronghorn antelope (Antilocapra americana) in the USA (Drolet et al., 2013). BTV 

is currently considered to be endemic in USA with seasonal epizootic outbreaks occurring 

(Mayo et al., 2016) and active surveillance for BTV is not in place (Schirtzinger et al., 

2018). Novel strains of BTV are infrequently identified from south-eastern parts of USA 

as a consequence of genomic reassortment between endemic BTV strains and those 

derived from Central American, Caribbean and South African prototype strains 

(Schirtzinger et al., 2018). Hence, south-eastern USA appears to be a common point of 

entry for novel BTV serotypes (Schirtzinger et al., 2018). Several means of introduction 

of exotic BTV into the USA were also proposed, such as through importation of animals 

or long-distance wind dispersal of infected Culicoides sp. from northern Cuba (Groocock 

and Campbell, 1982, Durr et al., 2017).  

The predominant and competent midge species for BTV in North America is Culicoides 

sonorensis (Tabachnick, 1996). This species of midge has also been detected as far north 

as the Western province of British Columbia and Ontario, Canada (Downes, 1978, 

Jewiss-Gaines et al., 2017). The presence of two BTV episystems in the USA are also co-

incident with the two different endemic Culicoides species. Culicoides insignis is more 

abundant than C. sonorensis and is present throughout the tropical regions of the Florida 

peninsular. A recent entomological survey has also demonstrated the north-west 

expansion of C. insignis, likely due to changes in climatic conditions (Vigil et al., 2018).  

1.3.4 Asia 

BTV has been reported in western Asia including Israel, Iran and Saudi Arabia (Yadin et 

al., 2008, Brenner et al., 2010, Kedmi et al., 2011, Yousef et al., 2012, Mozaffari et al., 

2014) and Kazakhstan in central Asia (Lundervold et al., 2003). In the Indian 

subcontinent, BTV was initially reported in the mid-20th century from Pakistan and India 
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(Sarwar, 1962, Sapre, 1964). Currently, BTV-1 to 5, 9, 16, 21, 23 and 24 are circulating 

in India and are of eastern topotype (Maan et al., 2015b, Krishnajyothi et al., 2016, 

Hemadri et al., 2017, Reddy et al., 2018). However, there is occasional reports of western 

topotype BTV such as BTV-2 and 10 which share high nucleotide identity to the South 

African vaccine strain and USA field strains, respectively. Thus, it is likely that those 

western topotype BTV were introduced through the movement of animals or illegitimate 

importation of South African or American vaccines (Maan et al., 2015b). Using Bayesian 

spatial modelling, BT disease outbreaks in southern India have been associated with the 

presence of high buffalo densities and exotic and cross-bred sheep (Chanda et al., 2019).  

In southeast Asia (SEA), BT disease was reported in Malaysia in 1977 and Indonesia in 

1981 as a result of disease developing among imported Australian sheep (Daniels et al., 

1995). The serotypes detected in Indonesia include BTV-1, 7, 9, 12, 16, 21 and 23 

(Daniels et al., 1995, Firth et al., 2017), whereas BTV-1 to 3, 9, 16 and 23 were reported 

from Malaysia (Sharifah et al., 1995). There is limited knowledge on BTV prevalence in 

other SEA countries, but a recent study indicated high seroprevalence of BTV among 

cattle and buffalo in Lao People’s Democratic Republic (Douangngeun et al., 2016).  

In the People’s Republic of China, severe BT disease first reported in 1979 in Yunnan 

province (Zhu et al., 2013). Subsequently, BTV was detected in other provinces such as 

Hubei, Anhui, Sichuan, Shanxi, Inner Mongolia, Xinjiang and Jilin (Zhang et al., 2014, 

Lv et al., 2015, Sun et al., 2016, Liu et al., 2018a, Ma et al., 2019). Recent studies showed 

a high prevalence and diversity of serotypes such as BTV-1 to 4, 9, 11, 12, 15, 16, 21, 23 

in Yunnan and Guangxi provinces that are adjacent to other SEA countries (Kirkland et 

al., 2002, Qin et al., 2018). Novel isolates of serotypes BTV-5, 7 and 24 that contained 

gene segments with high identity to African reference strains have also been reported 

(Yang et al., 2017). BTV-competent species of Culicoides midges in China have not yet 

been fully described. In southern China, the most abundant midge species include C. 

actoni, C. wadai, C. oxystoma, C. arakawae and C. punctatus (Yu et al., 2005, Liu et al., 
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2018b), whereas C. punctatus, C. circumscriptus and C. mongolensis are the predominant 

midge species in Inner Mongolia (Gao et al., 2017).  

Across the Taiwan strait, BTV-2 and 12 that carried Asian / Australasian lineage 

segments were reported from asymptomatic goats and cattle in Taiwan (Ting et al., 2005, 

Lee et al., 2010, Lee et al., 2011). In Japan, BT disease was recognised in the 1960s (Inaba 

et al., 1966) and subsequently BTV-1-3, 9, 12, 16, 20 and 21 have been isolated (Miura 

et al., 1982, Goto et al., 2004, Shirafuji et al., 2012). Southern prefectures of Japan are 

recognised to be endemic regions (Miura et al., 1982) where BTV has been isolated from 

C. tainanus, C. jacobsoni and C. punctatus (Kato et al., 2016). In the Republic of Korea, 

entomological surveys revealed abundance of potential BTV competent midges such as 

C. punctatus and C. arakawae (Kim et al., 2012). The current circulating serotypes in 

Korea include BTV-1, 3, 2, 4, 7 and 15 (Seo et al., 2015, Kim et al., 2018a, Hwang et al., 

2019). 

1.3.5 Australia 

In the last three decades, 13 serotypes of BTV have been identified in Australia: BTV-1 

to 5, 7, 9, 12, 15, 16, 20, 21 and 23 (St George et al., 1978, St George et al., 1980, Gard 

et al., 1985, Gard et al., 1987b, Ross et al., 2008, AHA, 2015, White et al., 2019). The 

distribution of BTV is limited by the habitat of the most widely distributed BTV 

competent vector C. brevitarsis. This midge species is present across northern Australia 

and along the eastern coast reaching the southern coastal plain of New South Wales 

(Bishop et al., 1995). The Australian Government initiated the National Arbovirus 

Monitoring Program (NAMP) that provides support for active surveillance and 

monitoring through sentinel cattle herds strategically positioned across mainland 

Australia. In the far north, a diverse range of serotypes have been isolated, such as BTV-

1 to 5, 7, 9, 15, 16, 20 and 23, however BTV serotypes found on the eastern coast are 

limited to BTV-1, 2, 15 and 21 (Firth et al., 2017). This highlights the existence of distinct 

northern and eastern episystems, presumably due to geographical barriers which limit the 

genetic diversity of the eastern episystem (Firth et al., 2017). Even though there is no 
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significant genetic differentiation between the C. brevitarsis of the northern and eastern 

episystems (Onyango et al., 2016), the role of midges affecting the virus diversity 

between episystems cannot be completely disregarded.  

Culicoides brevitarsis and C. wadai are the most widespread BTV-competent vector 

species in Australia (Muller, 1985, Standfast et al., 1985). However, C. brevitarisis is the 

predominant midge species and its geographical distribution mirrors the presence of cattle 

herds due to the preference of using cattle dung as breeding sites (St George and Muller, 

1984, Bishop et al., 2000, Bishop et al., 2015). Disease epidemics similar to Europe or 

North America have never been reported in Australia, with only two isolated instances of 

BT disease occurring in the Northern Territory – BTV-23 in 1989 in a sentinel sheep and 

BTV-16 in 2001 among 3 pet sheep (St. George, 1995, OIE, 2019a). The geographic 

separation of BTV-competent midges from sheep grazing areas has largely maintained 

the BT disease-free status of commercial sheep flocks in Australia (Bishop et al., 2015). 

The other less abundant Culicoides species that can act as BTV vector include C. wadai, 

C. actoni and C. fulvus. These species of Culicoides have a more restricted distribution 

and are commonly found in higher rainfall regions of northern Australia (Standfast et al., 

1985). Incursions of novel BTV serotypes into Australia are thought to occur via wind-

borne dispersal of BTV infected midges from Timor-Leste, Lombok and possibly Papua 

New Guinea (McColl et al., 1994, Eagles et al., 2014, Tay et al., 2016). The detection of 

incursions by exotic midges is also supported by the heterogenous nature of the 

mitochrondrial DNA of C. brevitarsis (Tay et al., 2016), in addition to the genomic 

relatedness of several Australian BTV isolates to the northern episystem SEA and 

Melanesian lineages (Pritchard et al., 2004, Boyle et al., 2012, Firth et al., 2017). 

1.3.6 Novel (atypical) serotypes 

The emergence of BTV in western and northern Europe prompted other countries to 

conduct surveillance activities. In early 2008, Toggenburg virus (TOV), later designated 

as a new BTV serotype BTV-25, was detected in goats in Switzerland, and was associated 

with stillborn and weak kids. Subsequent in vivo studies demonstrated that TOV was able 
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to infect and cause mild disease in sheep but not in goats (Hofmann et al., 2008b, Chaignat 

et al., 2009). The propagation of TOV through Culicoides sonorensis (KC) cell lines or 

intracerebral inoculation of newborn mice was unsuccessful (Planzer et al., 2011). Using 

reverse genetics, a recombinant virus expressing both outer capsids VP2 and VP5 of TOV 

in a BTV-1 genome backbone could be propagated in vitro and was able to infect both 

sheep and goats with low levels of replication (van Rijn et al., 2016). Goats naturally 

infected with TOV can remain viraemic for up to 25 months, during which time blood 

can be infectious to other goats (Vogtlin et al., 2013). A further survey performed in 

Switzerland between 2009-2011 did not identify new cases of TOV (Casaubon et al., 

2013). Several years later, a TOV related strain of BTV, with up to 80% amino acid 

sequence identity for VP2, BTV-Z ITA2017 was identified in Italy (Marcacci et al., 2018). 

In addition, China reported a Xinjiang isolate XJ1407 that has amino acid identity of up 

to 90% to TOV and BTV-27 but the isolate could not be neutralised by pre-existing BTV-

1 to BTV-24 antisera, nor could it be typed by serotype-specific primers (Sun et al., 2016). 

No further characterisation has been reported. 

In 2010, KUW2010/02 was isolated from BTV seropositive and clinically ill sheep and 

goats in Kuwait. This isolate could not be neutralised by the available 25 serotypes 

reference antisera and was thus designated BTV-26 (Maan et al., 2011a). Molecular 

analysis revealed high amino acid identity of BTV-26 VP7 with BTV-25 (Maan et al., 

2011b). Experimental infection of sheep with BTV-26 resulted in mild BT disease (Batten 

et al., 2012). Other studies also demonstrated the ability of BTV-26 to be transmitted via 

contact between goats (Batten et al., 2013, Batten et al., 2014). The ability of BTV-26 to 

replicate in the BSR variant baby hamster kidney cells (BHK-BSR) but not in the KC cell 

line was shown to be associated with viral proteins VP1, -2, -3 and -7, and the efficiency 

of contact transmission (Pullinger et al., 2016). The third additional member of the BTV 

serogroup, BTV-27, was isolated from an asymptomatic goat in Corsica, France, in 2014 

(Schulz et al., 2016). BTV-27 possessed high nucleotide and amino acid sequence identity 

with BTV-25 and BTV-26 (Schulz et al., 2016). In experimental conditions, BTV-27 was 

able to replicate in goats but not sheep or cattle (Bréard et al., 2018). In addition, there 



Chapter 1 Literature Review 

 39 

was evidence of contact transmission among goats in that study (Bréard et al., 2018). 

Recently, another novel BTV was detected from healthy goats in Sardinia. The Seg-2 of 

this isolate showed high nucleotide identity with the BTV-27 Corsica and Xinjiang 

isolates (Savini et al., 2017). In addition, a putative BTV-28 which shared nucleotide 

identity with BTV-26 and XJ1407, was isolated from a capripox vaccine contaminated 

with a BTV strain in Israel (Bumbarov et al., 2019). However, further investigations have 

not been reported for these BTV. 

1.4 Vertebrate host range 

1.4.1 Sheep (Ovine) 

Field observations and experimental studies have demonstrated the susceptibility of the 

improved European sheep breeds to develop BT disease in contrast to the indigenous 

African sheep breeds (Spreull, 1905, Maclachlan et al., 2009). Despite the inherent 

resistance to BTV infection, clinical outbreaks have been reported in native sheep in 

Sudan and Iraq (Sellers, 1984). Among the improved European sheep breeds, Poll Dorset 

is highly susceptible to infection and is often used in pathogenicity studies (Hamblin et 

al., 1998, Darpel et al., 2007). Some earlier observations also noted the susceptibility of 

Merino sheep to BTV, however they were more resistant than Poll Dorset (Spreull, 1905, 

Neitz, 1948). Contrary to historical evidence, recent experimental studies did not find 

differences in disease outcome among Italian Sardinian, Italian mixed breed, indigenous 

Swiss sheep and Poll Dorset infected with the European BTV-1 and BTV-8 (Worwa et 

al., 2010, Caporale et al., 2014).  

Apart from breed predisposition, age of the sheep could influence the clinical outcome of 

BTV infection. Young lambs were thought to be more susceptible than adults (Spreull, 

1905) but a comparative study between 8-month old and 2-year old Poll Dorset sheep 

with a pathogenic BTV-8 did not find significant difference in clinical outcome (Caporale 

et al., 2014). Other factors that could affect the severity of BT disease in sheep include 

pathogenicity of the virus, previous history of BTV infection and environmental stressors 

(Eisa et al., 1980, Jeggo et al., 1983, Jeggo et al., 1986, Sailleau et al., 2017). Besides 
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domesticated sheep, wild sheep are also susceptible to BTV infection and can develop 

symptomatic disease. This includes Rocky Mountain bighorn sheep (Ovis canadensis 

canadensis) and Texas desert bighorn sheep (Ovis canadensis mexicana) in the USA, and 

mouflons (Ovis orientalis) in Europe (Robinson et al., 1967, Noon et al., 2002, 

Fernandez-Pacheco et al., 2008). Vaccination trials using the embryonated egg-adapted 

vaccine have been attempted to assist with the conservation of Texas bighorn sheep 

(Robinson et al., 1967, Robinson et al., 1974).  

1.4.2 Cattle (Bovine) 

Domestic cattle mostly experience a subclinical BTV infection (Komarov and Goldsmit, 

1951, Hardy and Price, 1952). Overt clinical disease in cattle was infrequently reported 

prior to the incursion of BTV-8 in northern Europe (Darpel et al., 2007, Elbers et al., 

2008a) and recently in Israel (Brenner et al., 2011, Golender et al., 2019). Various cattle 

breeds, including Holstein-Friesian, Friesland, Afrikander, Hereford and Shorthorn are 

thought to be susceptible to BTV (Hourrigan and Klingsporn, 1975, Brenner et al., 2011). 

In addition to domestic cattle, buffalo (Bubalus bubalis) present in the sub-Indian 

continent are asymptomatic to BTV infection and may serve as a potential reservoir host 

(Chanda et al., 2019).  

An earlier study suggested the occasional development of clinical disease in cattle was 

due to IgE-mediated hypersensitivity reaction (Anderson et al., 1987). However, the 

ability of cattle to be BT resistant could be attributed to the effectiveness of their IFN 

response (MacLachlan and Thompson, 1985) and more regulated coagulation processes 

(DeMaula et al., 2002a). Given the subclinical infection of BTV among cattle, they are 

considered to be an important reservoir and amplifying host in BTV epidemiology, and 

thus an ideal sentinel species for BTV surveillance (Barratt-Boyes and MacLachlan, 

1995). Probabilistic modelling based on experimental and natural infection data sets 

indicated that adult cattle can be viraemic for up to 9 weeks post-infection (Singer et al., 

2001). In contrast, infectious BTV can only be isolated in sheep for up to 2 weeks post-

infection (Bonneau et al., 2002). 
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1.4.3 Goats (Caprine) 

Goats are less susceptible to BT infection compared to sheep, but the disease outcome is 

highly variable (Erasmus, 1975). Mild BT disease was previously reported in several 

outbreaks in Israel, India and Kenya (Komarov and Goldsmit, 1951, Sapre, 1964, Davies 

and Walker, 1974). During the European BTV-8 outbreak, significant morbidity and 

mortality among goats were reported from Italy (Allepuz et al., 2010), Spain (Calistri et 

al., 2004), and Germany (Conraths et al., 2009). Experimental in vivo pathogenicity 

studies have been attempted to reproduce the observations from the European outbreak, 

however, the results were equivocal and could be difficult to compare as the experimental 

conditions were different (Backx et al., 2007, Caporale et al., 2014, Schulz et al., 2018). 

In addition, goats have been speculated to potentially play a role in the epidemiology of 

the atypical BTV-25, 26 and 27 isolates (Batten et al., 2014, van Rijn et al., 2016, Bréard 

et al., 2018). Goats experimentally infected with BTV-26 and -27 were able to transmit 

BTV to other in-contact goats asymptomatically (Batten et al., 2014, Bréard et al., 2018). 

Wild goats such as the Spanish ibex (Capra pyrenaica) in Spain could also be infected 

with BTV and it was proposed as a potential reservoir host (Lorca-Oro et al., 2014). 

Nevertheless, the understanding of BTV pathogenesis in domesticated goats is limited. A 

comparative transcriptomic analysis of peripheral blood mononuclear cells (PBMCs) 

from goats and sheep suggested that a stronger host immune response in goat cells could 

limit BTV infection (Singh et al., 2017).  

1.4.4 Camel (Camelidae)  

Old and New world camelid species are susceptible to BTV infection, but infection is 

mostly subclinical (Abu Elzein, 1984, Rivera et al., 1987). However, numerous clinical 

cases have been reported from alpaca and llama during the epizootic BTV outbreak in 

France and from endemic regions of California and South Africa (Henrich et al., 2007, 

Meyer et al., 2009, Ortega et al., 2010, Gers et al., 2016). In France, clinical signs reported 

included abortion and pulmonary oedema in BTV-1 infected llama (Meyer et al., 2009). 

Similarly, pulmonary pathology was reported from a fatal case in alpaca in northern 
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California (Ortega et al., 2010). Nonetheless, such cases are rare. Generally, BTV 

infection in camelids was thought to be inefficient as low levels of viraemia and rapid 

clearance of virus from the bloodstream were previously demonstrated from Old and New 

world camelid (Batten et al., 2011, Schulz et al., 2015). In northern Africa, high levels of 

seroprevalence to BTV are found in camels, which are thought to be a reservoir for BTV 

circulation in the region given their economic importance in caravan activities (Touil et 

al., 2012, Lorusso et al., 2016). However, the epidemiological significance of camelids in 

disease transmission is not fully understood.  

1.4.5 Deer (Cervids) 

Many species of cervids are susceptible to BTV infection and can remain subclinical or 

develop clinical disease following infection. Evidence of BTV infection has been found 

in WTD, black-tailed deer (Odocoileus hemionus), American bison (Bison bison), North 

American elk (Cervus canadensis), red deer (Cervus elaphus), fallow deer (Dama dama), 

roe deer (Capreolus capreolus), dwarf brocket deer (Mazama chunyi), marsh deer 

(Blastocerus dichotomus) and sika deer (Cervus nippon) (Murray and Trainer, 1970, 

Howerth et al., 1988, Tessaro and Clavijo, 2001, Falconi et al., 2011, Lorca-Oro et al., 

2014, Baldini et al., 2018, Kawanami et al., 2018, Liu et al., 2018a). Among cervids, 

WTD is the most well recognised cervid species that is highly susceptible to developing 

BT disease (Howerth et al., 1988, Drolet et al., 2013). WTD are often seropositive to BTV 

and are considered a reservoir host for the maintenance of a sylvatic cycle in the USA 

(Pedersen et al., 2017). In the Mediterranean Europe, the circulation of BTV is thought 

to be driven by wildlife reservoir hosts where there is seroprevalence to BTV among the 

red deer population (Lorca-Oro et al., 2014, Ruiz-Fons et al., 2014). Red deer can remain 

PCR positive for BTV RNA in the bloodstream for up to 4 months to a year following 

infection (Lopez-Olvera et al., 2010, Rodriguez-Sanchez et al., 2010), similar to domestic 

cattle (MacLachlan et al., 1994). However, experimental studies revealed red deer are 

resistant to BT disease (Lopez-Olvera et al., 2010) and the efficient immune response 

against BTV infection was thought to provide the necessary immunological protection 
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(Galindo et al., 2012). In terms of vector transmission, C. imicola, C. punctatus, C. 

scoticus and C. obsoletus present in Europe could feed on both cattle and red deer 

(Talavera et al., 2018). Therefore, the red deer has been recognised as a risk factor for 

eventual BT infection in domestic ruminants in the Iberian Peninsula (Allepuz et al., 

2010, Lorca-Oro et al., 2014).  

1.4.6 Other wildlife 

Other wild herbivore species that can be infected by BTV include the wildebeest 

(Connochaetes sp.), African buffalo (Syncerus caffer), red hartebeest (Alcelaphus 

buselaphus caama), impala (Aepyceros melampus), eland (Taurotragus sp.), blesbuck 

(Damaliscus pygargus phillipsi), gazelle (Gazella sp.), pronghorn antelope (Antilocapra 

americana), goitered gazelle (Gazella subgutturosa), gemsbok (Oryx gazella), rhinoceros 

(Rhinocerotidae), African elephant (Loxodonta sp) and giraffe (Giraffa camelopardalis) 

(Thorne et al., 1988, Barnard, 1997, Fischer-Tenhagen et al., 2000, Bender et al., 2003, 

Gur, 2008, Medici et al., 2014, Bosnic et al., 2015). The role of these wildlife species in 

BTV epidemiology is uncertain.  

1.4.7 Carnivores 

BTV infections of carnivores have been reported via various modes of infection. In the 

early 90’s in the USA, there were several cases of abortion and deaths in dogs at late 

stages of pregnancy and these were associated with the use of canine vaccines 

contaminated with BTV (Akita et al., 1994, Evermann et al., 1994, Brown et al., 1996). 

In 2011, BTV infection associated with canine abortions were reported again in the USA, 

but virus transmission due to use of contaminated vaccines and a raw meat diet was ruled 

out (Dubovi et al., 2013). The high nucleotide identity of the BTV isolates to local field 

strains therefore suggested insect transmission of BTV to bitches (Dubovi et al., 2013, 

Gaudreault et al., 2015). In Africa, numerous wild large carnivores can be seropositive to 

BTV, which is believed to be a consequence of the ingestion of infected ruminants 

(Alexander et al., 1994). Infection of BTV via the oral route of carnivores was later 

reported during the European outbreak of BTV-8. In one case report, the feeding of BTV-
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8 infected ruminant carcasses was proposed to be the cause of death of two Eurasian lynx 

(Lynx lynx) in a zoo in Belgium (Jauniaux et al., 2008). Nevertheless, symptomatic 

infections of carnivores are isolated occurrences and they are therefore unlikely to be a 

significant mammalian host species for BTV.  

1.5 Disease transmission 

1.5.1 Vector 

The hematophagous midge Culicoides spp. (family Ceratopogonidae) is the vector 

responsible for the transmission of BTV (Du Toit, 1944). There are approximately 1500 

species of Culicoides biting midges distributed in most regions of the world except 

Antarctica and New Zealand (Mellor et al., 2000). Specific Culicoides species exist in 

unique geographical episystems that participate in the maintenance and transmission of 

BTV (Tabachnick, 2004). Such examples include C. sonorensis in North America 

(Tabachnick, 1996), the Palearctic midges C. pulicaris and C. obsoletus in northern 

Europe (Caracappa et al., 2003, Purse et al., 2005) and C. brevitarsis, C. wadai, C. fulvus 

and C. actoni in Australia (St George and Muller, 1984, Bishop et al., 2015). The habitats 

of BTV-competent midges also overlaps with discrete geographic regions and BTV 

episystems; for instance, the presence of C. insignis in southern United States, Central 

America and the Caribbean (Mo et al., 1994, Vigil et al., 2018), and C. brevitarsis, C. 

wadai and C. actoni in northern Australia and SEA (Eagles et al., 2014). Although not 

fully understood, the ability to transmit certain BTV serotypes could be limited by the 

species of Culicoides involved (Gibbs and Greiner, 1994, Batten et al., 2013).  

Traditionally, the competency of Culicoides spp. to transmit BTV is assessed through the 

successful isolation of BTV and ability to transmit to a vertebrate host species (St George 

and Muller, 1984, Muller, 1985). Competent Culicoides species in North America, 

northern Europe and Australia are known to have a preference for cattle rather than sheep 

(Standfast et al., 1985, Lassen et al., 2011, Elbers and Meiswinkel, 2015, Hopken et al., 

2017). In Australia, it is thought that a significant factor contributing to the absence of 

BTV disease in endemic regions of Australia is due to the preference of endemic midge 
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species for cattle. In addition, cattle dung is the main breeding site for the two major BTV 

competent species - C. brevitarsis and C. wadai (Standfast et al., 1985). Vector 

competency studies often employ the use of the successful North American laboratory 

colony C. sonorensis (Flannery et al., 2019); however, systematic evaluation of endemic 

and novel species of Culicoides is lacking (Carpenter et al., 2015). With the expansion of 

the midge’s habitat and recognition of other Culicoides competent for the transmission of 

BTV, entomological surveys have been routinely conducted using light traps in the field 

(Foxi et al., 2016). However, an accurate understanding of the prevalence of BTV among 

Culicoides collected from field surveys could be an underestimate, as BTV infection of 

Culicoides could alter their light seeking behaviour (McDermott et al., 2015). Therefore, 

generalisation of the interaction of a strain of BTV with the North American C. sonorensis 

colony might not reflect the true interaction of the BTV isolate of interest and the relevant 

vector species in the field. 

The vector and host interactions are important for BT disease pathogenesis and 

epidemiology. The bite of Culicoides on an animal host elicits a hypersensitivity response 

in the skin (Correa et al., 2007). This involves infiltration of leucocytes and activation of 

mast cells, capillary vasodilation, dermal oedema and haematoma formation, which 

facilitate infection of vascular endothelial cells or on recruited leukocytes and to support 

dissemination of BTV to draining lymph nodes or systemic circulation (Lehiy et al., 2018). 

During blood feeding, proteins such as trypsin-like serine protease, maltase, D7 odorant 

binding proteins, vasodilation and Kunitz-like protease inhibitor, are also released to 

facilitate such activity (Lehiy and Drolet, 2014). To support efficient virus transmission, 

trypsin-like protease present in the saliva of C. sonorensis can cleave VP2 to enhance the 

infectivity of BTV (Darpel et al., 2011). In addition, the saliva of Culicoides midges has 

also been demonstrated to exacerbate the clinical disease of the ruminant host by 

dampening the IFN and humoral immune response (Pages et al., 2014, Drolet et al., 

2015a).  

Various investigations have been conducted to identify the determinants of vector 

competency of Culicoides sp. In an earlier study, a single genetic locus, blu, was reported 



Chapter 1 Literature Review 

 46 

to be associated with the vector competency of C. variipennis (Tabachnick, 1991). Using 

advance transcriptomic analysis, BTV-infected transmission-competent C. sonorensis 

midges was found to express lower levels of glutathione-s-transferase-1 (gst-1) and 

reduced antiviral helicase expression than those C. sonorensis midges that were refractory 

to virus infection whereby virus had not disseminated in the midge (Morales-Hojas et al., 

2018). This study suggested that specific host genes can facilitate BTV replication within 

the vector host (Morales-Hojas et al., 2018). In addition to immune regulation, effective 

dissemination of BTV to secondary target organs within the vector host such as the 

salivary glands, and hence vector competency, is also dependent on the presence of 

mesentron infection barrier, mesentron escape barrier and dissemination barrier (Fu et al., 

1999).  

Apart from domesticated ruminants, wild ruminants could also interact with Culicoides 

populations and play a role in the sylvatic cycles of BTV (Ruiz-Fons et al., 2014). Based 

on molecular analysis of midge blood meals, C. obsoletus, a vector that is endemic in 

Europe and associated with the transmission for BTV-8, was found to feed on the 

European red deer (Lassen et al., 2012). Besides Culicoides midges, no other insect 

vectors have been convincingly implicated as potential transmitters of BTV. However, 

ticks such as the European Ixodid ticks and soft ticks were suggested to be other possible 

vectors (Bouwknegt et al., 2010). In that experimental study, ticks fed on BTV-8-

containing blood showed evidence of virus dissemination to various body organs of the 

ticks via haemolymph (Bouwknegt et al., 2010). Despite this, there is no field data to 

support their transmission of BTV to vertebrate host. 

1.5.2 Overwintering mechanism of BTV 

Midge activity, vector competency and extrinsic incubation period of BTV infection are 

highly dependent on temperature (Wittmann et al., 2002, Carpenter et al., 2011). This was 

supported by the observation that the reduction of BT activity in South Africa and 

Northern California was coincident with the reduction of the midge population at the 

onset of winter (Du Toit, 1962, Mayo et al., 2016). In addition, winter pause of BT activity 
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between 2006 and 2007, followed by resumption of disease cases were evident during the 

European outbreak (Wilson and Mellor, 2009). Together, these findings suggest the 

existence of an overwintering mechanism for infected Culicoides. BTV is known to 

survive winter in Culicoides through long-lived female midges (Mayo 2014). 

Additionally, midge eggs can survive temperature as low as -20°C (McDermott et al., 

2017). Nevertheless, vertical transmission of BTV to Culicoides progeny remains 

contentious as field results have been inconsistent (White et al., 2005, Osborne et al., 

2015). Apart from overwintering in the midge, BTV was also proposed to overwinter in 

the ruminant host. BTV was isolated from γδ T-cells and skin fibroblasts of recrudescent 

sheep, suggesting the persistent infection of a subset of leukocytes (Takamatsu et al., 

2003). A separate experiment was performed to re-evaluate the likelihood of isolating 

BTV from skin fibroblasts but did not yield BTV and therefore did not support this 

possible scenario (Lunt et al., 2006).  

1.5.3 Venereal and vertical transmission 

Viraemic bulls can excrete BTV in germplasm (Howard et al., 1985) and thus able to 

transmit the virus to heifers through artificial insemination (Bowen et al., 1985). As a 

result, specific requirements for global semen trade, but not for embryos, have been 

imposed by the OIE (Schudel et al., 2004). Apart from venereal transmission, vertical 

transmission of BTV can also occur in gravid ruminants leading to fetal infection. As a 

consequence of the use of egg-propagated MLV vaccine, reproductive issues in sheep 

were first recognised in California in the mid 1950s (Schultz and Delay, 1955). 

Depending on fetal age and virus isolate used, in utero infection of ruminant fetuses can 

lead to neurogenic teratogenicity (Maclachlan and Osburn, 2017). Given the inconsistent 

entomological findings of BTV transmission in Europe, transplacental transmission has 

been proposed as a possible mechanism for BTV overwintering (Menzies et al., 2008, 

Backx et al., 2009). Even though in utero infection often results in central nervous system 

inflammation in lambs and mortality (van der Sluijs et al., 2013), viable calves can still 

be delivered if gravid cattle were infected with BTV late in gestation (Courtejoie et al., 

2019). Based on 2016 pre-export testing in France, it has been suggested that over 50% 
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of vertical transmission occurred among unvaccinated heifers (Courtejoie et al., 2019). 

Currently it is unclear if overwintering of BTV by vertical transmission plays an 

important role in BTV epidemiology.  

1.5.4 Contact 

Viraemic sheep experimentally infected with European isolates of BTV-1, 2 and 8 isolates 

demonstrated the capacity to transmit BTV to other sheep housed in close physical 

contact. In those studies, the authors ruled-out the accidental introduction of infected 

midges from the external environment (van der Sluijs et al., 2011, Rasmussen et al., 2013, 

van der Sluijs et al., 2013). Oral infection was also reported in cattle, where one case was 

a result of a heifer ingesting infected calf placenta on the farm (Menzies et al., 2008). In 

addition, the emergence of ‘atypical’ serotypes was also associated with contact 

transmission; for instance, BTV-26 and -27 were able to be transmitted between goats by 

direct contact under experimental conditions (Batten et al., 2013, Batten et al., 2014, 

Bréard et al., 2018).  

1.6 Virulence factors 

The antibody neutralising target VP2 was proposed to be a virulence determinant for BTV 

(Gould and Eaton, 1990). Nucleotide sequence comparison of Seg-2 of a non-pathogenic 

laboratory strain of Australian BTV-1 and a pathogenic Australian BTV-1 derived from 

sheep blood revealed ten nucleotide differences, encoding four amino acid mutations in 

VP2 (Gould and Eaton, 1990). Further study using a different attenuated BTV-1 isolate 

that had undergone minimal passage in vitro, however, did not demonstrate nucleotide 

differences within Seg-2 in relation to the parental pathogenic BTV nucleotide sequences 

(Gould and Eaton, 1990). In a recent study, BTV-8 that was passaged extensively in vitro 

acquired higher glycosaminoglycan binding ability as a result of mutations in the VP2 

and this was thought to be associated with the attenuation of pathogenicity in vivo 

(Janowicz et al., 2015). In the field, genetically identical homotypic BTV strains isolated 

from different years can also show disparity in pathogenicity. For instance, the disease-

causing European BTV-8 isolated in 2015 was less pathogenic than the 2007 strain 
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isolated during the initial northern Europe outbreak (Flannery et al., 2019). Importantly, 

a given serotype of BTV should not be associated with pathogenicity as geographically 

distinct yet homo-serotypic isolates can exhibit different pathogenic potential. For 

example, an experimental infection study in sheep showed that a pathogenic South 

African reference strain BTV-3 was more pathogenic than the homotypic BTV-3 isolated 

from Australia (Hooper et al., 1996).  

The virulence determinants for BTV are likely to involve multiple genomic segments. In 

a study using pathogenic South African and Italian BTV strains, several non-synonymous 

amino acid mutations were detected in Seg-1, -2 and -8 when compared to high passaged 

BTV progeny virus, and this was associated with disease attenuation in IFN a/b receptor 

deficient (IFNAR-/-) mice (Caporale et al., 2011). In a different study, replacement of a 

combination of Seg-2 together with either Seg-1, -6 or -10 from a cell culture-adapted 

attenuated Dutch BTV-8 with the same segments from a low passage but pathogenic 

parent virus could lead to a loss of pathogenicity (Janowicz et al., 2015). However, 

reversion of virulence for the highly passaged BTV-8 required more genomic segments 

including Seg-1, -2, and -10, with additional Seg-4, -6 or -6 and -7 from low passaged 

BTV-8 (Janowicz et al., 2015). Furthermore, the pathogenicity of BTV is complicated by 

the re-assortment potential of the segmented genome. There have been many instances of 

genomic re-assortment of field viruses; for example, BTV-6 isolated in the Netherlands 

during a northern European outbreak has high nucleotide identity to that of the BTV-6 

South Africa vaccine strain (Maan et al., 2010) and BTV-14 isolated in Poland shares 

high homology to strains isolated in Russia and Lithuania, and also with BTV-14 South 

Africa vaccine strain based on Seg-2 genome analysis (Orlowska et al., 2016). 

Heterotypic BTV has great flexibility for re-assortment in the laboratory (Shaw et al., 

2013). In the field, re-assortment of genomic segments does not occur in a random process. 

Rather there is lesser selection pressure imposed on Seg-2, -6, -7 and -10 to facilitate re-

assortment (Nomikou et al., 2015). The involvement of multiple genomic segments for 

disease pathogenicity, coupled with the potential for genome re-assortment, makes the 
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assessment of pathogenicity based on molecular sequences investigations very 

challenging.  

As the replication of RNA viruses relies on mutation prone viral RdRp VP1, BTV exists 

as a virus quasispecies (Vignuzzi et al., 2006, Caporale et al., 2014). A reduction of 

genetic diversity in BTV population as a result of imposing genetic selection through 

serial passage in mammalian cells was associated with the development of attenuated 

pathogenicity of BTV-8 in sheep (Caporale et al., 2014). However, only virus isolates 

generated from KC cells were used for that study. Given that BTV from clinical samples 

is still routinely isolated by inoculation of ECE followed by passage in mammalian cells, 

a follow up study is warranted to investigate whether this results in changes to genetic 

diversity that are associated with attenuation of pathogenicity, as found in KC cells. In a 

different report, experimental transmission studies have shown that BTV genetic diversity 

experienced a genetic bottleneck during uptake of BTV by C. sonorensis from BTV 

viremic sheep and this resulted in selection of minority variants in the VP2 and NS3 

protein encoding genome segments (Bonneau & Mullens 2001). Despite the rapid 

evolution of BTV in vitro, the requirement for alternating replication between the 

arthropod vector and vertebrate host can impose different selection pressures on 

arboviruses. Arboviruses may experience negative selection pressure and slower 

evolution than other RNA viruses (Coffey et al., 2008, Vasilakis et al., 2009, Carpi et al., 

2010).  

Viral proteins can also alter cellular physio-chemical properties or cellular function 

leading to a replication advantage for BTV. The NS3/3a proteins facilitate BTV egress 

from the host cell (Celma and Roy, 2011) but are also implicated with viroporin properties 

that can destabilise cellular lipid membranes. This can result in increased cellular 

permeability and lead to cell death (Han and Harty, 2004). BTV has also evolved 

strategies to evade the host immune response to permit successful production of progeny 

virus. In a BTV infected host cell, NS3/3a can interfere with the induction of type I IFN 

response (Chauveau et al., 2013) or the IFN function can be antagonised by NS4 (Ratinier 

et al., 2016). In addition, NS3/3a can interact with the host cell MAPK/ERK pathway to 
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enable more efficient virus replication (Kundlacz et al., 2019b). Nevertheless, 

manipulation of the host immune response during BTV infection likely involves a 

combination of virus proteins.  

Apart from the haemorrhagic disease outcome that affects post-natal ruminants, BTV can 

induce neurogenic teratogenicity in fetal ruminants (Maclachlan and Osburn, 2017). 

Transplacental transmission and congenital neuro-deformity became apparent in 

California during the initial introduction of ECE-propagated BTV-10 vaccine to ewes 

(Schultz and Delay, 1955). A recent study demonstrated that vertical transmission of BTV 

can occur even when using virus that has undergone a single passage in KC cells as 

inoculum (Spedicato et al., 2019). As BTV can replicate in the brain of the chicken 

embryo (Wang et al., 1988), it is possible that such propagation of BTV could select for 

neurovirulent virus variants. In an earlier study, the Seg-6 (VP5) was purported to be a 

determinant for neurotropism of a virulent isolate of BTV-11 using a mouse and a BTV 

re-assortant comprising neuroinvasive (UC-8) and non-pathogenic strain (UC-2) 

(Waldvogel et al., 1986, Carr et al., 1994). Nevertheless, the molecular determinants for 

BTV neuroinvasion or neurotropism remain poorly understood.  

1.7 Animal models for bluetongue disease 

European sheep breeds are the most susceptible species to develop BT disease and 

therefore are used in diverse investigations such as pathogenicity, transmission and 

vaccine efficacy studies (Bonneau et al., 2001, Darpel et al., 2007, Feenstra et al., 2014b, 

Caporale et al., 2014). On the other hand, cattle are traditionally more resistant to BTV 

infection and are used mainly in transmission studies (Bonneau et al., 2001). With the 

increased incidence of cattle developing BT disease, as seen in northern Europe and Israel, 

cattle are also increasingly used to evaluate pathogenicity and the development of clinical 

disease (Darpel et al., 2007, Brenner et al., 2011, Bréard et al., 2018). Goats have also 

been a subject of interest to characterise novel strains of BTV, given their susceptibility 

to these viruses (Bréard et al., 2018, Schulz et al., 2018).  
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As large animal arboviral infection studies requires special animal housing and 

containment facilities, some researchers have developed small animal models to 

accommodate to the space and regulatory limitations faced in their facilities. Such models 

developed include IFNAR-/- mouse (Calvo-Pinilla et al., 2009a) and the ECE (Van Der 

Saag et al., 2017). The IFNAR-/- mouse model has been used for the investigation 

transmission, pathogenesis, evaluation of vaccine efficacy for BTV and other related 

orbivirus (Ortego et al., 2014). This small animal model however requires a pathogen-

free environment as the IFNAR-/- mouse has a decreased antiviral response (Calvo-Pinilla 

et al., 2009a). Ovine ex vivo organ culture has also been explored as an alternative 

infection model, but laboratory culture of sheep lungs did not support the replication of 

BTV, in contrast to other ovine respiratory pathogens (Di Teodoro et al., 2019). In a non-

mammalian model, the ECE was demonstrated to assess BTV vector competency and 

virus tropism (Wang et al., 1988, Van Der Saag et al., 2017). However, BTV pathogenesis 

in ECE has not been described despite being a routine laboratory culture system for BTV 

isolation and propagation.  

1.8 Bluetongue disease in sheep 

1.8.1.1 Clinical signs 

Fever is one of the earliest clinical signs that can be detected during the course of 

infection. It is often reported around 3 to 6 days post-infection (DPI), with the body 

temperature potentially reaching 41.5°C (MacLachlan et al., 2008, Caporale et al., 2014). 

This is then followed by the development of other clinical signs. Facial lesions are a 

prominent feature of pathogenic BT disease, and can include nasal and ocular discharges 

with crusting formation, facial oedema particularly the sub-mandibular space and lips, 

erythema, cyanotic to ulcerative oral mucosa, and swollen tongue (Spreull, 1905, Mahrt 

and Osburn, 1986b, MacLachlan et al., 2008). Hyperaemia of the coronary bands or 

coronitis and muscle necrosis often leads to lameness in BT disease (Spreull, 1905, 

MacLachlan et al., 2008). The combination of facial lesions and lameness results in 

inappetence and loss of condition (Mahrt and Osburn, 1986a). During advanced stages of 
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the disease, BTV infected sheep can develop respiratory distress (Darpel et al., 2007, 

MacLachlan et al., 2008) as well as haematoma at the site of venepuncture (MacLachlan 

et al., 2008). In addition, BTV infection can also affect reproductive organs, resulting in 

testicular degeneration, reduction in sperm production and decreased milk yield 

(Nusinovici et al., 2013, Puggioni et al., 2018). Other uncommon clinical signs include 

haemorrhagic diarrhoea as a result of severe BT disease (Spreull, 1905, Gambles, 1949). 

Based on experimental findings, sheep infected with pathogenic BTV often succumbed 

to BT disease after one to two weeks post-infection (Darpel et al., 2007, MacLachlan et 

al., 2008, Puggioni et al., 2018, Flannery et al., 2019).  

1.8.1.2 Anatomic pathology 

Vascular pathology in sheep developing BT disease is limited to the small and medium 

blood vessels and is often detected during advanced stage disease (Mahrt and Osburn, 

1986b). The histopathological changes of blood vessels in BTV infected sheep varies 

considerably. Endothelial cells can appear activated, with features such as 

hyperchromatic nuclei, hypertrophy and vacuolation of vascular endothelium in acutely 

injured vessels. Other more frequently observed vascular lesions include perivascular 

oedema, haemorrhagic diathesis, and variable levels of perivascular lympho-monocytic 

cell infiltration (Mahrt and Osburn, 1986b, MacLachlan et al., 2008, Maclachlan et al., 

2009, Sanchez-Cordon et al., 2013a). A detailed description of systems-based pathology 

is outlined in Table 3.  

Immunohistochemical analysis of BTV infection has been limited by the availability of 

antibodies and reliable sensitive immunohistochemical labelling techniques for formalin-

fixed paraffin-embedded (FFPE) tissues (Drolet et al., 2015b). In order to achieve high 

sensitivity in detecting BTV antigens, investigators have utilised immunofluorescence 

(IF) technique on frozen tissue sections and the use of cocktails of antibodies to produced 

adequate labelling (Cherrington et al., 1985, Mahrt and Osburn, 1986b, Anderson et al., 

1989, Darpel et al., 2012). Several studies have demonstrated that BTV antigens are 

present in the endothelial cells or agranular leukocytes in organs such as the tongue, skin, 
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lymph nodes, spleen, liver, lung, heart and testis (Sanchez-Cordon et al., 2010, Darpel et 

al., 2012, Puggioni et al., 2018). In general, virus antigens are detectable in infected 

tissues between 3 to 11 DPI. However, the ability to successfully detect virus antigen by 

immunohistochemical labelling also decrease considerably towards the terminal stage of 

BT disease (Mahrt and Osburn, 1986b, Darpel et al., 2012). Nevertheless, the relationship 

between virus infection, as evaluated by immunohistochemistry, and tissue pathology has 

not been well studied.  
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Table 3. Systems based pathology of BTV disease in sheep. The disease described is 

for adult sheep unless otherwise indicated (Uren and Squire, 1982, Mahrt and Osburn, 

1986b, Forman et al., 1989, Maclachlan et al., 2009, Darpel et al., 2012, Maclachlan and 

Osburn, 2017, Puggioni et al., 2018) 

Systems Organ Gross Pathology / Histopathology 
Alimentary Oral cavity • Hyperaemia, petechiae and ulceration of oral mucosa 

Tongue • Petechiae, mucosa erosion, lymphocytic infiltration 
within submucosa  

Oesophagus • Haemorrhage within mucosa or tunica muscularis 
Rumen 
 
Reticulum 

• Ulceration and haemorrhage on the ruminal papillae 
and folds 

• Hyperaemia and petechiae over reticular folds 
Cutaneous  Epidermis  

Dermis 
• Epidermal necrosis, ulceration (lip, eyelid) 
• Lymphoplasmacytic (occasionally eosinophilic) 

perivasculitis and dermatitis, collagen necrosis (midge 
fed skin) 

Subcutaneous • Oedema (head, neck, fore limbs, peri-nuchal 
ligament) 

Muzzle • Ulceration, encrustations 
Coat • Wool break 
Coronary band • Hyperaemia and coronitis 

Cardiovascular Pulmonary artery • Transmural haemorrhage (from the vasa vasorum) at 
the base of pulmonary artery 

Heart • Necrosis of left ventricle papillary muscle, pericardial 
effusion 

Pulmonary Lung • Pulmonary oedema, atelectasis, pleural effusion, 
bronchopneumonia, occasional fibrin thrombi 

Lymphoid 
organs 

Lymph node • Swollen, moist and petechiae within cortical region 
• Sinus histiocytosis 

Spleen • Capsular haemorrhage, splenic congestion 
Urinary Bladder • Petechiae on mucosa or serosa, haematuria  
Musculoskeletal Skeletal muscles  

(Head, neck, 
limbs) 

• Vacuolation, swelling, loss of striations of the muscle 
fibres, necrosis, haemorrhage or congestion of small 
blood vessels, oedema around muscle fibres 

• Mononuclear cellular infiltration, mineralisation and 
fibrosis (chronic lesion or post-recovery) 

Central nervous 
system 

Cerebrum 
 
 
Cerebellum 

• Cavitated subcortical white matter, acute necrotising 
meningoencephalitis, hydranencephaly, subcortical 
cysts (fetus) 

• Cerebellar hypoplasia (fetus) 
Reproductive Testis  

 
 
Epididymis 

• Limited germinal cells in seminiferous tubules, multi-
nucleated giant cells, vacuolation of sertoli cells, 
interstitial fibrosis 

• Vasculitis 
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1.8.1.3 Clinical pathology 

The levels of circulating leukocytes in the bloodstream changes during the course of BTV 

infection. Transient lymphopenia during the early stage infection is associated with peak 

viraemia and this is followed by rapid recovery of lymphocyte counts over the course of 

infection (Sanchez-Cordon et al., 2013b, Sanchez-Cordon et al., 2015). Further study 

revealed that transient lymphopenia during BTV infection is a result of reduction in CD4+ 

T cells followed by an increase of CD8+ T cells upon recovery of lymphocyte count 

(Sanchez-Cordon et al., 2015).  

Clinical haemorrhage observed in sheep that have developed BT disease is a consequence 

of coagulopathy. Using pathogenic strains of BTV from South Africa, Europe and 

Australia, numerous experimental studies in sheep have described thrombocytopenia 

coincident with the detection of viremia between 4 to 12 DPI (McColl and Gould, 1994, 

MacLachlan et al., 2008, Sanchez-Cordon et al., 2013b). Despite the success in isolating 

infectious virus from platelets during viremia, the link between decline in platelet count 

during the course of disease and contribution to vascular damage remained unclear (Ellis 

et al., 1990, Sanchez-Cordon et al., 2013b). Coagulopathy reported in BT disease affected 

sheep could also be related to perturbation to the secondary haemostasis pathway. 

Prolongation of prothrombin time (PT) (by 7 seconds) and thrombin time (TT) (by 6-10 

seconds) were detected between 6 to 12 DPI among sheep infected with the pathogenic 

European BTV-1 and -8 (Sanchez-Cordon et al., 2013b). In this study, the changes to 

partial thromboplastin time (PTT) and fibrinogen values were not significant in the face 

of severe BTV disease (Sanchez-Cordon et al., 2013b). Similarly, in a different in vivo 

study, Merino sheep challenged with a highly virulent South African BTV-4 also 

developed coagulopathy, but only with modest increase in PT (by 2 seconds) and PTT 

(by 7 seconds) between 8 to 10 DPI (MacLachlan et al., 2008). Despite the evidence of 

pro-coagulation, fibrinogen levels did not alter significantly in two separate pathogenicity 

studies in the sheep (MacLachlan et al., 2008, Sanchez-Cordon et al., 2013b). Earlier 

ultrastructural analysis has reported the infrequent appearance of fibrin-platelet thrombi 

within small calibre vessels (Mahrt and Osburn, 1986b). Therefore, the laboratory 
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findings for disseminated intravascular coagulopathy (DIC) in BT disease in sheep are 

rather inconsistent (Maclachlan, 2011). 

Elevation of aspartate transaminase (AST), lactate dehydrogenase (LDH) and creatinine 

kinase (CK) were previously associated with musculoskeletal pathology as the rise of 

enzyme levels were associated with the onset of lameness (Flanagan et al., 1993, 

MacLachlan et al., 2008). In a different study, among various acute phase proteins 

investigated, only serum amyloid AA was significantly increased in both BTV-1 and 

BTV-8 infected sheep (Sanchez-Cordon et al., 2013b). Currently, there is no reliable 

blood marker to indicate the occurrence of pathogenic BT disease.  

1.9 Pathogenesis of BT disease in sheep 

Upon the inoculation of BTV into the skin of a sheep, cutaneous inflammatory responses 

are triggered leading to the recruitment of conventional dendritic cells (cDC). This results 

in dissemination of BTV into the draining lymph nodes (Barratt-Boyes and MacLachlan, 

1994, Hemati et al., 2009, Darpel et al., 2012, Melzi et al., 2016). Within a few hours of 

infection in the draining lymph nodes, BTV replicates within the endothelial cells, 

macrophages, follicular dendritic and marginal reticular cells of the subcapsular and 

trabecular sinuses (Melzi et al., 2016).  

Generally, the onset of viraemia occurs around 3 to 5 DPI (Foster et al., 1991, Melzi et 

al., 2016, Flannery et al., 2019). Once circulating in the blood stream, BTV can be 

associated within the plasma membranes of erythrocytes resulting in protracted viraemia 

(Brewer and MacLachlan, 1994). In addition, BTV also infects mononuclear leukocytes 

and platelets in the blood stream (McColl and Gould, 1994, MacLachlan, 2004, Drew et 

al., 2010b, Ruscanu et al., 2012). Following viraemia, BTV replicates in other organs 

such as lung, spleen and kidney (Barratt-Boyes and MacLachlan, 1995, Sanchez-Cordon 

et al., 2010, Melzi et al., 2016).  

Earlier studies have demonstrated that the levels of BTV IF labelling decreased 

substantially prior to the development of pathological lesions (Mahrt and Osburn, 1986b, 

Darpel et al., 2012). Considering the transient nature of BTV infection in tissues, the 
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involvement of cytokines in BTV induced vascular dysfunction has been proposed 

(Maclachlan et al., 2009). Nevertheless, mechanistic in vivo studies evaluating the 

dynamics of virus infection and host responses leading to subsequent vascular pathology 

are lacking. Consequently, current understanding of vascular pathology due to BTV 

infection has been extrapolated from in vitro experiments. 

1.9.1.1 Host response to BTV infection 

BTV infection in sheep results in haemorrhage and oedema, and clinical outcome can be 

attributed to the dysfunction of the endothelial cells. For that reason, it was initially 

thought that BT disease was a result of direct BTV infection of the endothelial cells 

(Maclachlan et al., 2009). Indeed, in vitro study has demonstrated the susceptibility of 

ovine pulmonary microvascular endothelial cells to BTV infection, resulting in the 

development of cytopathic effect (DeMaula et al., 2001). In addition, inflammatory 

mediators and cytokines, such as interleukin (IL)-1 and IL-8 were found to be upregulated 

during BTV infection of the ovine endothelial cells (DeMaula et al., 2002a). BTV 

infection of the ovine endothelial cells could also modulate coagulation response. In 

comparison to bovine endothelial cells, ovine endothelial cells released significantly 

lower levels of prostacyclin as demonstrated in vitro (DeMaula et al., 2001). This was 

later confirmed in vivo where prostacyclin was reduced significant in the sheep over the 

course of infection, in contrast to the steady increase of prostacyclin in cattle. In addition, 

the increment of thromboxane to prostacyclin ratio in sheep was also correlated to the 

progression of disease (DeMaula et al., 2002b).  

Circulating mononuclear inflammatory cells were also proposed to be involved in the 

pathogenesis of BT disease particularly in the aspect of cytokine release. In particular, 

the DC plays an important role in pathogenesis of BT disease and the type and locality of 

the DC can influence the host response profile (Ruscanu et al., 2013). Using gene 

microarray profiling, genes associated with the function of vascular permeability and 

coagulation response were significantly upregulated in the blood-derived plasmacytoid 

DC (pDC), whereas gene expression of pDC of lymphoid organs were anti-inflammatory 
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(Ruscanu et al., 2013). In a different study, a significant increase of serum TNF-a levels 

was detected during early infection of sheep and is therefore suggested to be involved in 

the destruction of PBMCs leading to lymphoid depletion (Sanchez-Cordon et al., 2015). 

Apart from the immunomodulating effect, TNF-a can increase the permeability of bovine 

EC through the redistribution of endothelial junction VE-Cadherin (Drew et al., 2010a). 

Despite the suggested alternative hypothesis of cytokine-mediated vascular injury, 

comprehensive in vivo study has not been performed to determine the mechanism of 

cytokine-mediated BT disease.  

As demonstrated in vivo and in vitro, BTV infection elicits strong IFN responses 

(Huismans, 1969, Doceul et al., 2014). In the sheep, maximal IFN response can be 

detected in the serum and lymphatic fluid draining from skin around 6 DPI. This was 

thought to be associated with peak viraemia and lymphopenia during BTV infection 

(Foster et al., 1991, Umeshappa et al., 2010, Ruscanu et al., 2012). In the blood stream, 

pDC are responsible for the production of IFN-a and -b upon stimulation by BTV 

particles or virus replication (Ruscanu et al., 2012). This process involved MyD88 

adaptor and kinases dsRNA-activated protein kinase (PKR), stress-activated protein 

kinase (SAPK) and Jun N-terminal protein kinase (JNK) in the pDC (Ruscanu et al., 

2012). On the other hand, the activation of IFN response in non-haematopoietic cells are 

mediated by RIG-I and MDA5 (Chauveau et al., 2012). Nonetheless, the expression of 

IFN-b is also dependent on the BTV serotype (Chauveau et al., 2012). The IFN response 

in PBMCs derived from BTV infected sheep is regulated by STAT2. Other IFN genes 

can be upregulated during the process including IFIT1, IFIT2, IFIT3 (Singh et al., 2017). 

Other host immune signalling pathways involved in BTV infected PBMCs include NF-

kB, MAPK, RIG, TNF, TLR, JAK-STAT and VEGF (Ruscanu et al., 2013, Singh et al., 

2017). To counteract the host IFN response, BTV interferes with the innate immune 

response through phosphorylation of STAT-1 for subsequent nuclear translocation 

(Doceul et al., 2014). Viral protein NS3 can also reduce IFN-b promoter activity and is 

able to reduce the expression of ISG (Chauveau et al., 2013). Besides that, NS4 can also 
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combat the IFN response by regulating transcription of the IFN cascade (Ratinier et al., 

2016). 

The adaptive immune response is critical for host defence against BTV infection, 

although humoral immunity confers greater protection over cell-mediated immunity 

(Jeggo et al., 1984). The impairment of the development of humoral immunity is 

significant within the lymph nodes, where BTV can affect centroblast division within the 

germinal centre (Melzi et al., 2016). BTV replication among follicular B cells, follicular 

DC and marginal reticular cells in the lymph nodes can lead to the reduce production of 

high avidity anti-BTV IgG (Melzi et al., 2016). The ability of DC to function properly as 

antigen-presenting cells can also be inhibited by BTV through the interference of DC 

maturation and disruption of the costimulatory molecules, CD80 and CD86, and major 

histocompatibility complex class II (MHCII) that is required for T-cell stimulation 

(Rodriguez-Calvo et al., 2014). BTV infection also impairs the release of cytokines IFN-

g and IL-12 and depletes CD4+, CD25+ and gd T-cells to dampen cell-mediated immunity 

needed for virus clearance (Sanchez-Cordon et al., 2015). 

1.10 Diagnostic tools 

1.10.1 Detection of virus 

The ECE was the first laboratory system used successfully for isolating BTV (Mason et 

al., 1940). Later studies also demonstrated that intravenous (IV) inoculation approach had 

a sensitivity of 100 to 1000-fold greater than the yolk sac inoculation method (Goldsmit 

and Barzilai, 1968, Goldsmit and Barzilai, 1985). Since then, the OIE has recommended 

the isolation of BTV into ECE via the IV route, followed by a passage in mosquito cells 

(C6/36 cells) then multiple passages in mammalian cell lines, such as the BSR variant of 

baby hamster kidney (BHK-BSR) cells or African green monkey kidney (Vero) cells, as 

the standard approach to isolate and propagate BTV (Gard et al., 1988, Wilson et al., 

2015a, OIE, 2018). Isolating BTV using ECE can be problematic as non-haemorrhagic 

embryos potentially harbouring BTV can be missed, on top of the technical proficiency 

required for IV inoculation (Clavijo et al., 2000, Wilson et al., 2015a). BTV can also be 
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isolated in vivo, such as via intracranial inoculation of suckling mice (Richards and Cordy, 

1967), however, this approach may not be readily available due to facility and animal 

ethics requirements.  

In order to overcome the laborious ECE method, direct isolation of BTV in cell culture 

has been attempted, however yielding poor sensitivity (Gard et al., 1988). Therefore in 

vitro isolation for BTV using invertebrate cell lines derived from Culicoides sonorensis 

was developed by the USDA Arthropod-Borne Animal Disease Research Unit 

(previously Wyoming; Kansas at current writing) (Wechsler et al., 1989). Several midge 

cell lines were successfully developed such as KC, W3 and W8 cell lines. Nevertheless, 

the KC cell lines (derived from the AK midge colony) are the most commonly adopted 

cell lines for BTV isolation and propagation (Wechsler et al., 1989, McHolland and 

Mecham, 2003, Drolet et al., 2015b).  

BTV antigens from clinical samples or virus isolates can be detected by antigen capture 

ELISA (Stanislawek et al., 1996, Mecham, 2006). Immunohistological detection methods 

for BTV in infected animal tissues have also previously been described, such as IF 

detection of BTV using a cocktail of antibodies on frozen tissue sections (Cherrington et 

al., 1985, Darpel et al., 2012). However, immunolabelling of BTV-infected tissues has 

been problematic on FFPE tissues due to formaldehyde cross-linking or destruction of 

immunogenic epitopes (Cherrington et al., 1985, Anderson et al., 1989). The use of BTV 

NS2 antibodies in the IHC test has recently been successfully described in experimental 

studies (Melzi et al., 2016, Puggioni et al., 2018), but further applications on clinical 

diagnostic samples have yet to be explored.  

BTV infection can also be detected by the confirmation of BTV nucleic acids. Several 

techniques have been described including nucleic acid hybridisation (Wilson, 1990), and 

nested and conventional PCR (Wilson, 1994). Currently, real-time PCR is the preferred 

method as this test is rapid and highly sensitive (Polci et al., 2007) with a detection limit 

between 4 to 200 RNA copies (Toussaint et al., 2007, Maan et al., 2015a, Mulholland et 

al., 2017). The Seg-10-specific RT-PCR test is the current OIE-recommended assay 

(Hofmann et al., 2008a, OIE, 2018). Other RT-PCR assays targeting Seg-1 (Shaw et al., 
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2007), Seg-5 (Toussaint et al., 2007) and Seg-9 (Maan et al., 2015a) have also been 

developed for the detection of a broad range of BTV serotypes. In order to enhance the 

specificity of BTV nucleic acid detection, multiplex PCR assays could aid in 

differentiating BTV from the closely-related orbiviruses such as EHDV (Wilson et al., 

2009). Nevertheless, the interpretation of BTV nucleic acid detection has to be made in 

relation to the clinical context, as BTV nucleic acids could be detected in infected 

ruminant blood for up to 6 months, whereas infectious virus could only be isolated from 

blood samples up to 6 weeks post-infection for cattle and 2 weeks post-infection for sheep 

(Bonneau et al., 2002). In addition to the utility of real-time PCR for the detection of 

BTV, PCR tests have also been developed for the detection of specific BTV serotypes 

with the use of serotype-restricted primers with specificity against Seg-2 and -6, and for 

genotype-specific identification using primers against Seg-3 (Pritchard et al., 2004, Maan 

et al., 2016). With the advancement of sequencing technology, whole genome sequencing 

(WGS) using unbiased methods which does not require production of specific primer sets, 

has become a preferred method for BTV isolate genomic characterisation (Gaudreault et 

al., 2014, Nomikou et al., 2015). However, many field isolates possess a low viral titre or 

genome copy number and still require prior ECE and cell culture propagation to produce 

high enough virus titres to enable the successful application of WGS. New developments 

in primer-based enhancement techniques for improved WGS sensitivity are however 

showing some promise for specimens containing low virus genome copies (Kamaraj et 

al., 2019).  

1.10.2 Serological tests 

The OIE recommended tests to detect BTV antibodies include the complement fixation 

test (CFT), agar gel immunodiffusion (AGID), indirect enzyme-linked immunosorbent 

assay (ELISA), competitive ELISA (cELISA) and virus neutralisation test (VNT) (OIE, 

2018). The cELISA and VNT are the two main tests that are performed in BTV diagnostic 

laboratories globally as the cross-reactivity between BTV and EHDV on CFT and AGID 

is problematic (Wilson et al., 2015a). Through exploitation of the inhibition of a BTV 
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VP7 mAb against an amino-terminal region epitope of BTV VP7, an internationally 

standardised cELISA was developed to determine the relative level of BTV serogroup 

reactive antibody to BTV in test sera (Anderson, 1984, Lunt et al., 1988b). However, the 

cELISA test does not discriminate between IgM or IgG, and thus distinction between 

recent or historical infection could not be made. Other serological tests have been 

developed, for instance the IgM-capture ELISA for the detection of recent BTV infection 

(Bréard et al., 2019) and the NS3 cELISA for the differentiation of infected from 

vaccinated animals (DIVA) that were vaccinated with disabled infectious single animal 

vaccine (DISA) (Tacken et al., 2015). On the other hand, the VNT is more specific than 

other methods since it allows the identification of serotype-specific neutralising 

antibodies and can also provide an estimation of the protective antibody titre to assess 

vaccination efficacy (Ries et al., 2019). However, the interpretation of VNT results can 

be problematic due to the ability of antibodies to certain serotypes of BTV to cross-

neutralise isolates belonging heterotypic serotypes. Interpretation can also be difficult and 

in situations where an animal has been infected with multiple serotypes of BTV, 

especially in BTV endemic regions (Wilson et al., 2015a).  

1.11 Vaccines 

The outer capsid of BTV VP2 is the main target antigen for neutralising antibody 

(Huismans et al., 1987) and the neutralising effect is serotype specific (Huismans and 

Erasmus, 1981). There is also evidence suggesting VP5 may be an important antigen for 

antibody-mediated virus neutralisation (DeMaula et al., 2000). Additionally, cell-

mediated immunity also contributes to the immunological protection whereby VP2 and 

NS1 have been reported as important immunogens (Andrew et al., 1995). Recently, 

subunit vaccines have been developed to induce cell-mediated immunological protection 

specific to NS1 and NS2 virus antigens (Anderson et al., 2014). Nevertheless, humoral 

immunity still forms the basis of BTV vaccine development.  

Currently, only the MLV and inactivated vaccines are commercially available (Mayo et 

al., 2017). The original MLV, or Theiler vaccine, was produced through serial passage of 
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a monovalent virus in sheep (Theiler, 1908). With the discovery of ECE as a tool for virus 

propagation and adaptation, MLV was then subsequently produced through serially 

passaging BTV in ECE and BHK-BSR cells and this approach remains the method of 

choice today (Dungu et al., 2004). The MLV is a cost-effective vaccine that can confer 

long lasting immunity with a single dose (Mayo et al., 2017). In an initial BTV outbreak, 

MLV has been used for control of BTV and was shown to be highly immunogenic in 

ruminants, but some sheep vaccinated with MLV can still develop BT disease (Savini et 

al., 2008). Besides genomic re-assortment risk, other disadvantages of using MLV are the 

inability to differentiate vaccinated from naturally infected animals, virulence reversion 

of the vaccine strain, contamination with adventitious agents and transmission by insect 

vectors (Ferrari et al., 2005, Maan et al., 2010, Mayo et al., 2017, Fox et al., 2019). 

Importantly, the use of MLV produced through ECE or cell culture is not suitable for 

pregnant ewes as the vaccine strain virus can cause teratogenic outcomes in fetuses 

(Maclachlan and Osburn, 2017).  

During the 2006 outbreak in Europe, inactivated vaccines were used due to the concern 

of the impact on animal trading from the use of MLV and the risk of MLV to re-assort 

with field strains (Eschbaumer et al., 2009, Zientara et al., 2010, Zientara and Sanchez-

Vizcaino, 2013). The immunity conferred by inactivated vaccines is generally thought to 

be transient and booster vaccinations are required (Mayo et al., 2017). However, a recent 

epidemiological study from Germany evaluated cattle vaccinated with inactivated 

vaccines between 2009 and 2012 showed that the BTV neutralising antibodies could be 

detected up to 8 years later, provided the animals received booster vaccines (Ries et al., 

2019).  

In order to address the deficiencies of MLV and inactivated vaccines, other experimental 

vaccines involving non-replicating or replicating vaccines have been explored. Non-

replicating vaccine candidates including serotyped inactivated vaccines (Nunes et al., 

2014), subunit vaccines (Anderson et al., 2014), and virus-like particle vaccines (Stewart 

et al., 2013) could prove to be beneficial without the adverse effects of developing BT 

disease and not permitting vector transmission; however, they might not be able to induce 
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strong or long-lasting immunity (Feenstra and van Rijn, 2017). On the other hand, 

replicating vaccine candidates such as infectious vector vaccines (Calvo-Pinilla et al., 

2009b), disabled infectious single-cycle virus vaccine (Celma et al., 2017) and disabled 

infectious single animal vaccine (Feenstra et al., 2014a) were reported to provide better 

immunity against BTV than non-replicating vaccines. The production costs are however 

higher given the technologies involved in vaccine manufacturing (Feenstra and van Rijn, 

2017). At this stage, there are many barriers that exist for the introduction of next 

generation vaccines as many endemic country or regions are in acceptance of their 

endemic status, such as France (Kundlacz et al., 2019a). Importantly, the costs of vaccines 

inhibit their uptake (Feenstra and van Rijn, 2017). 

1.12 Thesis aims 

The overall objective of the research undertaken for this thesis was to advance the 

knowledge of BTV pathogenesis and, in particular, to characterise the host response to 

BTV infection. The specific aims of this thesis were the: 

1.) Development of BTV-specific immunohistochemistry tests for formalin-fixed 

paraffin-embedded specimens; 

2.) Evaluation on BTV infection in chicken embryo and to investigate virus 

pathogenicity in this model; 

3.) Characterisation of experimentally induced BT disease in Merino sheep by 

clinical, haematological and immunohistopathological assessment; and 

4.) Analysis of host response of the peripheral blood mononuclear cells and lungs 

during BTV infection in Merino sheep. 
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Abstract 

The detection of bluetongue virus (BTV) antigens in formalin-fixed tissues has been 

challenging and therefore not widely adopted. As a preliminary study to the evaluation of 

antibodies for an immunohistochemical assay for detection of BTV in animal tissues, this 

investigation reports the successful application of antibodies for immunohistochemical 

detection of BTV in formalin-fixed paraffin-embedded (FFPE) BHK-BSR cell pellets. 

BTV-specific antibodies raised against non-structural (NS) proteins 1, 2 and 3/3a and 

viral structural protein 7 (VP7) were first screened on formalin-fixed cell pellets for their 

ability to detect BTV-1 viral antigens, to which the immuno-reactive antibodies were 

originally raised. Antibodies that were successful in immunolabelling BTV-1 infected 

cell pellets were further tested, using the same cell preparation and immunohistochemical 

method, to determine the broader immunoreactivity against 24 serotypes of BTV isolates 

and other orbivirus species. In this assay, the antibodies specific for NS1, NS2 and NS3/3a 

were able to detect all BTV strains tested, and the VP7 antibody cross-reacted with all, 

except those belonging to serotype BTV-15. The NS1 antibodies were BTV serogroup-

specific, while the NS2, NS3/3a and VP7 antibodies demonstrated immunologic cross-

reactivity against related orbiviruses. The results from this study show that virus antigens 

present in FFPE BTV infected cells can be detected by BTV-specific antibodies using 

immunohistochemical method. The utility of these antibodies for immunohistochemical 

detection of BTV antigens in infected animal tissues will be evaluated in the subsequent 

chapters.   
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Introduction 

Bluetongue virus (BTV) belongs to the genus Orbivirus within the family Reoviridae and 

is transmitted by Culicoides spp. of hematophagous midges. Various ruminant species 

can be infected by BTV, including cattle, sheep, deer, goats and wild ruminants (Lorca-

Oro et al., 2014, Maclachlan et al., 2019). The clinical outcome of BTV infection is 

dependent on the virus strain and host species and breed, and can range from subclinical 

infection to severe fatal disease, with haemorrhage in multiple organ as a result of 

vascular injury and cytokine release (Maclachlan et al., 2015).  

The BTV genome consists of 10 segments of double-stranded RNA encoding 7 structural 

and 5 non-structural proteins (Stewart et al., 2015, Roy, 2017). The genomic elements are 

enclosed within a bi-shelled core particle made up of an inner VP3 layer and an outer 

layer comprised of VP7. The core structure is overlaid with a more diffuse outer coat 

comprising proteins VP2 and VP5 (Roy, 2017). The antigenic variability within VP2, 

which encodes the majority of neutralizing epitopes, determines the distinct serotypes of 

BTV (Huismans and Erasmus, 1981). Twenty-four BTV serotypes were recognized 

previously, however, the BTV serogroup has expanded with the recent discovery of novel 

serotypes 25, 26 and 27 (Maclachlan et al., 2019). Among orbiviruses, the antigenic 

variation within VP7 delineates BTV from other related orbiviruses, such as epizootic 

haemorrhagic disease virus (EHDV) and African horse sickness virus (AHSV) (Wilson 

et al., 2000). 

During BTV replication, 5 non-structural proteins (NS1-5) are synthesized. Non-

structural protein 1 generates virus-specific tubules in the cytosol during BTV replication 

and is involved in enhancing virus messenger RNA (mRNA) translation (Kerviel et al., 

2019). Apart from binding of individual BTV mRNA, protecting the transcripts from 

ribonuclease cleavage, and regulating genome trafficking and packaging, the assembly of 

NS2 monomers results in the formation of viral inclusion bodies (Mumtsidu et al., 2007). 

Viral egress in insect cells is facilitated by the glycoprotein NS3/NS3a via the calpactin-

dependent exocytic pathway (Celma and Roy, 2011). Unlike the cytoplasmic non-
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structural viral proteins, a newly identified NS4 protein is nucleolar and may be involved 

in disruption of the host interferon response during viral infection (Ratinier et al., 2016). 

The functional importance of a putative second open reading frame within Segment 10 

remains to be elucidated (Stewart et al., 2015). Nevertheless, numerous studies have 

reported NS proteins as being highly conserved (van Staden et al., 1991, Zhang et al., 

2015) and thus they could be suitable targets for antigen detection using BTV-specific 

antibodies.  

Currently, there is a limited source of well characterized BTV specific antibodies that 

could enable the detection of viral proteins within infected animal tissues by 

immunohistochemistry (IHC) (Drolet et al., 2015b). This in turn limits the diagnostic and 

also in vivo research applications that might otherwise be possible. Immunohistochemical 

detection of BTV in infected animal tissues have previously been described, such as 

immunofluorescence detection on frozen tissue sections and the use of a cocktail of 

antibodies to produce adequate labelling (Cherrington et al., 1985, Anderson et al., 1989, 

Darpel et al., 2012). However, past IHC methods have been problematic on FFPE tissues 

due to formaldehyde cross-linking of immunogenic epitopes or destruction of epitopes 

(Cherrington et al., 1985, Anderson et al., 1989). More recent work has shown cross-

linking of epitopes by formalin can be partially overcome by heat-mediated antigen 

retrieval (Ramos-Vara and Miller, 2014). Thus, due to its reliable properties for the 

inactivation of infectious agents in tissues and excellent preservation of tissue 

morphology, formalin remains the fixative of choice in most histology laboratories 

(Ritchey et al., 2006).  

In this study, BTV-specific antibodies were evaluated for their potential to detect NS1, 

NS2, NS3/3a and VP7 using heat mediated antigen retrieval IHC. The antibodies were 

screened for immuno-reactivity against BTV infected and formalin-fixed paraffin-

embedded cell pellets, a substitute for BTV infected tissues, followed by evaluation for 

cross-reactivity to BTV serotypes 1 to 24 and related orbiviruses. We demonstrated that 

BTV-specific antigens derived from formalin-fixed paraffin-embedded BTV infected 

cells can be detected by a chromogen substrate-based immunolabeling method.  
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Materials and methods 

Cell lines and viruses 

A variant of baby hamster kidney cells (BHK-BSR) and African green monkey (Vero) 

cells were grown in basal medium Eagle (BME) and minimum essential media (MEM) 

(Invitrogen, Australia), respectively, and supplemented with 5% v/v fetal bovine serum 

(FBS) and 2 mM glutamine, 100 IU/mL of penicillin and 50 μg/mL of streptomycin. All 

mammalian cells were grown at 37˚C in a humidified cabinet supplemented with 5% CO2. 

Culicoides sonorensis-derived KC cells were maintained in Schneider’s Drosophila 

media (Invitrogen) supplemented with 10% v/v FBS (Wechsler et al., 1991). 

BTV and other orbiviruses were propagated in BHK-BSR cells and BME supplemented 

with 2.5% v/v FBS, 100 IU/mL of penicillin and 50 μg/mL of streptomycin at 37˚C. Virus 

stocks were retrieved from the -80˚C virus repository at CSIRO Australian Animal Health 

Laboratory (AAHL). The viruses used in this study included representative BTV 

serotypes 1 to 24, epizootic haemorrhagic disease virus (EHDV), African horse sickness 

virus (AHSV), Wallal virus, Warrego virus, Eubenangee virus, Yunnan orbivirus 2, 

Peruvian horse sickness virus (PHSV) and Palyam virus. 

Preparation of BTV and other orbivirus-infected cells 

Culture flasks (75cm2) with 90% confluent monolayers of BHK-BSR cells were infected 

at a multiplicity of infection of 0.01 with BTV or other orbivirus that are available in the 

virus repository at AAHL. Upon the development of 60 to 90% cytopathic effect, cells 

were fixed with 10% neutral buffered formalin for 24 hours (hr) to mimic the duration of 

tissue specimen fixation. Fixed cells scraped from the flask, along with detached infected 

cells, were centrifuged at 1,500 x g for 5 mins to sediment the cell pellet. The cells were 

then re-suspended in a small volume of clear nutrient agar (2.5% w/v nutrient broth and 

1% w/v bacteriological agar in distilled water), which was allowed to set before 

processing histologically and embedding into paraffin wax blocks. 
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Antibodies 

The majority of BTV-specific antibody reagents used in this study were either previously 

purified mouse ascites fluid preparations, or derived from cell cultures grown in FBS-free 

media and used as cell culture derived supernatants at AAHL (Eaton et al., 1986). The 

list of antibodies tested in this study can be found in Table 1. Generation of purified mouse 

ascites fluid, which took place prior to 1990, is currently no longer permitted at AAHL. 

Nevertheless, there was an in-house Animal Ethics Committee that approved such work 

at the inception of AAHL. Ongoing use of the ascites fluid collected during this time has 

therefore been deemed acceptable. A BTV-1 VP7 protein expressed in Spodoptera 

frugiperda 21 was used to produce specific rabbit antiserum at AAHL using a previously 

described protocol (Rahmadane et al., 2017). A rabbit polyclonal antibody (pAb) to the 

BTV-10 NS2 protein was obtained from Professor Palmarini (University of Glasgow) 

(Melzi et al., 2016). Monoclonal antibodies (mAb) 465 and 441, raised against BTV-10 

NS2 and NS3/3a, were obtained from Professor Roy (The London School of Hygiene & 

Tropical Medicine) (French et al., 1989).  

Immunohistochemistry 

Immunhistochemistry was performed on BTV- or other orbivirus-infected BHK-BSR cell 

pellets. FFPE cell pellets (suspended in agar as described above) were processed by 

standard histological methods, embedded in paraffin wax and 4μm sections collected onto 

microscope slides (Dako Envision Flex; Agilent, Australia). Sections were then dewaxed 

through xylene and rehydrated with absolute alcohol, followed by 70% alcohol and water. 

To retrieve antigens, the sections were heated at 97˚C for 20 mins in a water bath (PT 

Link; Agilent) containing pH9 buffer (EnVision™ FLEX target retrieval solution; 

Agilent). Sections were then rinsed in Tris wash buffer (0.05 mol/L Tris/HCl, 0.15 mol/L 

NaCl, 0.05% Tween20, pH7.5) (Agilent) and treated with 10% peroxidase-blocking agent 

(EnVision™ FLEX Peroxidase; Agilent) for 10 mins. The primary antibodies were 

diluted in Envision antibody diluent (Agilent) and incubated for 60 mins at room 

temperature (RT). For the purpose of screening immunoreactivity against BTV-1 infected 
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cells, antibodies were used at 1:100 without a secondary polymer. For subsequent cross 

immunoreactivity tests, the working dilutions of the antibodies, as determined from serial 

dilution testing, were used as following: NS1 mAb 31D11B10 and 20A810 (1:1000), NS2 

mAb 30G4B10 (1:6000), NS2 mAb 465 (1:2000), NS2 pAb 53414-1 (1:4000), NS3/3a 

mAb (1:800), VP7 pAb 20-3 (1:1000). Sections labelled with mAb were further incubated 

with a secondary polymer (Envision Flex mouse linker; Agilent) for 15 mins at RT. 

Subsequently, slides were then incubated with horse-radish peroxidase (HRP)-conjugated 

secondary antibody (anti-rabbit and anti-mouse) (Envision Flex/HRP; Agilent) for 20 

mins at RT. The slides were washed with Tris buffer between each incubation step. 

Finally, 3-amino-9-ethylcarbazole (AEC) substrate (Agilent) was added onto the slides 

for 10 mins, which were subsequently counterstained with Lillie Mayer’s haematoxylin 

(Australian Biostain, Australia) and coverslips applied using aqueous mounting medium 

(Agilent). Negative control sections were derived from mock infected BSR cells.  

Immunobloting 

BHK-BSR cells infected with BTV-1 CSIRO 156 were lysed by freezing at -80°C for 24 

hr and thawing. Cell culture medium (BME), treated in the same manner, was used as a 

negative control. Lysates were centrifuged at 85,000 x g for 1.5 hr at 4°C. Pelleted 

materials were dissolved in 200 µL Laemmli sample buffer, 50 mM dithiothreitol (DTT) 

(Sigma, Australia) and heated at 100°C for 5 mins. Samples diluted in DTT containing 

Laemmli sample buffer were resolved by SDS-PAGE at 200 V for 40 mins using a 4-

15% Mini-PROTEAN TGX gel in a Mini-PROTEAN Tetra Cell (Bio-Rad, Australia). 

Separated proteins were electro-transferred onto PVDF membrane using a Trans-Blot 

Turbo Transfer System (Bio-Rad). Membranes were blocked by incubating in 10 mL 

TBST (20 mM Tris pH 7.4, 150 mM NaCl (Tris-buffered saline), 0.05% (v/v) Tween-20) 

containing 5% (w/v) skim milk, then probed with the following primary antibodies: NS1 

mAb 31D11B10 and 20A810 (1:1000), NS2 mAb 465 (1:1000), NS2 mAb 30G4B10 

(1:2000), NS3/3a mAb 441 (1:1000), VP7 polyclonal antibody 20-3 (1:5000). 

Subsequently the membranes were incubated with HRP-conjugated sheep anti-mouse 

(Sigma) or goat anti-rabbit (Bio-Rad) secondary antibodies (1:2000). 
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Chemiluminescence was developed with Clarity Western ECL substrate and membranes 

were photographed using a ChemiDoc Touch Imaging System (Bio-Rad). Blocking and 

antibody incubations steps were performed for 1 hr each at RT on a rocking platform 

mixer. Membranes were washed 3 times for 10 mins per wash in 50 mL TBST between 

incubations.  
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Results 

Screening and characterisation of BTV-specific antibodies 

Antibodies raised against BTV structural and non-structural proteins diluted at 1:100 in 

antibody diluent were screened by IHC detection of fixed and embedded BHK-BSR cells 

infected with BTV-1 CSIRO156 (Table 1). The antibodies that demonstrated specific 

cytoplasmic labelling (Fig. 1) against BTV-1 CSIRO 156 were: 31D11, 20A8 (NS1 

mAb), 30G4, 465 (NS2 mAb), 53414-1 (NS2 pAb), 441 (NS3 mAb) and 20-3 (VP7 pAb). 

These antibodies did not immunolabel uninfected cells. Several VP2-specific mAbs were 

tested by IHC but no immunoreaction was observed. The details of other BTV-specific 

antibodies that did not produce positive immunolabelling against BTV-1 antigens in 

infected BHK-BSR cells can be found in Table 1.   
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Table 1. List of antibodies screened for immunoreactivity against the BTV-1-

infected formalin-fixed paraffin-embedded cell pellet by immunohistochemistry.  

+ Positive; - negative; n.s. non-specific 
*mAb = mouse monoclonal antibody 
^pAb = rabbit polyclonal antibody 
n.d. = not determined 
ELISA = enzyme-linked immunosorbent assay; IEM = immunoelectron microscopy; 
VNT = virus neutralisation test; IF = immunofluorescence;  
IHC = immunohistochemistry. 
#Australian Animal Health Laboratory (AAHL) 
†London School of Hygiene and Tropical Medicine (LSHTM) 
¤University of Glasgow (Glasgow) 

 

Antibody 
(Abbreviation)  

Isotype Applications BTV Antigen Clone Immunoreactivity 
against BTV-1 

Origin 

31D8/A12/D9 IgG ELISA, VNT 

VP2 mAb* 

- 

AAHL# 

31C10/C4 IgG3 n/a - 

31D8/A12/D2 n.d. ELISA, VNT n.s 

30E6/G4 IgG2a ELISA, VNT - 

31D8(6) n.d. n/a - 

30E3/F4 IgG2b ELISA, VNT, 
IEM, IF 

- 

31A2/D2 IgG3 ELISA, VNT - 

31D8/A12/H3 n.d. ELISA, VNT n.s 

20A11/10 IgG1 IEM, IF 

VP7 
mAb 

- 

20D9/F12 IgG2a n/a - 

20E9/B7/G2 IgG2a ELISA, IEM, 
IF 

- 

PKA4 IgGa n/a - 

20-3 IgG n/a pAb^ + 

31D11/B10  
(31D11) 

IgG3 IEM 

NS1 mAb 

+ 

20A810  
(20A8) 

IgG2a IEM + 

30G4/B10  
(30G4) 

IgG2a ELISA 

NS2 
mAb 

+ 

465 IgG IF + LSHTM† 

53414-1 IgG IHC, IF pAb + Glasgow¤ 

441 IgG IF NS3 mAb + LSHTM 
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Figure 1. Immunohistochemical labelling of BTV-1-infected BHK-BSR cells using 

BTV-specific antibodies. NS1 monoclonal antibody (mAb) 31D11 (a), NS2 mAb 30G4 

(b), NS3/3a mAb 441 (c) and VP7 polyclonal antibody 20-3 (d). A representative image 

of immunolabelling of uninfected BHK-BSR cells with BTV-specific antibody (NS2 

mAb 30G4) (e). Bar = 50 μm.  
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Immunoblotting analyses showed minimal non-specific binding of the antibodies to mock 

infected cell lysate (Fig. 2.). Immunoblotting of BTV-1 infected cell lysates showed 

single protein bands for each of the NS1 and VP7 antibodies, with approximate molecular 

weights of 49kDa (Fig. 2a & b) and 36 kDa (Fig. 2f), respectively, corresponding to the 

predicted sizes of the BTV-1 NS1 and VP7 (Gould et al., 1994, Tan et al., 2001). The 

monomeric NS2 band was identified at 46 kDa (Fig. 2c & d) (Qin et al., 2013). Lower 

molecular weight bands were also present, likely representing breakdown products as 

protease inhibitors were not included in the sample preparation process. When the BTV-

infected cell lysate (used undiluted, or diluted 1:8) was probed with NS3/3a-specific 

antibodies, a diffuse band of between 28 to 34kDa corresponding to glycosylated NS3 

was detected on the immunoblot above the bands corresponding to the non-glycosylated 

NS3 and NS3a (25 kDa and 24 kDa, respectively) (Fig. 2e) (Bansal et al., 1998). Only a 

faint band corresponding to non-glycosylated NS3 (25kDa) was detected using diluted 

BTV-infected cell lysate.  
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Figure 2. Immunoblot of BTV-1-infected cells using BTV antibodies specific for 

NS1, NS2, NS3/3a and VP7. NS1 monoclonal antibody (mAb) 31D11 (a). NS1 mAb 

20A8 (b), NS2 mAb 465 (c), NS2 mAb 30G4 (d), NS3 mAb 441 (e), VP7 polyclonal 

antibody 20-3 (f). The lanes for the images of NS1, NS2 and VP7 are: molecular weight 

marker (M), mock-infected cell lysate diluted 1:8 (lane 1), BTV-infected lysate diluted 

1:8 (lane 2); and for NS3/3a blot: molecular weight markers (M), mock-infected cell 

lysate undiluted (lane 1) and diluted 1:8 (lane 2), BTV-infected cell lysate undiluted (lane 

3) and diluted 1:8 (lane 4).   
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Immunoreactivity of BTV antibodies against diverse BTV strains and other 

orbiviruses 

We next sought to evaluate the immunoreactivity of selected antibodies to the diverse 

BTV strains and to other species of orbivirus. Immunohistochemistry was performed on 

FFPE BHK-BSR cells infected with representative strains of the different BTV serotypes, 

including strains from South Africa, Australia, the Netherlands and the USA (Table 2). 

The antibodies selected for characterisation were: 31D11, 20A8 (NS1), 30G4, 465, 

53414-1 (NS2), 441 (NS3/3a) and 20-3 (VP7). The antibodies raised against NS1, NS2 

and NS3/3a cross-reacted with all BTV strains (Table 2). Bluetongue VP7 anti-sera 

detected all BTV strains except for those belonging to BTV-15. Immuno-detection using 

NS1 anti-sera did not produce labelling of the other orbiviruses tested. The BTV NS2 

mAb 465 (Fig. 3a) and NS3/3a mAb 441 produced strong immunolabelling on EHDV-

infected cells, whereas weak immunolabelling was observed for the polyclonal NS2 and 

VP7 antibodies. The BTV NS2 mAb 465 (Fig. 3b), NS3/3a mAb 441 and VP7 pAb 20-3 

were also weakly cross-reactive to Eubenangee virus-infected cells (Table 2). 

Furthermore, sparse deposits of chromogen were observed in cells infected with Wallal 

and Warrego viruses that were stained with BTV NS2 polyclonal antibody 53414-1, mAb 

465 (Fig. 3c and d), NS3/3a mAb 441, and VP7 polyclonal antibody.   
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Table 2. Immunoreactivity by immunohistochemistry of infected BHK-BSR cells 

using antibodies against BTV isolates representing all the known serotypes and 

other orbivirus species. 

Virus 

Antibodies 
NS1 NS2 NS3 VP7 

31D11 
mAb 

20A8 
mAb 

53414 
pAb 

465 
mAb 

30G4 
mAb 

441 
mAb 

20-3 
pAb 

Origin BTV Serotype 

R
ef

er
en

ce
 S

tr
ai

ns
 (

So
ut

h 
A

fr
ic

a)
 

BTV1 (RSArrrr/01) + + + + + + + 
BTV2 (RSArrrr/02) + + + + + + + 
BTV3 (RSArrrr/03) + + + + + + + 
BTV4 (RSArrrr/04) + + + + + + + 
BTV5 (RSArrrr/05) + + + + + + + 
BTV6 (RSArrrr/06) + + + + + + + 
BTV7 (RSArrrr/07) + + + + + + + 
BTV8 (RSArrrr/08) + + + + + + + 
BTV10 (RSArrrr/10) + + + + + + + 
BTV11 (RSArrrr/11) + + + + + + + 
BTV12 (RSArrrr/12) + + + + + + + 
BTV13 (RSArrrr/13) + + + + + + + 
BTV14 (RSArrrr/14) + + + + + + + 
BTV15 (RSArrrr/15) + + + + + + - 
BTV16 (RSArrrr/16) + + + + + + + 
BTV18 (RSArrrr/18) + + + + + + + 
BTV19 (RSArrrr/19) + + + + + + + 
BTV22 (RSArrrr/22) + + + + + + + 
BTV24 (RSArrrr/24) + + + + + + + 

U
SA

 BTV2 + + + + + + + 
BTV10 + + + + + + + 
BTV11 + + + + + + + 
BTV17 + + + + + + + 

Netherlands BTV8 (Net2006-A) + + + + + + + 

A
us

tr
al

ia
 

BTV1 (CSIRO156) + + + + + + + 
BTV2 (DPP7291) + + + + + + + 
BTV3 (DPP973) + + + + + + + 
BTV5 (V9230) + + + + + + + 
BTV7 (DPP6963) + + + + + + + 
BTV9 (DPP836) + + + + + + + 
BTV12 (V9244) + + + + + + + 
BTV15 (DPP192) + + + + + + - 
BTV16 (P16-02109-0009) + + + + + + + 
BTV20 (CSIRO19) + + + + + + + 
BTV21 (CSIRO154) + + + + + + + 
BTV23 (DPP90) + + + + + + + 

Other Orbiviruses 
Origin Species 31D11 20A8 53414 465 30G4 441 20-3 

A
us

tr
al

ia
 

EHDV1† (V2209) - - (+) + - + (+) 
Wallal (VIAS) - - (+) (+) - (+) (+) 
Warrego (AA001/95) - - (+) (+) - (+) (+) 
Eubenangee (CS32) - - - (+) - (+) (+) 
Yunnan orbivirus 2 
[Middle point] (V4353) 

- - - - - - - 

PHSV# [Elsey] (99/724a) - - - - - - - 

Exotic 
Palyam (RIVS130) - - - - - - - 
AHSV2* - - - - - - - 
AHSV4 - - - - - - - 

+ Positive; (+) weak positive; - negative 

†Epizootic haemorrhagic disease virus; *African horse sickness virus; #Peruvian horse sickness virus  



Chapter 2 BTV Immunohistochemistry 

 81 

 

Figure 3. Immunohistochemical labelling of BHK-BSR cells infected with BTV-

related orbiviruses using BTV NS2-specific mAb 465. Epizootic haemorrhagic disease 

virus (EHDV) (a), Eubenangee (b), Wallal (c) and Warrego virus (d). Bar = 50 μm.
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Discussion 

This report described the application of IHC on FFPE BTV-infected cells. Formalin is 

routinely used in histology laboratories for the fixation of tissues, however cross-linking 

of antigens caused by formaldehyde fixation can mask immunogenic epitopes, thus 

hampering or eliminating antibody binding (Ramos-Vara and Miller, 2014). Earlier 

attempts with immunolabelling of BTV in tissues produced variable outcomes on FFPE 

sections (MacLachlan et al., 1990). In our protocol, heat-mediated antigen retrieval was 

used to re-expose the epitopes. The detection of BTV by IHC may also suffer from low 

sensitivity (MacLachlan et al., 1990). Polymer-based visualization, consisting of large 

amounts of secondary antibodies and HRP-conjugated to the polymer backbone, was 

therefore adopted in this study to enhance the detection of BTV antigens (Vosse et al., 

2007). Using this methodology, detection of BTV antigens can be sensitively and reliably 

reproduced by a range of BTV antibodies.  

In order to investigate the potential for broader application of BTV antibodies, the 

immunoreactivity of antibodies raised against BTV NS1, NS2, NS3/NS3a and VP7 were 

evaluated for the detection of diverse BTV strains and other orbivirus species. The NS1 

mAbs demonstrated BTV species-specificity and cross-reactivity was not detected 

against other orbiviruses, consistent with earlier literature that BTV NS1 antisera were 

not immunoreactive against EHDV and AHSV (Grubman, 1990, He et al., 1991). The 

linear epitopes of NS1 harbor conserved residues among the immuno-reactive epitopes 

within the BTV species but these are not shared with AHSV and EHDV (Hai Xiu et al., 

2015). Previously, the in-house produced NS1 mAbs were utilised in immuno-electron 

microscopy (IEM) studies, in which three viral features were detected within the infected 

host cells – virus specific tubules, cytoskeleton-associated virus particles and released 

virus particles (Eaton et al., 1988). The NS1 mAbs 31D11 and 20A8 used in this study 

were confirmed by IEM to detect only virus specific tubules.   
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Several antibodies against BTV-specific proteins NS2 and NS3/NS3a used in this study 

were immunoreactive against BTV and other related orbiviruses, albeit with weaker 

labelling, suggestive of conservation of the relevant immunoreactive epitopes. Besides 

the conserved nature of the NS2 protein within the BTV serogroup, significant amino acid 

conservation exists within the Orbivirus genus, especially at the N-terminal domain in 

which BTV has the closest antigenic relationship with EHDV (Butan and Tucker, 2010). 

An earlier study revealed high amino acid similarity between BTV and EHDV at the N-

terminus where the amino acid positions 1 to 97 and 117 to 166 had 79% and 84% 

identity, respectively (van Staden et al., 1991). Subsequent studies also confirmed that 

the NS2 protein is highly conserved among BTV and other related orbiviruses such as 

EHDV, AHSV, PHSV, Chuzan virus and Yunnan orbivirus 2 at the N-terminal domain 

(Butan and Tucker, 2010). In this investigation, the NS2-specific mAb 465 

immunoreacted strongly to EHDV but weakly to other orbiviruses in formalin-fixed cells, 

whereas the NS2 mAb 30G4 was unable to cross-react to other orbiviruses apart from 

BTV. This suggested the two NS2 mAbs used in this study bind to different epitopes.  

Bluetongue virus NS3/3a proteins are also highly conserved across BTV serotypes, with 

significant residue conservation with other orbiviruses on both the N- and C-termini 

(Zhang et al., 2015). Despite the conservation of NS3 peptide among orbiviruses, BTV 

and EHDV share higher levels of amino acid similarity than that between BTV and AHSV 

(Kundlacz et al., 2019b). The cross-reactivity of the NS3/3a mAb 441 with EHDV and 

other orbiviruses tested in our study reflects the conserved nature of the NS3/3a epitope. 

In a different study, one of the NS3/3a mAbs that recognized the residues between 82 to 

95 of BTV NS3/3 across-reacted with 24 serotypes of BTV and also Ibaraki virus (a strain 

of EHDV) (Zhang et al., 2015).  

The BTV genome segment 7 that encodes for VP7 determines the defining epitopes for 

the serogrouping of BTV and other orbivirus species (Wilson et al., 2000). A BTV 

serogroup specific mAb, clone 20E9/B7/G2, previously shown to detect core protein VP7 

on IEM, is unsuccessful on the current application of IHC on FFPE materials  (Eaton et 

al., 1991). On the other hand, a rabbit polyclonal antibody raised against BTV-1 VP7, 20-
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3, was able to detect BTV in FFPE specimens. This antiserum also demonstrated the 

ability to immunodetect other orbivirus such as EHDV, similar to an earlier report (du 

Plessis et al., 1994). Although VP7 is highly conserved within the BTV species, with up 

to 90% amino acid identity, significant variation can still be found across the BTV 

serotypes (Russell et al., 2018). The rabbit polyclonal antibody used in this study did not 

cross-react with either the Australian or the South African reference BTV-15 isolates 

(Table 2), which is consistent with earlier finding that mAbs raised against BTV-1 and 

BTV-16 failed to detect BTV-15 (Lunt et al., 1988a). BTV-15 uniquely harbors additional 

cysteine residue at position 105 and 2 lysine residues at positions 58 and 324 that are 

likely to impart significant changes to protein conformation (Wang et al., 1994). 

Therefore, homotypic antisera will be needed for the detection of BTV-15 VP7.  

Another structural protein that has been evaluated for IHC application is VP2. Majority 

of the VP2 antibodies tested in this study were previously used in virus neutralisation 

assays (White and Eaton, 1990). Among the collection of VP2 antibodies, only mAb 

30E3/F4 has been successfully described for the application on IEM and IF studies in 

detecting virus particles (Hyatt et al., 1989). In the current study, an extensive selection 

of mAb raised against BTV-1, including 30E3/F4, failed to detect BTV-1 on FFPE 

infected cells. Therefore, it is likely that VP2 epitopes were destroyed by formalin fixation 

and paraffin embedding and not suitable for IHC.  

In short, antibodies generated against BTV-specific non-structural and structural proteins 

used in this study are able to detect BTV antigens in FFPE infected cells. BTV-specific 

mAb such as NS1 31D11, NS1 20A8 and NS2 30G4 can provide BTV serogroup specific 

detection of virus antigens. On the other hand, pAb against NS2, or mAb generated 

against epitope regions of NS2 and NS3/3a that are highly conserved among related 

orbiviruses can be used for the detection of closely related orbiviruses. The application 

of these immuno-detection method for BTV in infected animal tissues will be reported in 

more detail in the subsequent chapters.  
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Abstract: The embryonated chicken egg (ECE) is routinely used for the laboratory isolation and adaptation of 
Bluetongue virus (BTV) in vitro. However, its utility as an alternate animal model has not been fully explored. In 
this paper, we evaluated the pathogenesis of BTV in ovo using a pathogenic isolate of South African BTV serotype 
3 (BTV-3) derived from the blood of an infected sheep. Endothelio- and neurotropism of BTV-3 were observed 
by immunohistochemical detection of non-structural protein 1 (NS1), NS3, NS3/3a, and viral protein 7 (VP7) 
antigens. In comparing the pathogenicity of BTV from infectious sheep blood with cell-culture-passaged BTV, 
including virus propagated through a Culicoides-derived cell line (KC) or ECE, we found virus attenuation in 
ECE following cell-culture passage. Genomic analysis of the consensus sequences of segments (Seg)-2, -5, -6, -7, 
-8, -9, and -10 identified several nucleotide and amino-acid mutations among the cell-culture-propagated BTV-3. 
Deep sequencing analysis revealed changes in BTV-3 genetic diversity in various genome segments, notably a 
reduction of Seg-7 diversity following passage in cell culture. Using this novel approach to investigate BTV 
pathogenicity in ovo, our findings support the notion that pathogenic BTV becomes attenuated in cell culture and 
that this change is associated with virus quasispecies evolution. 

Keywords: Bluetongue virus; genetic diversity; attenuation; pathogenicity; immunohistochemistry 

 

1. Introduction 

Bluetongue virus (BTV) is an arthropod-borne (arbo-) virus that is primarily transmitted by Culicoides 
midges. It is a non-enveloped virus, with a 10-segmented double-stranded RNA (dsRNA) genome, belonging to 
the family Reoviridae and genus Orbivirus. The infection of susceptible ruminant species can result in viral 
hemorrhagic disease [1], as with other important human and animal arboviruses, for example, dengue and Rift 
Valley fever [2,3]. Other features of arbovirus infection of vertebrate hosts include the development of in utero 
congenital neurological diseases, as seen with Zika and Schmallenberg virus infection [4,5]. BTV infection of 
ruminants was also reported as the cause of neuropathogenic congenital deformities in the fetuses of cattle and 
sheep [6]. BTV may serve as a model arbovirus to better understand the pathogenesis of viral hemorrhagic disease 
and congenital neurological diseases arising from arboviral infection. 

The pathogenesis of BTV can be evaluated in vivo using natural or laboratory hosts. European-adapted sheep 
breeds are susceptible host species for BTV infection [7], but ethical considerations and the requirement for a large 
animal facility with high biocontainment standards limits the use of sheep as an infection model. Alternatively, an 
interferon (IFN) alpha/beta receptor-deficient mouse model was used for the investigation of BTV pathogenicity 
[8]. This, however, requires pathogen-free conditions for animal housing [8]. Embryonated chicken eggs (ECEs) 
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are commonly used for BTV isolation as they are the most sensitive laboratory system to demonstrate the presence 
of infectious virus in clinical specimens and can be easily obtained from reliable sources. This method is 
recommended by the World Organization for Animal Health (OIE) [9,10]. Although ECEs are routinely used in 
virology laboratories for BTV isolation, only the pathogenesis of African horse sickness virus (AHSV) was studied 
using this system [11]. There is currently insufficient knowledge on BTV tropism and pathogenesis in ECE. 
Previous in ovo investigations utilized in situ hybridization to investigate organ tropism of BTV in ECE, however, 
cellular tropism was not described due the limitations of the techniques employed to detect BTV segment (Seg)-3 
[12]. Recently, sensitive BTV immunohistochemistry (IHC) tests allowed improved evaluation and development 
of a BTV animal infection model [13]. 

The types of virus inoculum preparations that allow reliable experimental reproduction of BTV infection in 
animals are not clearly identified, as different results were reported in different studies. Some studies reported 
that representative clinical bluetongue (BT) disease can be induced with cell-culture-passaged BTV [14–18]. 
However, numerous investigators advocated against the use of cell-culture-passaged BTV isolates due to 
attenuated clinical BT disease seen in sheep following experimental infection [19–21]. This was recently 
demonstrated by comparing the pathogenicity of viremic sheep blood and cell-culture-passaged BTV after 
experimental infection of sheep [7]. In that study, BTV cell-culture isolates were generated using only Culicoides 
and mammalian cell lines. In many instances, investigators still rely on the conventional propagation of BTV in 
ECE and then subsequent propagation in mammalian cells [14–17]. Currently, it is unclear if conventional 
propagation of BTV in ECE and mammalian cells results in similar attenuation of pathogenicity compared to 
propagation in Culicoides and mammalian cells. The genetic basis for the observed attenuation in the animal model 
is difficult to define due to the complexity of the multi-segment viral genome and variation in the levels of diversity 
within the quasispecies composition of the isolates studied [7,22]. 

The virulence determinants of BTV and cognate host receptors are yet to be identified. The entry of BTV into 
mammalian cells is precipitated by binding of viral protein 2 (VP2) to host cell receptor(s) with cell fusion and 
entry mediated by VP5 [23,24]. Binding to the insect midgut cell receptor, however, predominantly relies on VP7 
[25]. During virus replication, five non-structural (NS) proteins are produced. Synthesis of NS1 generates virus-
specific tubules during active infection to support the virus translation machinery [26]. NS2 proteins are important 
for protecting viral RNA transcripts, regulating virus genome trafficking, and the formation of viral inclusion 
bodies [27,28]. Importantly, several non-structural proteins were shown to play a role in BTV pathogenicity. The 
host cell IFN response may be disrupted by NS3 and NS4 proteins [29,30]. The glycoprotein NS3/3a that is involved 
in virus egress during infection of insect cells [31] also possesses viroporin-like properties which can disrupt 
mammalian cellular permeability [32]. 

To evaluate the suitability of the chicken embryo model to study viral pathogenicity, we characterized the 
pathology and viral tropism in chicken embryos infected with the pathogenic virus strain BTV-3 Cyprus 1943 
[33,34]. We compared in ovo infections caused by BTV from viremic sheep blood with that of virus passaged in cell 
cultures, either using a conventional propagation method (virus propagation in ECE followed by propagation in 
mosquito and mammalian cell lines) or a contemporary method (Culicoides-derived (KC) cell line followed by 
mammalian cell lines). To understand the genetic selection underlying changes of disease presentation, deep 
sequence analysis of the genome of inocula of cell-culture- and sheep-derived BTV quasispecies populations was 
also undertaken. 
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2. Materials and Methods 

2.1. Ethics Statement 

Animal experiments using ECE were approved by the Australian Animal Health Laboratory (AAHL) 
Animal Ethics Committee (AEC#1918) in accordance with the Australian National Health and Medical Research 
Council Code of Practice for the Care and Use of Animals for Scientific Purposes, Eighth Edition (2013). 

2.2. Cell Lines and Viruses 

A variant of baby hamster kidney cells (BHK-BSR) and African green monkey (Vero; ATCC®CCL-81TM) cells 
were grown in basal medium Eagle (BME) and minimum essential media (MEM) (Invitrogen, Melbourne, 
Australia), respectively, and supplemented with 5% fetal bovine serum (FBS) (Invitrogen), 2 mM glutamine 
(Invitrogen), and 100 IU/mL penicillin (Sigma, St. Louis, MO, USA). All mammalian cells were grown at 37 °C in 
a humidified incubator supplemented with 5% CO2. KC cells derived from Culicoides sonorensis were maintained 
in Schneider’s Drosophila media (Invitrogen) supplemented with 10% FBS and 100 IU/mL penicillin [35]. Aedes 
albopictus cells (C6/36) were grown in medium 199 (M199) (Invitrogen) supplemented with 10% FBS, 2 mM 
glutamine, and 100 IU/mL penicillin. 

The reference virus strain of BTV-3 was obtained from the Onderstepoort Veterinary Institute, South Africa. 
It was determined by gene sequencing to be derived from the Cyprus 1943 strain (NCBI KP821039.1) [33,34]. This 
sheep blood-derived virus was previously demonstrated at AAHL to be highly pathogenic in sheep [36]. The virus 
was passaged a further four times in sheep, and the infectious sheep blood was stored in vapor-phase liquid 
nitrogen. 

Virus isolation and propagation of the sheep-derived BTV-3 virus (Sh virus) was performed using two 
methods: (1) ECE (one passage), followed by Aedes cells (one passage), and then mammalian BHK-BSR cells (three 
passages), as recommended by the OIE [10]; (2) KC cells (one passage), followed by BHK-BSR cells (three passages) 
[7]. The isolates derived from ECE/Aedes/BHK-BSR were designated as Eab. For KC/BHK-BSR cell propagation, 
the isolates were designated as Kb; isolates Kb2 and Eab2 were derived from the second passage in BHK-BSR cells 
and Kb3 and Eab3 represent the third passage in BHK-BSR cells. Cell-culture-adapted BTV with two and three 
passages in mammalian cells were used in this study to represent low-passaged BTV used in published animal 
models of BT disease [7,16–18]. Sh virus passaged once in KC cells is hereafter referred to as Kc virus. The cell 
culture preparations and viruses used in this study are shown in Figure 1. 

 

Figure 1. Passage history of the bluetongue viruses used in this study. The virus passages studied are in gray boxes 

and designated virus names are in brackets. 

All viruses propagated in cell culture were prepared from supernatant harvested from infected cells 
following freezing at −80 °C and thawing at room temperature. The supernatants collected were titrated by serial 
10-fold dilution and inoculated onto confluent Vero cell monolayers on 96-well plates. The cytopathic effect was 
visualized post-fixation with 0.1% methylene blue. The virus titer was determined using the Spearman–Karber 
method for calculation of median tissue culture infectious dose (TCID50) [37]. The virus isolates were stored at 4 
°C for immediate use or −80 °C for later use. 

2.3. Infection Studies in Chicken Embryos 

Fertile chicken eggs were obtained from Turi Foods (Victoria, Australia). The virus inocula comprised red 
blood cells obtained from BTV-3 vireamic sheep lysed in sterile distilled water or cell-culture-passaged viruses 
diluted in MEM or Schneider’s media. For inoculation of ECE, a window on the eggshell overlaying a suitable 
blood vessel on the chorioallantoic membrane (CAM) was first cut and removed from 11-day-old ECE. One 
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hundred microliters of virus or phosphate-buffered saline (mock infection) was then intravenously inoculated into 
the ECE using a 26G needle. The shell was sealed with cellophane tape and then incubated at 33 °C [38]. 

To study the time course of infection, four eggs infected with Sh virus (101.5 TCID50) were randomly selected 
for humane euthanasia at one, two, and three days post infection (DPI). One uninfected age-matched ECE was 
randomly selected for humane euthanasia at the same time points as a negative control. 

For the survival study, each virus was inoculated into six eggs. Viruses and doses inoculated into the eggs 
were as follows: cell-culture-passaged virus Eab2, Eab3, Kb2, and Kb3 (103.0 TCID50 each), Kc virus (101.2 TCID50), 

and Sh virus (101.5 TCID50). The eggs were candled every 12 h after inoculation over the course of seven days. Upon 
the detection of embryo inactivity, the embryos were removed from the eggs immediately and humanely killed 
by decapitation. The embryo and CAM were then fixed in 10% neutral buffered formalin for 24 h. 

2.4. Histopathology and Immunohistochemistry (IHC) 

Whole ECEs were processed using routine histology methods and cut in after processing to allow thorough 
infiltration of paraffin to support the fragile tissues. Formalin-fixed tissues were then processed by standard 
histological methods, embedded in paraffin wax, and 4-µm sections collected onto Flex IHC microscope slides 
(Agilent, Melbourne, Australia). Sections were then dewaxed through xylene and rehydrated with absolute 
alcohol, followed by 70% alcohol and water. To retrieve antigens, the sections were heated at 97 °C for 20 mins in 
a water bath (PT Link, Agilent) containing pH 9 buffer (EnVision™ FLEX target retrieval solution, Agilent). 
Sections were then rinsed in Tris wash buffer (0.05 mL/L Tris-HCl, 0.15 mol/L NaCl, 0.05% Tween-20, pH 7.5) 
(Agilent) and treated with 10% peroxidase-blocking agent (EnVision™ FLEX Peroxidase, Agilent) for 10 mins. The 
primary antibodies were diluted in Envision antibody diluent (Agilent) and incubated for 60 mins at room 
temperature (RT). The primary antibodies were used at the following dilutions: NS1 monoclonal antibody (mAb) 
at 1:1000, NS2 mAb at 1:6000, NS3 mAb at 1:800, VP7 polyclonal antibody at 1:1000, and active-caspase-3 at 1:2000 
(Abcam, Melbourne, Australia). Sections labeled with mAb were further incubated with a secondary polymer 
(Envision Flex Mouse linker, Agilent) for 15 mins at RT. Subsequently, slides were then incubated with horseradish 
peroxidase (HRP)-conjugated secondary antibody (anti-rabbit and anti-mouse) (Agilent) for 20 mins at RT. The 
slides were washed with Tris buffer between each incubation step. Finally, AEC substrate (Agilent) was added 
onto the slides for 10 mins, which were subsequently counterstained with Lillie Mayer’s hematoxylin (Australian 
Biostain, Australia), and cover slips were applied using aqueous mounting medium (Agilent). A duplicate serial 
tissue section was stained with hematoxylin and eosin stain for histological examination. 

2.5. Assessment of the Immunohistochemical Labeling 

The viral antigen load was assessed at high power field (hpf) of a light microscope at 40× magnification and 
qualitatively scored as abundant (score 3, more than 10 positive foci per hpf), moderate (score 2, between five and 
nine positive foci per hpf), minimal (score 1, between one and four positive foci per hpf), and undetectable (score 
0). The operator (F.Z.X.L.) scoring proficiency was standardized against the scores achieved by the pathologist 
(J.Bd., J.B.). Images that were selected for the standardization process can be found in Figures S1 and S2 
(Supplementary Materials). The slides were de-identified during the assessment and assessed by one operator 
(F.Z.X.L.). One representative field per organ was scored, and the scores were averaged for the study group to 
obtain mean values for each organ. The same assessments were also made for the active caspase-3 immunolabeling. 
Immunohistological scores were plotted as heat maps using ggplot v.3.1.0 [39]. 

2.6. One-Step Growth Curve Analysis 

BTV-3 was added to triplicate wells of a 24-well plate containing Vero, BHK-BSR, or KC cells at a multiplicity 
of infection (MOI) of 0.01. Inoculated cells were incubated for 37 °C (Vero, BHK-BSR) or 28 °C (KC) for one hour. 
The inoculum was then removed, and cell monolayers were washed once with phosphate-buffered solution (PBS; 
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4·2H2O, 1.8 mM KH2PO4, pH 7.3) and replaced with complete medium. 
Cells were incubated as above. Aliquots of cell-culture supernatant were collected from each well at 12 and 24 h 
post infection (HPI) and every 24 h thereafter until 96 HPI for mammalian cell culture, and up to 240 HPI for KC 
cells. The supernatants collected were titrated on Vero cells, as described above. Statistical analysis was performed 
on GraphPad Prism 5 by ANOVA followed by Bonferroni multiple-comparison test. 
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2.7. Deep Sequencing 

Viral RNA was extracted from sheep blood (Sh virus) and virus harvested from cell-culture supernatant (Kc, 
Kb2, Kb3, Eab2, Eab3 virus) using the MagMAX™—96 Viral RNA Isolation Kit (Applied Biosystems, Foster City, 
CA, USA). The viral RNA was transcribed into complementary DNA (cDNA) and amplified with the 
SuperScript™ III One-Step RT-PCR system with PlatinumTM Taq high-fidelity DNA polymerase (Invitrogen) and 
gene-specific primers that were designed for highly conserved regions of the genomes (Table S1, Supplementary 
Materials). The cDNA was amplified on an Eppendorf Mastercycler with the following cycling parameters: 50 °C 
for 30 s, 95 °C for 2 mins, 40 cycles of 94 °C for 45 s, 50 °C for 60 s, and 68 °C for 60 s, followed by a cycle of 68 °C 
for 5 mins. An Illumina Nextera XT DNA library was prepared from purified DNA (Qiagen, Hilden, Germany) 
following the manufacturer’s instructions. Library DNA was quantified using the Invitrogen Qubit™ ds DNA HS 
assay and the average library size was determined on a Bioanalyzer using the Agilent High-Sensitivity DNA kit. 
Paired-end 150-bp sequencing was performed on an Illumina MiSeq instrument. 

The raw reads from each sample were trimmed using Trimmomatic v.0.38 [40], trimming when the quality 
dropped below 3, and removing reads shorter than 75 bases. The cleaned reads were then aligned to a BTV-3 
genome [34] using Hisat v.2.1.0 [41] with the default settings. The sequence alignment map (SAM) file was then 
manipulated using Samtools v.1.9.0, and new genomes were assembled by a combination of BCFtools and vcfutils 
[42]. Shannon-entropy analysis [43] was performed using custom scripts in Python v.3.5.2. These scripts used 
pysam v.0.15.0 (https://github.com/pysam-developers/ pysam) to analyze the alignment files and the following 
Shannon entropy equation: 

!"($) = −()* log.()*)

/

*01

 

where Pi is the frequency of an individual genotype, and M is the number of clones sequenced. Hs values range 
from 0 (completely homogeneous) to 2 (completely heterogeneous) [43]. Plots of the Shannon entropy values were 
created using ggplot v.3.1.0 [39]. Raw sequencing data are available in the Sequence Read Achieve under the 
accession numbers SRR8868283 to SRR8868288. 

3. Results 

3.1. Sheep Blood Containing BTV-3 is Pathogenic in the ECE Model 

In order to characterize the pathogenesis of BTV in ECE, we performed a time-course study using sheep 
blood containing BTV-3 (Sh virus; Figure 1). The progression of the infection was characterized by evaluation of 
apoptosis and BTV dissemination in the ECE by IHC. At one and two days post infection (DPI), the BTV-infected 
embryos were not clinically affected, nor was significant gross or microscopic pathology detected. At 3 DPI, the 
infected ECEs were all dead. On gross examination, the skin of the embryo appeared bright red as a result of 
vascular congestion and hemorrhage. Expansion of the subcutaneous space was also observed during the 
examination, which was confirmed by histopathological analysis to be consistent with edema (Figure 2a). 
Hemorrhage was also observed at the back of the skull (Figure 2b) and in appendages of the embryo. 
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Figure 2. Pathology of bluetongue virus (BTV)-infected chicken embryos at three days post infection (DPI). 

Expansion of subcutaneous space consistent with edema (a). Hemorrhage at the occipital region of the cranium (b). 

Scale bar = 500 µm. 

To investigate if the pathogenic outcome in ovo was a result of apoptosis, tissue sections of infected ECE and 
uninfected age-matched ECE were immunolabeled for activated caspase-3 (CASP3), a cellular indicator of 
apoptosis (Figure 3). At 1 and 2 DPI, there was minimal CASP3 labeling in both the infected and uninfected ECEs, 
reflecting the normal turnover of cells in the embryonic developmental stage [44]. On the third day of infection, 
there was increased activation of CASP3 in various organs of the infected ECE, with significant amount of labeling 
in the CAM and spleen (Figure 3a). In the CAM, activated CASP3 could be detected in areas such as the chorionic 
epithelium, endothelial cells of both macro- and micro-vasculature, and the hematopoietic cells (Figure 3c). The 
splenic cells of the red pulp and trabeculae of the spleen were also strongly immuno-positive for CASP3 (Figure 
3e). These results indicate that embryo death was associated with increased apoptosis. 

The dissemination of the BTV-3 Sh virus in the embryo was evaluated using IHC specific for each of the BTV 
antigens—NS1, NS2, N3/3a, and VP7 (Figure 4). No virus antigen was detected on 1 DPI. Two days after virus 
inoculation, moderate amounts of BTV antigens were apparent in the CAM. Low amounts of antigens were 
detectable in most organs, but not in the lungs and liver. On the third day of infection, antigens were diffusely 
distributed across various organs within the ECE. The abundance of BTV antigens detected on 3 DPI coincided 
with the activation of apoptosis. 

In the CAM, BTV antigens were detected in the chorionic epithelium and macro- and microvascular 
endothelial cells (Figure 5a). Endothelial cells in the aorta and vena cava were also immuno-positive for BTV 
(Figure 5b). Abundant BTV antigens were present among the splenic cells (Figure 5c), and within the liver 
(endothelium of the central vein and sinusoidal endothelium, and hematopoietic cells) (Figure 5d), 
microvasculature of the heart (Figure 5e), and lung (Figure 5f). Generally, multiple antigen detection identified 
vascular-specific BTV replication. 

In the cerebrum, NS2 (Figure 6c), NS3/3a, and VP7 were present in the vasculature without significant 
histopathological lesions observed (Figure 6a). Unlike other BTV antigens detected in the cerebrum, the low 
amount of NS1 detected was attributable to the immuno-labeling only in the neuronal cells (Figure 6e), and the 
positive neuronal cells were randomly and sparsely distributed. Similar immunolabeling patterns were 
occasionally observed within the spinal dorsal root ganglion (Figures 6d, f). The presence of BTV antigens was not 
observed in any uninfected ECE. 

Our findings indicated that the strain of BTV-3 used was able to replicate in the chicken embryo, as 
determined by the presence of diffuse viral antigen presence in the vascular and neuronal systems. The disease in 
the chicken embryo was most likely a combination of viral replication in the vascular bed and the brain, 
accompanied by the widespread activation of programmed cell death in the organs, leading to acute vascular 
dysfunction, multi-organ failure, and death. 
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Figure 3. Comparison of expression of activated caspase-3 (CASP3) in three-day-old BTV-infected chicken embryos. 

Score of activated caspase-3 labeling in the different chicken embryo organ systems at days 1, 2, and 3 after BTV 

infection and in uninfected age-matched embryos (a). Chorioallantoic membrane (CAM) of uninfected (b) and 

infected (c) and spleen of uninfected (d) and infected (e). Staining scores: 3 = abundant, 2 = moderate, 1 = minimal, 0 

= undetectable. CNS = central nervous system; GIT = gastrointestinal tract. Scale bar = 100 µm. 
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Figure 4. The abundance of viral antigens and their distribution, plotted as heat maps, in various organs of the 

chicken embryo at 1, 2, and 3 DPI. Viral antigen loads were assessed semi-quantitatively at 40× magnification. Scores: 

3 = abundant, 2 = moderate, 1 = minimal, 0 = undetectable. CAM = chorioallantoic membrane; CNS = central nervous 

system; GIT = gastrointestinal tract. 
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Figure 5. BTV non-structural protein 2 (NS2) antigens in infected chicken embryo at 3 DPI. Immuno-positive labelling 

(red/brown color) in the chorionic epithelium (asterisk) and macro- (arrow) and microvascular (dashed arrow) 

endothelial cells of the chorioallantoic membrane (a), endothelium of the aorta and vena cava (arrow) (b), splenic 

cells (c), liver (endothelium of the central vein and sinusoidal endothelium, and hematopoietic cells) (d), and 

microvasculature of the heart (e) and lung (f). Immunohistochemistry, with hematoxylin counterstain. Scale bar = 

500 µm (b), 100 µm (a,c–f). 
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Figure 6. Neuronal and vascular replication of BTV within cerebrum (a,c,e) and dorsal root ganglion (b,d,f). Serial 

sections of the cerebrum (a,c,e) and dorsal root ganglion (b,d,f) were stained with hematoxylin and eosin (H&E) (a,b) 

and immunohistochemistry (IHC) for NS2 (c,d) and NS1 (e,f), showing NS2 antigens within vascular endothelial 

cells (c,d) and NS1 antigens within the neuronal cells (e,f) of the cerebrum and dorsal root ganglion, respectively. 

Vascular localization of NS2 antigens was similar to that of NS3/3a and viral protein 7 (VP7) (not included in the 

panel). Scale bar = 100 µm.  
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3.2 BTV Propagation Method Affects Replicative Fitness In Vitro 

To determine if the different cell passage histories of BTV, either via conventional (Eab) or contemporary 
(Kb) propagation (Figure 1) affected their replicative fitness in vitro, one-step growth curve analyses were 
performed using BHK-BSR and KC cells, as well as Vero cells, representing an additional mammalian cell line 
known to be permissive for BTV replication [7]. While the growth kinetics and endpoint titers of the Eab and Kb 
viruses evaluated in BSR cells were similar (Figures 7a, b), Vero cells infected with Kb2 and Kb3 were able to 
produce infectious BTV as early as 12 h post infection (HPI), whereas detectable titers of Eab2 and Eab3 were not 
observed until 24 HPI (Figures 7c, d). While not statistically significant, Kb-infected KC cells were also able to 
produce slightly more infectious virus than the Eab viruses (Figures 7e, f). These results indicated that sheep-
derived BTV-3 passaged in KC cells followed by BHK-BSR cells have a replicative advantage over virus passaged 
in ECE, followed by Aedes and BHK-BSR cells. 

 

Figure 7. One-step growth analysis of second and third passaged BTV on mammalian baby hamster kidney cells 

(BHK-BSR) (a,b), Vero (c,d), or Culicoides-derived (KC) cells (e,f). Cells were infected at a multiplicity of infection 

(MOI) of 0.01 in triplicate. Supernatants were collected at 12 h, 24 h, and then every 24 h until 96 (BSR/Vero) or 240 

(KC) h post infection (HPI) and then titrated in Vero cells using limiting dilution analysis. The error bars represent 

standard deviation. Statistical analysis was performed using ANOVA followed by Bonferroni multiple-comparison 

test. * p < 0.05, ** p < 0.01. Kb = KC/BHK-BSR; Eab = embryonated chicken egg (ECE)/Aedes/BHK-BSR.  
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3.3. Reduction of Pathogenicity In Ovo with Cell-Culture-Passaged BTV 

To determine the effect of viral passage through different cell culture systems in ECE, we next compared the 
pathogenicity of BTV-3 derived from sheep blood (Sh) with cell-culture-passaged virus. Pathogenicity in this 
model was defined by the duration of survival over the seven days following infection. The cell-culture 
preparations and viruses used in this study are shown in Figure 1. All the ECEs inoculated with BTV-3 Sh and Kc 
viruses died as a result of BTV infection within 3 DPI (Figure 8a), whereas other ECEs infected with Eab or Kb 
viruses reached 100% mortality between 6 and 7 DPI (Figure 8a). No mortalities were observed in mock infected 
ECE. The average survival times of embryos infected with Sh and Kc viruses were lower than those infected with 
Kb viruses, which were in turn lower than those infected with Eab viruses (Figure 8b); however, only the 
differences between Sh and Kc versus Eab2 and Eab3 were statistically significant. 

The ECEs harvested at the clinical endpoints were subjected to BTV IHC staining and analysis (Figure 8c). 
There was a significant reduction of viral antigen load among ECEs infected with Eab and Kb viruses compared 
to embryos infected with Sh and Kc viruses. BTV antigens were widely distributed in various organ systems 
among the Sh- and Kc-infected ECE. In contrast, virus antigens were primarily found within the CAM, the 
gastrointestinal tract (GIT), and peripheral tissues such as feathers and skeletal muscles for ECEs infected with Eab 
and Kb viruses. BTV antigens were slightly more abundant among the Kb virus-infected ECEs compared to Eab-
infected ECEs, suggesting different levels of replication efficiency. However, the differences observed in ovo were 
not significant. 

Taken together, these observations demonstrated that the BHK-BSR-passaged BTVs were less pathogenic in 
the chicken embryo compared to viremic sheep blood and BTV that was passaged once in KC cells, despite the 
lower titers of Sh and Kc viruses used for inoculation. 
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Figure 8. Survival curves (a) and mean survival times (b) of the ECEs infected with sheep blood BTV (Sh) and cell-

culture-passaged BTV (Kc, Kb2, Kb3, Eab2, Eab3). Statistical analysis was performed using ANOVA followed by 

Bonferroni multiple-comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001. The viral antigen loads from tissues collected 

at clinical endpoint were assessed semi-quantitatively by light microscopy at 40× magnification, and the average 

scores for each organ were plotted as heat maps (c). Scores: 3 = abundant, 2 = moderate, 1 = minimal, 0 = undetectable. 

CAM = chorioallantoic membrane; CNS = central nervous system; GIT = gastrointestinal tract. Kb = KC/BHK-BSR; 

Eab = ECE/Aedes/BHK-BSR.  
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3.4. Gene Segment-Specific Mutations and Virus Diversity within BTV Populations 

As the cell-culture-propagated BTV produced an attenuated pathotype in ECEs, we sought to determine if 
the genetic diversity present in each of these virus cultures was associated with the observed pathogenicity. 
Selected genome segments (Seg-2, -5, -6, -7, -8, -9, and -10) of each of the virus inocula were amplified by PCR 
using BTV-3-specific primers directed at highly conserved regions within each segment, followed by deep 
sequencing. On average, 1.7 million raw reads were produced for each virus sequenced, with a 99.49% alignment 
rate to the reference genome [34] and an average read depth of 5975. 

Non-synonymous and synonymous nucleotide mutations were detected among the consensus sequences of 
Seg-2, -5, -6, -8, and -9 in the cell-culture-propagated BTV in comparison to the Sh virus (Table 1). In Kb viruses, 
there was one synonymous mutation and three non-conservative amino-acid mutations among the five non-
synonymous changes, whereas Eab had one synonymous mutation, with three non-conservative amino-acid 
mutations among the four non-synonymous mutations. No mutations were found in the consensus sequences of 
Seg-7 and -10 for any of the viruses, reflecting the conservation of these genome segments within the BTV species 
[7]. Mutations that were present commonly among Eab and Kb viruses were in Seg-8 (Q169R) and Seg-9 (M5I). 
Cell-culture-passage-specific mutations were also identified. Eab viruses harbored unique amino-acid mutations 
in VP2 (G827E, body domain of VP2 [24]) and NS1 (E94G, body domain of NS1 [26]). As for Kb viruses, unique 
mutations were found in VP5 (T186I, unfurling domain [23]), VP6 (T33M), and NS4 (R3K) (Table 1). 

The nucleotide sequence variability [45] of each virus inoculum was examined by Shannon-entropy analysis 
(Figure 9). Examination of nucleotide positions harboring entropy values >0.3 revealed cell-culture-passage-
specific differences in genomic diversity. Both the Eab and Kb viruses shared nucleotide variation in Seg-9 
(position (pos.) 30). Among the Eab viruses, unique nucleotide diversities were noted in Seg-2 (pos. 1362), Seg-5 
(pos. 315), and Seg-6 (pos. 718), whereas the Kb viruses acquired diversity in Seg-6 (pos. 585), Seg-8 (pos. 1105), 
and Seg-9 (pos. 113 and 189). The nucleotide variability from Seg-2, -5, -6, -8, and -9 was found to correspond to 
the nucleotide mutations observed in the consensus sequence (Table 1). There was loss of a sheep-specific variant 
in Seg-8 (pos. 528), and also re-emergence of sheep-specific nucleotide variants in Seg-2 (pos. 672 and 2657) in the 
Kb viruses after dropping below the entropy threshold following propagation in KC cells. 

We further evaluated the genetic diversity by calculating the percentage of nucleotide positions which 
achieved >0.01 entropy for each genomic segment (Table 2). A higher level of genetic diversity was observed for 
Kc virus compared to Sh, Kb2, and Eab2 viruses in Seg-5, -6, -8, and -9, which is similar to the findings of an earlier 
report [7]. For Kb viruses, a decrease in genetic diversity among Seg-2, -5, -6, -7, and -10 was observed following 
the second passage in mammalian cells (Kb2) compared to the stock Sh virus, whereas reduction in genetic 
diversity in all segments was observed in relation to the parental Kc virus. This was followed by an increase in 
diversity after the third passage in mammalian cells in all segments except Seg-7, in which there was a slight 
reduction. In contrast Eab viruses showed an increase in genetic diversity compared to parental Sh virus in Seg-2, 
-5, -6, -8, and -9, whereas a decrease was found in Seg-7 and -10. As for Kb viruses, a third passage of Eab in 
mammalian cells led to an increase in diversity in all segments except Seg-7. This corresponds to our earlier finding 
of no mutations in the consensus sequence of Seg-7 in any of the viruses analyzed (Table 1). Interestingly, the 
highest levels of percentage diversity found in Seg-2, -5, -6, and -8, across all viruses analyzed, occurred in Eab3, 
which experienced the highest number of propagation steps.  
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Table 1. Nucleotide and amino-acid mutations found in genome segments of cell-culture-passaged viruses in 

comparison to analogous sequences of the BTV-3 from infectious blood (Sh). 

Segment (Protein) Sh Kc Kb2 Kb3 Eab2 Eab3 

2 (VP2) - - - - G2501A (G827E) G2501A (G827E) 

5 (NS1) - - - - A315G (E94G) A315G (E94G) 

6 (VP5) - - C585T (T186I) C585T (T186I) A718G A718G 

7 (VP7) - - - - - - 

8 (NS2) - - A528G (Q169R) A528G (Q169R) A528G (Q169R) A528G (Q169R) 

9 (VP6) - - 

A30G (M5I) 

C113T (T33M) 

G189A 

A30G (M5I) 

C113T (T33M) 

G189A 

A30G (M5I) 

 

 

A30G (M5I) 

 

 

9 (NS4) - - G189A (R3K) G189A (R3K) - - 

10 (NS3/3) - - - - - - 

Non-synonymous mutations are indicated in brackets and non-conservative mutations are emphasized in bold font. 

VP = viral protein; NS = non-structural protein; Kc = Culicoides-derived; Kb = KC/baby hamster kidney cells (BHK-

BSR); Eab = embryonated chicken egg (ECE)/Aedes/BHK-BSR. 

 

 

Table 2. Genetic diversity of BTV-3 from infectious sheep blood and cell-culture-passaged viruses. 

 Sh Kc Kb2 Kb3 Eab2 Eab3 

Seg-2 52.9* 58.6 43.7 50.7 60.0 66.3 

Seg-5 40.8 47.7 38.5 43.3 44.8 50.4 

Seg-6 55.2 57.1 41.7 46.5 55.5 58.7 

Seg-7 68.6 66.8 63.5 61.4 62.7 60.7 

Seg-8 40.7 47.1 43.1 45.1 44.3 51.0 

Seg-9 37.9 49.6 39.0 43.4 43.3 45.0 

Seg-10 50.1 40.8 37.1 40.8 43.3 49.0 

* Percentage diversity = 234567	9:	;3<=69>?@6	A9B?>?9;B	CD.D1	6;>79AF	
G6;H>I	9:	H6;94?<	B6H46;>	

× 100 . Seg = segment; Kb = KC/BHK-BSR; Eab = 

ECE/Aedes/BHK-BSR. 
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Figure 9. Shannon-entropy analysis of BTV-3 from infectious blood and cell-culture-passaged viruses. Deep sequencing was performed on amplicons of the genome segments shown. The y-axis represents 

nucleotide positions and the x-axis represents Shannon-entropy values. Nucleotide positions are indicated by a pink dot if the Shannon entropy value for that position is >0.3. Total count of nucleotide 

positions achieving entropy >0.01 are shown in the boxes on the top right. Kb = KC/BHK-BSR; Eab = ECE/Aedes/BHK-BSR. 
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4. Discussion 

The use of ECEs for BTV isolation was first developed in the 1940s [46] and is adopted worldwide for the 

isolation of BTV and other orbiviruses including AHSV. The pathogenesis of AHSV in ovo was also described in 

an earlier study [11]. 

In this study, BTV infection of the ECE was first detected two days after virus inoculation, with significant 

virus replication in various organs except the liver and lung of the developing chicken embryo. This suggested 

that organs such as CAM, skeletal muscle, heart, spleen, GIT, and kidneys are highly permissive organs for early 

virus replication. The lack of virus replication in the liver and lung could be due to shunting of venous blood of 

the ECE at the embryonic development phase [47]. Despite this, the dissemination of BTV to various organs within 

the chicken embryo is similar to the conventional intravenous challenge approach in sheep [20]. 

The vascular pathology in the ECE, as characterized by hemorrhage, congestion, and edema, was associated 

with the increased activation of CASP3, which was observed within the microvascular endothelium and 

hematopoietic cells of various organ systems. The primary pathology in ovo was likely damage to the CAM, as it 

is a critical organ for gaseous exchange in the developing embryo [48]. Splenic cells could have contributed to the 

release of inflammatory mediators from the type I and III IFN systems during embryogenesis [49]. Nevertheless, 

the immune response mechanism was not examined in this study. 

In general, BTV infection in ovo was similar to earlier investigations using AHSV, which showed that 

significant amounts of viral antigens could be detected, along with embryo mortality, within 3 DPI with a similar 

tissue tropism profile [11]. The extent of BTV replication in the skin, lung, spleen, liver, and kidney was also similar 

to experimental infection in sheep [13,50]. Nonetheless, in the present study, BTV replication was detected in both 

the macro- and microvasculature as confirmed by the detection of multiple BTV antigens. Macrovascular tropism 

was not reported in the ECE infected with AHSV [11], nor was it a feature in the sheep model of infection [50]. It 

is possible that during embryonic development, the endothelial cells retain progenitor features that could be 

common throughout the vascular tree [51] and that these are highly permissive for BTV infection. In an earlier in 

ovo study of BTV, in situ hybridization of Seg-3 RNA (encoding VP3) detected BTV replication within the renal 

and bronchial epithelial cells of the ECE [12]. Epitheliotropism of BTV within the renal and respiratory systems 

was not observed in our study based on the detection of structural protein VP7. This observation was also not 

reported in the AHSV infection model [11]. We suspect that the differences observed could be attributed to the 

detection method (RNA versus antigens) and the passage method to generate virus inoculum. 

In addition to endotheliotropism, BTV replicated within the neuronal cells in the ECEs. Similar NS1 neuronal 

staining was observed among ECEs infected with both the cell-culture-passaged viruses and sheep-derived viruses 

tested in this study. In the earlier study of BTV in ovo, RNA Seg-3 (encoding the structural protein VP3) was found 

in the granular cells of the cerebellum [12], whereas, in our study, the only structural protein antigen we examined, 

VP7, was only detectable in vascular endothelial cells. In a different study, the Seg-6 (VP5) was purportedly a 

determinant for neurotropism of a virulent isolate of BTV-11 in a mouse model [52,53]. Neurotropism was also 

reported in other naturally occurring orbiviral infections, for example, Wallal virus in kangaroos [54], Peruvian 

horse sickness virus and Elsey virus in horses [55], and laboratory adapted AHSV [56,57]. The use of a BTV 

modified live vaccine (MLV) is contraindicated for pregnant ruminants, as neurological congenital deformity 

associated with this practice was reported globally [6]. Moreover, the capacity for an endemic Culicoides vector 

species to transmit MLV strains in the field, especially with their potential for neurotropism [58], makes the use of 

MLVs for BT disease control quite problematic. By specifically visualizing BTV antigens NS1, NS2, NS3/3a, and 

VP7, this model demonstrated both the endotheliotropism and neurotropism of BTV. Nevertheless, it was not an 

exhaustive exploration of IHC applied to study BTV pathogenesis. Other BTV proteins should also be incorporated 

in future studies to evaluate their specific roles in the pathogenesis of BTV. 

Passaging BTV in vitro using different propagation methods could impose different selection pressures, 

potentially impacting virus replicative fitness and pathogenicity. In this paper, we compared the conventional Eab 

method and the contemporary Kb method using KC cells. Although no significant differences in replicative fitness 

were observed in KC or BHK-BSR cells in vitro, virus produced using the Kb method displayed more rapid 

replication in the early stages of propagation in Vero cells and higher titers, compared to Eab viruses. This indicates 

a difference in the replication of these viruses in mammalian cell lines derived from different species, which was 

reflected in the differences observed in mean survival times and antigen loads in ECE (Figure 8). 
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Arboviruses with a serial passage history in mammalian cell culture can have a reduced ability to induce 

disease in animals [7,59]. As demonstrated with Venezuelan equine encephalitis virus (VEEV), cell-culture-

adapted virus induced an attenuated disease phenotype in a rodent model [60]. This was attributed to the 

acquisition of heparin sulfate binding ability, which in turn contributed to the rapid clearance of VEEV in vivo [60]. 

For BTV, the outer capsid protein VP2 (encoded by Seg-2) is involved in attachment to mammalian cells. In our 

study, increased levels of genetic diversity, along with an amino-acid mutation, were found for Seg-2 of the Eab 

viruses. It is, therefore, possible that there was preferential selection of a phenotypic variant for the mammalian 

host cell receptor-binding protein for these viruses. We also showed that the genetic diversity of Seg-7 (encoding 

VP7) was reduced over the course of in vitro passages and could be associated with the attenuation of 

pathogenicity in ovo. VP7 is known to mediate binding to the insect cell midgut membrane receptor [25], but its 

interaction with mammalian host cells is unclear. Serial passage of BTV in permissive mammalian cells could 

potentially reduce the requirement for attachment to insect cell receptors, thereby leading to a concomitant 

attenuation in pathogenicity in ovo. Therefore, we propose that the genetic selection for receptor binding during 

virus propagation in vitro has important implications for virus pathogenicity in mammalian hosts. 

As replication of RNA viruses is reliant on the error-prone viral RNA-dependent RNA polymerase (RdRp), 

RNA viruses exist as genetically diverse viral populations (quasispecies) [61,62]. Consistent with previous findings 

[7], we observed that the passage of animal-derived BTV in the Culicoides KC cell line led to an increase in the 

genetic diversity of several viral genome segments (Tables 1 and 2; Figure9). Among other arboviruses, the innate 

immunity of insect cells mediated by RNA interference (RNAi) was reported to promote genetic diversity [63]. 

BTV-infected KC cells can also mount an antiviral RNAi response [64]. Therefore, we speculated that this form of 

immunity in KC cells could facilitate the selection of elevated levels of variation within BTV quasispecies. 

The attenuation of BTV pathogenicity is linked to the evolution of viral quasispecies [7] We observed an 

increase in the genetic diversity of Seg-2, -5, -6, -8, and -9 following virus propagation in KC cells or serial passage 

in ECE/Aedes/BHK-BSR cells. However, when KC cell-passaged virus was further propagated in BHK-BSR cells, a 

loss of diversity was observed within all segments. After a third passage in BHK-BSR cells, increased levels of 

diversity were observed in all segments (except Seg-7) as the viruses adapted to these cells. In a different study, 

the adaptation of Chikungunya virus (CHIKV) to a permissive vertebrate host cell environment led to attenuation 

and increased genetic diversity due to the accumulation of non-viable mutants [65], which is consistent with our 

findings. The trend observed in Seg-7, however, was in contrast to a previous study where there was a modest 

increase in genetic diversity in BTV that was propagated by up to two passages only in mammalian cell lines [7]. 

To avoid introducing variant selection and bias through laboratory-based cell culture [20,66], the induction of a 

reliable BT disease in infected animals ideally requires the use of viremic sheep blood as inoculum [7]. As virus 

stocks derived from ruminants might not be readily available in all institutions, this could be a barrier to study 

BTV in vivo. Consequently, BTV with low-passage history in mammalian cell culture is often used in animal models 

of BT disease [7,16]. 

We observed several nucleotide mutations that were common to both Eab and Kb viruses, but specific 

mutations were also present in Eab and Kb viruses. Non-synonymous mutations in VP2 and NS1 were identified 

for the Eab viruses, and in VP5 and VP6 for the Kb viruses, potentially affecting virus entry (VP2, VP5) and 

replication efficiency (NS1, NS4, VP6). Nucleotide mutations detected within the encoding regions for NS2 

(Q169R) and VP6 (M5I) were common among cell-culture-passaged viruses and could be related to the attenuation 

of virus phenotype. Quasispecies analysis revealed generally lower levels of genetic diversity of Kb viruses in most 

genomic segments examined, following passage in KC cells, similar to an investigation on alternatively passaged 

CHIKV in Aedes and mammalian cells [65]. Different selection pressures may be expected to be imposed in each 

of these passages, as the virus population adapts to a clonal midge cell line followed by a clonal rodent cell line. 

Virus samples following propagation in either ECE or Aedes cells were not available for analysis in this study. 

However, it can also be expected that BTV is subjected to even more diverse selective pressures within a complex 

avian culture system, followed by clonal mosquito cells and clonal rodent cells. 

In this study, high-throughput sequencing of amplicons derived from BTV genome segments was used to 

acquire sufficient sequencing depth to evaluate the extent of potential quasispecies generated diversity. Direct 

sequencing of viral RNA was also attempted in this study. However, this was problematic for samples from sheep 

blood, as the read coverage was inadequate for analysis. The prior production of viral amplicons by PCR for next-

generation sequencing could potentially introduce bias through the amplification of particular gene-specific 

segment regions. To address this, we designed PCR primer sets targeting conserved regions of the BTV-3 genome, 
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based on available BTV genome sequences in the NCBI database. Primer sets were used to amplify overlapping 

amplicons to minimize potential primer bias, and high-fidelity enzymes were incorporated into the PCR. We 

performed rigorous post-sequencing processes to remove poor-quality reads and selected genome coverage >100×. 

We also performed Shannon-entropy analysis that was independent of the reference or consensus genome. 

Another potential limitation of this study was that Seg-1, -3, and -4 were not included in our analyses. Given that 

these segments are highly conserved across the BTV serogroup [67] and previous studies did not generally 

implicate determinants on these genes being of major significance in virus pathogenicity [22,68], we concentrated 

our resources on the remaining genome segments. 

Herein, we report on an alternative laboratory animal model for BTV that is permissive to both clinical-

derived and cell-culture-passaged BTV and that can be readily adopted in most microbiological laboratories. The 

findings of this study strongly suggested that different methods of virus propagation impose different selection 

pressures on BTV populations and impact upon the nature of virus-induced pathogenicity. The altered viral 

population diversity and nucleotide mutations among structural and non-structural proteins that we observed as 

a result of different passage regimens led to an attenuated in ovo phenotype that may translate to attenuation in 

sheep or other ruminant hosts of BTV. Future in vivo investigations will be required to confirm the in ovo findings. 

Our findings support the recommendations of a previous study [7] that caution should be exercised when selecting 

virus inoculum for disease modeling. 
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Supplementary materials 

Figure S1. Characteristics of the BTV IHC labelling. Chorioallatoic membrane 

immunolabelled against NS1 (a), NS2 (b), NS3/3a (c), VP7 (d). Bar = 100 μm. 
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Figure S2. Scoring of BTV IHC. Chorioallatoic membrane immunolabelled with NS1 

antibody. Score=0 (a), score=1 (b), score=2 (c), score=3 (d). Bar = 50 μm. 
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Table S1. List of primers used for generation of BTV amplicons 
Segment Primer Sequences (5'-3') Genome Positions 

2 

AACGCTGTCCCGAGAATGGAG 7-682 

TCCTCTGTATTGTATGAAACTG   

ACGTGATAGAATTAGCTGAAC 89-1101 

AGGGTTGGACCACCACACTCG   

ATCGTACCACGCAATCGCTGTT 462-2100 

CTTTCGTCGATCGATCGTAGC   

AGTGGATGATTCAAGATTCGAT 335-2100 

CTTTCGTCGATCGATCGTAGC   

GTTCACATGTATGACAGAT 2041-2935 

CGTGCAAATGTGAATG   

5 

AGTTCTCTAGTTGGCAACCA 9-768 

ATSGCCATCGAAGCATARCT   

GRGTYAGATTGGATGATTC 431-1260 

TCTGCTCCAGTGTAACAGT   

AGCTGGCTACTACCWATGAT 950-1751 

TCTAGTACAGTGCTAAGAGA   

6 

CATGATCGCGAAAGATG 15-1493 

GCATCTGCAATTCATCATCA   

AAGATCCCCATGATCGCGA 7-1636 

TAAGTGTAAGTCCCGGGATCA   

AGATCCCTATGATCGCGAAAGA 8-689 

CGATCTCTTGGATGGCTTCCTC   

ACGAGATGCGTACGCTAC 528-1597 

CTACACGGTGAGAAAGAT   

7 AGAGATGGACACTATCGCWGCA 14-1154 

 AAGTGTAATCTMAGAGACGT   

8 

AGCARCGTAGATTYACTA 30-658 

TCTCGCTTCACGCAGCTTCTCCAA   

GGAATTGTGCAACCATATATGC 395-1057 

GCTCATGTCYTTAGAGACAA   

AGAATGTGCCACTGTACT 957-1125 

GTAAGTGTAAAATCCC   

9 ATCGCATATGTCAGCTGCGAT 9-1031 

TACGCCAAGAAGGTACCCT   

10 

AAGTGTCGCTGCCATGCTA 7-793 

CGTTATACAGCAGTGGGAGT   
TGTCGCTGCCATGCTAT 10-754 

TCCAAATGCAGCACGTCCCA   

TGAGGACAGTAGGTAGAGT 707-822 
GCTGTGATGTGTGAATG   
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Abstract 

Bluetongue virus (BTV) is a high impact disease that causes viral haemorrhagic disease 

in ruminants. In this study, we established a representative bluetongue (BT) disease model 

in Australian Merino sheep infected with a pathogenic BTV serotype 3 (BTV-3) 1943 

Cyprus isolate. During infection, viraemia coincided with transient lymphopenia and 

onset of pyrexia. In addition, thrombocytopenia and prolongation of prothrombin time 

was detected. At humane end-point (6-10 days), the infected sheep displayed typical BT 

lesions, including subcutaneous oedema, mucosal ulceration and coronitis. 

Immunohistochemistry (IHC) for various BTV viral proteins revealed the most abundant 

to be NS2 and NS3/3a antigens, in comparison to NS1 and VP7, which were detectable 

but less abundant. Further IHC analysis using NS2-specific antibodies demonstrated 

microvascular endotheliotropism in various organs and structures, including lung, tongue, 

lips, pulmonary artery and coronary band, and the lesions detected in these organs may 

be attributed to BTV replication in endothelium. Immunolabelling of mononuclear cells 

was also observed in the lymphoid organs. Preliminary findings suggested that the 

development of vascular injury-related lesions, such as in the lung and tongue, could be 

associated with the infiltration of mononuclear inflammatory cells. Overall, this study 

demonstrated successful reproduction of classical BT disease in sheep and improved 

understanding of pathology with the application of BTV-specific IHC. Importantly, the 

temporal pathological changes demonstrated in this disease model will guide future 

research in BT disease pathogenesis.   
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Introduction 

Bluetongue virus (BTV) is an arthropod-borne virus (arbovirus) transmitted by 

Culicoides spp. hematophagous midges and is the causative agent for bluetongue (BT) 

disease. It belongs to the Orbivirus genus within the family Reoviridae. The 10 segment 

double-stranded RNA genome encodes 7 viral structural proteins (VP) and 5 non-

structural (NS) proteins (Stewart et al., 2015, Roy, 2017). The distinct serotypes of BTV 

are defined by the nature of antigenic variation within the external capsid protein VP2 of 

different strains of BTV (Huismans and Erasmus, 1981). Delineation of the BTV 

serogroup from those of other related orbiviruses, such as EHDV and AHSV (Wilson et 

al., 2000), is via antigenic variation within the VP7 protein, comprising the outer surface 

of the viral core. 

During virus replication, translation of the viral genome is enhanced by NS1 and the 

assembly of NS1 monomers resulting in the formation of virus-specific tubules (Boyce et 

al., 2012, Kerviel et al., 2019). The aggregation of NS2 contributes to the formation of 

viral inclusion bodies involved in virion assembly, the regulation of genome trafficking 

and packaging, and the protection of virus transcripts from degradation (Mumtsidu et al., 

2007). In the BTV infected insect cell, virus egress is facilitated by the glycoprotein 

NS3/NS3a (Beaton et al., 2002). A newly identified NS4 protein may be involved in the 

disruption of the host IFN response, in addition to NS3/3a (Chauveau et al., 2013, Ratinier 

et al., 2016). A putative second open reading frame within Segment 10 has also recently 

been reported but its potential function remains to be elucidated (Stewart et al., 2015).  

A wide range of domestic and wild ruminants can be infected by BTV (Drolet et al., 2013, 

Lorca-Oro et al., 2014, Maclachlan et al., 2019). In recognition of its impact on livestock 

industries and trade, BTV is listed by the World Organisation for Animal Health (OIE) 

as a notifiable terrestrial disease (OIE, 2019b). In particular, the European-adapted sheep 

breeds are the most susceptible to the development of BT disease (Caporale et al., 2014), 
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and significant morbidity and mortality have been reported in disease outbreaks (Conraths 

et al., 2009). Among infected sheep, the clinical outcome can range from subclinical 

infection to a severe and sometimes fatal disease, with haemorrhage and oedema in 

multiple organs resulting from vascular injury and cytokine release (Maclachlan et al., 

2015).  

The laboratory tests recommended by the OIE to confirm cases of BT include the 

demonstration of BTV genome presence by reverse-transcription polymerase chain 

reaction (RT-PCR) and virus isolation (OIE Manual of Diagnostic Tests and Vaccines for 

Terrestrial Animals 2018). However, prolonged viraemia as a result of cell-association of 

BTV with erythrocytes (Brewer and MacLachlan, 1994), presents a challenge for the 

interpretation of the infection status by molecular methods alone (MacLachlan et al., 

1994). Evidence for the presence of BTV genome components can be detected in infected 

sheep or cattle blood up to 6 months post-infection, whilst infectious virus can be 

demonstrated between 1 week to 2 months post-infection (Bonneau et al., 2002). Despite 

this phenomenon, molecular methods are normally preferred in diagnostic settings as the 

detection is highly specific and results can be provided rapidly (Hofmann et al., 2008a). 

Nevertheless, the protracted circulation of BTV and its genome in clinical samples does 

not allow a sufficiently precise ability to discriminate between an active infection and the 

systemic circulation of BTV as a consequence of adherence to erythrocytes. The detection 

of an active viral infection in infected tissues using immunohistochemistry (IHC) can 

therefore present an alternative, more definite approach to BTV detection and diagnosis. 

Moreover, past immunohistochemical methods have been problematic using formalin-

fixed paraffin-embedded (FFPE) tissues due to formaldehyde cross-linking of 

immunogenic antigens or destruction of antigens (Cherrington et al., 1985, Anderson et 

al., 1989). Therefore, such techniques have not been widely used to study BT disease.  
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The current understanding of BT pathogenesis remains limited. Upon virus inoculation, 

BTV replicates within the dendritic cells and lymphatic endothelium under the skin, 

followed by rapid virus dissemination to the lymph nodes (Hemati et al., 2009, Melzi et 

al., 2016) and subsequent systemic dissemination by infected erythrocytes, mononuclear 

leukocytes and platelets (Brewer and MacLachlan, 1994, McColl and Gould, 1994, Drew 

et al., 2010b, Ruscanu et al., 2012). Later in the course of infection, BTV infection can 

be detected in organs such as tonsil, lips, tongue, spleen, heart and lungs (Darpel et al., 

2012). Despite some earlier reports, immunohistological findings are rarely described as 

a component of histopathology investigations as immunofluorescence labelling of 

infected tissues has limited ability to fully assess the extent of morphological changes 

(Cherrington et al., 1985, Darpel et al., 2012).  

In this study, our aim was to characterise BTV disease in Australian Merino sheep, using 

a pathogenic BTV-3. Our specific objectives included the experimental reproduction of 

BT disease and characterisation of clinical disease, hematologic and histomorphologic 

changes in the infected sheep. Viral loads in the red blood cells were measured by 

virological and molecular methods to determine viraemia. Furthermore, we characterised 

the distribution of BTV antigens in tissues by BTV-specific IHC and demonstrated the 

relationship of virus replication and histopathological changes. A well characterised BT 

disease sheep model will support future pathogenesis investigation.  
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Materials and methods 

Virus and animal study 

The South African reference strain of BTV serotype 3 (BTV-3) was obtained from the 

Onderstepoort Veterinary Institute, South Africa. This sheep blood-derived virus was 

previously demonstrated at AAHL to be pathogenic in sheep (Hooper et al., 1996). The 

virus was passaged a further four times in sheep and the infectious sheep blood was stored 

in vapour phase liquid nitrogen (Lean et al., 2019). Prior to use, the genome of the parental 

stock was sequenced and confirmed to be identical to the reference genome of the 1943 

Cyprus strain available on Genbank (NCBI KP821039.1) (Gambles, 1949, Nomikou et 

al., 2015, Lean et al., 2019).  

Animal experiments conducted were approved by the AAHL Animal Ethics Committee 

(AEC#1832 and 1876) in accordance with the Australian NHMRC code of practice for 

the care and use of animals for scientific purposes, 8th Edition (2013). The infection trials 

were performed at Physical Containment level 3 in the high containment facility of 

CSIRO AAHL, Geelong. BTV seronegative male Merino weaners, approximately four 

months old, were inoculated in the upper inner leg intra-dermally with 1mL of BTV 

infected erythrocytes containing 103.5 tissue culture infective doses (TCID50). Sheep were 

monitored for clinical disease throughout the experiment and euthanised upon the 

development of moderate clinical disease. The clinical criteria for moderate clinical 

disease can be found in Table 1. 

The first trial was a pilot study to confirm the pathogenicity of BTV-3. Six sheep were 

inoculated with BTV-3 and euthanised at moderate disease end-points (between 6 to 10 

DPI). Peripheral blood and tissue samples were only collected at necropsy for virology, 

serology (blood) and histology. In this study, only five sheep developed BT disease; the 

sheep that was not clinically affected and also did not seroconvert, was removed from the 
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dataset. The aim of second trial was to determine the blood parameters following 

infection. In this study, six sheep were infected with BTV-3, all sheep developed BT 

disease and were euthanised also at moderate clinical disease as per the first trial. Venous 

jugular blood samples were collected daily into 3% sodium citrate and EDTA-containing 

vacutainers (BD Biosciences) and tissues were collected for histology at necropsy.  

Table 1. Clinical scoring of BT disease in sheep. 

Clinical Severity (Score)  Clinical Criteria* 
Mild (1) • Quiet demeanour, reduced activity, lowered head 

• Fever 40.0-41.9˚C 
• Reddened mucous membranes 
• Reddened skin 
• Reddened coronary band without lameness 
• Clear ocular / nasal discharge 
• Facial swelling under the skin (oedema) 

Moderate (2) • Mild lameness (indicated by weight shifting when standing, 
stiff gait, and preference for lying down or slow to rise when 
closely approached in pen). 

• Muzzle or oral ulceration but continuing to eat 
• Swelling (oedema) in other locations 
• Purulent ocular / nasal discharge 

Severe (3) • Severe depression. 
• Fever ≥42˚C. 
• Overt lameness (indicated by limping, non-weight bearing on a 

foot, weight-bearing on the knee, and difficulty/inability to rise 
when approached in pen, requiring encouragement to move). 

• Muzzle or oral ulceration with anorexia or excess salivation. 
• Bloody discharge from any site. 
• Swollen or dark coloured tongue. 
• Neurological signs (eg – muscle tremors, torticollis, coma). 
• Respiratory distress. 

* The clinical criteria are classified by the order of severity that defines a score of 1, 2 or 

3. The total score is the sum of the individual scores for all signs present. For example: 

fever of 40.0˚C (1), reddened skin (1), mild lameness (2) and purulent nasal discharge (2) 

observed from a sheep achieved a total score of 6.  
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Haematological and coagulation analysis 

EDTA anti-coagulated whole blood was analysed using a haematology analyser VetScan 

HM5 (Abaxis). Clotting tests prothrombin (PT) and partial thromboplastin (PTT) were 

performed on citrated plasma using a haemostasis analyser STA Compact with the 

reagents and protocols provided by Diagnostica Stago. 

Cell lines and virus titration 

African green monkey (Vero; ATCC®CCL-81TM) cells were grown in minimum essential 

media (MEM) (Invitrogen, Australia) supplemented with 5% fetal bovine serum (FBS) 

(Invitrogen), 2mM glutamine (Invitrogen), 100 IU/mL of penicillin (Sigma) and 50 

µg/mL of streptomycin (Sigma). Culicoides sonorensis-derived KC cells were 

maintained in Schneider’s Drosophila media (Invitrogen) supplemented with 10% FBS, 

2mM glutamine, 100 IU/mL of penicillin and 50 µg/mL of streptomycin (Wechsler et al., 

1991). Mammalian cells were grown at 37˚C and insect cells at 28˚C in a humidified 

cabinet supplemented with 5% CO2. 

Tissue samples were homogenized in a bead beater (FastPrep-24; MP Biomedicals, 

Australia) for 20 s and clarified at 17,000 x g for 1 min on a benchtop micro centrifuge 

(Thermofisher, Australia). Homogenized clinical samples were serially diluted ten-fold 

and added to KC monolayers in 24-well plates and incubated for 10 days at 28˚C. 

Subsequently, supernatants from KC cells were transferred and incubated on confluent 

Vero cells on 24-well plates for 7 days. A row of cells with cell culture media only was 

used as a negative control (Darpel et al., 2011). The cytopathic effect was visualized post-

fixation with 0.1% methylene blue and the TCID50 was determined using the Spearman-

Karber method (Spearman, 1908, Karber, 1931). 
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BTV RNA extraction and reverse transcription quantitative polymerase chain 

reaction (RT-qPCR) 

BTV genomic material was extracted from tissue homogenates or washed erythrocytes 

using a MagMAX™-96 Viral RNA Isolation Kit on an Express-96 Particle Processor 

(Thermofisher). RT-qPCR targeting BTV RNA segment 10 was performed (Hofmann et 

al., 2008a) using the Applied Biosystems model 7500 Fast SDS system and Ag-Path-ID 

One-Step RT-PCR reagents (Invitrogen). Standard curves were generated by amplifying 

dilutions of a known concentration of synthetic BTV-3 segment 10 oligonucleotide 

(Integrated DNA Technologies IDT). Cycle threshold (Ct) values were plotted against 

copy numbers per mL to calculate BTV genome copy numbers. To validate the RNA 

extraction procedure, a separate RT-qPCR assay targeting 18S ribosomal RNA was 

conducted in parallel with the BTV assay and used the following oligonucleotide primers 

and probes: 18S-forward (5’-CGGCTACCACATCCAAGGAA-3’), 18S-reverse (5’-

GCTGGAATTACCGCGGCT-3’) and probe 18S-FAM (5’-FAM-

TGCTGGCACCAGACTTGCCCTC-TAMRA-3’). The cycling conditions for the RT-

qPCR assay were: 45˚C 10 mins, 95˚C 10 mins, 45 cycles of 95˚C for 15 s and 60˚C for 

45 s. 

Serological test 

An in-house BTV competition ELISA (cELISA) for BTV-specific antibody detection was 

performed on sheep plasma as previously described (Lunt et al., 1988a). The cELISA 

determines the relative amount of BTV antibody in the test serum through inhibiting the 

binding of a monoclonal antibody to BTV VP7 antigen coated on ELISA plate. Sera that 

had less than 40% inhibition were determined as negative whereas sera with greater than 

50% inhibition were positive. Sera that achieved inhibition levels between 41 to 50% 

were considered indeterminate and the test was repeated for the sample.   
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Immunohistochemistry (IHC) 

Immunohistochemistry was performed on sheep tissues that were fixed in formalin for no 

longer than 48 hr. The tissues were processed by standard histological methods (Lean et 

al., 2019), embedded in paraffin wax and 4 μm sections were collected onto microscope 

slides (Dako Envision Flex; Agilent, Australia). Immunohistochemistry tests were 

performed as previously described (Lean et al., 2019). The primary antibodies NS1 mAb 

31D11B10 (AAHL, Australia), NS2 mAb 30G4B10 (AAHL), NS3/3a mAb 441 (The 

London School of Hygiene and Tropical Medicine, UK) or VP7 polyclonal antibody 

(pAb) 20-3 (AAHL) were diluted in Envision antibody diluent (Agilent) (Lean et al., 

2019). Negative control sections were derived from uninfected sheep tissues that had 

tested negative for BTV antibodies and nucleic acids. A duplicate serial tissue section 

was stained with hematoxylin and eosin stain for histological examination. Viral antigen 

load was assessed on a light microscope (Leica DM2000 LED) at 20x magnification and 

qualitatively scored as: abundant (+++, more than ten positive foci per field), moderate 

(++, between one to five positive foci per field), minimal (+, one positive foci in every 5 

fields), and undetectable (-). 
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Immunofluorescence 

Formalin-fixed paraffin-embedded tissues were sectioned and antigen retrieved as per 

above, blocked with 0.5% v/v bovine serum albumin (BSA) in phosphate-buffered saline 

(PBS) for 30 mins, incubated with primary antibodies BTV mAb NS2 (1:2000), glial 

fibrillary acidic protein (GFAP) pAb (1:400) (ab4674; Abcam) and Claudin-5 mAb 

(1:500) (EPR7583; Abcam) diluted in 0.5% v/v BSA in PBS for 1 hr at RT, followed by 

incubation with species-specific secondary antibody conjugated Alexa Fluor®488, 568 

and 647 (1:200) diluted in 0.5% BSA in PBS for 1 hr at RT with nuclear counterstain 

DAPI (Sigma-Aldrich). The slides were washed with 0.5% BSA in PBS between each 

incubation step. The slides were examined on a ZEISS LSM 800 confocal microscope. 

Final images were produced from maximum intensity projection from the acquired Z-

stack images using Zeiss Zen imaging software. 

Statistical analysis and graphs 

GraphPad Prism 5 was used for data analysis.   



Chapter 4  Characterisation of BT Disease in Sheep  

 122 

Results 

Clinical, virological and serological profile  

A pilot study was performed to confirm the pathogenicity of BTV-3. Six healthy BTV 

seronegative Australian Merino sheep were inoculated intradermally with a pathogenic 

strain of BTV-3. Five out of six sheep achieved moderate disease end-points between 6 

to 10 DPI and were humanely euthanised. At terminal, these sheep were presented with 

fever, subcutaneous oedema, hyperaemic oral mucosa, mucosa ulceration, nasal 

discharge, hyperaemic coronary bands and lameness. In addition, BTV antibodies and 

infectious virus were detected in the blood. However, one sheep was not clinically 

affected and neither BTV antibodies nor infectious BTV were detected (Table S1).  

To further characterise the disease, a second trial was performed on 6 Australian Merino 

sheep as per the first study. Clinical signs such as serous nasal-ocular discharge and mild 

peri-ocular oedema were first noticeable at 3 DPI from two sheep (Fig. 1a). All sheep 

developed pyrexia at 4 DPI with a mean body temperature of 40.4˚C (S.D. ± 0.3˚C) (Fig. 

1b). The highest mean body temperature, 40.9˚C (S.D. ± 0.4˚C), was detected at 6 DPI. 

The body temperature of the infected sheep remained elevated until 8 DPI. By 6 DPI, the 

health of the infected sheep deteriorated further with clinical presentation including quiet 

demeanour (6/6 sheep), purulent nasal discharge (3/6), substantial oedema around the 

eyes and muzzle (4/6) and hyperaemic coronary bands (4/6). Two sheep were culled on 

each day, between 7 and 9 DPI, upon reaching the humane end-point. The clinical features 

just prior to euthanasia included tendency to lie down (5/6), weight shifting (3/6), marked 

facial swelling (3/6), nasal-oral mucosa ulceration (4/6), hypersalivation (2/6) and 

increased respiratory rate (1/6).  
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Viral titres of the blood were measured by virus titration and RT-qPCR of the washed 

erythrocytes (Fig. 1c). BTV RNA was first detected in the erythrocytes at 2 DPI from 2 

sheep (102.00 and 101.69 copies/mL). However, infectious BTV was only isolated from 

erythrocytes starting at 3 DPI from 4 out of 6 sheep with a mean titre of 101.59 TCID50/mL 

(S.D. ± 101.56 TCID50/mL). Peak viraemia was detected in all six sheep from 4 DPI, with 

a mean infectious titre of 104.07 TCID50/mL (S.D. ± 101.14 TCID50/mL) and 106.04 

copies/mL (S.D. ± 100.41 copies/mL) of BTV RNA. No significant changes in BTV 

viraemia were detected after 4 DPI. The serostatus of the sheep was determined by BTV-

specific competition ELISA (cELISA). All sheep became seropositive to BTV by 7 DPI 

with a mean of 76.50% (S.D. ± 15.04%) BTV-specific antibody inhibition of binding to 

the BTV VP7 coating antigen (Fig. 1d).  
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Figure 1. Clinical, virological and serological profiles of BTV-3 infected sheep. Total 

clinical score achieved per sheep per day, in accordance with clinical criteria and scores 

outlined in Table 1 (a). Body temperature (fever: ≥ 40.0°C; dashed line) (b). Erythrocyte 

viral load determined by virus titration (blue - TCID50) and RT-qPCR (red - RNA copy 

number) (c). Antibody response determined by competition ELISA (seropositive: >50% 

inhibition; dashed line) (d). *p<0.05, ***<0.001. Kruskal-Wallis test with Dunn’s 

multiple comparison test for medians of each time-point compared to 0 DPI (a). One-way 

ANOVA with Tukey multiple comparison test for means of each time-point compared to 

0 DPI (b, c, d). Individual marker represents a single sheep, with overlay of median and 

range (a) or mean and standard deviation (b, c, d). n=6 for each time-point, except n=4 at 

8 DPI and n=2 at 9 DPI. Statistical analysis was precluded for 9 DPI.   
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Haematology and coagulation tests 

The hemogram of the BTV infected sheep from study 2 was evaluated. Venous jugular 

blood was collected daily into EDTA and sodium citrate blood tubes from six sheep up 

until 7 DPI, four sheep at 8 DPI and two sheep at 9 DPI. The total white cell count (Fig. 

2a) showed a similar trend to the lymphocyte count (Fig. 2b), where there was a reduction 

of cell counts at 4 DPI followed by an increase during the course of infection. 

Lymphopenia was detected at 4 DPI with a mean count of 3.64 x 109/L (S.D. ± 2.17 x 

109/L) and lowest individual count of 2.23 x 109/L (Fig. 2b). This was followed by 

progressive lymphocytosis in the subsequent days of infection but within normal limits. 

The changes to mean neutrophil count was not statistically significant despite neutrophil 

counts from several sheep showing a slight drop below the reference range at 1 and 4 DPI 

(Fig. 2c). Further statistical interpretation of neutrophilia at 9 DPI could not be made as 

only blood from two sheep were collected. Monocyte counts were also evaluated. Despite 

the slight reduction of the cell count at 4 DPI, followed by an increase by 8 DPI, the 

monocyte count remained within the normal reference range and was not statistically 

different between days of infection (Fig. S1).  

A reduction of platelet count was first detected at 4 DPI with a mean count of 271.2 x 

109/L (S.D. ± 112.2 x 109/L) (Fig. 2d). This was followed by a steady reduction in platelet 

count, with the lowest mean platelet count detected at 7 DPI with a mean of 112.3 x 109/L 

(S.D. ± 49.0 x 109/L). Notably, two sheep experienced significant thrombocytopenia with 

platelet counts of 64.0 and 49.0 x 109/L at 7 DPI. During BTV infection, PT time 

increased steadily and was significantly higher at 7 DPI with a mean of 41.4 s (S.D. ± 

2.4s) in comparison to mean PT time of 34.2 s (S.D. ± 2.7s) prior to virus infection (Fig. 

2e). However, PTT time did not show statistically significant changes despite the 

marginal increase of clotting time above the upper reference range between 5 to 7 DPI 

from one sheep (Fig. 2f). 
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Figure 2. Haematological and coagulation profile of BTV-3 infected sheep. Total 

white cell count (a), lymphocyte count (b), neutrophil count (c) and platelet count (d). 

Prothrombin (e) and partial thromboplastin time (f). *p<0.05, ***<0.001. One-way 

ANOVA with Tukey multiple comparison test for means of each time-point compared to 

0 DPI. Individual marker represents one sheep, with overlay of mean and standard 

deviation. n=6 for each time-point, except n=4 at 8 DPI and n=2 at 9 DPI. Statistical 

analysis was precluded for 9 DPI.  Reference ranges indicated by dotted blue (lower limit) 

and red (upper limit) lines.  
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Patterns of immunohistochemical labelling using BTV-specific antibodies  

Previous reports have suggested that the sheep lung is highly susceptible to develop 

pulmonary lesions from BTV infection, in addition to an abundance of viral antigens 

being present in the lung tissue (MacLachlan et al., 2008, Sanchez-Cordon et al., 2010). 

Therefore, the pattern of BTV antigens in the lungs of infected sheep collected at 7 DPI 

was characterised by immunohistochemistry using antibodies specific to BTV NS1, NS2, 

NS3/3a and VP7. 

Immunohistochemistry using NS1 (Fig. 3a) and VP7 (Fig. 3b) antibodies demonstrated 

fine punctate chromogenic deposits, which frequently appeared in loose clusters. In 

contrast, the immuno-labelling of NS2 (Fig. 3c) and NS3/3a (Fig. 3d) appeared as 

punctate to larger aggregates, forming a series of continuous to discontinuous lines within 

the alveolar septum. Non-specific background labelling was not observed by light 

microscopy on uninfected sheep lungs with any of these antibodies (Fig. S2). Multi-

labelling confocal microscopy was also used, which showed that BTV NS2 antigens were 

present within the pulmonary capillaries (Fig. 3e, 3f).  
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Figure 3. Characteristics of BTV-specific immunohistolabelling and virus tropism 

in the infected lung collected at 7 DPI. IHC detection of BTV antigens shown using 

NS1 monoclonal antibody (mAb) 31D11 (a), VP7 polyclonal antibody 20-3 (b), NS2 

mAb 30G4 (c) and NS3/3a mAb 441 (d). 
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Figure 3. (Continue) Punctate deposits of chromogen (black arrowheads) were detected 

using NS1 and VP7 IHC (a, b). Punctate to larger aggregates of chromogen (black 

arrowheads) and forming series of continuous to discontinuous lines of chromogen 

deposits (red arrowheads) were observed for NS2 and NS3/3a IHC (c, d). Images captured 

with 40 x objective lens (a, b, c, d). Confocal microscopy imaging performed on 

specimens of sheep lung collected from BTV-3 infection at 7 DPI (e, f). Section 

immunolabelled for BTV antigens (NS2; green), vascular endothelial cells (Claudin-5; 

red) and nucleus (DAPI; blue). Low magnification with a dotted box indicating region of 

interest (e). Region of interest at high magnification demonstrated presence of BTV NS2 

antigens within the capillaries (left dashed lines – transverse view of a capillary; right 

dashed lines – longitudinal view of a capillary) (f). 
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Histopathology and BTV immunohistochemistry 

As BTV NS2 immunolabelling provided strong labelling of virus antigens, and because 

earlier studies reported the use of NS2-specific antibodies for immunolabelling (Melzi et 

al., 2016, Puggioni et al., 2018), NS2 IHC was utilised for the further evaluation of BTV 

antigen distribution in sheep tissues. The histopathological and immunohistochemical 

assessment was performed on infected tissues collected from two separate animal trials, 

study 1 and 2, whereby a total of eleven sheep were infected with BTV-3 and euthanised 

following presentation of moderate BT disease from 6 to 10 DPI (Table 2).  

Immunohistochemical analysis of NS2 antigens revealed abundant BTV antigens in the 

lungs, particularly at 6 and 7 DPI. Other organs that harboured moderate amounts of BTV 

antigens included the tongue, pre-scapular and submandibular lymph nodes and spleen. 

Low amounts of viral antigens were detected in the cerebrum, lip, kidney, gastrointestinal 

tract and coronary bands from all the sheep. Viral antigens were occasionally identified 

in the heart (5/11 sheep), pulmonary artery (7/11), and the inguinal skin (6/11) that 

received the challenge inoculum (Table 2). Within the organs examined, viral antigen was 

seen only in capillary endothelial cells and mononuclear cells.  
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Table 2. BTV NS2 distribution in sheep tissues. 

DPI 6 7 8 9 10 

Sheep No.* 1-3 1-5 2-1 2-3 1-2 2-2 2-5 1-4 2-4 2-6 1-1 

Cerebrum n/a^ + + + ++ + + + + + + 

Lip ++ ++ + + + + + + + + + 

Tongue +++ +++ + + ++ + ++ ++ + + + 

Pre-Scapular LN† + + +++ + + ++ ++ + + ++ - 

Submandibular LN + + ++ + + ++ + + ++ + - 

Lung +++ +++ +++ +++ + + + + + + - 

Liver - + - - - - - + - - - 

Spleen + + ++ ++ + ++ ++ + + + + 

Kidney + n/a + - + + + + - + + 

Heart + + + - - - - + - - + 

Pulmonary Artery ++ ++ + - ++ + - + - + - 

Foregut + + + + + + - + + + + 

Small Intestines + + + + + + + + + + - 

Inguinal Skin + + + + - - + - - + - 

Coronary Band +++ - + n/a - + n/a - + + n/a 

*Data presented is a combination of first and second animal trials. 

†LN = lymph nodes 
^n/a = not available 
Score: +++ abundant; ++ moderate; + minimal; - none detected   
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Mild thickening of the alveolar septum (Fig. 4a) and abundant BTV antigens were present 

in the lungs collected at 6 and 7 DPI (Fig. 4b). However, lungs collected between 8 to 10 

DPI showed thickening of the alveolar septum accompanied by infiltration of 

mononuclear inflammatory cells (Fig. 4c) and low amounts of BTV NS2 antigens (Fig. 

4d). Other pulmonary lesions detected between 8 and 10 DPI included pulmonary 

microvascular congestion, pulmonary haemorrhage, oedema and mononuclear 

inflammatory cell cuffing around medium-sized blood vessels (Fig. 4e). In some lung 

sections, marked thickening of alveolar septum were observed characterised by a mixed 

population of inflammatory cells (Fig. 4f).  

The spleen of infected sheep was congested despite barbiturate not being used for 

euthanasia in this study (Fig. 5a). Viral antigens were present in the mononuclear 

leucocytes of the red pulp and rarely within white pulp of the spleen (Fig. 5b). In the 

lymph nodes, neither the cortex nor medulla were remarkable on histology (Fig. 5c). NS2 

antigen was detected within mononuclear inflammatory cells and occasionally in 

capillaries within the medullary cords (Fig. 5d).  

Cutaneous and mucosal lesions were particularly prominent around the tongue and lips 

during moderate BT disease. On histopathology, there was multifocal epithelial necrosis 

with the presence of degenerative neutrophils observed in the tongue (6/11 sheep). 

Congestion (8/11), haemorrhage (9/11) and infiltration of mononuclear cells (10/11) were 

observed within the submucosal papillae (Fig. 6a) with low amounts of BTV antigens 

present within submucosa capillaries of the tongue (Fig. 6b). In addition to haemorrhage, 

oedema was observed in the muscularis of the tongue, characterized by increased distance 

between skeletal muscle fibres and dilation of lymphatic vessels (10/11) (Fig. 6c). Viral 

antigen was sparsely distributed within the muscular layer and was specific to the 

capillaries (Fig. 6d).   
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Figure 4. Lungs from BTV infected sheep stained with hematoxylin and eosin (H&E) 

and BTV NS2 immunohistochemistry (IHC). Mild thickening of alveolar septum, 7 

DPI (a). Serial lung section subjected to BTV NS2 IHC, showing abundant BTV NS2 

antigens (arrowheads) (b). Thickening of alveolar septum with vascular congestion and 

infiltration of mononuclear inflammatory cells, 8 DPI (c). Serial lung section subjected 

to BTV NS2 IHC, showing minimal viral antigens (arrowhead) (d). Perivasculitis (solid 

arrow) and peri-vascular oedema (dashed arrow) of medium calibre blood vessel, and 

pulmonary haemorrhage, 8 DPI (e). Marked thickening of alveolar septum by infiltration 

of mixed inflammatory cells, congestion and haemorrhage, 8 DPI (f). Images captured 

with 20 x objective lens.  
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Figure 5. Lymphoid tissues from BTV infected sheep at 7 DPI stained with 

hematoxylin and eosin (H&E) and BTV NS2 immunohistochemistry (IHC). 

Congestion within the red pulp of the spleen (a). Serial spleen section subjected to BTV 

NS2 IHC. Viral antigens detected in the red pulp of spleen (arrowheads). Inset shows 

immunopositive mononuclear inflammatory cells (b). Histologically unremarkable 

medulla of the pre-scapular lymph node (c). Same lymph node section subjected to BTV 

NS2 IHC. Virus antigens present in mononuclear cells (black arrowhead) and capillaries 

(grey arrowhead) in the medullary cords of the lymph node. Inset shows immunopositive 

endothelium and mononuclear inflammatory cells (d). Images captured with 20 x (a, b) 

and 40 x (c, d) objective lens.  
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Figure 6. Tongue from BTV infected sheep at 8 DPI stained with hematoxylin and 

eosin (H&E) and BTV NS2 immunohistochemistry (IHC). Necrosis and neutrophil 

infiltration in the epithelium (dashed arrows), congestion, haemorrhage (solid arrow) and 

infiltration of mononuclear cells in the submucosa papillae (a). Serial tongue section 

subjected to BTV NS2 IHC, showing viral antigens in the capillaries and mononuclear 

inflammatory cells (arrowheads; b). Dilatation of lymphatic vessels and increased 

distance of muscle fibres (dashed arrow). Haemorrhage (solid arrow; c). Low amounts of 

BTV antigen (arrowheads) present in the muscularis. Inset shows immunopositive 

capillary (d). Images captured with 40 x (a, b) and 20 x (c, d) objective lens.  
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In the lip, multifocal epidermal necrosis with degenerative neutrophils was detected (7/11 

sheep; Fig. 7a). Despite substantial pathology observed, only sparse BTV antigen was 

detected and was limited to the capillaries (Fig. 7b). Within the dermis of the lip, 

multifocal haemorrhages and mononuclear cellular infiltrates were observed (11/11), 

accompanied by variable levels of oedema (9/11) (Fig. 7c). However, low amounts of 

BTV NS2 antigens were detected among the dermal capillaries (Fig. 7d). 

One of the pathognomonic BT lesions is haemorrhage in the pulmonary artery 

(MacLachlan et al., 2008). Haemorrhage at the pulmonary artery was not detected on 

gross examination. However, intramural haemorrhage was detected by histology in one 

sheep at 8 DPI (Fig. 8a). In that particular sheep, several BTV NS2 positive cells were 

detected and this was suggestive of mononuclear inflammatory cells and endothelial cells 

(Fig. 8b). Another two sheep were positive for NS2 antigens within the vasa vasorum but 

did not have histological haemorrhage (Table 2). The other structure that had association 

of virus antigens and histopathological lesions was the coronary bands. In some sheep, 

significant congestion (3/11 sheep) and haemorrhage (4/11) within the dermal capillaries 

were observed (Fig. 8c). However, only a sparse amount of NS2 antigen was detected in 

the capillaries of the coronary bands (Fig. 8d).  

Apart from those described above, no histological lesions were detected in other tissues 

examined such as heart, kidney, liver, gastrointestinal tract and site of intradermal virus 

inoculation. Despite this, virus antigens were detected in these organs. The pattern of 

antigen labelling, typically punctate and linear in appearance, was highly suggestive of 

BTV replication within the capillaries and could be found within the cardiac ventricular 

wall (Fig. 9a), glomerular tufts and peritubular capillaries in the kidney (Fig. 9b), at 

proximity of the periportal triad in the liver (Fig. 9c), and within the lamina propria of the 

rumen (Fig. 9d). 
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Figure 7. Lip from BTV infected sheep at 8 DPI stained with hematoxylin and eosin 

(H&E) and BTV NS2 immunohistochemistry (IHC). Epidermal necrosis with 

infiltration of neutrophils (dashed arrow) (a). Serial lip section subjected to BTV NS2 

IHC, showing immunopositive capillary for BTV antigens (arrowhead; inset at higher 

magnification) (b). Haemorrhage (solid arrow), dilation of lymphatic vessels (dashed 

arrows) and mononuclear cellular infiltrates in the dermis (c). Serial lip section subjected 

to BTV NS2 IHC, showing viral antigens among the capillaries (arrowheads) (d). Images 

captured with 40 x (a, b) and 20 x (c, d) objective lens.   
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Figure 8. Pulmonary artery (a, b) and coronary bands (c, d) from BTV infected 

sheep at 8 and 9 DPI, respectively, stained with hematoxylin and eosin (H&E) and 

BTV NS2 immunohistochemistry (IHC). Intramural haemorrhage in the pulmonary 

artery (arrows) (a). Serial pulmonary artery section subjected to BTV NS2 IHC, showing 

viral antigens present in mononuclear round cells and endothelial cells (arrowheads) (b). 

Hyperaemia and haemorrhage in the coronary band (arrows) (c). Serial coronary band 

section subjected to BTV NS2 IHC, showing viral antigens (arrowheads) in the capillaries 

of dermal papillae projecting into the non-keratinized layers of the epidermis of the 

coronary band (d). Images captured with 20 x (a, b) and 40 x (c, d) objective lens.  
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Figure 9. Virus antigens present (arrowheads) in organs with the apparent absence 

of lesions detected by BTV NS2 immunohistochemistry. Immunolabelling is shown 

for: capillaries within left ventricular wall of the heart (a), glomerular tuft and peritubular 

capillaries of the kidney (b), around the periportal triad of the liver (c), capillary within 

lamina propria of the rumen (d). Images captured with 40 x objective lens.   
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During the characterisation of BTV antigen distribution, we also detected virus 

replication in the brain (Table 2; Fig. 10a). Similar observations were also made for NS1, 

NS3/3a and VP7 IHC (data not shown). Notably, microscopic pathological changes were 

not apparent by histopathology. To confirm the vascular tropism of BTV in the nervous 

tissue and to delineate the involvement of blood-brain-barrier, we applied multi-labelling 

confocal imaging on the infected brain tissues (Fig. 10b). Confocal microscopy 

demonstrated that BTV infection in the cerebrum was specific for the microvasculature; 

however, BTV antigen was not present within the neuropil.  

 

Figure 10. Cerebrum of BTV infected sheep detected by BTV NS2 

immunohistochemistry and multi-labelling immunofluorescence. Positive 

immunolabelling of BTV NS2 in the capillaries (arrowheads) of the cerebrum (a). Image 

captured with 40 x objective lens. Cerebrum section stained for BTV NS2 (green), 

astrocytes (GFAP; purple), vascular endothelial cells (Claudin-5; red) and nuclei (DAPI; 

blue) was imaged using confocal microscopy (b). BTV antigens were limited to the 

microvascular endothelium and were not detected on the neural side of the blood-brain-

barrier.   
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Discussion 

This study report on a pathogenic BT disease model using Australian Merino sheep 

infected with viraemic sheep blood containing pathogenic BTV-3 via the intradermal 

route (Caporale et al., 2014, Melzi et al., 2016, Lean et al., 2019). This exotic strain of 

BTV was previously confirmed to induce severe BT disease in Australian Merino sheep 

(Hooper et al., 1996) and therefore was selected for use in this study which required sheep 

to develop clinical signs of disease to enable investigation of disease pathogenesis. 

Contemporary strains of pathogenic BTV such as the European serotype 8 were 

considered for use in this study, however, infectious and viraemic sheep blood was not 

available at the commencement of the investigation.  

Overall, the infection profile and clinical disease observed in sheep infected with the 

pathogenic BTV-3 in this study is similar to previous reports (MacLachlan et al., 2008, 

Darpel et al., 2012, Caporale et al., 2014, Melzi et al., 2016, Flannery et al., 2019). Pyrexia 

is often first detected in BTV infection between 4 to 6 DPI (MacLachlan et al., 2008, 

Caporale et al., 2014). In agreement with other studies (Caporale et al., 2014, Flannery et 

al., 2019), peak viraemia was coincident with the onset of pyrexia. Clinical signs were 

apparent from 4 DPI and this was followed by further development of disease from 6 DPI. 

Due to ethical reasons, the sheep were not kept until the development of severe disease, 

which usually occurs around 14 DPI (MacLachlan et al., 2008). Therefore, only moderate 

disease was reported in our study.  

Acute lymphopenia is a feature of pathogenic BT disease in sheep (MacLachlan et al., 

2008, Sanchez-Cordon et al., 2015). In this study, the reduction in lymphocyte count 

during BTV infection coincided with peak viraemia and was followed by rebound 

lymphocytosis. This finding is similar to previous reports (Sanchez-Cordon et al., 2013b, 

Sanchez-Cordon et al., 2015). In an earlier study, it was demonstrated that acute 

lymphopenia involved the depletion of CD4+ T cells, whereas the subsequent 
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lymphocytosis involved the expansion of CD8+ T lymphocytes in the peripheral blood 

(Sanchez-Cordon et al., 2015). Another study also suggested that lymphopenia occurring 

during peak viraemia was due to apoptosis of the infected peripheral blood mononuclear 

cells (Umeshappa et al., 2010). Even though specific lymphocyte populations of the 

peripheral blood were not evaluated, transient depletion of the circulating lymphocytes, 

that is characteristic of pathogenic BTV infection in sheep was evident in this model. In 

addition, BTV also infected lymphoid cell populations in the lymphoid organs. Earlier 

analysis of lymphoid tropism of BTV demonstrated labelling of BTV antigens within 

CD45+ (pan-leucocyte) and WC-1+ cell population (gd T-cells) but also CD45 and WC-

1 negative cells (Darpel et al., 2012). A further study of BTV tropism in lymph nodes 

revealed infection of CD163+ and CD169+ macrophages, CD208+ MHC-II+ fascin++ 

dendritic cells, marginal reticular cells and CAN.42+ follicular dendritic cells (Melzi et 

al., 2016). As antibodies to these markers were not available during the present 

investigation to unambiguously define the infected immune cell population, lymphoid 

tropism was not evaluated by multi-labelling confocal microscopy.  

Another feature of pathogenic BTV infection in sheep is coagulopathy. In this study, peak 

viraemia can be temporally associated with the onset of thrombocytopenia. Although not 

evaluated in this study, it has been shown that BTV RNA can be detected in platelets 

derived from BTV infected sheep (McColl and Gould, 1994). Virus infection of platelets, 

such as those reported with equine herpes virus type 1 and dengue virus, can result in 

platelet activation and catalyses thrombin formation (Stokol et al., 2015, Ojha et al., 

2017). It is plausible that BTV can interact directly with platelets to induce platelet 

destruction, in which further study of BTV infection kinetics in platelets is warranted. 

Besides direct interaction of virus and platelets, regulation of platelet activation by 

chemical mediators can also play a role in BT induced coagulopathy. It was demonstrated 

previously that BTV-17 infected sheep had higher thromboxane to prostacyclin ratio in 
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the blood plasma, in comparison to those in cattle, suggesting a systemic impairment to 

haemostasis regulation (DeMaula et al., 2002a). Apart from platelet destruction in the 

peripheral blood, reduction in platelet production from the bone marrow can also result 

in thrombocytopenia. This mechanism has not been examined in this study as it is beyond 

the scope of this thesis, Nevertheless, further study is warranted.  

In addition to the perturbation on primary haemostatic process, secondary haemostasis 

pathway is also affected during development of BT disease. Sheep experimentally 

infected with pathogenic strains of BTV often develop thrombocytopenia between 4 to 

12 DPI together with the prolongation of PT time (MacLachlan et al., 2008, Sanchez-

Cordon et al., 2013b). However, changes to other secondary haemostasis parameters were 

less consistent. Prolongation of PTT time was reported in sheep infected with South 

African BTV-4 but not with the European strains of BTV-1 and BTV-8 (MacLachlan et 

al., 2008, Sanchez-Cordon et al., 2013b). Although the exact mechanism is not fully 

understood, haemostatic abnormality in BT disease fulfils two of the three criteria in 

Virchow triad: hypercoagulability and endothelial injury (Wolberg et al., 2012).  

The application of IHC on FFPE tissues has not been well adopted for the detection of 

BTV. This is the first report on the successful characterisation of IHC specific for NS1, 

NS2, NS3/3a and VP7 on FFPE BTV-infected tissues. Based on current assessment, NS2 

and NS3/3a antigens are the ideal targets for the detection of BTV by IHC since 

immunolabelling using mAb specific for these viral proteins provided the best visual 

evidence of BTV antigens in FFPE sheep tissues. This finding is in agreement with the 

recent reports of IHC detection of NS2 antigens in lymph nodes and the male reproductive 

organ from BTV infected sheep (Melzi et al., 2016, Puggioni et al., 2018). Using NS2 

IHC in this study, the levels of viral antigens detectable in tissue samples collected 

between 6 to 10 DPI generally showed moderate abundancy. Based on previous reports, 

viral antigens could be detected in infected tissues between 3 to 11 DPI. However, the 
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ability to successfully detect virus antigen by IHC also decreased considerably with the 

progression of disease (Mahrt and Osburn, 1986b, Darpel et al., 2012, Sanchez-Cordon 

et al., 2013b). In addition, the amount of NS2 antigens detectable in the lung between 8 

to 10 DPI was considerably lower than those lungs collected between 6 and 7 DPI. Further 

study including earlier time-points are needed to confirm such findings in the lungs.  

The most apparent lesions of BT disease observed in this investigation were in the lip and 

tongue. In these organs, immunolabelling of BTV antigens was confined to the 

capillaries. Despite the observed mucosa and cutaneous lesions, significant histological 

changes to microvascular endothelial cells were not apparent. In the lung, BTV 

replication was restricted to the microvascular endothelial cells. In contrast to this 

observation, BTV has previously been detected among mononuclear inflammatory cell 

populations, in addition to capillaries in the lung using a VP7 IHC (Sanchez-Cordon et 

al., 2010). By using a panel of BTV-specific antibodies to NS1, NS2, NS3/3a and VP7, 

there was no immunolabelling of mononuclear inflammatory cells present in the infected 

lungs. It is also important to note that Sanchez-Cordon and colleagues (2010) evaluated 

tissues derived from a BTV-1 field outbreak, in which the stage of infection for each 

animal could not be accurately determined, different from the experimental approach 

employed in this present study. Nevertheless, the relationship between histopathological 

changes and IHC findings has only been examined on animals infected with pathogenic 

BTV in this thesis. Further investigation is warranted to determine the usefulness of IHC 

on tissues derived from animals infected with low pathogenicity BTV. 

Vascular pathology in BT disease is thought to be a consequence of a combination of 

microvascular endothelial injury, platelet consumption and release of pro-inflammatory 

cytokines (DeMaula et al., 2002a, Maclachlan et al., 2009). The observation of BTV 

infection of microvascular endothelial cells in capillary beds are consistent with previous 

findings (Darpel et al., 2012, Melzi et al., 2016, Puggioni et al., 2018). Even though 
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haemorrhage was detected in the tunica media of the pulmonary artery, NS2 labelling was 

only detected in the vasa vasorum, a type of capillary within the wall of a large blood 

vessel. Endothelial cells in the capillary beds are phenotypically different to those in large 

vessels as they are subjected to a distinct microenvironment (Aird, 2012). It is plausible 

that these cells express a unique virus entry receptor(s) or replication elements that allow 

BTV infection. Despite the immunohistochemical evidence of virus infection in the 

capillary beds, the immediate relationship of virus infection and the observed vascular 

pathology remain equivocal. In contrast to in vivo findings, BTV infection of endothelial 

cells can induce cell death in vitro (DeMaula et al., 2001). Culturing of endothelial cells 

in conditions devoid of natural substrate or microenvironment could potentially explain 

for the discrepancies.  

The mechanism of BT endothelial dysfunction is also likely to be complicated as 

inflammatory mediators released by BTV-infected endothelial cells can also result in 

cellular damage (DeMaula et al., 2001). In human influenza disease in which respiratory 

epithelial cells are primarily infected, pulmonary endothelial cells are, however, critical 

to the development of cytokine storm (Teijaro et al., 2011). In addition, the upregulation 

of pro-inflammatory mediator expression can also occur in BTV infected monocytes in 

vitro (Drew et al., 2010a). In the pathogenesis of classical swine fever virus (CSFV) in 

pigs, pulmonary vascular lesions were associated with the increased in pulmonary 

intravascular macrophages and the expression of TNF-a and IL-1a within these cells 

(Nunez et al., 2018). Although current study revealed infiltration of non-BTV infected 

mononuclear inflammatory cells in tissues with vascular lesions, these cell population 

could be activated by inflammatory mediators released by infected endothelial cells 

(DeMaula et al., 2001) and contribute to subsequent vascular damage. Currently, there is 

lack of knowledge on the inflammatory profile of BTV infected tissues and this will be 

addressed in the next chapter. 
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 Furthermore, BTV replication can also be detected in the microvascular endothelial cells 

of the sheep brain despite the absence of significant histopathological changes. Virus 

isolation was not attempted given the likelihood of propagating BTV particles associated 

to circulating erythrocytes found in the vasculature. Instead, IHC was performed as it is 

the most relevant technique in demonstrating virus replication and cellular tropism in the 

brain. Neurologic disease due to BTV infection has only been reported in ruminant fetuses 

infected in utero. Such neurological deformity in fetuses has been associated with the 

infection of in vitro passaged BTV strains and it was suspected that in vitro propagation 

of BTV contributed to the selection of a viral population that had tropism for neuronal 

and glial progenitor cells (Flanagan et al., 1982, Maclachlan and Osburn, 2017). Due to 

the use of modified live virus vaccine in pregnant ruminants, the incidence of neurogenic 

teratogenicity has also been increasing in Europe and is of concern to primary producers 

(van der Sluijs et al., 2013, Savini et al., 2014). In a different study, neuronal cell specific 

BTV NS1 antigen detection was reported in a chicken embryo model (Lean et al., 2019). 

In the present study however, NS1 IHC labelling was observed in the microvasculature 

of the brain in the adult sheep but not in the neuronal cells. Thus, the neuropathology of 

BTV is likely to be restricted to fetal ruminants. The clinical significance of BTV 

replication in the brain of adult sheep is not clear and warrants further investigation. 

In conclusion, this study reports a representative pathogenic BT disease model in 

Australian Merino sheep using viraemic sheep blood containing BTV-3. The findings 

from this study demonstrated microvascular tropism of BTV in the sheep and the lesions 

detected could be attributed to vascular dysfunction arising from viral replication in the 

vascular bed of those organs. However, it was notable that the advancement of pulmonary 

pathology over the course of disease occurred as the level of BTV replication in the lung 

was reduced. In addition, vascular lesions detected in numerous organs were associated 

with the infiltration of mononuclear inflammatory cells. Based on this preliminary 
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finding, it can be hypothesised that mononuclear inflammatory cells play a role in the 

pathogenesis of vascular disease in BTV infection. With the successful development of a 

BT disease model in sheep, further studies can be conducted to investigate the 

pathogenesis of BT disease.  



Chapter 4  Characterisation of BT Disease in Sheep  

 148 

Supplementary materials 

Table S1. Clinical, virological and serological profile of BTV-3 infected sheep in study 1. 

Sheep ID 
Clinical 

Disease 

Day of 

Euthanasia 

(DPI) 

Viraemia Status 

at Terminal 

(TCID50/mL) 

Serostatus at 

Terminal  

(% inhibition) 

1 + 10 + (103.20) + (98) 

2 + 8 + (103.44) + (93) 

3 + 6 + (104.20) + (80) 

4 + 9 + (103.44) + (98) 

5 + 7 + (103.94) + (93) 

6 - 10  

(end of study) 

- - (22) 
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Figure S1. Monocyte count of BTV-3 infected sheep. One-way ANOVA with Tukey 

multiple comparison test for means of each time-point compared to 0 DPI. Individual 

marker represents a single sheep, with overlay of mean and standard deviation. n=6 for 

each time-point, except n=4 at 8 DPI and n=2 at 9 DPI. 

 

 

Figure S2. Representative immunohistochemical labelling of uninfected sheep lungs 

with BTV-specific antibodies NS2 30G4. No immunolabelling was detected on 

uninfected lung. Image taken at 40 x objective lens. 
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Chapter 5: Transcriptome Profiling of Bluetongue 

Disease in Sheep Reveals Macrophage-Mediated 

Viral Haemorrhagic Disease 
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Abstract 

Bluetongue virus (BTV) is an arbovirus that causes viral haemorrhagic disease in 

European-adapted sheep breeds. Currently, the disease mechanism leading to vascular 

injury in bluetongue (BT) disease is not well understood. In this study, transcriptomic 

analysis was performed on the peripheral blood mononuclear cells (PBMCs) and lungs 

following intradermal inoculation of sheep with a pathogenic BTV serotype 3 (Cyprus 

1943 isolate). PBMCs from infected sheep demonstrated transient host responses, with 

the highest levels of differentially expressed genes (DEG) associated with lymphopenia 

and peak viraemia between 4 to 6 days post-infection (DPI). Upregulated DEG were 

involved in encoding chemokines and antiviral gene products. In the lungs, the number 

of DEG increased steadily from 4 DPI until the clinical end-point (7 and 8 DPI). Overall, 

the upregulated DEG were associated with the monocyte-macrophage system, innate 

immunity and vascular homeostasis genes. Importantly, the upregulation of macrophage 

genes, particularly CD163, correlated with the development of pulmonary lesions. This 

was verified by immunohistochemical (IHC) analysis of CD163 in the lung, whereby 

development of pulmonary pathology was associated with increased CD163+ 

macrophage population. To further confirm the involvement of CD163+ macrophages in 

BT disease, IHC analysis was performed on tongue tissue, in which it was revealed that 

the development of pathology was associated with activated macrophages. Based on the 

mechanistic analysis of BTV infection in sheep, vascular pathology in BT disease is a 

consequence of overt macrophage activation.  
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Introduction 

Bluetongue virus (BTV) (family Reoviridae, genus Orbivirus) is a double-stranded RNA 

virus that is transmitted primarily by Culicoides spp. midges. It is an important ruminant 

pathogen that causes viral haemorrhagic disease particularly among European-adapted 

sheep breeds (Caporale et al., 2014). The dramatic emergence of pathogenic BTV-8 in 

northern Europe between 2006 and 2008, and again in 2015, have had detrimental impacts 

on animal health, trade and production in the affected countries (Wilson and Mellor, 2009, 

Flannery et al., 2019). The virulence factors of BTV are thought to involve multiple virus 

proteins (Janowicz et al., 2015). However, the host response to pathogenic virus infection 

is not yet fully understood.  

Upon inoculation of BTV under the skin of a sheep by the bite of infected midges or 

intradermal injection, virus replication occurs within the lymphatic endothelium and 

cutaneous dendritic cells (Hemati et al., 2009, Darpel et al., 2012, Melzi et al., 2016). 

This is followed by rapid dissemination of virus to the draining lymph nodes (Melzi et 

al., 2016) and subsequent systemic spread, possibly via infected erythrocytes, 

mononuclear leukocytes and platelets (Brewer and MacLachlan, 1994, McColl and 

Gould, 1994, Drew et al., 2010b, Ruscanu et al., 2012). After a viraemic phase, BTV 

infects various organs including the lungs (Melzi et al., 2016). Often, pulmonary lesions 

are reported from fulminant bluetongue (BT) disease in sheep (MacLachlan et al., 2008). 

In such instances, microscopic capillary damage is often variable and the presence of 

mononuclear inflammatory cells in the diseased lungs are infrequently reported 

(MacLachlan et al., 2008, Maclachlan et al., 2009). However, tissue damage often occurs 

upon the reduction of virus replication and thus involvement of cytokines in BT disease 

has been proposed (Darpel et al., 2012).  
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The limited availability of biological reagents for livestock species research, in addition 

to the exacting requirements for approved large animal containment facilities, are limiting 

factors for investigating BT disease pathogenesis in sheep. Consequently, current 

understanding of vascular pathology due to BTV infection has been extrapolated from in 

vitro experiments. BTV infection of microvascular endothelial cells in vitro can promote 

the release of pro-inflammatory mediators which can induce cell death when added to 

recipient endothelial cells (DeMaula et al., 2001). Alternatively, mononuclear cells have 

been proposed as a source of cytokine release. An ex vivo study of the peripheral blood 

mononuclear cells (PBMCs) demonstrated that BTV infection resulted in the activation 

of monocytes by upregulating transcription of chemotaxis and surface adhesion molecular 

genes (Drew et al., 2010b). In a different study, gene profile analyses of blood dendritic 

cells derived from BTV infected sheep revealed upregulation of gene transcription for  

cytokines, systemic inflammation, antiviral responses and permeability of vasculature 

(Ruscanu et al., 2013). The disease pathogenesis is complex given the multiple cellular 

targets of BTV infection and such interactions of organ systems cannot be 

comprehensively evaluated in vitro.  

The study of viral haemorrhagic diseases in a natural disease model, such as BTV in 

sheep, is an attractive surrogate approach to understand the disease mechanism. 

Modelling of human viral haemorrhagic diseases in vivo relies on experimentally 

infecting laboratory animals (Garrison et al., 2019). For certain human viruses, however, 

in vitro growth adaptation in an artificial culture system is required prior to studying their 

effect in vivo (St Claire et al., 2017). Such disease modelling in unnatural host species 

and alteration to virus composition limits the accurate reproduction and examination of 

virus-host interactions. Recently, BTV sheep infection models have been utilised to 

investigate the mechanisms of arbovirus-mediated immunosuppression and impairment 

of male fertility (Melzi et al., 2016, Puggioni et al., 2018). These studies have 
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demonstrated the usefulness of in vivo infection models in a conventional animal host for 

providing a generalised understanding of arboviral diseases. Currently, such models have 

not yet been employed to study the mechanisms of arboviral induced haemorrhagic 

disease. 

In this study, the pathogenesis of BT disease in sheep was investigated using conventional 

pathology coupled with the highly sensitive and unbiased approach of RNA-Sequencing 

(RNA-Seq) of host PBMCs and lungs, in order to identify key response genes and 

pathways at both compartments. To verify the immunopathology of BT disease guided 

by transcriptome analyses, the changes of immune cell populations in the lungs were 

determined by immunohistochemistry (IHC). Further validation of macrophage mediated 

pathology in BT disease was also studied in the tongue where vascular lesions were 

prominent.   
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Materials and methods 

Ethics statement 

Animal experiments were approved by the CSIRO Australian Animal Health Laboratory 

(AAHL) Animal Ethics Committee (AEC#1892) in accordance with the Australian 

National Health and Medical Research Council Code of Practice for the Care and Use of 

Animals for Scientific Purposes, 8th Edition (2013). 

Virus and cell lines 

African green monkey cells (Vero; ATCC®CCL-81TM) cells were grown in minimum 

essential media (MEM) (Invitrogen, Australia) and supplemented with 5% v/v fetal 

bovine serum (FBS) (Invitrogen), 2mM glutamine (Invitrogen), 100 IU/mL of penicillin 

(Sigma) and 50µg/mL of streptomycin (Sigma). Cells derived from Culicoides sonorensis 

(KC) were maintained in Schneider’s Drosophila media (Invitrogen) supplemented with 

10% v/v FBS and 100 IU/mL of penicillin and 50µg/mL of streptomycin (Wechsler et 

al., 1989). Vero and KC cells were grown at 37°C and 28°C, respectively, in a humidified 

incubator supplemented with 5% CO2. 

The reference strain of BTV-3 was obtained from the Onderstepoort Veterinary Institute, 

South Africa. It was determined by gene sequencing to have been derived from the Cyprus 

1943 strain (NCBI KP821039.1) (Gambles, 1949, Nomikou et al., 2015, Lean et al., 

2019). The virus was passaged a further four times in sheep and the infectious sheep 

erythrocytes were stored in vapour phase liquid nitrogen. This sheep blood-derived virus 

was previously demonstrated at AAHL to be highly pathogenic in sheep (Hooper et al., 

1996).  
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In vivo experimental BTV infection 

Twenty-two male merino weaners, approximately 4 months old and seronegative to BTV, 

were acquired for this study and were kept at Physical Containment level 3 at AAHL. 

Four uninfected control sheep were euthanized prior to the infection study for the 

collection of baseline samples. Eighteen male merino weaners were infected with BTV-

3 via intradermal inoculation at the upper inner leg with 1.0 mL of BTV infected 

erythrocytes comprising a titer of 103.5 50% tissue culture infective doses (TCID50) and 

monitored for clinical disease (Table S1). Sheep were randomly assigned to time-

dependent euthanasia at 2, 4, 6- and 8-days post infection (DPI) unless the humane-end 

point preceded the allocated time-points. Blood samples were collected in 3% sodium 

citrate and EDTA-containing vacutainers (BD Biosciences), whereas tissue samples were 

collected into sterile phosphate-buffered saline (PBS) supplemented with 200 IU/mL 

penicillin and amphotericin B, RNAlater (Invitrogen) or 10% neutral buffered formalin 

for virology, RNA-Seq and IHC, respectively.  

Haematological analysis  

EDTA whole blood samples were analysed using a VetScan HM5 haematology analyser 

(Abaxis) to obtain differential counts of peripheral leukogram.  

Isolation of PBMCs and platelets 

PBMCs and platelets were isolated from citrated whole blood using LymphoprepTM 

(Stemcell technologies, Australia). Briefly, whole blood diluted with equal volumes of 

PBS supplemented with 2% FBS was gently layered over LymphoprepTM in a conical 

tube (Falcon) followed by centrifugation at 800 x g for 20 mins at room temperature (RT). 

The upper plasma layer containing platelets and the mononuclear cell band were removed 

and washed twice by resuspension in PBS and centrifugation at 1,200 x g at RT for 20 

mins.  
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Flow cytometry analysis of lymphocyte and platelet infection  

The isolated PBMCs and platelets were fixed and permeabilised with BD 

Cytofix/CytopermTM (BD Biosciences) for 20 mins at 4˚C. The fixed blood cells were 

stained with an in-house BTV VP7-specific rabbit polyclonal anti-sera (1:1000) (Lean et 

al., 2019) and secondary antibody goat anti-rabbit Alexa Fluor®488 (1:200) (Invitrogen). 

Ammonium tris chloride solution (170mM ammonium chloride, 170mM tris, pH 7.2) was 

used to eliminate carryover erythrocytes by 5 mins incubation at 37˚C. The samples were 

analysed on BD LSR FortessaTM and data analysed on FlowJo © V10.  

Virus titration  

Erythrocytes were removed from EDTA anti-coagulated whole blood by centrifugation 

at 1500 x g for 5 mins then washed with PBS. Tissues were homogenized as 10% w/v 

samples in PBS with silicon carbide particles (Daintree Scientific Australia) in the 

FastPrep-24 bead beater (MP Biomedicals) and clarified by centrifugation at 17,000 x g 

for 1 min using a benchtop microcentrifuge (Thermofisher). Ten-fold dilutions of 

homogenised tissue samples or lysed erythrocytes were added to KC cell monolayers in 

96-well plates and incubated for 10 days at 28˚C. To detect cytopathic effect (CPE), 

supernatants from each well of the KC cells titration were transferred to corresponding 

wells of a 96-well plate containing Vero cell monolayers and incubated for 7 days. A row 

of cells with cell culture media only was used as a negative control (Darpel et al., 2011). 

The CPE was visualised post-fixation with 0.1% methylene blue. The virus titre was 

determined using the Spearman-Karber method for calculation of TCID50 (Spearman, 

1908, Karber, 1931). 
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BTV RNA extraction and reverse transcription quantitative polymerase chain 

reaction (RT-qPCR) 

BTV nucleic acids were extracted from tissue homogenates or washed erythrocytes using 

a MagMAX™-96 Viral RNA Isolation Kit on the MagMAX™ Express-96 Particle 

Processor (Thermofisher). RT-qPCR targeting BTV RNA segment 10 was performed 

(Hofmann et al., 2008a) using the Ag-Path-ID One-Step RT-PCR reagents (Invitrogen) 

and Applied Biosystems model 7500 Fast SDS system. Standard curves were generated 

by amplifying dilutions of a known concentration of synthetic BTV-3 segment 10 

oligonucleotide (Integrated DNA Technologies IDT). Cycle threshold (Ct) values were 

plotted against copy numbers per mL or per gram to calculate BTV genome copy 

numbers. A separate RT-qPCR assay targeting 18S ribosomal RNA was conducted in 

parallel with the BTV assay to validate the RNA extraction procedure using the following 

oligonucleotide primers and probes: 18S-forward (5’-CGGCTACCACATCCAAGGAA-

3’), 18S-reverse (5’-GCTGGAATTACCGCGGCT-3’) and probe 18S-FAM (5’-FAM-

TGCTGGCACCAGACTTGCCCTC-TAMRA-3’). The cycling conditions for the RT-

qPCR assay were: 45˚C 10 mins, 95˚C 10 mins, 45 cycles of 95˚C for 15 s and 60˚C for 

45 s. 

Determination of seroconversion in infected sheep 

An in-house BTV competition ELISA (cELISA) for BTV-specific antibody detection was 

performed on sheep plasma as previously described (Lunt et al., 1988b). The cELISA 

assay determines the relative amount of BTV antibody in the test serum through inhibiting 

the binding of a monoclonal antibody to BTV VP7 antigen coated on ELISA plate. Sera 

that had less than 40% inhibition were determined as negative whereas sera with greater 

than 50% inhibition were positive. Sera that achieved inhibition levels between 41 to 50% 

were considered indeterminate and the test was repeated for the sample. 
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Histopathology and immunohistochemistry 

Tissues were fixed in formalin for no longer than 48 hrs and processed by standard 

histological methods as previously described (Lean et al., 2019). The details of the 

primary antibodies used are listed in Table S2. A duplicate serial tissue section was 

stained with hematoxylin and eosin (H&E) for histological examination.  

Viral antigen load was assessed on a light microscope (Leica DM2000 LED) at 20x 

magnification and qualitatively scored as: abundant (score 4, more than ten positive foci 

per field), moderate (score 3, between one to five positive foci per field), minimal (score 

2, one positive foci in every 5 fields), rare (score 1, one positive foci in every 10 fields) 

and undetectable (score 0). CD3+ T cells, PAX5+ B cells and CD163+ macrophages were 

assessed by digital microscopy by imaging four random foci of immunolabelled sections 

(Leica DFC495) at 20x objective lens followed by analysis on FIJI (Schindelin et al., 

2012). Images were converted into 16-bit format and counted on “analyse particles” 

plugin with the parameters 0.00-1.00 for circularity. To estimate optical density (OD), the 

colour was deconvoluted on image option by selecting “H AEC” and then analysed for 

“mean grey value” and calculated with the following formula: 

log $%%
&'()	+,'-	.(/0' . 

Total RNA extraction for RNA sequencing 

Approximately 1mm3 of the left caudal lung lobe from each sheep was homogenised for 

20 s in microfuge tubes containing RLT buffer (Qiagen) and 1.4 mm ceramic spheres 

(MP Biomedicals) using the FastPrep bead beater (MP Biomedicals) followed by 

centrifugation at 17,000 x g for 1 min on a benchtop microcentrifuge (Thermofisher). 

Lung RNA was extracted using the Qiagen RNeasy mini kit (Qiagen) as per 

manufacturer’s instructions. RNA from PBMCs was extracted using the MagMAX™ for 

Stabilized Blood Tubes RNA Isolation Kit (Thermofisher) on the MagMAX™ Express-
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96 Particle Processor. All samples were treated with DNase I and incubated on ice 

between steps. The integrity of extracted RNA was analysed on an Agilent 2100 

Bioanalyzer. 

RNA sequencing and analysis 

Total RNA was depleted of ribosomal RNA with the Illumina Ribo-Zero 

Human/Mouse/Rat kit. Sequencing libraries were prepared with the TruSeq Stranded 

Total RNA library prep kit (Illumina) and sequenced using 150 bp paired-end reads on 

the Novaseq 6000 platform (Illumina) at the Macrogen Next Generation Sequencing 

Division (South Korea). RNA-Seq reads were processed by removing Illumina TruSeq 

adapters, trimming sequences when the quality score dropped below 20, and discarding 

reads shorter than 50 bp using Trimmomatic v.0.38 (Bolger et al., 2014). The cleaned 

reads were then mapped to the sheep genome (Oar_v3.1, 

https://asia.ensembl.org/Ovis_aries/Info/Index) using HISAT2 v.2.1.0 (Kim et al., 2015). 

The alignment files were sorted using SAMtools v.1.9.0 (Li et al., 2009) and gene counts 

were quantified using Cufflinks v.2.2.2 (Trapnell et al., 2010). The gene counts were then 

tested for differential expression across the treatment conditions using DESeq2 v.1.6.3 

(Love et al., 2014), with a significance value of 0.05 and Benjamini & Hochberg 

corrections for multiple comparisons. TopGO v.2.34.0 (Alexa and Rahnenfuhrer, 2018) 

was used to determine genetic pathways that were significantly enriched in the 

differentially expressed genes using Fisher's exact test with the 'weight01' algorithm. 

Plots were constructed using ggplot v.3.1.0 (Wickham, 2009) and several scripts modified 

from the VIPER pipeline (Cornwell et al., 2018).  

Quantitative PCR (qPCR) verification of differential expressed genes (DEG) 

Quantitative PCR was performed on selected host genes. One microgram of total RNA 

was reverse transcribed using Superscript III (Invitrogen) with random hexamers into 

complementary DNA (cDNA). Triplicate SYBR green qPCR reactions were performed 
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using the SYBR premix Ex Taq II (Takara), 1 µL cDNA, 10 µM forward and reverse 

primers (IDT), and nuclease-free water (Qiagen). Cycling parameters were 95°C for 30 

s, 40 cycles of 95°C for 5 s and 60°C for 30 s, followed by melt curve analysis. The 

relative fold change of target gene expression 2–∆∆Ct were calculated from means of three 

technical and three biological replicates, first by normalizing against reference gene 18s 

(∆Ct= Ct Target – Ct Reference) followed by subtracting ∆CT of the uninfected control from 

the ∆Ct of the treatment groups at different time points (∆∆Ct = ∆Ct Control - ∆Ct Treatment). 

Primer sequences are listed in Table A1. 

Statistical analysis and graphs 

GraphPad Prism 5 was used for data analysis.  

Data availability 

All data generated and analysed from this study are included in this article and its 

supplementary files. Raw sequencing data is available in the Sequence Read Achieve 

under the accession numbers SRR9695000 to SRR9695029 and Bioproject 

PRJNA554909.  
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Results 

Characterisation of clinical and haematological disease and blood infection 

A pathogenic strain of BTV-3 was intradermally inoculated into healthy and BTV 

seronegative Merino sheep (n=18). Clinical disease was first detected at 4 DPI with the 

detection of body temperature above 40.0˚C (Fig. 1). At 7 DPI, the clinical score 

increased significantly, with signs including high mean body temperature (40.8˚C; S.D. 

± 0.3˚C), depression, facial oedema, hyperemia of mucous membranes and non-haired 

skin, clear nasal-ocular discharge and hyperaemic coronary bands. Six sheep reached 

humane end-point at 7 and 8 DPI, with three sheep culled on each day. Muco-purulent 

nasal discharge, substantial facial oedema, swelling and petechiae of the tongue, and 

erosion and petechiae of the oronasal mucosa were observed at clinical end-point. Among 

these sheep, five preferred to remain in dorsal recumbency and four presented with 

intermittent weight shifting lameness on standing. These signs accord with those seen in 

previous trials with this BTV strain (Hooper et al., 1996) and are similar to the disease 

described in the literature for pathogenic BTV disease (Darpel et al., 2007, MacLachlan 

et al., 2008). Using a BTV VP7 cELISA, seroconversion was not detected among any of 

the sheep killed prior to 7 DPI. Antibodies were detected in 2/3 sheep at 7 DPI and 3/3 

sheep at 8 DPI (Fig. 1, Fig. S1). 

Blood samples were taken from each animal at the time they were humanely culled. 

Haematology analysis revealed leukopenia (Fig. 2a) in those sheep killed at 4 DPI, in 

comparison to those at 2 DPI, and this consisted of lymphopenia with a mean cell count 

of 4.6 x 109/L (S.D. ± 1.4 x 109/L) (Fig. 2b). Transient lymphopenia observed in our 

model was similar to other studies involving sheep infected with pathogenic BTV 

(Sanchez-Cordon et al., 2015). There was also slight reduction of neutrophil count at 4 

DPI, however, this was not statistically significant (Fig. 2c). A similar trend was also 

observed for monocyte counts (Fig. S2). Mild thrombocytopenia was first detected in 
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sheep humanely killed at 4 DPI, with a mean count of 177.8 x 109/L (S.D. ± 49.7 x 109/L) 

(Fig. 2d). However, this was only statistically significant at 6 and 7 DPI where the mean 

counts were 109.3 x 109/L (S.D. ± 17.8 x 109/L) and 97.7 (S.D. ± 32.7 x 109/L), 

respectively. On all other days, the white cell counts were similar to those in the 

uninfected sheep. These results indicate a reduction of lymphocytes and platelets that 

coincided with the onset of clinical disease.  

 

Figure 1. Clinical trends of BTV-3 infected sheep. Clinical scores (left y-axis), as 

defined in Table S1. Body temperature (right y-axis). *p<0.05, ***p<0.001. Kruskal-

Wallis test with Dunn’s multiple comparison test for medians of each time-point 

compared to uninfected sheep (clinical score). One-way ANOVA with Tukey multiple 

comparison test for means of each time-point compared to uninfected sheep 

(temperature). Bars represent median for clinical score and mean for temperature. 

Individual markers represent each sheep. n=4 for each time-point except for days 7 and 8 

where n=3. Seroconversion as determined by competition ELISA (bottom).  
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Figure 2. Haematological trends of BTV-3 infected sheep. Leucocyte (a), lymphocyte 

(b), neutrophil (c) and platelet counts (d). **p<0.01. One-way ANOVA with Tukey 

multiple comparison test for means of each time-point. Bars represent mean. Individual 

markers represent each sheep. n=4 for each time-point except for days 7 and 8 where n=3.  
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The amount of virus in the erythrocytes was quantified by TCID50 and RT-qPCR to 

determine how this correlated with the observed clinical signs (Fig. 3a). Both infectious 

virus and BTV RNA were first detected in the erythrocytes at 4 DPI with mean of 103.13 

TCID50/mL (S.D. ± 100.43 TCID50/mL) and 106.82 copies/mL (S.D. ± 100.49 copies/mL), 

respectively. Despite maximal viral RNA copy numbers detected at 4 DPI, peak 

infectious virus only occurred at 6 DPI with a mean titre of 105.09 TCID50/mL (S.D. ± 

100.25 TCID50/mL). This was followed by reduction of infectious virus at 8 DPI by 

approximately 100-folds to a mean titre of 103.30 TCID50/mL (S.D. ± 100.44 TCID50/mL). 

The quantity of BTV RNA remained relatively stable at 8 DPI, with a mean copy number 

of 106.09 copies/mL (S.D. ± 100.26 copies/mL) was detected.  

BTV infection of lymphocytes and platelets was further investigated. Flow cytometry was 

used to determine the percentage of cells infected (Fig. 3b), instead of virus titration or 

RT-qPCR as biological materials were reserved for RNA-Seq. Using flow cytometry, we 

determined that peak viral infection of the lymphocytes and platelets occurred at 4 DPI, 

with a mean of 49.9% (S.D. ± 16.7%) of lymphocytes and 38.0% (S.D. ± 21.5%) of 

platelets detected positive for BTV VP7 antigens. Peak infection in lymphocytes and 

platelets also coincided with lymphopenia and onset of thrombocytopenia (Fig. 2). 

Following that, infection of lymphocytes persisted for two days before a significant 

reduction of infection at 8 DPI to a mean of 14.8% (S.D. ± 7.7%) (Fig. 3b). A similar 

pattern of infection was also observed for platelets but the reduction in levels of infection 

was greater, with a mean of 1.8% (S.D. ± 1.8%) of platelets positive for BTV VP7 

antigens at 8 DPI (Fig. 3b).   
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Figure 3. Virological trends of BTV-3 infected sheep. Erythrocyte viral load 

determined by virus titration (red - TCID50) and RT-qPCR (blue - RNA copy number) 

(a). Percentage of virus infected lymphocytes (blue) and platelets (red) (b), as defined by 

VP7 immunolabelling. *p<0.05, **p<0.01. One-way ANOVA with Tukey multiple 

comparison test for means of each time-point. Bars represent mean. Individual markers 

represent each sheep. n=4 for each time-point except for days 7 and 8 where n=3.  
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Host responses within PBMCs of BTV infected sheep  

In the peripheral blood stream, circulating lymphocytes are a target of BTV infection (Fig. 

3b), which was associated with lymphopenia (Fig. 2b). To better understand the host 

response of the mononuclear blood cells (including lymphocytes, natural killer cells, 

monocytes and dendritic cells) to BTV infection, RNA-Seq was performed on PBMCs 

isolated from uninfected sheep and BTV-infected sheep at 2, 4 and 6 DPI and at the 

clinical end-point (END, comprising 1 sheep from 7 DPI and 2 sheep from 8 DPI) 

corresponding to moderate BT disease. Three biological replicates were sequenced for 

each time-point, which yielded between 11 and 25 million sheep mRNA reads per sample 

with an average of 17.5 million (Table S3). Differentially expressed genes analysed in 

relation to the uninfected sheep, were first detected in PBMCs at 2 DPI, followed by the 

highest number of DEG at 4 DPI and then a significant reduction of DEG by 6 DPI (Fig. 

4a). The number of upregulated DEG with levels of greater than log2 1.5-fold-change (p-

adj <0.05) were 1, 38, 11 and 1 genes at 2, 4, 6 DPI and END, respectively. The 

downregulated DEG consisted of 3, 35, 29, and 0 genes at 2, 4, 6 DPI and END, 

respectively.  
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Several upregulated DEG overlapped at 4 and 6 DPI (Fig. 4b). To understand the 

biological processes associated with DEG in the PBMCs during BTV infection, 

enrichment analysis of gene ontology (GO) terms for the upregulated genes was 

performed (Fig. 4c). During infection, the upregulated genes were enriched for antiviral 

and innate immunity functions. These included genes related to IFN-a, -b and -γ 

responses and the secretion of acute phase proteins. Genes related to the secretion of TNF-

a and interleukin (IL)-6 were also upregulated at 4 DPI, coinciding with onset of pyrexia, 

lymphopenia and peak viraemia (Fig. 1, 2, 3). Interestingly, fewer genes annotated with 

GO terms ‘defence response to virus’ and 'negative regulation of viral genome replication' 

were differentially expressed at 6 DPI compared to 4 DPI (Fig. 4c), coinciding with the 

reduction of BTV infection of lymphocytes (Fig. 3b). Even though there were fewer genes 

differentially expressed at 6 DPI, GO terms such as monocyte chemotaxis, type 2 immune 

response and cytokine production as well as endothelial cell activation, were still enriched 

(Fig. 4c). 
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Figure 4. Transcriptome profile of PBMCs derived from sheep infected with BTV-

3. Number of significantly upregulated or downregulated genes in relation to the 

uninfected control (log2 fold-change >±1.5, p-adj <0.05) (a). The Venn diagram shows 

the number of upregulated genes from 2, 4 and 6 DPI (b). Gene ontology (GO) enrichment 

with upregulated genes estimated by Fisher’s exact test p-value (-log transformed) and 

the number of DEG related to the GO term is indicated in brackets (c). Only data from 4 

and 6 DPI were evaluated as there were insufficient DEG at 2 DPI and END from the 

PBMCs transcriptome to make statistical comparisons. END = clinical end-point. 
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The upregulated DEG in the PBMCs from infected sheep that were shared at various days 

of infection were examined (Fig. 4b). The common upregulated DEG at 4 and 6 DPI were 

immune response genes, such as EPSTI1, CXCL10, SAMD9, CMPK2, IFIT2 and IFIT3 

(Table 1). The validity of the RNA-seq results were confirmed by qPCR on selected 

immune response genes (CXCL10, IFIT2) (Fig. S3), which showed that the RNA-Seq 

results were congruent with qPCR. Between 2 DPI and 6 DPI, there was one common 

upregulated DEG and it was related to the respiratory metabolism of mitochondria (ND6) 

(Table S4). 

 

 

Table 1. Common upregulated DEG of PBMCs derived from BTV-3 infected sheep 

at 4 and 6 DPI. 

 

 

  

Gene Log2 Fold-Change Gene Product Function 4 DPI 6 DPI 
EPSTI1 1.86 1.63 Epithelial Stromal Interaction 1 Activation of macrophage  

(Kim et al., 2018b) 
CXCL10 3.62 2.86 C-X-C motif chemokine ligand 10 Th1, CD8 T lymphocyte, NK 

cell trafficking  
(Griffith et al., 2014) 

SAMD9 1.66 1.57 Sterile Alpha Motif Domain Containing 9 
Antiviral responses  
(Diamond and Farzan, 2013, 
Ratinier et al., 2016, Meng 
and Xiang, 2019) 

CMPK2 2.63 2.09 Cytidine/uridine monophosphate kinase 2 
IFIT2 2.96 2.32 Interferon Induced Protein with 

Tetratricopeptide Repeats 2 
IFIT3 2.71 2.23 Interferon Induced Protein with 

Tetratricopeptide Repeats 3 



Chapter 5  Transcriptomic Analysis of BT Disease 

 171 

The downregulated DEG and corresponding annotated GO terms were also examined. 

Despite the large number of DEG identified, these genes could not be linked to antiviral 

responses or immune cell genes (Table S4). The GO terms enriched in the downregulated 

genes were predominantly cellular respiration and DNA damage response pathways 

(Table S4), likely to be a secondary outcome of the primary disease process.  

Interferon responses and immune cell profiles of PBMCs were analysed by evaluating a 

selected set of genes identified by transcriptome analysis. Based on RNA-Seq analysis, 

interferon stimulated genes (ISG) were upregulated at 4 DPI and the levels of 

upregulation were reduced at END (Fig. 5a). Quantitative PCR targeting selected ISG 

including MX2, IFIT2 and ISG20, involved in core vertebrate ISG (Shaw et al., 2017), 

showed consistent upregulation of these genes at each time-point and confirmed the 

RNA-Seq results (Fig. 5b). For immune cells, there was no difference in the level of gene 

expression for B lymphocytes (CD79B, PAX5, CD27), T lymphocytes (CD3D, CD3E, 

CD4, CD8A) or macrophage (CD14, CD163, CD274) (Fig. 5c) based on RNA-Seq 

analysis. Verification by qPCR confirmed that no changes to B lymphocyte (PAX5) and 

T lymphocyte (CD3E) gene expression occurred (Fig. 5d). However, in contrast to RNA-

Seq, a pronounced upregulation of the macrophage markers CD14 and CD163 was 

detected by qPCR (Fig 5d). 

Overall, changes in the global gene expression profiles of PBMCs from BTV infected 

sheep were transient and could be associated with acute but temporary lymphopenia at 

peak lymphocyte infection and the subsequent rapid reduction in BTV infected 

lymphocytes.  
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Figure 5. Dynamics of immune gene expression during BTV infection in PBMCs. 

Changes in mRNA expression levels of interferon responses (a) and immune cell markers 

(c) derived from RNA-Seq. Genes encoding selected interferon (b) and immune cell 

markers (d) were further validated by qPCR. Dark grey shaded areas indicate no 

significant variation with respect to the control group (±1.0 fold-change). Error bars 

represent standard deviation. n=3 per time-point.  
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Pulmonary pathology from BTV infection in sheep 

One of the hallmarks of pathogenic BTV infection in sheep is the infection of pulmonary 

microvasculature and subsequent development of vascular-associated pulmonary 

pathology (DeMaula et al., 2001, Darpel et al., 2007, MacLachlan et al., 2008). In this 

study, the focus of pathogenesis investigation was the lung. Following infection, only two 

sheep presented with increased respiratory rate, potentially related to underlying 

pulmonary pathology from BTV infection, at clinical end-point (one sheep at 7 and 8 

DPI). v  

To allow accurate morphometric evaluation, lungs were inflated with formalin during 

necropsy. On histopathology analysis, pulmonary lesions were first observed at 6 DPI 

(Fig. 6a) including mild thickening of the pulmonary alveolar septum accompanied by 

infiltration of low numbers of mononuclear inflammatory cells, as well as modest 

capillary congestion (Fig. 6e). The number of lesions detected also increased over the 

course of BTV infection (Fig. 6a). At 8 DPI, the lesions detected included marked 

thickening of alveolar septum expanded by infiltration of mononuclear inflammatory 

cells, capillary congestion and pulmonary haemorrhage (Fig. 6g). Besides that, 

mononuclear inflammatory cell cuffing and peri-vascular oedema were observed around 

medium-sized vessels in the lungs. These changes are in accordance with those seen in 

previous BTV infection studies in Merino sheep (MacLachlan et al., 2008, Maclachlan et 

al., 2009). 

Viral load in the lung specimens was assessed by IHC against BTV NS2. BTV infection 

of the lung was detected at 4 DPI followed by peak viral infection at 6 DPI, when 

abundant viral NS2 antigens were detected within the endothelial cells of the pulmonary 

capillaries (Fig. 6a). To further delineate the levels of pulmonary infection, viral load was 

measured by virus titration and RT-qPCR (Fig. 6b). Using both techniques, BTV was first 
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detected at 4 DPI and peak levels were detected at 6 DPI, with a mean of 103.67 TCID50/g 

(S.D. ± 100.63 TCID50/g) and 106.65 copies/g (S.D. ± 100.24 copies/g). The viral load at 6 

DPI was higher in comparison to 4 DPI where there was a mean of 102.72 TCID50/g (S.D. 

± 100.22 TCID50/g) and 105.60 copies/g (S.D. ± 100.46 copies/g). By 8 DPI, a ten-fold 

reduction of virus titre was found, with a mean titre of 102.69 TCID50/g (S.D. ± 100.49 

TCID50/g), as well as a slight reduction in BTV RNA copies 106.24 copies/g (S.D. ± 100.16 

copies/g) (Fig. 6b). The trend observed on BTV IHC (Fig. 6a, f, h) was similar to that 

recorded with virus titration and BTV RNA copies. Even though there was a more 

pronounced reduction of the amounts of NS2 antigens in the lungs at 8 DPI (Fig. 6h), 

suggesting resolution of pulmonary infection, the relatively higher levels of BTV 

observed by virus titration and RT-qPCR could reflect protracted viraemia due to BTV 

associated with erythrocytes (Brewer and MacLachlan, 1994). 

Nevertheless, these data are consistent with earlier reports that the development of BT 

disease in secondary infection organs occurred following the reduction of virus 

replication (Darpel et al., 2012, Puggioni et al., 2018). 
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Figure 6. Development of pulmonary pathology during BTV infection.   
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Figure 6. (Continue) Histopathological assessment (a, left y-axis, triangle marker), as 

defined in Table S5, and semi-quantitative assessment of NS2 antigen load by light 

microscopy (a, right y-axis, square marker). Levels of infection determined by virus 

titration (black round marker) and RT-qPCR (red square marker). Representative 

histological (c, e, g) and immunohistochemical (d, f, h) images were taken from 

uninfected sheep (c, d) and infected sheep at 6 DPI (e, f) and 8 DPI (g, h). NS2 antigens 

(arrowheads), pulmonary lesion (arrow). *p<0.05, ***p<0.001. Kruskal-Wallis test with 

Dunn’s multiple comparison test for medians of each time-point (histology score, a). One-

way ANOVA with Tukey multiple comparison test for means of each time-point (NS2 

IHC, lung viral load; a, b). Bars represent median (histology score, a) and mean (NS2 

IHC, lung viral load; a, b). Individual markers represent each sheep. n=4 for each time-

point except for days 7 and 8 where n=3. Scale bar = 100 μm.  
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Host responses in the lungs of BTV infected sheep 

As determined by histopathology and virological analysis, the development of pulmonary 

disease in the context of a reduction of viral infection in the lung between 6 to 8 DPI was 

a feature of the pathogenesis of BT disease in sheep (Fig. 6). In this investigation, RNA-

Seq was performed on lung tissues from uninfected sheep and infected sheep from 2, 4, 

6 DPI and END. The lung tissues submitted for RNA-Seq were obtained from the same 

individual sheep from which PBMCs were collected and analysed by RNA-Seq. Three 

biological replicates were sequenced for each group, yielding between 8 to 16 million 

sheep mRNA reads per sample, with an average of 13 million reads (Table S3). The 

number of significantly upregulated DEG were 43, 48, and 56 at 4 and 6 DPI and END, 

respectively. On the other hand, the downregulated DEG consisted of 3, 33, and 42 genes 

at 4 and 6 DPI and END, respectively (Fig. 7a).  

No significant DEG were detected at 2 DPI. The majority of DEG detected from 4 DPI 

were upregulated genes. The total number of DEG in lungs also progressively increased 

over the course of the infection (Fig. 7a). Numerous upregulated DEG were identified 

that overlapped at various stage of infection (Fig. 7b). Enrichment analysis of GO terms 

revealed upregulated DEG in the lungs during BTV infection were involved in innate 

immunity, antiviral responses, adaptive immunity, vascular and coagulation activity (Fig. 

7c). DEG associated with negative regulation of innate immune response, complement 

activation by the classical pathway, defence response to virus, negative regulation of viral 

genome replication and IFN responses were highly enriched at 4 and 6 DPI. However, 

these GO terms were not enriched in sheep at clinical end-point. This corresponded to the 

changes in NS2 antigen load and virus titres observed in the lungs (Fig. 6). On the other 

hand, upregulated DEG related to monocyte chemotaxis, endothelial cell homeostasis, 

and coagulation were enriched from 6 DPI. This was temporally associated with 

histopathological changes in the lung (Fig. 6a) and thrombocytopenia (Fig. 2d). Despite 
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the upregulation of some genes related to an adaptive immune response, the number of 

DEG did not change significantly between 4 DPI and END. 

 

Figure 7. Transcriptome profile of lungs derived from sheep infected with BTV-3. 

Numbers of significantly upregulated or downregulated genes in relation to the uninfected 

control (log2 fold-change >±1.5, p-adj<0.05) (a). The Venn diagram shows the number 

of upregulated genes from 4, 6 DPI and END (b). Gene ontology (GO) enrichment with 

upregulated genes estimated by Fisher’s exact test p-value (-log transformed) and the 

number of DEG related to the GO term is indicated in brackets (c). Only data from 4 DPI, 

6 DPI and END were evaluated as there was no DEG at 2 DPI (a) from the lung 

transcriptome to make statistical comparisons (c). END = clinical end-point. 
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The commonly upregulated DEG between 4 DPI and END (Table 2), 4 and 6 DPI (Table 

S6), and 6 DPI and END (Table S7) were examined. Between onset of viraemia (4 DPI) 

to the development of moderate clinical disease, the highly upregulated DEG were 

associated with the monocyte-macrophage system (FOLR3, CCL3, CCL8, CD14 and 

IL18BP), IFN response (ISG20, MX2, GBP4, USP18) and vascular homeostasis (WARS) 

(Table 2). Two of the IFN response genes, GBP4 and USP18, were related to the negative 

regulation of type I IFN response (Fig. 7c).  

 

Table 2. Common upregulated DEG in lungs from BTV-infected sheep at 4 DPI, 6 

DPI and END.  

 

  

Gene Log2 Fold-Change Gene Product Function 
4 DPI 6 DPI END 

Genes Associated with Monocyte-Macrophage System 

CD14 1.76 2.07 1.67 Monocyte Differentiation 
Antigen CD14  

Inflammatory monocytes, Mediate innate immune 
response to bacterial lipopolysaccharide 
(Geissmann et al., 2003, Van Gucht et al., 2005) 

CCL3 1.63 1.85 1.78 C-C Motif Chemokine 
Ligand 3  

Macrophage and NK cell migration, T cell-DC 
interactions (Griffith et al., 2014) 

CCL8 3.28 3.29 3.11 C-C Motif Chemokine 
Ligand 8   Th2 response (Griffith et al., 2014) 

FOLR3 4.53 4.14 3.05 Folate Receptor 3 Expressed on activated macrophages, mediate 
folate delivery into cells (Xia et al., 2009) 

IL18BP 1.93 2.06 2.66 Interleukin-18-Binding 
Protein 

Negative regulation of IFN-γ  
(Dinarello et al., 2013) 

Genes Associated with Interferon Response 

ISG20 2.60 2.80 2.34 Interferon Stimulated 
Exonuclease Gene 20 Antiviral against RNA viruses (Singh et al., 2017) 

MX2 2.16 1.78 1.58 Interferon-Induced GTP-
Binding Protein Mx2 Anti-viral (Schneider et al., 2014) 

GBP4 1.74 2.13 2.67 Guanylate Binding Protein 
4 

Negative regulator of IRF7  
(Porritt and Hertzog, 2015) 

USP18 2.56 2.26 1.81 Ubiquitin Specific 
Peptidase 18 

Negative regulator of IFNAR2  
(Porritt and Hertzog, 2015) 

Genes Associated with Vascular Homeostasis 

WARS 1.86 2.16 2.28 Tryptophanyl-tRNA 
Synthetase 

Angiostatic, inhibit fluid shear stress on endothelial 
cell, antiviral  
(Ahn et al., 2016, Shaw et al., 2017, Jin, 2019, Lee 
et al., 2019) 
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During early stages of infection in the lungs, the cytosolic pattern-recognition receptors 

(PRRs) responsible for the detection of viral nucleic acids, DDX58 and ZBP1 were 

upregulated (Schneider et al., 2014) (Table S6). Other antiviral response genes (IRF7, 

IFTIM3, MX1, IFIT2, IFIT3, IFI35, BST-2B, HA1B) involved in regulating type I IFN 

response, inhibition of virus entry and replication were also upregulated. At the later stage 

of infection, there was upregulation of monocyte-macrophage chemokine genes (CCL2, 

CCL4 and CXCL10) and activated macrophage marker CD163 (Table S7). In addition, 

other upregulated DEG were related to complement and coagulation systems 

(SERPING1, IGFBP2, CLU) and endothelial cells (TNFRSF12A, CRYAB) (Table S7). 

Selected upregulated DEG associated with monocyte-macrophage system (CCL8, 

IL18BP), vascular homeostasis (WARS), IFN response (ISG20, IRF7), and complement 

and coagulation systems (SERPING1) were validated by qPCR (Fig. S4), which showed 

concordance of results from RNA-Seq and qPCR. 

Downregulated DEG in lungs of infected sheep and the corresponding annotated GO 

terms were also examined. Similar to the findings of gene expression of the PBMCs, the 

downregulated DEG identified were not associated with monocyte-macrophage, immune 

responses or vascular pathology (Table S4). The GO terms associated with downregulated 

DEG were primarily cellular respiratory and metabolic response genes (Table S4), which 

may be representative of secondary disease processes.  

Immune responses and immune cell profile of BTV infected lung were also analysed by 

evaluating a selected set of genes based on the transcriptome analysis. Interferon 

stimulated genes were upregulated from 4 DPI and remained elevated at END (Fig. 8a). 

qPCR targeting selected ISG, including MX2, IFIT2 and ISG20, showed consistent 

upregulation of these genes at each time-point, although the levels of gene expression 

were typically higher with qPCR (Fig. 8b). Using RNA-Seq, the gene expression for T 

and B lymphocytes markers CD3D, CD3E, CD4, CD8A, CD79B, PAX5 and CD27 was 
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not significantly altered during infection. However, there was upregulation of monocyte-

macrophage markers (CD14, CD163 and CD274) (Fig. 8c). The expression of a subset of 

inflammatory cell genes was verified by qPCR, which confirmed no significant changes 

to the T and B lymphocyte markers (CD3E, PAX5) but upregulation of the monocyte-

macrophage markers CD14 and CD163, in agreement with RNA-Seq results (Fig. 8d). 

Overall, the gene expression profiles of the infected sheep lung showed a significant 

involvement of monocyte-macrophage systems and IFN responses, and that the 

development of pulmonary lesions could be associated with the onset of inflammatory 

processes in the lungs and the temporal changes in level of virus infection of the lungs.   
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Figure 8. Dynamics of immune gene expression during BTV infection in the lung. 

Changes in mRNA expression levels of interferon responses (a) and immune cell markers 

(c) derived from RNA-Seq. Gene encoding selected interferon responses (b) immune cell 

markers (d) and interferon markers (d) were further verified by qPCR. Dark grey shaded 

areas indicate no significant variation with respect to the control group (±1.0 fold-

change). Error bars represent standard deviation. n=3 per time-point.  
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Expansion of CD163+ macrophage population is associated with the development of 

BT disease pathology 

Based on the host transcriptome analysis of immune responses, there was upregulation of 

CD163 macrophage gene expression but not T or B lymphocytes in the lung during BTV 

infection (Fig. 8d). In order to verify these findings, the levels of immune cell infiltration 

in the lungs were evaluated by IHC. The antibodies used in this investigation were 

previously validated to be specific to ovine T and B lymphocytes and macrophages (Melzi 

et al., 2018).  

Immunolabelling of CD3 and PAX5 for T and B lymphocytes, respectively, indicated that 

there was no significant alteration to the T and B lymphocyte populations in the lungs 

throughout the infection (Fig. 9a), consistent with the RNA-Seq and qPCR findings (Fig 

8c, 8d). However, there was a significant increase of CD163+ macrophages from 6 DPI 

(Fig. 9a), in comparison to the uninfected sheep lung (Fig. 9c). Based on the anatomical 

location of the immunolabelled macrophages within the pulmonary capillaries, these 

CD163+ cells are pulmonary intravascular macrophages (PIMs) and also potentially 

circulating monocytes as there was evidence of CD163 gene upregulation in the PBMC 

(Fig. 5d). In addition to the positive immunolabelling foci, the intensity of CD163+ 

expression within the alveolar septum was also significantly elevated at clinical end-point 

(Fig. 9b). Notably, the development of pulmonary lesions at 6 DPI (Fig. 6a) occurred 

simultaneously with the increased CD163+ population in the alveolar septum (Fig. 9d).   
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Figure 9. Analysis of T and B lymphocyte and macrophage populations in BTV 

infected sheep lungs. Lung sections were immunolabelled for CD3 (red) for T 

lymphocytes, PAX5 (blue) for B lymphocytes and CD163 (green) for macrophages and 

digitally quantified for positively immunolabelled foci (a) and intensity of signal by 

optical density (b). Representative images of CD163 immunolabelled lung sections from 

uninfected sheep (c) and sheep euthanised at clinical end-point (END) (d). *p<0.05, 

***p<0.001. One-way ANOVA with Tukey multiple comparison test for means of each 

time-point compared to uninfected sheep. Bars represent mean. Individual markers 

represent each sheep. n=4 for each time-point except for days 7 and 8 where n=3. Scale 

bar = 50 μm. 
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Another organ of importance in BT disease is the tongue. Histopathological analysis 

indicated lesions arose in the tongue from 6 DPI (Fig. 10a), which was associated with 

significant amounts of NS2 antigen detected (Fig. 10a, 10g). This was followed by 

reduction of viral antigen in the tongue (Fig. 10a, 10j) and a marked increase in the 

severity of lesions in the tongue at END (Fig. 10a). The pathology observed at END 

include epithelial necrosis, submucosa haemorrhage (Fig. 10i), and oedema in submucosa 

and among skeletal muscle fibres (Fig. S5). Immunohistochemistry analysis of the 

number of positive foci and intensity of CD163 labelling was also performed on the 

tongue to determine if the disease pathogenesis observed was similar to those of the lung. 

An increased of CD163+ macrophage population was detected in the tongue at 6 DPI 

(Fig. 10b) within the submucosa (Fig. 10h). The CD163+ macrophage was also 

subsequently detected within the necrotic epithelial layer in addition to the submucosa at 

END (Fig. 10k).  

Thus, the pathological changes associated with the activation of macrophage over the 

course of BTV infection occurred not only in the lung, but also in the tongue. 
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Figure 10. Association of CD163+ macrophage infiltration and development of 

tongue lesions. Histopathology was assessed (a – left y-axis, triangle marker) based on 

criteria in Table S8. Virus NS2 antigen load (a – right y-axis, square marker). 

Quantification of CD163+ macrophage immunolabeled for positive foci (b – left y-axis, 

round marker) and intensity of labelling by optical density (b – right y-axis, square 

marker).   



Chapter 5  Transcriptomic Analysis of BT Disease 

 187 

Figure 10. (Continue) *p<0.05, **p<0.01, ***p<0.001. Kruskal-Wallis test with Dunn’s 

multiple comparison test for medians of each time-point compared to uninfected sheep 

(histology score). One-way ANOVA with Tukey multiple comparison test for means of 

each time-point compared to uninfected sheep (BTV NS2 IHC, CD163 IHC). Bars 

represent median (histology score) and mean (IHC). Individual markers represent each 

sheep. n=4 for each time-point except for days 7 and 8 where n=3. Representative 

histological images (c, f, i), BTV NS2 (d, g, j) and CD163 (e, h, k). Serial sections of 

histology and immunolabelled images from uninfected sheep (c, d, e), sheep euthanised 

at 6 DPI (f, g, h) and clinical end-point (END) (i, j, k). NS2 immunolabelled foci (arrow 

heads). Epidermal necrosis (solid arrow) and haemorrhage (dashed arrow). Inset shows 

sparse NS2 immunolabelling in the submucosa (j). Bar = 200μm.  
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Discussion 

Bluetongue is an important arboviral disease in ruminants in which vascular disease leads 

to significant morbidity and mortality, and substantial production losses (Rushton and 

Lyons, 2015). To better understand the disease process, BT disease was experimentally 

reproduced in Australian Merino sheep via intradermal inoculation of a sheep-passaged 

pathogenic BTV-3 (1943 Cyprus strain). The observed features of disease progression 

and symptoms were similar to those described previously (Darpel et al., 2007, 

MacLachlan et al., 2008, Caporale et al., 2014). Subsequently, pathology investigations 

and transcriptome analyses on the tissues collected from diseased animals were 

performed to understand the series of host-mediated events that are induced following 

BTV infection. 

During infection, BTV is disseminated rapidly to the draining lymph nodes followed by 

viraemia (Melzi et al., 2016). Results from this study demonstrated that viraemia is a 

consequence of infection of the erythrocytes, lymphocytes and platelets in the peripheral 

blood (Fig. 3). The more protracted duration of viraemia in the erythrocytes, in contrast 

to lymphocytes and platelets, is consistent with an earlier finding that BTV can be 

associated with erythrocytes through binding to the plasma membrane mediated by VP2 

(Brewer and MacLachlan, 1994). 

Lymphopenia was detected during peak viral infection of the circulating lymphocytes 

(Fig. 2b, 3b). Gene pathway analysis revealed that a significant number of DEG were 

related to TNF-a and IL-6 secretion (Fig. 4). Such haematological changes are similar to 

human patients with sepsis where lymphopenia is often associated with elevated levels of 

plasma TNF-a and IL-6 (Chung et al., 2015). In addition, GO terms related to humoral 

immunity in the PBMCs were enriched, but the number of genes associated with each 

term was relatively low. Humoral immunity plays an important role in limiting viraemia 
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in BTV infection (Jeggo et al., 1984). A recent study showed that BTV infection of the 

follicular dendritic cells and marginal reticular cells can dampen the production of 

neutralising antibodies (Melzi et al., 2016). Together with previous studies (Melzi et al., 

2016), results from this investigation indicate that infection of circulating lymphocytes 

potentially impairs the humoral immune response during BTV infection. 

Thrombocytopenia is another feature of BTV induced pathology (MacLachlan et al., 

2008, Sanchez-Cordon et al., 2013b). Peak viral infection of platelets was also associated 

with the onset of thrombocytopenia in the present study, implicating possible destruction 

of platelets during viral infection (Fig. 3b). In humans, the mechanism of 

thrombocytopenia in dengue virus (DENV) disease is associated with direct virus 

infection of platelets and subsequent clearance via the binding of complement protein C3 

(Ojha et al., 2017). Based on the RNA-Seq results (Fig. 7c), genes involved in the 

classical and lectin complement pathways were enriched in the lung of infected sheep. In 

septic conditions, complement pathways can promote sequestration of platelets into the 

lungs for degradation (Shibazaki et al., 1999). Although not fully evaluated in this study, 

thrombocytopenia in BT disease is likely to be multifactorial, involving direct virus 

infection, complement activation and cytokine release.  

BTV is a strong inducer of type I and II IFN (MacLachlan and Thompson, 1985, Calvo-

Pinilla et al., 2009a, Ruscanu et al., 2012, Sanchez-Cordon et al., 2015). In the present 

study, upregulation of signalling genes related to IFN-a, -b and -γ were detected in 

PBMCs and lungs from infected sheep (Fig. 4, 7). A variety of cell types including 

haematopoietic cells can produce IFN-a and -b (McNab et al., 2015), whereas IFN-γ 

production is largely restricted to natural killer cells, CD4+ T helper 1 cells and CD8+ 

cytotoxic T cells (Green et al., 2017). While the type I IFN response is important in 

activation of an antiviral state, type II IFN regulates antiviral responses by triggering 

adaptive immunity (Lee and Ashkar, 2018). BTV can modulate the IFN response to 
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counteract host antiviral activity. For instance BTV infection of A549, HeLa and Vero 

cells have been shown to inhibit the phosphorylation and nuclear translocation of STAT1 

in order to interfere with the JAK/STAT pathway (Doceul et al., 2014). In different 

studies, specific BTV proteins were also found to dampen the IFN-b response in 

immortalised cell lines through various mechanisms including the interference of retinoic 

acid-inducible gene I (RIG-I)-like receptor signalling pathway by NS3 (Chauveau et al., 

2013), downregulation of the gene promoters of IFN-b and the promoter containing IFN-

stimulated response elements (Ratinier et al., 2016).  

Within BTV infected plasmacytoid dendritic cells (pDC), the induction of an IFN 

response has been shown to be mediated via the MyD88-dependent toll-like receptor 7 

(TLR7)-independent PRRs signalling pathway (Ruscanu et al., 2012). In contrast, this 

study revealed upregulation of genes encoding TLR7 signalling, in addition to TLR9 

signalling in PBMCs and lungs from infected sheep (Fig. 4c, 7c). This difference may be 

a reflection of host responses from heterogenous cell populations constituting the PBMCs 

and lung samples analysed in our study, compared to purified pDC (Ruscanu et al., 2012). 

Even though TLR9 is thought to play a role in the detection of viral DNA (Kawai and 

Akira, 2011), an alternative pathway of innate immunity activation by an RNA virus, 

DENV, can be mediated by TLR9 through the release of mitochondrial DNA from 

infected DC (Lai et al., 2018). A similar mechanism may be involved in TLR9 signalling 

during BTV infection. In addition, RNA-Seq also indicated that other cytosolic PRRs 

such as RIG-I and DNA-dependent activator of IFN-regulatory factors (DAI) were also 

involved with the induction of a type I IFN response during BTV infection in the lung 

(Table S6). The induction of an IFN response during BTV infection resulted in a 

repertoire of ISG expression that was prominent in the lung, including positive IFN 

regulators (IRF7), negative IFN regulators (IFI35, GBP4, USP18) and antiviral effectors 
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(MX1, MX2, ISG20, IFIT2, IFIT3, IFITM3 and MX1) (Table 2, S6). Such diversity of 

ISG responses detected in the lung may be important to combat BTV infection.  

Monocytes and macrophages play an important role in the pathogenesis of several viral 

haemorrhagic diseases in humans and animals. In this study, the gene expression profile 

of PBMCs derived from BTV infected sheep demonstrated upregulation of EPST1 and 

CXCL10 (Table 1), indicating the involvement of the monocyte-macrophage system. 

Quantitative PCR performed on selected immune cell genes further revealed upregulation 

of CD14 and CD163 monocyte-macrophage genes (Fig. 5d). Similar to current findings, 

an earlier report on BTV-8 infected sheep showed an increase of CD14+ blood monocytes 

over the course of infection and that was associated with the upregulation of IL-6 and 

CXCL10 genes (Rojas et al., 2017). In human viral haemorrhagic diseases, expansion of 

CD14+ blood monocytes along with CD163 upregulation was reported for severe 

haemorrhagic fever with renal syndrome from Hantaan virus infection of humans (Li et 

al., 2018) and also during the development of severe dengue (Zanini et al., 2018). 

In accordance to the findings from pulmonary transcriptome analysis, upregulation of 

genes related to the monocyte-macrophage system, such as CD163, is central to the 

pathogenesis of BT disease. In this study, the development of pulmonary pathology 

occurred following a reduction in virus load and an increased level of activated PIMs in 

the alveolar septum (Fig. 6, 9). In the lungs of various ungulate species including the 

sheep, a large population of PIMs constitutively resides in the pulmonary 

microvasculature and play an important role in the removal of blood-borne particles, 

bacteria, erythrocytes, fibrin, and cellular debris (Schneberger et al., 2012). The 

association of the activated PIMs population and lung pathology have been described in 

several viral diseases; for example CSFV, African swine fever virus (ASFV), porcine 

reproductive and respiratory syndrome virus (PRRSV) and AHSV (Carrasco et al., 1999, 

Carrasco et al., 2002, Van Gucht et al., 2005, Nunez et al., 2018). In contrast to CSFV, 
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ASFV, PRRSV and AHSV, PIMs are not a target of BTV infection. Nevertheless, 

activation of PIM in BT disease could also be a non-specific response to pulmonary 

vascular injury and cytokine release. To rule out the possibility of non-specific CD163 

upregulation during lung injury, it will also be beneficial in the future to compare acute 

lung injury from other ovine disease models, for instance gram-negative sepsis to further 

ascertain the involvement of CD163+ PIM in BTV pathogenesis. In the present study, 

CD163+ PIMs in the alveolar septum was likely to be derived from blood monocytes 

since CD14 and CD163 genes were upregulated within PBMCs. In addition, there was 

upregulation of genes encoding chemotactic molecules (CCL2, CCL3, CCL4, CCL8) 

(Table 2, S7) and IFN-γ signalling in the lungs (Fig. 7c) that can promote the activation 

of macrophages. Such processes have also been observed in pigs infected with ASFV and 

CSFV (Carrasco et al., 2002, Nunez et al., 2018). Apart from the lungs, the expansion of 

activated macrophage population was also noted in the tongue from BTV infected sheep 

(Fig. 10), possibly through chemokine-mediated recruitment of circulating monocytes 

into tissues followed by differentiation and activation of macrophages in the tongue (Shi 

and Pamer, 2011, Su et al., 2015). By verifying CD163 immunolabelling in two different 

organs, it can be hypothesised that the activation of macrophages contributes to the 

development of vascular pathology in BT disease.  

Vascular dysfunction in BT disease has also been proposed to be a consequence of 

cytokine release (Maclachlan et al., 2009). Based on RNA-Seq findings, the WARS gene 

was a common upregulated DEG in the lung (Table 2). Expressed by stimulated 

monocytes and endothelial cells, this gene encodes tryptophanyl-tRNA synthetase 

(TrpRS), which can be upregulated during viral infection (Kapoor et al., 2008, Ahn et al., 

2016, Shaw et al., 2017, Lee et al., 2019). TrpRS is secreted into the extracellular 

environment through displacement from the S100A10-annexin II complex (Kapoor et al., 

2008) that is also utilised by BTV for intracellular trafficking (Celma and Roy, 2011). 
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Subsequently, extracellular TrpRS is cleaved by proteases such as plasmin, a fibrinolytic 

enzyme, to form the anti-angiogenic TrpRS fragment. These TrpRS fragments can inhibit 

the homotypic interactions of the vascular junction protein VE-Cadherin (Kapoor et al., 

2008). It is possible that the activation of endothelial cells or macrophages during 

development of BT disease leads to the production of TrpRS and that in turn undermines 

the integrity of vascular endothelial junctions. 

A large proportion of lymphocytes and platelets were found to be immunopositive for 

VP7 using flow cytometry (Fig. 3b) in opposed to the lack of immunohistochemical 

detection of NS2 in those infected blood cell population on tissue sections (Fig. 6). The 

difference observed could be due to the lack of sensitivity of IHC. Besides that, the use 

of VP7 antigen detection on flow cytometry could also account for wider stages of virus 

infection (cell-associated virions and replication) in contrast to NS2 detection in IHC. On 

the other hand, there could be non-specific immunolabelling of blood cells occurred in 

the flow cytometry analyses despite the use of standard methods to minimise this, such 

as control groups, blocking agent and multiple rounds of washes prior to analysis. 

Nevertheless, the transcriptomics results demonstrated the upregulation of antiviral genes 

in PBMCs, indicative of infection (Fig. 4; Table 1). PBMCs showed rather short-lived 

responses and that was also reflected in the flow cytometry analysis (Fig. 3b). 

The number of DEG detected in PBMCs was comparatively lower than those detected in 

the lungs and this could be a function of cell population diversity. It is possible that 

granulocytes (neutrophils), which are removed during PBMCs purification, could 

participate in the immune response following virus infection (Versteeg et al., 2017). 

Nevertheless, the trend of DEG in PBMCs reflects the infection kinetics observed in the 

lymphocytes (Fig. 3b, Fig. 4a) and therefore supports the validity of PBMCs gene 

expression analysis. Another issue that was encountered in this analysis was the 

discrepancy between PBMCs transcriptome data generated from RNA-Seq and qPCR 
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amplification methodologies. The monocyte-macrophage markers CD14 and CD163 

were not significantly differentially expressed on RNA-Seq but qPCR indicated 

significant upregulation of the genes (Fig. 5). Despite the use of a highly sensitive 

differential expression analysis software in this study, there can be up to 16% false 

negative DEG as determined by RNA-Seq, in comparison to the highly specific qPCR 

methodology (Costa-Silva et al., 2017). Furthermore, DESeq2 employed median-of-

ratios normalisation process (Love et al., 2014), in contrast to the normalisation to the 

housekeeping gene used in estimating relative gene expression by qPCR, which may 

explain the difference observed for these genes. In addition, although downregulated 

genes such as respiratory and DNA damage response were noted, this can be a bystander 

effect such as tissue hypoxia rather than due to a primary virus infection. A more specific 

approach such as single-cell RNA-Seq would be more appropriate to confirm the 

association of metabolic changes within specific infected cell populations.  

One of the limitations of this experimental in vivo study was the termination of BT 

affected sheep prior to the development of terminal BT disease, which was undertaken 

for animal welfare requirement. This precluded further investigation to determine the 

relationship of early changes in gene expression compared to changes occurring at 

terminal BT disease. Therefore, it is possible that molecular pathways involved in the 

terminal stages of BT were unrecognised. 

This is the first report on host gene changes of the PBMCs and lungs derived from BTV 

infected sheep. In conclusion, the release of pro-inflammatory cytokines, possibly from 

infected microvascular endothelium and activated monocytes-macrophages, results in 

vascular dysfunction in BTV infected sheep. This body of work demonstrated that 

application of the in vivo model approach can provide an improved understanding of 

vascular dysfunction in BT disease and potentially represents a model for the evaluation 

of disease mitigation and therapeutic strategies.  
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Supplementary materials 

Table S1. Clinical scoring of BT disease in sheep. 

Clinical Severity 
(Score) 

 Clinical Criteria* 

Mild (1) • Quiet demeanour, reduced activity, lowered head 
• Fever 40.0 to 41.9˚C 
• Reddened mucous membranes 
• Reddened skin 
• Reddened coronary band without lameness 
• Clear ocular / nasal discharge 
• Facial swelling under the skin (oedema) 

Moderate (2) • Mild lameness (indicated by weight shifting when 
standing, stiff gait, and preference for lying down or slow 
to rise when closely approached in pen). 

• Muzzle or oral ulceration but continuing to eat 
• Swelling (oedema) in other locations 
• Purulent ocular / nasal discharge 

Severe (3) • Severe depression. 
• Fever ≥ 42˚C. 
• Overt lameness (indicated by limping, non-weight 

bearing on a foot, weight-bearing on the knee, and 
difficulty/inability to rise when approached in pen, 
requiring encouragement to move). 

• Muzzle or oral ulceration with anorexia or excess 
salivation. 

• Bloody discharge from any site. 
• Swollen or dark coloured tongue. 
• Neurological signs (eg – muscle tremors, torticollis, 

coma). 
• Respiratory distress. 

* The clinical criteria are classified by the order of severity that defines a score of 1, 2 or 

3. The total score is the sum of the individual scores for all signs present. For example: 

fever of 40.0˚C (1), reddened skin (1), mild lameness (2) and purulent nasal discharge (2) 

observed from a sheep achieved a total score of 6. 
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Table S2. Antibodies used for immunohistolabelling. 

Target Clone Manufacturer Dilution Reference 
BTV NS2 mAb AAHL 1:6000 (Lean et al., 2019) 
CD3E pAb Dako 1:50 (Melzi et al., 2018) 
BSAP (PAX-5)  mAb Dako 1:50 (Melzi et al., 2018) 
CD163  mAb Thermofisher 1:100 (Melzi et al., 2018) 

 

Table S3. RNA-Seq experimental design and mapping results. 

Sample Animal 
ID Day SRA 

Accession 
Total Read 

Pairs 
Cleaned Read 

Pairs 

Percent 
Mapped to 

Sheep 
Genome 

Percent 
Sheep 
mRNA 

PB
M

Cs
 

5 0 SRR9695009 21,502,462 16,831,662 93.32 85.52 
7 0 SRR9695010 19,654,352 16,207,650 93.63 84.58 
18 0 SRR9695011 23,733,968 19,998,023 93.93 83.78 
6 2 SRR9695012 26,996,109 23,911,613 90.46 82.73 
15 2 SRR9695005 22,110,614 19,621,161 90.78 84.63 
19 2 SRR9695006 18,525,935 15,663,056 92.01 82.45 
9 4 SRR9695007 25,277,647 22,578,122 90.61 85.94 
13 4 SRR9695008 33,525,753 29,843,695 90.89 85.49 
22 4 SRR9695003 29,855,955 26,771,775 91.36 85.67 
10 6 SRR9695004 40,519,310 35,625,846 63.85 58.59 
11 6 SRR9695015 24,113,381 21,524,463 90.95 86.16 
17 6 SRR9695016 27,724,827 24,623,364 90.8 86.49 
21 7 SRR9695017 20,047,372 17,082,780 93.22 74.73 
3 8 SRR9695018 22,291,283 19,893,280 93.21 85.71 
8 8 SRR9695019 16,195,241 13,375,566 93.79 84.51 

Lu
ng

 

5 0 SRR9695020 21,136,743 18,528,754 92.07 62.56 
7 0 SRR9695021 19,901,717 16,733,406 94.48 63.73 
18 0 SRR9695022 23,740,266 19,826,971 71.73 53.05 
6 2 SRR9695013 18,873,226 15,445,764 69.52 57.12 
15 2 SRR9695014 21,539,363 18,794,000 91.64 63.77 
19 2 SRR9695028 22,877,344 20,163,443 89.45 67.47 
9 4 SRR9695027 19,719,166 16,259,250 81.95 64.9 
13 4 SRR9695000 21,568,161 19,028,190 91.54 71.21 
22 4 SRR9695029 25,679,441 22,781,327 92.55 65.4 
10 6 SRR9695024 25,259,567 22,117,327 91.08 73.24 
11 6 SRR9695023 23,213,872 20,556,894 92.4 69.88 
17 6 SRR9695026 23,695,770 20,882,964 78.72 64.4 
21 7 SRR9695025 23,726,838 20,764,851 92.27 80.25 
3 8 SRR9695002 22,338,724 19,624,921 92.14 74.48 
8 8 SRR9695001 23,045,706 20,240,182 89.61 71.14 
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Table S4. List of DEG and GO terms of PBMCs and lungs derived from BTV 

infected sheep at all time-points. 

Data is stored at https://data.csiro.au/dap/landingpage?pid=csiro:41078. Request for the 

access to the data portal can be made with Dr. David Williams (d.williams@csiro.au).  

 

Table S5. Histological grading of lung lesions. 

Criteria Score 

Peri-vascular cuffing of medium-sized vessels • Absent = 0 

• Present = 1 Peri-vascular oedema of medium-sized vessels 

Pulmonary oedema within alveoli sacs 

Cellular infiltration into alveolar septum 

Pulmonary haemorrhage 

Pulmonary capillary vessel congestion 
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Table S6. Common upregulated DEG of lungs derived from BTV infected sheep 

between 4 and 6 DPI.  

 

  

Gene Log2 Fold-Change Gene Product Function 4 DPI 6 DPI End 

IRF7 2.16 1.80 1.42 Interferon regulatory factor 
7 

Positive regulator of type 1 IFN 
(Schneider et al., 2014) 

IFITM3 2.33 1.73 0.81 Interferon induced 
transmembrane protein 3 Inhibit virus entry  

(Schneider et al., 2014) MX1 1.90 1.75 0.96 Interferon-induced GTP-
binding protein Mx1 

IFIT2 2.11 1.95 1.29 
interferon induced protein 
with tetratricopeptide 
repeats 2 Antiviral (Shaw et al., 2017) 

IFIT3 1.78 1.73 0.89 
interferon induced protein 
with tetratricopeptide 
repeats 3 

IFI35 1.61 1.52 1.39 Interferon Induced Protein 
35 

Negative regulator of type I IFN  
(Shaw et al., 2017) 

BST-2B 2.31 1.82 1.34 bone marrow stromal cell 
antigen 2B 

Inhibit release of virus, reduce T cell 
proliferation (Urata et al., 2018) 

HA1B 1.69 1.57 1.10 
BOLA class I 
histocompatibility antigen, 
alpha chain BL3-7-like 

Antigen presentation  
(Siva Subramaniam et al., 2015) 

DDX58 1.90 1.58 1.10 DExD/H-Box Helicase 58  
(also known as RIG-I) Detection of pathogen, regulate type I 

IFN 
(Shaw et al., 2017)  ZBP1 2.31 1.91 1.32 Z-DNA binding protein 1  

(also known as DAI) 
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Table S7. Common upregulated DEG of lungs derived from BTV infected sheep 

between 6 DPI and clinical end-point. 

 

 

Table S8. Histological grading of BT disease tongue lesions. 

Criteria Score 

Dilated lymphatics • No obvious lesions = 0 

• Mild = 1 

• Moderate = 2 

• Severe = 3 

Submucosa and muscularis layer oedema 

Capillary congestion 

Haemorrhage 

Epithelial change • Necrosis/erosion/ulceration = 3 

 

Gene Log2 Fold-Change Gene Product Function 4 DPI 6 DPI End 
Genes Associated with Macrophage 

CD163 1.35 2.59 2.95 Haemoglobin scavenger 
receptor 

Express on activated macrophages, pathogen 
receptor, immunomodulator 
(Van Gorp et al., 2010) 

CCL2 1.32 2.32 3.03 C-C motif chemokine 
ligand 2 Monocyte trafficking (Griffith et al., 2014)  

CCL4 1.50 1.68 1.52 C-C motif chemokine 
ligand 4 

Macrophage and NK cell migration 
(Griffith et al., 2014) 

CXCL10 1.33 2.01 2.00 C-X-C motif chemokine 
ligand 10 

Th1 response, NK trafficking 
(Griffith et al., 2014) 

Genes Associated with Complement and Coagulation 

SERPING1 1.36 1.78 2.02 
Serpin Family G Member 
1  
(C1-inhibitor) 

Inhibit classical complement pathway, inhibit 
blood coagulation, deficiency or dysfunction 
can lead to angioedema, IFN response 
(Shaw et al., 2017, Keragala et al., 2018) 

IGFBP2 1.04 2.47 2.41 Insulin Like Growth 
Factor Binding Protein 2 Platelet production (Ito et al., 2018) 

CLU 1.25 1.52 1.62 Clusterin Regulate complement protein (Bajic et al., 
2015) 

Genes Associated with Endothelial Cells 

TNFRSF12A 1.00 2.41 3.10 
TNF Receptor 
Superfamily Member 12A 
(Also known FN14) 

Angiogenesis, endothelial cell proliferation 
(Donohue et al., 2003, Zou et al., 2018) 
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Figure S1. Antibody response to BTV infection from BTV-3 infected sheep. Percent 

of inhibition refers to the level of inhibition of a sheep serum to a competing VP7 mAb 

binding to BTV VP7 antigen coated on ELISA plate. Bars represent mean. Individual 

markers represent each sheep. n=4 for each time-point except for days 7 and 8 where n=3. 

 

 

Figure S2. Monocyte count of BTV-3 infected sheep. One-way ANOVA with Tukey 

multiple comparison test for means of each time-point. Bars represent mean. Individual 

markers represent each sheep. n=4 for each time-point except for days 7 and 8 where n=3. 
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Figure S3. Confirmation of gene expression levels of PBMCs derived from BTV 

infected sheep by qPCR. Grey bar represents the RNA-Seq data. Non-shaded bar 

represents expression level measured by qPCR. Error bars represent standard deviation. 

n=3 per time-point examined. 

 

 

Figure S4. Confirmation of gene expression levels of lungs derived from BTV 

infected sheep by qPCR. Grey bars represent the RNA-Seq data. Non-shaded bars 

represent expression level measured by qPCR. Error bars represent standard deviation. 

n=3 per time-point examined. 
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Figure S5. Tongue observed at clinical end-point. Haemorrhage within submucosa 

(solid arrow), epithelial necrosis (dashed arrow) (a). Increased distance of the muscle 

bundles (bi-direction arrow) and dilatation of lymphatic vessel (solid arrow). Bar = 100 

(a) and 500 μm (b). 
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The acknowledged role of global climate change in the unprecedented expansion in the 

range and abundance of BTV-competent Culicoides species has been responsible for the 

dramatic increase of BT disease outbreaks, particularly the north-westerly expansion of 

BT disease from Mediterranean Europe in the past two decades (Chand et al., 2015, Samy 

and Peterson, 2016, Baylis et al., 2017). This has driven the current investigation that 

aimed to gain a better understanding of BT disease in order to provide a basis for more 

effective disease mitigation strategies.  

Antibodies specific to BTV antigens are important resources for the development of 

diagnostic tools to investigate BTV-induced pathology. Recently, studies have reported 

the application of BTV IHC for FFPE tissue samples, including the use of BTV NS2-

specific antibodies (Melzi et al., 2016, Puggioni et al., 2018). However, the usefulness of 

BTV-specific antibodies targeting other viral antigens for IHC has not been reported. 

Current work revealed that mAb against NS1 (31D11B10, 20A810) and NS2 (30G4B10) 

were BTV serogroup specific, whereas mAb against NS2 (465), NS3/3a (441), and pAb 

VP7 (20-3) possessed broader immunoreactivity with other orbiviruses, in addition to the 

BTV serogroup (Chapter 2). One of the limitations of this study was the unavailability of 

the more contemporary and atypical serotypes BTV-25, 26 and 27 in the laboratory 

(Hofmann et al., 2008b, Maan et al., 2011b, Schulz et al., 2016). These viruses were 

therefore not assessed for the immunoreactivity with the IHC tests. Nevertheless, 

understanding the sensitivity and specificity of these antibodies are important for the 

development of BTV serogroup-specific or broadly immunoreactive IHC. Despite the 

relatively low mutual amino acid sequence identity of the viral proteins of BTV and other 

orbiviruses, especially Eubenangee, Wallal and Warrego virus found in Australian 

marsupials (Belaganahalli et al., 2012, Belaganahalli et al., 2014), the immunoreactivity 

of BTV antibodies NS2 mAb 465, NS2 pAb 53414, NS3/3a mAb 441 and VP7 pAb 20-

3 tested against these marsupial orbiviruses showed potential for immunoreactivity and 
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should be evaluated on diagnostic samples in the future and other assay formats such as 

ELISA and IF labelling. As climate change will continue to drive the expansion of 

Culicoides habitat and subsequently the geographical distribution of orbiviruses such as 

BTV, EHDV and AHSV (Carpenter et al., 2017, Maclachlan et al., 2019), urgent 

investigation for the production of pan-BTV or pan-orbiviral reagents, in particular 

antibodies against highly conserved nucleotide and amino acid regions of these non-

structural proteins is needed to accelerate the development of better diagnostic tests.  

The pathogenesis of BTV can be evaluated in vivo using natural or laboratory hosts. 

Conventionally, the European-adapted sheep breeds are the most susceptible natural host 

for BTV infection (Caporale et al., 2014). Other investigators have also utilised a small 

animal model, the IFNAR deficient mouse, for the investigation of BTV pathogenicity 

(Calvo-Pinilla et al., 2009a). Although the ECE is commonly used for virus propagation 

in most BTV diagnostic laboratories, there is limited knowledge on the pathogenesis of 

BTV in this laboratory system. In the present study, BTV infected ECE displayed 

pathology similar to BT disease in sheep, such as haemorrhage and oedema. However, 

different features of pathogenesis were observed when compared to those in ruminants. 

Mortality of BTV infected ECE was a consequence of cellular apoptosis particularly in 

the CAM and spleen. These organs are important for gaseous exchange and immunity, 

critical to the developing embryo (Lean et al., 2019) (Chapter 3). This is in contrast to the 

morbidity and mortality in sheep where the development of pulmonary vascular 

pathology is important to the disease process (Maclachlan et al., 2009). Interestingly, 

there was a slight reduction in the levels of apoptosis in the BTV infected ECE in 

comparison to uninfected ECE at 2 DPI. It has been reported that BTV infection, 

particularly the involvement of NS1 and NS2, can rapidly suppress NF- κB activation for 

the induction of apoptosis in order to allow efficient virus replication (Stewart and Roy, 

2010).  
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Despite dissimilar disease processes compared to those in ruminants, the ECE can still 

serve as a convenient laboratory model to investigate the replication and pathogenesis of 

BTV. The proposed hypothesis that the pathogenicity of BTV is attenuated following 

passaging of clinical samples in vitro was previously examined in the sheep model 

(Caporale et al., 2014). To further support this hypothesis, it has been demonstrated in the 

ECE model that the attenuation of pathogenicity of BTV-3 was comparable between 

KC/BHK-BSR and ECE/Aedes/BHK-BSR virus propagation methods. Importantly, the 

ECE is susceptible to clinical samples containing BTV, in this case the viraemic sheep 

blood, that allows the comparison with cell culture-passaged viruses. On the other hand, 

the propagation of BTV in vitro is necessary prior to the study of BTV in laboratory mice 

(Calvo-Pinilla et al., 2009a). 

RNA virus exists as a pool of genetically heterogenous virus variants (virus quasispecies), 

due to the lack of proof-reading activity of the viral RNA-dependent RNA polymerase 

(Andino and Domingo, 2015). A previous study showed that the attenuation of virus 

pathogenicity in vivo was a consequence of the reduction in genetic diversity within BTV 

quasispecies (Caporale et al., 2014). However, in contrast to the previous report where 

reduction of virus diversity occurred in all viral genomic segments (Caporale et al., 2014), 

there was only a reduction in virus diversity of BTV RNA Seg-7 (Chapter 3). The encoded 

product, VP7 is involved in the attachment of BTV to insect host cells during infection 

(Tan et al., 2001). Based on the finding in Chapter 3, it is speculated that serial passage 

of BTV in a permissive mammalian cell line reduces the requirement for attachment to 

insect cell receptors, leading to a concomitant reduction in genetic diversity of RNA Seg-

7 and attenuation in pathogenicity in ovo. Currently, the molecular interactions of VP7 

with mammalian host cells is unclear and further study is warranted to evaluate the 

contribution of this protein in BTV pathogenesis.  
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The increased levels of genetic diversity of BTV RNA Seg-2, 5, 6, 8, 9 and 10 following 

cell-culture propagation observed in this study, accompanied by virus attenuation, could 

have been related to the accumulation of non-viable mutants. Such an observation was 

made following serial propagation of Chikungunya virus in a permissive vertebrate host 

cell in which increased viral genetic diversity together with a reduction of virus fitness 

was associated with accumulation of non-viable virus mutants (Coffey and Vignuzzi, 

2011). The authors also proposed that non-viable mutants may have been ‘cleansed’ 

during alternate passaging in vertebrate and invertebrate cell lines, resulting in restricted 

virus diversity (Coffey and Vignuzzi, 2011). Indeed, the natural transmission of BTV 

between Culicoides spp. and ruminant hosts has been shown to limit the mutational 

frequency of BTV genome Seg-2 and 10 (Bonneau et al., 2001). Future in vitro studies 

should evaluate the evolution of BTV during alternating passage between vertebrate and 

invertebrate host cells in order to further our understanding on the relationship between 

virus fitness and virus population diversity.  

Bluetongue virus is classically known for its endotheliotropism in ruminants. Current 

studies using immunohistochemical and immunofluorescence microscopy confirmed the 

microvascular endotheliotropism of BTV in the sheep. This was particularly prominent 

in the lung and muco-cutaneous organs where development of pathology could be 

attributed to BTV replication. This supports the hypothesis that site-specific 

microvascular infection of BTV is critical to the pathogenesis of BT disease (DeMaula et 

al., 2001). Conversely, the endothelial tropism of BTV in ECE encompassed both the 

macro- and microvasculature, similar to highly pathogenic avian influenza virus (HPAIV) 

infection in ECE and chickens (Feldmann et al., 2000, Luczo et al., 2018). In the case of 

HPAI infection in ovo, the cellular tropism could be partly attributed to the expression of 

the a-2,6 sialic acid on the avian endothelial cells (Feldmann et al., 2000). As for BTV, 

the binding to the uncharacterized host cell receptor could be partly mediated by the sialic 
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acid binding domain within the central hub of VP2 (Zhang et al., 2010). It is plausible 

that the broad endothelial tropism of BTV in the ECE could be due to the receptor 

expression, but such speculation has to be further tested. In addition, the broader 

endothelial cell susceptibility to BTV seen in the ECE could be a consequence of limited 

IFN response during embryogenesis of the ECE (Karpala et al., 2012). Further 

identification and characterisation of receptor expression and immunologic responses of 

endothelial cells of the sheep and chicken embryo could help to elucidate the pathogenesis 

of BT disease.  

Congenital neuropathology was first recognised in California in the 1950’s when egg-

propagated MLV was utilised to control BT disease (Schultz and Delay, 1955). Following 

the incursion of BTV into numerous European countries, neurological teratogenicity has 

been frequently reported among calves and lambs and it has been proposed that such 

occurrences were due to the illegal use of MLV in the continent (Wouda et al., 2008, 

Santman-Berends et al., 2010, Williamson et al., 2010, Zanella et al., 2012, Savini et al., 

2014). Therefore, only inactivated BTV vaccines were authorised for the control of BTV 

epidemic in northern Europe (Hilke et al., 2019). The issue of viral teratogenicity in 

ruminants has also been problematic for Europe given the emergence of Schmallenberg 

virus (SBV), another Culicoides-borne virus, that could induce congenital 

neuropathology in calves and lambs similar to that caused by BTV (Peperkamp et al., 

2015). The gross pathology, histology and immunohistopathological analysis of SBV-

induced neurologic teratogenicity from disease outbreaks has been previously described 

(Peperkamp et al., 2015). However, evaluation of BTV-induced congenital neurologic 

deformity in fetal ruminants has not been performed due to the lack of reliable IHC tests. 

In the ECE model as described in Chapter 3, BTV NS1 antigens were detected within 

neuronal cells of brains derived from BTV-infected ECE and it was therefore 

hypothesised that NS1 is the neurovirulent marker for BTV (Lean et al., 2019). Such 
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findings present an opportunity to elucidate the neurological disease mechanisms and 

neurovirulence determinants in calves and lambs infected with BTV. Future studies 

should also evaluate the usefulness of NS1 IHC as an auxiliary diagnostic tool to 

differentiate BTV from other viral-induced congenital neuropathology such as SBV.  

In Chapter 3, viraemic sheep blood was demonstrated to maintain the pathogenic potential 

of BTV in the ECE model of BT (Lean et al., 2019), similar to a previous report in sheep 

(Caporale et al., 2014). Therefore, viraemic sheep blood containing BTV-3 (Cyprus 1943) 

was used in pathogenicity trials in sheep. BT disease was successfully reproduced in 

sheep from three separate experiments using an intradermal route of inoculation 

approach. In these studies, the previous observation of protracted viraemia in erythrocytes 

(Bonneau et al., 2002) was confirmed, and infectious virus could be recovered at the 

conclusion of experimentation at 9 DPI. Although RT-qPCR of washed erythrocytes 

indicated peak viraemia occurred at 4 DPI in two sheep trials, peak viral titre was only 

detected at 6 DPI, as described in Chapter 5. This was in contrast to the concordant of 

virus titration and RT-qPCR results found in the sheep infection reported in Chapter 4, 

with peak viral load detected at 4 DPI. This disparity could be due to the format of the 

virus titration used whereby a 96-well plate was used in the study described in Chapter 5 

instead of a 24-well plate in that of Chapter 4. Importantly, the animals from the two 

separate animal trials were derived from different times of the year and potential 

differences in immune status or biological variation between the two groups could have 

contributed to the variation in infection kinetics.  

Coagulopathy is a feature of severe BT disease in sheep (MacLachlan et al., 2008, 

Sanchez-Cordon et al., 2013b). BT disease fulfils two of the three criteria in accordance 

to the Virchow triad: hypercoagulability (platelet and clotting factors) and endothelial 

injury, but not vascular stasis (Wolberg et al., 2012). The primary cause of acute 

thrombocytopenia during BTV infection is associated with the virus infection of platelets 
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(Fig. 1a). It has been demonstrated in other studies that virus infection of platelets can 

result in platelet activation and catalysis of thrombin formation (Stokol et al., 2015, Ojha 

et al., 2017). Platelet loss during BTV infection can also be compounded by the reduction 

of systemic levels of prostacyclin, a compound known to antagonize the activation of 

platelets (DeMaula et al., 2002a). In addition, the concomitant activation of systemic 

inflammation and complement pathways, which was evident from the gene expression 

analysis of the PBMCs and lungs in Chapter 5, could also potentially enhance the 

destruction of platelets during viral infection (Assinger, 2014). Abnormality in secondary 

haemostasis was also detected in the present sheep model where prolongation in PT time 

occurred during BTV infection. PT time is an indirect measurement of the levels of 

clotting factors from the extrinsic and common pathways of the secondary haemostasis. 

Critical to the coagulation cascade, the extrinsic pathway is triggered by tissue factor and 

Factor VII. During pathological conditions such as virus infection, the expression of 

tissue factor can be increased in endothelial cells, monocytes and platelets (Geisbert et 

al., 2003, Mackman et al., 2007, Stokol et al., 2015). Although RNA-Seq was performed 

on both PBMCs and lung samples, there was no evidence of tissue factor upregulation, 

consistent with a previous investigation that studied BTV infection in DC (Hemati et al., 

2009). In contrast to most blood cells, platelets are anucleated and do not engage in active 

transcription processes. Conventionally, it is thought that platelets store pre-synthesized 

tissue factor in a-granules, which are mobilized upon activation of platelets (Mackman 

et al., 2007). This mechanism may account for thrombocytopenia or prolongation of PT 

time, in the absence of changes in gene expression. Currently it is unclear how the 

phenotype of platelets changes in response to viral infection or the progression of BT 

disease. Therefore, the role of platelets in thrombosis and vascular injury in BT disease 

should be investigated using functional and immunologic approaches in the future.  
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BTV infection in the sheep resulted in depletion of lymphocytes where acute 

lymphopenia was associated with acute viral infection of lymphocytes (Fig. 1a), as well 

as upregulation of genes related to the acute phase reaction – TNF and IL-6. Albeit a 

short-lived host response to viral infection, upregulation of genes related to the antiviral 

and innate immunity functions were central to the host response among PBMCs (Fig. 1b). 

In particular, CXCL10 was highly differentially upregulated and could be responsible for 

the recruitment of monocytes into the bloodstream. Furthermore, upregulation of 

monocyte associated genes CD14 and CD163 were detected in the PBMCs. In the sheep, 

monocytes can be classified as classical and intermediate phenotypes, characterized by 

CD14+/CD16−/CD163+ and CD14+/CD16+/CD163+, respectively (Elnaggar et al., 

2016). In response to various TLR agonists, classical monocytes, followed by 

intermediate monocytes, can produce large amounts of cytokines (Boyette et al., 2017). 

As recruitment of monocytes systemically has been associated with poor clinical outcome 

of human patients infected with Hantaan virus and dengue virus (Li et al., 2018, Zanini 

et al., 2018), it will be interesting to evaluate the involvement of circulating monocytes 

in BTV pathogenesis by performing immunophenotyping and functional assessment of 

monocytes derived from BTV infected sheep.  
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Figure 1. Blood profile of BTV infection in sheep: schematic diagram developed 

from data described in Chapter 4 and 5. Peak viremia was detected in erythrocytes, 

lymphocytes and platelets at 4 DPI (a). Lymphopenia and thrombocytopenia were 

associated with infection of the lymphocytes and platelets, respectively. Protracted 

viremia occurred in erythrocytes as a result of virus invagination into the plasma 

membrane. Maximum host response in the PBMCs occurred at peak viremia and the 

upregulated genes were related to antiviral response, chemokine and acute phase reaction 

(b).  
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Sheep that have succumbed to BT disease can often present with vascular pathology in 

the lung and the damage of microvascular endothelial cells has been proposed to be 

important in the pathogenesis of BT disease (Maclachlan et al., 2009). Based on the in 

vivo study, it was confirmed that pulmonary microvascular is the site for BTV replication 

in the lung (Fig. 2a). Following BTV infection, gene profile analysis demonstrated a 

progressive increased in host gene responses in the lung. Despite the eventual reduction 

in pulmonary infection, the number of DEG remained elevated (Fig. 2b). Various innate 

immunity and anti-viral gene responses were upregulated, such as monocyte-macrophage 

genes (CD14, CD163, FOLR3) and chemotaxis genes (CCL2, CCL3, CCL4, CCL8). 

Furthermore, there was upregulation of cytokines, with particular prominence of the gene 

encoding for TrpRS. TrpRS has been reported to possess antiviral properties, but can also 

disrupt the vascular barrier (Kapoor et al., 2008, Shaw et al., 2017, Lee et al., 2019). 

Therefore, it is hypothesised that the activation of pulmonary microvascular endothelial 

cells during BTV infection resulted in the sustained recruitment of monocytes and 

cytokine release. Such observations have also been made for influenza virus infection 

whereby pulmonary endothelial cells are responsible for the release of pro-inflammatory 

cytokines and chemokines resulting in the recruitment of monocyte-macrophage into the 

lungs (Teijaro et al., 2011).  

In addition to the macrophage response identified in the lung, current investigation also 

confirmed that the infiltration of CD163+ macrophages in the tongue correlated with the 

development of tongue lesions among infected sheep. Similar pathological findings have 

been reported from humans who succumbed to Ebola virus infection, where infiltration 

of CD163+ macrophages into various organs was associated with pathology (McElroy et 

al., 2014). In the BT model, the observations of macrophage infiltration in two different 

organs, lung and tongue, that are susceptible to developing BT lesions, reinforced the 

hypothesis of macrophage-mediated viral haemorrhagic disease from BTV infection. 
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Despite microscopic evidence of BTV infection of pulmonary microvascular cells and 

the infiltration of CD163+ macrophage into the lungs, the specific cell population in the 

lungs that were involved with the upregulation of cytokines and chemokines genes, for 

example TrpRS, CCL2, CCL4, CXCL10, was not further evaluated in this study. To 

advance the knowledge of BTV pathogenesis, future studies should determine the cell 

type that is responsible for the host response by performing immunohistolabelling on the 

gene products that were identified to be important in this study. In addition, delineation 

of specific host cell responses can be performed through fluorescence activated cell 

sorting of endothelial and monocytic cells from lung homogenate and characterisation of 

these subsets of cells by immunological or molecular means (eg., single cell RNA-Seq). 

Further in vivo investigation in the sheep model is indispensable as these findings 

demonstrated the involvement of multiple cell types in the pathogenesis of BTV induced 

pathology in the lung and such cellular interactions are likely to be difficult to simulate 

and study in vitro.  

Although the findings demonstrated an association between macrophage responses and 

the development of pulmonary vascular pathology, current experimental investigation has 

not been able to fully incriminate the disease process with the fulminant disease outcome 

as it was an ethics requirement to euthanise sheep prior to appearance of severe clinical 

signs. In order to confirm the involvement of macrophages in BT vascular pathology, 

future work should evaluate the macrophage response in advanced stage of BT disease. 

However, seeking animal ethics approval for such in vivo experiment can be challenging 

considering the high impact on animal health and welfare. Alternatively, a comparison of 

pathogenic BTV infection with a less pathogenic BTV, such as an Australian BTV 

(Hooper et al., 1996), or in vitro attenuated BTV (Chapter 3) in a sheep model, could help 

with understanding the interplay between viral determinants of pathogenicity and the 

involvement of monocyte-macrophage populations in the disease pathogenesis. If follow 
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up studies could confirm the importance CD163+ macrophage in BT pathogenesis, 

genetic engineering of the host, such as through knockout of the CD163 gene could be 

undertaken to generate BT-resistant sheep. Such a knockout in pigs has been shown to 

confer disease resistance in pigs to porcine reproductive and respiratory syndrome virus 

(Yang et al., 2018).  

 

 

Figure 2. Lung profile of BTV infection in sheep: schematic diagram developed from 

data described in Chapter 4 and 5. Peak viral load in the infected sheep lungs was 

detected at 6 DPI. This was followed by significant increase in histopathological lesions 

and CD163+ macrophages at 8 DPI (a). Significant pulmonary host responses were first 

detected at 4 DPI. The upregulation of genes involved in the antiviral response and innate 

immunity mirrored the trend of viral load (b). Macrophage response and genes related to 

vascular and coagulation were upregulated progressively. Adaptive immunity was 

upregulated but at a lower level.  
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In summary, the early phase of BT disease involved the adsorption of BTV onto 

erythrocytes, and infection of lymphocytes and platelets. Lymphopenia and 

thrombocytopenia were associated with peak virus infection. Antiviral, innate immune 

and chemokine genes were upregulated during infection of the PBMCs, contributing to 

chemokine release and the activation or recruitment of circulating monocytes. The 

systemic dissemination of virus led to the infection of pulmonary microvasculature. Virus 

infection of the pulmonary microvasculature triggered the upregulation of genes involved 

in innate immunity, the monocyte-macrophage system and vascular homeostasis. Despite 

the rapid reduction in levels of BTV infection in the pulmonary microvasculature, the 

release of cytokines stimulated the recruitment and activation of macrophages to the 

alveoli septum and was associated with the development of vascular pathology in the lung 

(Fig. 3). Such observations were also made for another important organ for BT disease, 

the tongue (Chapter 5). Therefore, it is proposed that the mechanism of viral 

haemorrhagic disease of BTV infection is related to overt macrophage activation and pro-

inflammatory responses in the susceptible organs.  
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Figure 3. Graphical summary of BT disease pathogenesis in sheep. During viremic 

phase, BTV infects erythrocytes, lymphocytes and platelets. Infection of platelets lead to 

thrombocytopenia and infection of lymphocytes causes transient lymphopenia. Peak 

infection of the peripheral mononuclear cells leads to transient upregulation of 

chemokines. BTV subsequently disseminates to distant organs such as lungs, in particular 

virus replication within pulmonary microvascular endothelial cells. The upregulation of 

chemokines and cytokines supports the recruitment of blood monocytes and their 

differentiation into macrophages, leading to vascular damage. 
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Appendix 
Table A1. SYBR green qPCR primers for sheep mRNA 
 

SEQUENCE ID NAME SEQUENCE %GC Tm* FRAGMENT 
SIZE 

XM_027959961.1 IRF7 FOR CCATCTTTGACTTCGGCACC 55 61 
88   IRF7 REV AGGTAGATGGTGTAGTGCGG 55 60 

XM_027979794.1 SERPING1 FOR AACACCACCTCCAAGACCTG 55 60 
90   SERPING1 REV TGGGATGGAACTTGGTCAGC 55 60 

XM_004020724.3 TNFRSF12A FOR CCCTTCAGGTTGCTGTGG 61.1 60 
83   TNFRSF12A REV CAGACCAGGAAGCCAGAAAG 55 60 

XM_004020282.4 IFIT2 FOR CCAGGGATCAAAGGAGGGAG 60 60 
108   IFIT2 REV AACGCCAAGAGATGCAAAGC 50 61 

NM_001009191.1 CXCL10 FOR TCTCTAGGAACACACGCTGC 55 62 
117   CXCL10 REV TAATCTCGACACGTGGGCAG 55 61 

XM_027960294.1 IFIT3 FOR CCATCGCAATGTACTACCTGG 52.4 59 
117   IFIT3 REV TCAGGGCCAGGAGAACTTTG 55 60 

XM_012099042.3 WARS FOR TTGCACTCGACCTTCTTCCC 55 61 
103   WARS REV TGATCTGCTTGGCTGTGTCC 55 61 

XM_012120994.2 PAX5 FOR TTGAGAGGCAGCACTACTCG 60 61 
115   PAX5 REV AGGTTGGCCTTCATGTCATC 50 60 

NM_001009418.2 CD3E FOR ATTATCAGTGCCTCGCAACC 50 61 
106   CD3E REV GCCACCTCCAACAGATTCAC 55 62 

XM_012175450.2 CD163 FOR AGGATGGACCAATTCCAGTG 50 58 
101   CD163 REV ACCCTTCATGTTTGCAGTCC 50 60 

NM_001077209.1 CD14 FOR CTAAAGGACTGCCGACCAAG 55 60 
115   CD14 REV GGATTTCCGTCCAGAGTCAG 55 60 

NM_001078652.1 MX2 FOR CCAATCAGATCCCGTTCATC 50 60 
117   MX2 REV CCTGAAGCAGCCAGGAATAG 55 60 

XM_012099115.1 ISG20 FOR GTGGAATCACAGCTCGGAAC 55 62 
117   ISG20 REV TGAAGTCGTGCTTCAGATCG 50 60 

XM_004012471.2 CCL2 FOR AGCAAGTGTCCCAAAGAAGC 50 60 
101   CCL2 REV AGATGGTTTATGGCGTCCTG 50 59 

XM_004012469.3 CCL8 FOR AAGAATCACCAACAGCCAGTG 48 59 
104   CCL8 REV TGGAATTCTGGACCCACTTC 50 60 

XM_004016279.3 IL18BP FOR CCCTGCGAAATACCAACTTC 50 60 
107   IL18BP REV GGGCACACTTGTCTTCTGC 58 62 

XR_003587981.1 18S FOR ACGAACGAGACTCTGGCATG 55 61 
101   18S REV TCAATCTCGGGTGGCTGAAC 55 61 

* Primer melting temperature 


