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Abstract

Bluetongue virus (BTV) is a double stranded (ds) RNA virus (geddsvirus, family
Reoviridag, which is considered capable of infecting all species of domand wild
ruminants, although clinical signs are seen mostly in sheep. BTdrtisopod-borng
(“arbovirus”) and able to productively infect and replicate in mdiffgrent cell types of bot
insects and mammalian hosts. Although the organ and cellular tropiBifivoin ruminants
has been the subject of several studies, many aspects of its patfisgare still poorl
understood, partly because of inherent problems in distinguishing betvwesnreplication”
and “virus presence”.

BTV replication and organ tropism were studied in a wide rahgdected sheep tissues, py
immuno-fluorescence-labeling of non-structural or structural prof®82 or VP7 and core
proteins, respectively) using confocal microscopy to distinguishdsgtwirus presence apd
replication. These results are compared to gross and microscopatogatal findings in
selected organs from infected sheep. Replication was demonstrated major cell types:
vascular endothelial cells, and agranular leukocytes which morphdlggiesemblg
lymphocytes, monocytes/macrophages and/or dendritic cells. Two ortfenskin and
tonsils) were shown to support relatively high levels of BTV ragiln, although they haye
not previously been proposed as important replication sites duringifd@stion. The high
level of BTV replication in the skin is thought to be of magmgnificance for the
pathogenesis and transmission of BTV (via biting insects) and reema$int of our current
model of BTV pathogenesis is discussed.
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Introduction

Bluetongue (BT) is an infectious but non-contagious haemorrhagic eisgasiminants,
caused by bluetongue virus (BT\Bluetongue viruss also the type-species of the genus
Orbivirus within the familyReoviridae[1]. BTV is an icosahedral virus (~80 nm diameter)
with a genome composed of 10 linear segments of double-stranded (ds) tRMNAs
transmitted between ruminant hosts via “biological” insect veabthe genugCulicoides
(biting midges) [2,3]. Early records of haemorrhagic disease iapshe southern Africa
indicate that BT has probably been present in the region for semuyries [4]. Today BTV

is distributed throughout the temperate and tropical areas of tihe avat has recently made
significant expansions in its northern distribution, causing major eaitsr of disease in
several northern European countries [5-7].

The characteristics of BT pathology, particularly its haemorchagture, provided an early
indication that microvascular endothelial cells are a major ttédogenfection [4,8-10]. This
was later confirmed for other orbiviruses (including epizootic hadragit disease virus
[EHDV] and African horse sickness virus [AHSV]) using technigtiedt included in-situ
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PCR, in-situ hybridisation, electron microscopy and immuno-fluorescemicroscopy,
although immuno-fluorescence often resulted in inadequate detection of viral prot&].[11

Similarly, initial research on BTV pathogenesis suggested astrofor lymphatic organs
[16,20] and it was subsequently shown that disruption of efferent lymptatidrom the
prescapular lymph nodes delayed detection of systemic viradrhja $everal subsets of
leukocytes including monocytes, macrophages, neutrophil granulocyteshdggptes and
dendritic cells, have all been implicated in BTV, EHDV and/or AH$Wection
[10,12,16,17,20-23]. However there is still uncertainty regarding theveletiportance of
different leukocyte subsets during BTV infection, their fate afsroming infected and the
validity of in vitro studies in comparison with natural infection in ruminants [21,22,24,25].

A pathogenesis model for BT, outlining the dissemination of the witlen the ruminant

host, was originally developed on the basis of time-course infecxiperimments and the
isolation of infectious virus from different organs [10,16,20]. This medghests that after
virus is deposited in the skin, usually by infected adult fenGalécoides it is drained

directly to the regional lymph nodes where it undergoes a first roureplication. Infected

leukocytes are thought to be responsible for this early disseannatihin the infected host
[20]. From the draining lymph node the virus is subsequently thought t@rdmported via
the efferent lymph to the blood stream and is distributed (assierda low level viraemia) to
other lymphatic tissues and the spleen [10,16,20]. The lymphaticgis$ulgfected animals
always contain large amounts of virus (even in animals intravenmaslylated with BTV).

Certain subsets of leukocytes (within the regional lymph nodes)harefore thought to
represent primary cellular targets for the first round of virus repbic4fil,16,20,26].

The virus also infects endothelial cells in several secondaggns (including the lungs,
tongue and lips) leading to the development of a high systemic vaa@uring this stage
BTV has been isolated from every organ that was investigated [1@2@f systemic
viraemia reaches a certain threshold level, adult vector speti€ulicoidescould ingest
sufficient BTV during blood feeding, to become infected, leadingniward transmission of
the virus [27].

Two problems have hampered refinement of this model and the developmembre

detailed analysis of BTV infection, replication and spread withi@ mammalian host.
Firstly, most of the techniques employed to detect BTV in rumigax vivo (such as PCR
and virus isolation) do not distinguish between the “presence” ofvihes and its

“replication”. Secondly, although immuno-fluorescence-microscopy usinigoals against
non-structural and structural proteins could potentially differenti@teveen “replication”

and “presence”, it lacks sensitivity and has previously faileddeqaately detect viral
proteins.

On the other hand confocal microscopy has more recently beenussssfully to detect
replication of foot and mouth disease virus (FMDV) in pig-tissué@es; while retaining the
morphology of the tissue [28].

In this study similar confocal microscopy and immunolabellingewesed to detect specific
BTV structural (VP7, Core proteins) and non-structural proteins2)NWith greater
sensitivity in thick tissue sections of sheep. The pathogenesis \6fW&iE investigated by
detecting expression of structural and non-structural viral proteirspecific organs, and
comparison to the findings of gross and microscopic pathology studieskirhef some of
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the infected sheep was exposed to the feeding of naive@dsidtnorensisto investigate if
repeated insect feeding and the resulting inflammatory respomse aiter the amount of
virus at the biting site.

Materials and methods

Animals and virus

Five Dorset Poll sheep (ear tag numbers VH56, VH57, VH58, VH66, ViNe7@ infected
with BTV-2, using reconstituted freeze-dried sheep blood BL&IDsymL) (Orbivirus
Reference Collection (ORC) sample number: RSA1971/03). The virus hagrevabusly
been passaged in tissue culture and specific details of thisstiaus are available from the
ORC web page [29].

Each animal received 1.5 mL of the inoculum subcutaneously (s.c.)hmtieft site of the
neck and 0.5 mL intradermally (i.d.) into the right inner thigh. Individuamals were
exposed to different. sonorensibiting regimes on the inner thigh of the right leg and were
euthanized individually by an overdose of pentobarbital for necropsy a6384p0r 9 days
post infection (dpi) respectively. Individual animals were infectediffarent dates, in order
to allow sufficient time after each necropsy for sample processing.

The animal experiment was carried out in the insect proof igolainits at Pirbright
laboratory under project-licence PPL 70/5793. All animals were fdd aiadl had unlimited
access to water. Animals were kept for 5-7 days within the houarilitiés to allow
acclimatisation before any experiment started. After irdactemperature and clinical signs
were recorded on a daily basis. Although not shown in detail, ED®8dbsamples were
taken from the animals every other day to confirm infection by virus isolation.

To confirm results observed in this longitudinal study with BTV-2, amldhtl tissues were
also examined from a sheep and a calf infected with the noueapean outbreak strain of
BTV-8 (ORC isolate number: NET2006/01) at 8 and 10 dpi [30].

Necropsies and tissue collection

Necropsies of euthanized animals were carried out in the postnmdatalities at IAH
Pirbright. To avoid viral contamination necropsies and collection ofidsssvere always
carried out from “external” to “internal” tissues in the followi order: skin (both inner
thighs, shaven and cleaned), lips; mandibular lymph nodes, prescapulamgdes) tonsils,
tongue, inguinal lymph nodes, liver; spleen, lung, bronchial lymph nodes andBetaréen
tissue collections disposable forceps and scalpel blades were @¢haray®id contamination.
Tissue samples from skin, prescapular lymph node, tonsil, tongue and inlgmpal node
were also collected from a BTV-8 infected sheep (8 dpi) and (@#fdpi) [30] for
immunolabelling and confocal microscopy studies only.

For immunohistochemistry and confocal microscopy studies, tissuesfiwed in 10 mL of
4% paraformaldehyde solution for three hours while being regudhdigen, then transferred
into 10 mL PBS. For histological studies, organ samples were firedb mL 2%
paraformaldehyde for 48 h, transferred into of 5 mL of PBS followedbdmaffin wax
embedding at the histology department at IAH Compton. Sectioning anthttesylin-eosin
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staining were carried out either by the histology department&Hat Compton or at the
histology laboratory of the Pathology department of the Royalrmary College, University
of London.

Thick tissue sections

Paraformaldehyde fixed tissue blocks (approximately0.5x 0.5 cnf) were stored at 4 °C
in PBS and could be successfully processed for up to 2 months alfiestion, before
degradation resulted in development of high background staining. f\leswere processed
using methods similar to those previously described [28]. Brieflyt tisssies were cut into
50—100um thick sections (average of 2—5 fMmsing a vibrating microtome (Leica VT1000
Leica Microsystems, Milton Keynes, UK). However, this methan/ed to be unsuitable for
skin, which was cut manually using a scalpel. Tissue sectiens kept in a watch glass, in
cold PBS (for up to 48 h) until staining. The sections were incubat®dL¥ TritonX-100
(Sigma, Dorset, UK) in PBS for 60—75 min, followed by a blocking stép &:5% BSA-
PBS overnight in a moist chamber. Occasionally, to confirm Bpesiaining patterns,
selected tissues (skin and tonsil) were incubated in 3% gdatree serum/0.5% BSA-PBS
(with or without 3% goat serum) overnight to increase blocking. Tmepk was then
incubated with the first antibody(s) (diluted to the appropriate coratemt in PBS/BSA) for
90-120 min at 37 °C, washed 10 times with Ca/Mg free PBS for 2 min eashntubated
with the second - species-specific antibody-conjugate (eithexkaAKU88 or Alexa 568
(Molecular Probes/Invitrogen, Paisley, UK) diluted 1:200 in PBS/BB#e tissue sections
were washed as previously described and incubated for 30 min in a<dDoABoON (46'-
diamidino-2-phenylindole (Sigma, UK) 1:10000 made up in@H This was followed by 5
washes in ultra pure distilled water. The sections were mountedli¢s with a gene frame
(Thermo Scientific (Fisher Scientific), Loughborough, UK) usingctashield (Vector
Laboratories, Peterborough, UK) and cover slips (Agar Scientific, Stanssek BK).

To detect BTV proteins in paraformaldehyde fixed tissue segtisres NS2 and one VP7
specific antibody preparations (Orbivirus antibody (ORAB) -1 oiABF3 and ORAB-36,
respectively) were used in the BTV-2 longitudinal study, white aaditional anti-NS2
antibody (kindly provided by Prof. N.J. MacLachlan, UC Dauvis, laterghated ORAB-268)
and an anti-core (ORAB-06) were included for analyses of fixetidisections from the
BTV-8 infected sheep and calf. Details and concentrations of daii-dhtibodies used are
provided in Table 1. Additionally two sheep cell-surface-marker-8peantibodies, mAb
CC15 (anti-bovine WC-1 cross-reacting to shegpT cell subset specific [31]) and anti-
ovine CD45 (mAb 151: [32]), both diluted at 1:100, and an mouse anti-vimentin antibody
(diluted 1: 200/Sigma) were used. All primary antibodies werensktely tested prior to this
study in cell cultures and sections of tissue from uninfected shespg confocal
microscopy, to ensure their specific reaction. Control sections Mabkelled in the absence of
primary antibodies. Tissue sections were either labelled witflesantibody preparation (to
detect only either viral antigen VP7 or NS2) or double labelleddtn viral proteins (VP7
and NS2) or a viral protein and a cell-surface-marker-specific antibody.

Images were obtained using a LEICA SP 2 confocal microscope equipiie 405-, 488-
and 568-laser excitation (Leica Microsystems UK). Additional eddhtial interference
contrast (DIC) images were collected concurrently. Overakxcess of 1000 sections from
all of the different tissues were processed. Tissues which proYespecial interest
(particularly prescapular and mandibular lymph nodes, tonsil, skin arekndplwere



processed repeatedly using different tissue blocks to ensure tlyatefulesentative tissue
sections were examined for each organ.

General features of tissue sections examined by donal microscopy

Tissues were processed as described above. Each tissue sastiabelled with one or two
anti-BTV antibodies, sometimes cell marker antibodies wese @cluded. The anti-BTV
antibodies have an “ORAB” number to refer to @rdiVirusResearcAntibodies collection
of the Arbovirus research group at IAH Pirbright. Specificity atehtification of primary
antibodies used are indicated in the images and individual figuredegad detected with
species-specific fluorescent conjugate. Nuclei are staindaum using %'-diamidino-2-
phenylindole solution (DAPI). Viral proteins are stained eitheegror red as indicated in
images and a merged picture (coincident stainiygjlow) is provided, which shows the
overlay of staining in one image. Tissue morphology is shown bgréiffial interference
contrast (DIC). The magnification of each picture taken is indichyethe scale bars on the
images.

FeedingC. Sonorensis on sheep skin

Approximately 250, 3—4 days old, adult fem@le sonorensispbtained from the insectaries

at IAH Pirbright laboratory, were fed for 30—40 min, in a waxed pdhdox, attached to the
inner right thigh of experimental animals. Each animal was exptsefeeding ofC.
sonorensi®n the day of infection with BTV-2 and 1 to 2 days afterwa@dsonorensisvere

also fed on Sheep VH67 (day 4 pi and VH 58 (6 dpi) on the 2 days prior tanféar skin
sensitization. Additionally all sheep, with the exception of sheep Vky 4 pi) were
exposed taC. sonorensideeding one day prior and on the day of euthanasia so that skin
samples from these sheep were collected within 1 h of insect feeding.

Results

Clinical disease

No clinical signs of BTV infection were observed in sheep euthdraz& or 4 dpi (animals
VH56 and VH67 respectively). At 6 dpi, sheep VH58 had hyperaensal rend labial
mucosa. The animal also exhibited laboured breathing. No other clgigzad or pyrexia
were recorded.

By 8 dpi, sheep VH57 had developed a body temperature of 40 °C and its fasewseely
oedemic. The conjunctivae were reddened (bloodshot) and there efseiftyperaemia of
the nasal, buccal and gum mucosa, which included small petechial haeyesrdra the
gingiva. The animal was in severe respiratory distress d&nd™*tsounds were heard by lung
auscultation. The coronary bands were hot to the touch and were hyperaemic.

Sheep VH66 was originally assigned for post mortem at 10 dpi howweito the severity
of clinical signs, the animal was euthanized on ethical ground®dpt. The sheep had
developed pyrexia from 7 dpi onwards, with a maximum temperature of@Hkab7 dpi. All

of the mucosal surfaces, including the conjunctiva, were extreamyplraemic and the nasal
mucosa was ulcerated and crusted. Severe facial oedemavedabdd and the animal was



in severe respiratory distress, leading to tachypnoea. Coronary bppdared markedly
inflamed on all 4 feet and the animal showed lameness and a disinclination to move.

Clinical disease and pathology of the additional sheep and antedtad with BTV-8 have
been described elsewhere [30].

Gross pathology and histopathology

No significant gross pathological changes were observed duringettrepsy of the sheep
euthanized at 3 dpi (VH56). Minor pathological changes were observed ishtep
euthanized on day 4 pi (VH67) where the lymph nodes of the head and nedletirdyd
right prescapular and mandibular lymph node) were noticeably enlarged.

More pronounced pathological findings were recorded for the sheep at 6HIB8)VThe
blood vessels on the subcutaneous aspect (under side) of the reflentedere engorged.
The prescapular lymph nodes were enlarged, although the mandibutdr ihndes appeared
normal. Petechial haemorrhages were observed on the root of the.tdigulungs were
generally enlarged showing interstitial oedema. The airwagsh@a and bronchi) contained
sero-sanguineous fluid or froth.

At 8 dpi the sheep (VH 57) showed severe sub-cutaneous oedema of theddips and the
hypodermal layer of the face was gelatinous at necropsy (Figlr&lood vessels, inspected
from the subcutaneous side of the skin, were severely engorged, bppacihe area
exposed to the biting of adult. sonorensisin addition ecchymotic haemorrhages were seen
on the subcutaneous aspect (under side) of the skin all over thal dRigure 1b). Both
prescapular lymph nodes were markedly enlarged and haemorrhaguwre(Fic). The
mandibular, inguinal and bronchial lymph nodes were also enlarged athgp@tdchiation
was observed in the mandibular lymph nodes. The tonsils were enlargeshawdd
petechial haemorrhages. Mild petechiation was also detected on tloé th@tongue and on
the heart muscle. On opening the thorax abundant serous fluid was pmebenthorax and
pericardium. The lungs did not collapse when the thoracic cavity pased and excised
lung tissue immediately sank when placed into paraformaldehydestitié oedema was
observed in the lungs and the airways contained serous fluid or froth (Figure 1d-f).

At 9 dpi marked pathological changes were seen in sheep VH66. Peten@ present on
the mucosal surfaces of the mouth including the tongue. The subcutardmws sie skin
showed the same generalised haemorrhages as described for WhiBial (at 8 dpi).
Prominent haemorrhages were found in all of the excised lymph nqdescdpular,
mandibular, inguinal and bronchial) and the tonsils. The pathologicahfiadf the lungs
and thoracic cavity mirrored those described for VH57 (8 dpi), althoughdhed showed
more obvious petechial haemorrhages. The visceral pleura of thehadggarted to adhere
to the thoracic pleura of the ribs. Within the abdomen all of the alm@brorgans were
adhered to each other by firm fibrous tissue. However, the organisdtthese adhesions in
thorax and abdomen indicate an older cause than the BTV infection.

Four tissues (skin, tonsil, lips and lung) were selected from #iee&p infected with BTV-2
for histological examination based on their gross pathology and tladolgistl findings are
summarised in Table 2. The histological responses of the skin Yo iBf€ction andC.
sonorensidlood feeding are also shown in Figure 2.



Confocal microscopy and immuno-fluoresence of the B/-2 longitudinal
infections study

Prescapular lymph nodes

The left and right prescapular lymph nodes were investigated saparas the left

prescapular lymph node represents the “immediate” draining lymph fnoalethe site of

inoculation in the neck. BTV proteins, VP7 and NS2 were detected rdpeais early as

3 dpi, in leukocytes (as indicated by morphology and CD45 positive lahelingssociated
with vascular capillaries, in sections of both prescapular lymph n&ak. viral proteins

were detected within the vascular capillaries, in endotheli (s indicated by differential
interference contrast (DIC)). VP7 in particular appeared to betddcaround erythrocytes
within the lumen of the blood vessels themselves (Figure 3 al/a2).

At 3 and 4 dpi, 1 to 10 infected leukocytes were detected per tissienséncreasing to 5—
20 infected cells per section, at 6 and 8 dpi. The morphology of inféetdacytes
resembled that of lymphocytes, dendritic cells and monocytesdlas the appearance of
their cytoplasm, being mononuclear, and their nucleus-cytoplasm (faigpye 3b and c). At
6 and 8 dpi the positively stained leukocytes were often detectkoh whe same area rather
than being evenly distributed throughout the lymph node sections. pe#keof infection (6
and 8 dpi), 2—4 areas of leukocytes each containing between 5-10 viral posigive cells
were seen per section.

A much larger number of vascular capillaries were also positstalned for BTV proteins at
these later time points (6 and 8 dpi). The infected capillaries also often seen in close
proximity of each other. Overall the numbers of infected celteldthelial cells and
leukocytes) additionally varied markedly between different sectimm the same tissue
sample (e.g. two different sections at 8 dpi contained 3, or 10 pdsiidated cells
respectively). Similar variations in the numbers of infecteds c@ndothelial cells and
leukocytes) in different sections from the same tissue samgie detected in all of the
organs investigated.

Occasionally both viral proteins were detected in the endotheliurasdfular structures
within the prescapular lymph nodes, although they could not be concjusiegitified as
either lymphatic or blood vessels. Fewer infected capillamesleukocytes were seen in the
prescapular lymph nodes of sheep VH66 euthanized at 9 dpi (as compare8l dpi)6
Overall, the pattern of leukocyte and capillary infection in the gvescapular lymph nodes
was similar, however, throughout the time-course of the expetirapproximately twice as
many BTV positive leukocytes and capillaries, were detectdakiheft lymph node (the side
of the infection site) as compared to the right lymph node.

Mandibular lymph nodes

Overall, similar numbers of cells containing BTV proteins werteaed in the mandibular
and prescapular lymph nodes. Leukocytes and capillaries (mostly eralatbés) contained
both BTV proteins from 3 dpi onwards. However the numbers of positivigliynesl
leukocytes and micro-vascular endothelial cells had increasddedia by 6 and 8 dpi, but
were lower again at 9 dpi (Figure 3 d1/d2). At 6 and 8 dpi, more endothelial were
infected in the mandibular lymph node than in the prescapular lymph ncatéstions in the



numbers of infected cells within and between tissue sectioniegasbed for the prescapular
lymph node) were also seen in the mandibular lymph node. In some secittwikelial cells
of the larger blood vessels also contained both viral proteins at 6 and 8 dpi.

I nguinal lymph nodes

At 3 and 4 dpi, BTV proteins were only found in single leukocytes, in sbatenot all of the
sections from the inguinal lymph nodes. More infected leukooy® present 6 dpi and
infected capillaries were also identified at this time. Ndhier change in the number of
positive cells was detected on 8 or 9 dpi. Overall the numbers ofddfectdothelial cells
and leukocytes found were much lower (about 1/10) than in the prescapulaaadibular
lymph nodes, despite all of the animals also being inoculated inmathgrinto the right
thigh.

Tonsils

Although no viral proteins were detected in the tonsils at 3 dpi, Bifistsral and non-
structural protein expression were subsequently detected in thalamnfected with BTV-2
(euthanized on 4 to 9 dpi) in three different areas of the tonsitlyfFib®th VP7 and NS2
were detected in patches of cells in the tonsil epithelium,amptes from the sheep
euthanized at 4, 6 and 9 pi (Figure 4 al/a2). These patches were not rfoalhdonsil
sections, although these analyses were complicated by thd pad@amplete absence of the
epithelium from some sections. Such patches of cells in the epithebntaining NS2 also
showed co-localised staining with the anti-CD45 (leukocyte Bpea@ntibody (Figure 4
b1/b2), indicating that intra-epithelial leukocytes were infected with . BTV

Secondly, the endothelial layer of the lymphatic ducts also caatdarge amounts of both
structural and non-structural BTV proteins at 6 dpi, and viral proteere also detected in
the amygdaloid tissue close to lymphatic ducts of some tonsil sections (Figuo2)4 c

Thirdly, at 6, 8 and 9 dpi viral proteins were found in the endothelisl @sd lumen of the
micro-vascular system, as well as in a few leukocytes.

Lips

Both VP7 and NS2 were detected in the dermis of the lips ag a@arB dpi. Capillaries
immediately beneath the epithelium stained positively for both Bteins. Co-localisation
of vimentin and NS2 (ORABS53) indicates BTV infection and active capbn in either
endothelial cells or fibroblasts. In the majority of casesinlffiected cellular structures that
stained for viral proteins were clearly identified as capdta by DIC (Figure 5 al/a2).
However, some of the infected cells were morphologically sirtoldibroblasts but could not
be further identified.

The number of infected capillaries detected throughout the dernrieassd from 6 to 8 dpi.
Tissue sections from these sheep also contained viral proteins aapillaries around skin
glands (not shown). BTV infected leukocytes were rarely identified in the lips.



Tongue

Both NS2 and VP7 were detected in the capillaries between muscle blocksarfghe from
3 dpi onward (Figure 5 b1/b2). However, no viral proteins were detectatyinf the muscle
cells or leukocytes. On 6 and 8 dpi, larger numbers of capillaries,cand of the larger
blood vessels in the lamina propria, were infected, a few of wik directly beneath the
epithelium.

Spleen

A few leukocytes and occasional endothelial cells that contdio#éd structural and non-
structural viral proteins, were detected in the spleen from 3 dpi deveard the number of
infected leukocytes increased by 2—3 times 6—9 dpi. More infected endbtiedls (about 3
times as many) were also identified between 6-8 dpi, mostly nwitlaipillaries, but
occasionally also within the larger blood vessels.

Liver

No viral proteins were detected in sections of the liver tak8moat4 dpi. However, NS2 and
VP7 were both detected in endothelial cells and the lumen of senigral-vascular vessels
at 6 and 8 dpi (data not shown). No other infected cells, hepd&almcytes, were detected.
The number of viral protein positive endothelial cells had decreas@dlpiyand only single

or few positive endothelial cells were detected in some but not all sections.

Heart

Only a few infected capillaries (containing both VP7 and NS2ewdetected within the
myocardium taken from the left ventricle (not shown) at 4, 6 and 8 dpe wbihe could be
detected on 3 and 9 dpi. No viral proteins were detected in the muscle cells or leukocytes.

Lungs

Lung tissues could not be analysed by confocal microscopy duedb &etel of background
staining.

Skin

BTV proteins (VP7 and NS2) were detected from 3 dpi onwards, in endbthells of
capillaries in the dermis. Both viral proteins (but especially7)VRere sometimes also
detected either free in the lumen of these vessels or in cdeseiation with erythrocytes.
Some vimentin positive cells, situated immediately beneath théeépin, were also
positively stained for both viral proteins. The number of infected eaigdl had increased by
about ~3-5 times, 6-9 dpi (Figure 5 c1/c2) and viral proteins were discietein some of
the larger blood vessels (Figure 6 al/a2). Infected capdlareze particularly evident in the
immediate vicinity of dermal glands (Figure 6 b1/b2). At 6 dpgéaamounts of both viral
proteins were detected around these glands (Figure 6 cl/c2). Leagadgntified by anti-
CD45 Ab staining, were detected at 6, 8 and 9 dpi, around infected blood veapilaries
and skin glands and several of them were positive for BTV antigenHigure 6 al/a2 and
cl/c2). No differences were observed in the amount of BTV proteaseipt in skin sections
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from areas that had been exposed to the biting. @bnorensisas compared to non-exposed
sites.

In summary most cells (endothelial cells and/or leukocytes)tedewith BTV-2 detected by
immuno-labelling and confocal microscopy were present in the mandiéndaprescapular
lymph nodes, the tonsil and the skin.

Confocal microscopy and immuno-fluorescence of a ekp (8 dpi) and calf
(10 dpi) infected with BTV-8 (NET2006/01)

Sections of prescapular lymph nodes from the BTV-8 infected sheepnezhlarge numbers
of capillaries and larger blood vessels that were positive fal proteins (core proteins and
NS2-Figure 7 al/a2). Other cellular components in the prescapuighlyode including
lymphocytes also contained structural and/or non-structural BTV psot@8TV proteins
were detected in much smaller numbers of capillaries in thenal lymph node of the sheep
and only very few BTV positive leucocytes or single capillawese detected in sections of
the sheep tonsil.

The prescapular lymph node of the infected calf only contained Bd¥iprin a few small
capillaries (not shown), while no BTV proteins were detected itiosecof the inguinal
lymph node or the tonsil. Both animals stained positively for viral pretecore, NS2 and
VP7) in a few capillaries of the dermis of the tongue, somstiohese to the epithelium.
Several infected capillaries which contained both NS2 and BTV cateips were also
identified in skin sections of the sheep. In most cases thepvotdins were associated with
endothelial cells (Figure 7 b1/b2) but on a few occasions structwah@n-structural viral
proteins were also found in the skin glands themselves (Figure2) el observed on 6 dpi
in the BTV-2 infected animals (Figure 6 c1/c2). A few single virus proteirtipesiapillaries
were also identified in the skin of the infected calf (not shown).r&lvéhe micro-vascular
system in the skin of both BTV-8 infected animals containedadively high number of
infected endothelial cells as compared to the other tissuesredrihe number and pattern
of BTV positive cells in tissue sections of the BTV-8 infected sheep at 8 dproengarable
with tissue sections of the BTV-2 infected sheep at 8 dpi otherthlaaBTV infected cells
were not seen here in the epithelium or amygdaloid tissue of the tonsil.

Discussion

The demonstration of BTV replication in endothelial cells of skinlieai@s as well as in

leukocytes in the skin is the most important observation of the stedgmied here. Previous
studies have detected BTV or EHDV in the skin of infected rumsnaspecially around hair
follicles or in the papillae of the hair [12,13,17,34]. Nevertheless,skite has not been

considered to be an important “replication” organ for these virysssly because virus

isolation from skin samples indicated only low or inconsistent viasld [10,16,20]. This

may at least partly reflect the fibrous and compact natuogioé and bovine skin, making it
difficult to disrupt and effectively homogenise samples for virus isolation or BXraction.

Here, we report the replication of BTV in endothelial cellshef skin capillaries as well as in
leukocytes present in the skin, as early as 3 dpi. Infected skin glamdl, morphologically

resemble sebaceous glands and on a few occasions were dirsoityai@sl with a hair
follicle, were also detected. Haemorrhages were observed in rekm dll over the body
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(Figure 1b), indicating that endothelial cells of dermal capgfain the entire skin may
become infected. Since the skin represents the largest siggle iorthe body this suggests
that collectively it may also be a major site for BTV reglion at least during the acute and
early stages of BTV infection investigated in this study. Howewe difference in the
presence and/or replication of BTV in the skin was detected betskée sections taken from
C. sonorensigeeding sites and sections from normal, non-feeding sites. Hemdeafluence,

if any, of Culicoidessaliva proteins on BTV replication requires further investigation.

Immuno-labelling and confocal-microscopy were used to detect nonustalgiral protein
NS2 showing that BTV replicates primarily in two cell typesthm infected sheep,
endothelial cells (mainly of small capillaries) and agranulasnonuclear leukocytes.
Morphologically the infected leukocytes resembled monocytes,/magephfymphocytes
and/or dendritic cells . Although BTV infectgd T-cells (WC-1 positive cells) were detected
in the skin of infected sheep, WC-1 negative leukocyte populations \gerelearly infected
(data not shown), indicating that several subsets of agranular leukocaytdbecome infected
with BTV. Unfortunately the phenotype of these BTV infected leutexyother tharyo T
cells) could not be determined as the fixation technique employeittess the availability
of useful antibodies against ovine cell surface markers.

The detection of BTV proteins in lymphatic organs and in the endethalf blood vessels
in the skin, even at the earliest time point investigated (3 dpi), stsggeat replication in
mononuclear leukocytes and vascular endothelial cells was simultamathes than
consecutive. Additionally infected endothelial cells and/or leukocytese wiot evenly
distributed throughout infected organs but appeared to cluster in close proriegigtt other
suggesting foci of infection caused by local spread of the virus within the ordén itse

Although BTV infection causes a high level of viraemia in infect@dinants the level of
replication in most infected organs appeared to be relatively Ipvagsessed by numbers of
infected cells) when compared to similar studies of other virsigels as FMDV [28]. The
high level of viraemia may reflect tropism of BTV for abundeeit types (endothelial cells)
and/or widely distributed cell subsets (leukocytes). This contvatiisviruses that replicate
to high levels in the cells of only a few organs or at a fewipaeplication sites, e.g.
FMDV in the basal layer of the epithelium in the tongue, soft @alatl coronary band [28]
or rotavirus in the mature epithelial cells at the apices of small integtiln{35].

The lymph nodes of the head and the tonsils contained the largest awhBar infected
cells. Like the skin, tonsils have not previously been identified asjar site for BTV
infection and/or replication [10,11,16,20]. In further contrast to other st[Rb¢sve detected
little virus replication in the spleen of infected animals. Thie@inces in organ tropism that
were observed here compared to previous studies may reflecteddésr between the
infecting virus strains, between individual host breeds or even betwdridual animals .
The limited number of infected cells that we detected in fileea compared to earlier
studies could also be a reflection of the different techniques eatplyd/or between virus
replication and virus presence. The red pulpa of the spleemija blood reservoir and
high virus levels detected in the spleen could simply reflect a high sgsteaemia. Later in
infection BTV patrticles are mainly embedded in the cell memdb erythrocytes and may
therefore be hidden from antibodies [37,38] and so would remain undetectamhfogal
microscopy. Such particles could potentially be detected byr eithes isolation or RT-PCR,
techniques that do not distinguish between virus presence and repliEatithrer studies are
needed to determine if the high level of virus commonly observed isgleen of BTV
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infected ruminants is also associated with a high level ofcagpmin within this organ or due
to virus particles present in the blood circulation.

Variation in endothelial cell susceptibility has been suggestedara explanation for
differences in the clinical manifestation of BT in sheep artlecg89,40]. Endothelial cells
from different tissue origins within the mammalian host alsoleixdifferences in BTV or
AHSV susceptibility and subsequent immune responses [15,41,42]. This sutussts
variations in the susceptibility of vascular endothelial cellhiwidifferent organs of the
infected host could potentially determine tissue tropism and “orgamfestation” of BTV,
particularly the localisation of haemorrhages. Endothelial celthe skin, lymph nodes of
the head, tonsils and labia may therefore be more susceptibie¢tian by BTV-2 and 8,
and were therefore detected as positive for virus replicati@n aarly stage of infection.
However, once a high level viraemia has been established, endotbellsl of less
susceptible organs (such as heart, muscle, liver and kidney) may also be&mteel inf

In general, the observed distribution of viral replication mirroredddtreage observed either
in micro- (histo-) or macro- (anatomical) pathological invesitgest In each organ where
petechial bleeding was observed infected endothelial cells detected by immuno-
fluorescence, suggesting that infection of endothelial celly & at least partially
responsible for the haemorrhages observed. However the extentuef diasiage seen in
many organs did not seem to be reflected by the number ofedfeetlls in these organs
(endothelial cells and/or leucocytes). For many haemorrhagicsfeneluding BT, it has
been suggested that endothelial dysfunction may, at least jnbpaattributable to indirect
host immune mechanisms such as the release of vasoactive and/ofampromtbry
mediators and/or coagulation disorders [15,43-45] . In this study the amourdlaintigen
detected in the organs of infected sheep and the calf, at 9 or 1Gadp/r@ady lower than 6
and 8 dpi, suggesting a reduction of viral replication at these time pdith is consistent
with previous descriptions of BTV infection in ruminants [17,46]. NonetBedesere clinical
disease in sheep is often observed in the later stages ofanféet® dpi) when infectious
viraemia is already subsiding [44]. Therefore it remains very likely tiddtaelial cell injury
as a result of indirect inflammatory mechanisms rathen theect virus-mediated damage
may have contributed to haemorrhagic lesions and tissue oedema observedudyhis s

The only organ where histologically observed tissue damage dideflettrthe level of
anatomical damage and clinical dysfunction, was the lung. Desig &eatomically highly
oedematous, only limited endothelial cell death and mild to moderakeagmilar and
peribronchal oedema were observed microscopically in the lungs. Howeceeased
interstitial pressure can disperse oedema into nearby lowssupecareas (such as alveoli and
body cavities) while the fluid is often lost during processamgl thus grossly apparent
pulmonary oedema may appear relatively mild or inconspicuous histallggislternatively,
the above discussed indirect vascular leakage due to inflammatorypnaolsanisms could
also play a role in causing the differences observed betweesetrere anatomical and
clinical pulmonary oedema in the lungs and the limited endotheliadamage detected
histologically. In this study, high background staining, possibly exusy incomplete
fixation or oedematous tissue damage, prevented the assessmentetdtilie level of virus
replication in the lungs by confocal microscopy.

The current study was limited to only the acute and early staQ®&TV infection (up to

10 dpi) in a relatively small number of animals (5 sheep in thatlahgal infection study,
plus 2 animals [1 sheep, 1 calf] from a separate study). However, virugtiepliwas clearly
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demonstrated in the skin of both BTV-8 infected animals, suggesphgatgon in the skin is
a common aspect of BTV infections.

The observation of BTV replication in the skin raises questions aungethe validity of
systemic viraemia determined from blood samples taken from thegMaris as a measure
of virus levels in the periphery of the skin and therefore the amouwntusf blood-feeding
Culicoides sppcould potentially take ugCulicoidesare “pool” feeders and do not take blood
directly from blood vessels within the dermis (which are usuatlydeep for their proboscis
to reach). Instead they lacerate the skin to feed on the effusion into tinjs wich includes
blood, skin cells and lymph [47]. The replication of BTV in the skirreftge provides a
local source of infectious virus for vector insects in addition tasvpresent in the skin
capillary system as a result of systemic viraem@ialicoidescan also use the hair as a guide
and route of access to the dermal layer of the skin often, feedmgdiately alongside the
hair shaft itself (P.S. Mellor personal communication) suggestingrteation of capillaries
around perifollicular glands and of the glands themselves may aldioelotly important for
infection of these vectors. Further research will be requicednvestigate if infected
ruminants with a relatively low level systemic viraemia dosiill represent a transmission
risk to individual adultCulicoides feeding directly on skin areas where the virus is
replicating, especially as viral antigens have been detecthd skin as early as 2—-3 dpi here
and in other studies [34].
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Figure 1 Gross pathological findings observed in a BTV-2 infected shpe(VH57) at

8 dpi. Pathological findings observed in a sheep infected with BTV-2 (RSAQy dluring
the necropsy at 8 dpi included severe oedema in the subcutaneous thgefacfal skin (A)
and severe haemorrhages on the subcutaneous aspect of the skin (B)e&wthypar lymph
nodes were markedly enlarged and haemorrhagic (C). All airweachéa and bronchus)
contained serous fluid or froth (D) and interstitial oedema was wdxsar the lung tissue (E-
F).

Figure 2 Histology of the skin of BTV-2 infected sheep exposed @ sonorensis feeding.
Panel A: Skin from the BTV-2 infected sheep at 6 dpi (VH58) showssebaceous glands,
communicating with a hair follicle (black arrows). Clear sgaasund capillaries indicate
mild dermal oedema. Additionally there is moderate pericapiflggregation of plasma cells
and lymphocytes (blue arrows). Similar changes were seen inssktions from BTV
infected sheep not exposed@asonorensigeeding, suggesting these histological features are
most likely a result of BTV infection (H and E; magnificatioR0). Panel B: Two
granulomas (black arrows) with central neutrophils and eosinophmlbe&abserved in the
superficial dermis of the skin at 8 dpi (VH57), most likely raaction toC. sonorensis
feeding as they were not observed in sections from unexposed skén Adelitionally mild
oedema in the dermis and mild to moderate aggregation of plafmarmelymphocytes are
recognised (H and E; magnificati®r20).

Figure 3BTV viral proteins in tissue sections of different sheep lymph nagb at different
time points post infection (pi) with BTV-2. A1/A2: BTV protein VP7 (ORAB36- green) in
the lumen of a small blood vessel in the right prescapular lymph (fhdé¢) at 3 days post
infection (dpi). Scale bar: 8dm. B and C: Examples of the morphology and distribution of
leukocytes positive for BTV proteins VP7 (ORAB36-green) and NS2 (B83Ared) in the
PLN at 8 dpi. Scale bars: B:i#n C: 20um. D1/D2: BTV proteins NS2 (ORAB53-red) and
VP7 (ORAB36-green) in the endothelium of a capillary in the mandidylaph node at

8 dpi. Scale bar: gm.

Figure 4 BTV viral proteins in tissue sections of sheep tonsil atifferent time points pi
with BTV-2. A1/A2: BTV proteins VP7 (ORAB36-green) and NS2 (ORAB53- red) co-
localised in a focal area of the tonsil’s epithelium at 6 dpaleSbar: 2Qum. B1/B2: BTV
protein NS2 (ORAB53- green) in CD4%ositive cells (mMAb151- red) in the epithelium of
the tonsil at 4 dpi. Scale bar: gth. C1/C2: BTV proteins VP7 (ORAB36- green) and NS2
(ORABS3- red) in the amygdaloid tissue of the tonsil at 6 dpi. Scale bam40

Figure 5 BTV viral proteins in tissue sections of other sheep organst different time
points pi with BTV-2. A1/A2: BTV protein NS2 (ORAB53- green) in the endothelium of a
capillary in the dermis underneath the epithelium of the lal8adgi. Vimentin, a member of
the intermediate filament family commonly used as marker &sadermally derived tissues,
is shown in red to demonstrate the dermal layer in contraise tepithelium (which does not
contain vimentin). Scale bar: 4in. B1/B2: BTV protein VP7 (ORAB36-green) in the
endothelium of capillaries between muscle blocks of the tonguealpit Scale bar: 20m.
C1/C2: BTV protein VP7 (ORAB36-green) in the endothelium of small blessels in the
dermis of the skin at 6 dpi. Scale bar:40.

Figure 6 BTV viral proteins in tissue sections of sheep skin at tierent time points pi
with BTV-2. A1/A2: BTV protein VP7 in the lumen and endothelium of a blood vessel of
the skin at 6 dpi. Leukocytes (characterised as C#&b151-red) are also present around
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the blood vessel. Scale bar: 4®. B1/B2: BTV proteins NS2 (ORAB53-red) and VP7
(ORAB36-green) in capillaries around glands in the skin at 6 dpi. $aalelOum. C1/C2:
BTV protein NS2 (ORAB53- green) present around a gland and in le@dsocyt
(CD45/mAb151-red) of the skin at 6 dpi. Scale bar 0.

Figure 7 BTV viral proteins in tissue sections of selected sheep organs a 8 dpihnBTV-

8. A1/A2: BTV core proteins (ORABO6- green) and NS2 (ORABO1- radhe endothelium

of a vessel in the prescapular lymph node at 8 dpi. Scale Ipan. 8B1/B2: BTV core
protein (ORABO6- red) and NS2 (ORAB268) in the endothelial cellscafdlary in the skin

at 8 dpi. Scale bar: 20m. C1/C2: BTV core proteins (ORABO06- red) and NS2 (ORAB268-
green) in a gland branching off a hair in the skin at 8 dpileSzar: 40um. The staining
pattern of viral proteins in organs of infected sheep was comparable betvirrafsanfected
with two different BTV strains, namely BTV2 and BTV 8, and bew different antibodies
to the same and/or additional viral proteins.
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Table 1 Anti-BTV antibodies used for tissue confocal microscopy.

Antigen Antibody*

Species

Anti-NS2 (raised against bacterial expressed/purifi@RABO1
NS2)

polyclonal, rabbit (:1000)

Anti-NS2 ORAB53  polyclonal, rabbit (1:1600)
(raised against bacterial expressed/purified NS2)
Anti-NS2 ORAB268 mouse ascites (1:1000)

(based on NS2 mAb [33] kindly provided by
N.J.MacLachlan)

Anti-VP7 ORAB36
(raised against gel purified VP7)

polyclonal, mouse (1:100)

Anti-Core (raised against purified BTV core particles) ORAB06 gohal, guinea pig (1:1000)

*All antibodies are stored in the Orbi Virus Antibody Referenc®AB) collection of the

Vector-borne-viral Diseases Programme at IAH Pirbright.
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Table 2 Summary of histopathological findings in selected tissues of ebp infected with BTV-2 (RSA1973/03).

Animal Skin non-midge fed** Skin midge fed*** Tonsil Lips Lung
Sheep Mildly oedematous / focal epidermalEpithelial cells markedly Oedematous (especially aroundPeribronchial connective tissue is
VH56/ Minor engorgement, with crusts /mild dermal inflammation vacuolated. Low numbers ofcapillaries) and markedly oedematous and
3 dpi indistinct vacuolation of *(lymphocytes, plasma cells andeosinophils in tonsil itself. inflamed*(lymphocytes, plasma moderately
epidermal cells. eosinophils). cells and eosinophils). Indistinctinflamed*(lymphocytes, plasma
vacuolation of lip epidermal cells. cells and eosinophils).
Sheep Moderate oedema aroundModerately oedematous, especiallfEpithelial cells markedly Focally dense aggregates of Moderate inflammation
VH67/ capillaries and mild around capillaries, with mild vacuolated. Moderate numbers ofymphocytes and plasma cells*(lymphocytes, plasma cells) of
4 dpi engorgement, mild engorgement. Mild aggregation of plasmaosinophils in connective tissueespecially around capillaries andoeribronchial connective tissue.
aggregation of plasma cellscells around capillaries, low numbers ofust below epithelium. adnexae in mid dermis, lighter
around capillaries. neutrophils and eosinophils. Focal inflammation in superficial dermis.
collagen necrosis.
Note: C. sonorensisvere last fed on this
sheep 48 h prior to collection of skin
samples.
Sheep Mild oedema and moderateModerately oedematous and engorgedpithelial cells  vacuolated. Oedematous (especially aroundPeribronchial connective tissue is
VH58/ engorgement, sparse dermalith focal degeneration of epidermis.Glassy appearance to nuclei otapillaries) and inflamed moderately oedematous and
6 dpi inflammation *(neutrophils, Moderate to marked diffuse dermamacrophages, lymphocytes *(lymphocytes, plasma  cells, moderately inflamed *(plasma
lymphocytes , plasma cells) inflammation (Figure 2a) *(lymphocytes,plasma cells in lymphoid eosinophils) — focally markedly so.cells, lymphocytes).
plasma cells, eosinophils), with scatteregarenchyma. Indistinct vacuolation of epidermal
foci of, predominantly, eosinophils cells, but also apoptosis, epidermal
associated with collagen necrosis. oedema and erosion.
Sheep Moderate oedema with mild Markedly oedematous (dermis andEpithelial cells moderately to Moderately oedematous (especiallyPeribronchial connective tissue
VH57/ perivascular inflammation epidermis). Moderate to marked diffusemarkedly vacuolated, numerousaround capillaries) and moderatelynoderately = oedematous and
8 dpi *(lymphocytes and plasmadermal inflammation around capillariesymphocytes and plasma cells innflamed *(plasma cells, moderately inflamed *(plasma
cells). *(plasma cells, lymphocytes, eosinophilsgpidermis. Glassy appearance ttymphocytes, rarely eosinophils). cells, lymphocytes). Diffuse
neutrophils). Some crusts of surface anduclei of macrophages, engorgement and congestion.
dermal foci of macrophages, plasma cellsymphocytes and plasma cells in
lymphocytes and eosinophils, includingymphoid parenchyma.
granulomas in  superficial dermis
(neutrophils and eosinophils centrally
with encircling epithelioid macrophages
(Figure 2b).
Sheep Minor vacuolation of deep Moderate perivascular oedema andreas of markedly vacuolatedEngorged, haemorrhagic ~ andVodest peribronchial
VH66/ sweat gland cells as well asengorgement with patchy haemorrhagespithelial cells. There are alsooedematous (especially aroundnflammation *(plasma cells
9 dpi mild oedema with mild One capillary contained a fibrinareas containing large numbers ofapillaries) with mild inflammation lymphocytes). Mild oedema,

perivascular inflammation thrombus. Moderate  to markedlymphocytes and plasma cells in*(plasma  cells, lymphocytes, moderate engorgement, small
*(lymphocytes and plasma inflammation (plasma cells, lymphocytesthe tonsillar epithelium. eosinophils and macrophages)numbers of vessels contain fibrin
cells). eosinophils, and neutrophils). Endothelial cells in the walls of thrombi.

some capillaries are degenerate.

* The order in which the leukocyte subsets are described correlates toldteie roundance.
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** Skin collected from the site of the inner thigh not fed uporClojicoides
*** Skin collected from the site of the inner thigh immediately after it wasujgon byC. sonorensis
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